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Abstract This work was conducted at the Pardo
River hydrographic basin, which is a federal water-
shed belonging to the Paranapanema River hydro-
graphic basin (PRHB) in Brazil (Sao Paulo State and
Parana State). The aim was to realize an integrated
hydrochemical and radiometric (U-isotopes and
210po) approach, highlighting the water/soil-rock and
surface water/groundwater interactions, with impli-
cations to the weathering processes occurring there.
The study area has been often considered one of the
best preserved/unpolluted river in S3o Paulo State,
contributing to the water supply of several cities dis-
tributed along its banks. However, the results reported
here suggest possible lead diffuse pollution caused by
the use of phosphate fertilizers in agricultural activi-
ties taking place in the basin. The analyzed ground-
waters and surface waters tend to be neutral to slightly
alkaline (pH of 6.8-7.7), possessing low mineral con-
centration (total dissolved solids up to 500 mg/L).
Si0, is the major dissolved constituent in the waters,
while bicarbonate is the dominant anion, and calcium
is the preponderant cation. The effects of the weath-
ering of silicates to control the dissolution of con-
stituents in the liquid phase have been identified from
some diagrams often utilized in hydrogeochemical
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studies. Chemical weathering rates have been esti-
mated from hydrochemical data associated to analyti-
cal results of the natural uranium isotopes 2**U and
24U concerning to samples of rainwater and Pardo
River waters. The fluxes in this watershed are per-
mitted to obtain the following rates: 11.43 t/km? year
(sodium), 2.76 t/km?> year (calcium), 3.17 t/km?2 year
(magnesium), 0.77 t/km? year (iron), and 8.64 t/km2
year (uranium). This new dataset constitutes valuable
information for people engaged on the management
of the Pardo River watershed, as well as to research-
ers interested on comparative studies considering the
available data from other basins worldwide.

Keywords Hydrochemistry - Surface waters -
Groundwaters - Pardo River watershed - Chemical
weathering rates

Introduction

The lithosphere-pedosphere-hydrosphere interac-
tion establishes the boundary condition for life on
Earth. This is because water and nutrients extracted
from rocks and soils are essential for all forms of
life. EarthLabs (2022) pointed out that such interac-
tion also affects the fate and transport of pollutants,
implying the cycling of fluids and metals in the
Earth’s crust, storage of hydrocarbons in sedimentary
basins, modeling and evolution of the landscape, and
evolution of geothermal and volcanic activities. On
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long timescales, it affects the distribution of CO, in
the atmosphere and climate evolution. The water cir-
culating in a hydrographic basin brings information
about the geogenic and anthropic relationships, since
the use and occupation of land in a basin influence
the quality of its natural resources, modifying them
(Anjinho et al., 2020). Thus, the conservation of the
quantity and quality of water depends on the natural
and human conditions of the hydrographic basins,
from where it originates, circulates, percolates, or is
stored, whether in the form of natural lakes or artifi-
cial reservoirs (Capobianco & Whately, 2002; Ouma
et al., 2022).

Several techniques have contributed in recent dec-
ades to the improvement of knowledge about water/
soil-rock interactions and, consequently, weathering
processes, including natural radionuclides in this con-
text. Bonotto (2022a) reported some studies that are
also relevant for the purpose of this paper: Moreira-
Nordemann (1980, 1984), Paces (1983), Baskaran
(1995), White and Blum (1995), Schulz and White
(1999), Small et al. (1999), Jeter (2000), Grasby and
Hutcheon (2000), Chabaux et al. (2001, 2003), Millot
et al. (2002), Duan et al. (2002), Riebe et al. (2003),
Krishnaswami et al. (2004), Dosseto et al. (2008),
and Dellinger et al. (2017). Weathering is an impor-
tant phenomenon of the geochemical cycle, since it
contributes to the formation of relief, comprising,
in a general way, the physical and chemical changes
undergone by rocks due to their exposure to differ-
ent conditions of humidity and temperature (Bertin,
1974). Weathering is also considered as the process
by which a rock disintegrates or decomposes, a phe-
nomenon that occurs on the Earth’s surface and whose
main cause is the interaction of the rock itself with
water (Netto, 1980). By mechanical weathering (disin-
tegration), rocks are gradually fragmented into smaller
pieces, while by chemical weathering (decomposi-
tion), the production of new substances/compounds
occurs due to reactions (oxidation, hydration, carbona-
tion, dissolution, etc.) between the constituents of the
atmosphere and the rocks (Bertin, 1974).

In general, weathering processes are slow, being
the type and duration controlled by the climate; how-
ever, different lithotypes are also expected to imply
different weathering rates (Paces, 1983). Once weath-
ered and disaggregated, the source rock provides
fragments that can give rise to soils or constitute sedi-
ments, that is, deposits of solid material formed by a
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mobile medium (wind, ice, or water) on the Earth’s
surface (Laporte, 1969).

The hydrographic basin constitutes the ideal
unit for researches focusing weathering processes,
because, in it, physical and chemical processes take
place that shape the relief and condition the rela-
tionships between its biotic and abiotic components
(Piroli, 2013). Water forms the link between these
components, because, when it precipitates over this
space, it is directed to regions determined by its cycle,
forming streams and rivers that run on the surface or
infiltrate into sub-surface reservoirs, feeding aquifers
or springs that will maintain the water courses in the
periods between precipitations (Piroli, 2013).

In Brazil, according to Law No. 9,433 (Brasil,
1997), the hydrographic basin is the basic unit for
the management of water resources, being defined
as an area with physical and biological character-
istics delimited by its water dividers, in which the
human being lives and interacts, and where surface
and groundwater are displaced, under the action of
gravity, to a stream, river, or reservoir (surface or
underground), by channels that converge into a larger
watercourse that can flow into a main river, natural/
artificial water reservoir, swamp, or directly in an
ocean (Piroli, 2013).

Thus, a watershed comprises the entire area of nat-
ural rainwater catchment that provides surface runoff
to the main channel and its tributaries, with the water-
shed (topographic divide) being its upper limit, and
its outlet (confluence) the lower limit (Lima, 2006).
Therefore, the watershed constitutes the surface area
that drains water, sediments, and dissolved materials
to a common outlet, at a given point in a river chan-
nel, varying in size and articulating from main drain-
age dividers (Coelho Netto, 2005). Rodrigues and
Adami (2005) consider the watershed as a system
close to the Earth’s surface, carrying mostly solid and
liquid materials, which is internally and externally
delimited by all the processes that, from the supply
of water by the atmosphere, interfere with the flow
of matter and energy in a river or a network of river
channels. Dibieso (2007) recognizes that water is the
most important natural resource in a hydrographic
basin, suggesting that its quality is closely related to
the uses and activities carried out in the basin. Leal
(1995) also points out the direct or indirect reper-
cussion on the rivers and on the quality and quantity
of the water of what happens in the hydrographic
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basin; that is, what happens to the elements, materi-
als, and energies present in the area will affect all of
themselves.

In summary, the water circulating in a hydro-
graphic basin brings information about the geogenic
and anthropic relationships, since the use and occu-
pation of land in a basin influence the quality of its
natural resources, modifying them. The preservation
or removal of riparian forests on the banks of riv-
ers impacts the ecosystem of the basin, as they act
as physical barriers to the processes of transporting
materials to the waters, maintaining the stability of the
banks of springs and rivers (Piroli, 2013). In the same
way that rivers and streams feed a dam, for example,
they can also bring debris and polluting materials
that may be dumped directly on them or on the soils
through which their waters passed (Capobianco &
Whately, 2002).

Two different Pardo River watersheds occur at Sdo
Paulo State, Brazil, where the name “Pardo” refers
to the predominant color (brownish) of their waters,
especially in the rainy season, due to the red latosols
predominant in those areas (Cavalchuki, 2021). The
first basin is located in the northeast region of the
state and belongs to the Grande River hydrographic
basin (GRHB) which is a federal basin that contains
areas at Sao Paulo State and Minas Gerais State. The
second basin is located in the center/southwest region
of S@o Paulo State, which is part of the Paranap-
anema River hydrographic basin (PRHB), being also
a federal basin as it contains areas in the States of S@o
Paulo and Parana.

This paper will focus this last Pardo River water-
shed that is considered one of the best preserved/
unpolluted river in Sdo Paulo State, whose waters
are classified as class 2, implying on possible use for
domestic supply, after conventional treatment; the
protection of aquatic communities; primary contact
recreation (water skiing, swimming, and diving); and
the natural and/or intensive pisciculture (Cavalchuki,
2021). It is one of the largest rivers in the south of
Sdo Paulo State, supplying several cities distributed
along its banks, even generating energy with some
plants installed in its bed.

The Pardo River of this study is a source of devel-
opment in the various sectors of the economy of its
basin, contributing to the water supply of about 5 mil-
lion inhabitants (population density of~50 inhabit-
ants per km?) unevenly distributed along the PRHB.

Thus, the importance of this watershed coupled to the
rainfall and discharge data series available since the
1950s justify the integrated hydrochemical and radio-
metric (U-isotopes and >!°Po) approach realized here.
We highlight the water/soil-rock and surface water/
groundwater interactions, with implications to the
weathering processes occurring at the Pardo River
basin, aiming to generate helpful information for peo-
ple engaged on its management, as well to research-
ers interested on comparative studies considering the
available data from other basins worldwide.

Major features of the study area

The Pardo River watershed of this study is located in
the northern portion of the PRHB and east of the Par-
ani Sedimentary Basin (PSB), between the parallels
22°15" and 23°15' of south latitude and the meridians
48°15" and 50°00" of west longitude (Fig. 1). In this
watershed, the Pardo River is 264 km long within
Sao Paulo State, from its source in Limoeiro Moun-
tain Range, near the urban domain of the municipal-
ity of Pardinho, at 982 m of altitude, to its mouth, at
the Lucas Nogueira Garcez dam in the city of Salto
Grande (Sdo Paulo State), at an altitude of 377 m,
where it is an important tributary on the right side
of the Paranapanema River (CBH-MP, 1999). On its
route, it travels through fifteen cities, being the main
river of the Middle PRHB (UGRHI-17) (Fig. 1),
which is made up of 42 cities.

The drainage area of the studied Pardo River water-
shed is approximately 4800 km?, with about 3281
springs that originate 437 tributaries of first to fourth
order. The headwater regions are generally charac-
terized with higher drainage density (Piroli, 2013).
According to Safre and Manzione (2015), the main
tributaries of the Pardo River are as follows: Claro
River, which rises in the municipality of Botucatu, has
its confluence with the Pardo River in the municipality
of laras, having a length of 72 km; Novo River, which
rises in the municipality of Itatinga, has its confluence
in the Pardo River in the municipality of Aguas de
Santa Barbara, having 77 km in length; Turvo River,
which is the main tributary of the Pardo River, rises
in the municipality of Agudos, has its confluence in
the Pardo River in the municipality of Ourinhos and is
130 km long.
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«Fig. 1 a Location of Sdo Paulo State in Brazil. b Location of
the Pardo River watershed at Sdo Paulo State and sampling
points in this study. 1, Ourinhos (ORN); 2, Santa Cruz do
Rio Pardo (SCP); 3, Aguas de Santa Barbara (ASB); 4, Avaré
(AVR); 5, Botucatu (BOT); 6, Pardinho (PRN)

Geologically, the study area is located at the PSB that
constitutes a large intracratonic basin (syneclisis) on the
South American platform, which comprises the south
and southeast of Brazil and other South American coun-
tries (Milani et al., 2007). The PSB covers a vast area of
1,700,000 km? with an elongated shape in the NE-SW
direction. It has a package of sedimentary and magmatic
rocks that reaches about 7000 m at its depocenter, which
is located in the state of Parana, just below the homony-
mous river (Morelatto, 2017). The PSB is composed of
six supersequences of sedimentation and subsidence
separated by erosive intervals, related to the interac-
tion of tectonic and eustatic events from the beginning
of the Ordovician to the end of the Cretaceous (Milani
& Ramos, 1998). The supersequences occurring in the
study area are Gondwana III and Bauru.

The Gondwana III supersequence comprises the
stratigraphic interval of the PSB in which the Botucatu
and Serra Geral Formations (the Sdo Bento Group) are

located (Silva et al., 2003). The Botucatu Formation
consists mainly of medium to fine pinkish sandstones of
high sphericity, with tangential cross bedding of medium
to large size, characteristically of aeolian origin (Milani
et al., 2007). The Serra Geral Formation, in turn, is the
result of an intense fissure magmatism, dated around
132 Ma, characterized by a thick cover of flows, about
1500 m thick at the depocenter of the basin, associated
with a wide network of dikes and numerous sills intruded
into the sedimentary layers. In the study area, the Serra
Geral Formation (JKsg) (Fig. 2) occurs along the main
rivers and to the west, near the mouth of the Pardo River,
presenting volcanic tholeiitic rocks, in basaltic flows of
gray to black color, texture aphanitic, with intercalations
of intertrap sandstones from the Botucatu Formation
(IPT, 1981, Perrotta et al., 2005).

The Bauru supersequence is neocretaceous, corre-
sponding to a post-basaltic cover of psammitic silici-
clastic character generated under semi-arid to desert
conditions (Milani et al., 2007). It consists of Caiua and
Bauru Groups with gradual and interdigitated lateral
passage (Fernandes, 2004), being relevant for the study
area the Bauru Group and its formations Adaman-
tina (Ka) and Marilia (Km) (Fig. 2). The Adamantina
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Fig. 2 Simplified geological map of Pardo River watershed. According to Piroli (2013)
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Formation is composed of tabular metric layers of
sandstones, intercalated with siltstones or sandy mud-
stones. The sandstones found can be fine to very fine,
light brown to orange in color, of moderate to good
selection, being massive or with small to medium-
sized tabular to channel cross-bedding, and occasion-
ally intense carbonate cementation. The silty strata that
occur interspersed are cream to brown in color, with a
massive structure or unremarkable plane-parallel bed-
ding and contraction cracks and bioturbation features
in the upper portions (Fernandes, 2004). The Marilia
Formation (Fig. 2) is generally characterized by mas-
sive sandstones and subordinate conglomerates, both
with carbonate cementation (Albarelli, 2013). Among
its subdivisions, Echapord Member is relevant for the
study area, consisting of fine to medium sandstones,
with intense carbonate cementation, immature, with
coarse fractions, and infrequent granules; subordinately,
carbonate crusts, sandy mudstones, and conglomeratic
(centimetric) lithofacies also occur (Milani et al., 2007).
In addition to the aforementioned formations, in the
study area, there are also some insignificant patches of
Quaternary deposits (Qa) (Fig. 2) associated with allu-
vium from the rivers of the studied hydrographic basin,
which are defined by deposits on the banks, channel bot-
toms, and plains of river flooding, which may be domi-
nated by sand, gravel, silt, clay, and, locally, peat result-
ing from erosive processes, followed by transport and
deposition of varied source areas (Perrotta et al., 2005).
The Pardo River watershed is geomorphologi-
cally inserted into the unit defined as Sdo Paulo State
Western Plateau, under the morphostructural unit of
the PSB, a domain that occupies approximately 50%
of the total state area. The plateau basement con-
sists chiefly on the rocks of the Bauru Group, mostly
sandstones, while rocks of the Serra Geral Formation
are found in the valleys formed where the Paranap-
anema and Pardo Rivers flow (Ross & Moroz, 1997,
CBH-MP, 1999). Regarding the relief, the study area
is characterized by basaltic cuestas in the region of
the main sources of the Pardo, Claro, and Novo riv-
ers. Thus, the main sources of Pardo River are in
the Botucatu Residual Plateau, where the dominant
occurrences are hills with broad tops, whose altitudes
vary between 600 and 900 m, with dominant slopes
between 10 and 20% (Piroli, 2013). The central region
and the mouth of the Pardo River basin are within the
Central Western Plateau where the reliefs are slightly
undulating with a predominance of broad and low
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hills with flat tops and altitudes varying between 300
and 600 m, with the dominant slopes between 10 and
20% (Ross & Moroz, 1997).

The predominant soils in the Pardo River basin are
the red latosols, distributed over most of its area, and the
nitisols located to the Southeast, in small patches in the
higher altitude regions and in a larger patch in the cen-
tral-west region of the basin (Piroli, 2013). In addition to
these, there are also two patches of red-yellow latosol in
the area, located in the sub-basins of the Novo River (to
the Southeast) and the Claro River (to the Northeast), and
four patches of argisols, located to the east, north, and
center-west of the Pardo basin. (Oliveira et al., 1999).
The main use of the basin’s soil is for agricultural pur-
poses. Pasture areas are dominant throughout the basin
area, followed by areas of temporary cultivation of sugar-
cane, soybean, corn, and pine, mainly in the western por-
tion, and then by forestry areas, concentrated in the east
of the study area. Less expressively, portions of perma-
nent coffee and orange cultivation are found in the central
and eastern regions, patches of sparse remaining forests,
and urban patches associated with the main municipali-
ties in the region (CBH-RP, 2016).

According to the IBGE (2002), the climate of the
region is classified as Tropical Central Brazil, sub-hot
(with average temperatures between 15 and 18 °C in at
least 1 month), and humid. To the south of the Plateau,
on the banks of the Paranapanema River, zones of tropi-
cal climate appear, with hot summers, without a dry sea-
son in winter, of the Cfa type (Piroli, 2013). The moist
season occurs between December and March (summer)
while the dry period between July and August (win-
ter). Figure 3 shows the monthly rainfall and flow rate
data as measured from 1955 to 2020 at the Pardo River
watershed. August and January are the driest and wettest
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Fig. 3 Monthly rainfall and flow rate measured, respectively,
at the monitoring stations D6-006 and 6D-002 (Aguas de
Santa Barbara spa), in the period 1955-2020. Data reported by
DAEE (2021)
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months, in which the mean precipitation corresponded to
43.2 and 220.5 mm, respectively (Fig. 3). Figure 3 has
been plotted from data reported by DAEE (2021) in the
period 1955-2020 at the monitoring stations D6-006 and
6D-002 for rainfall and discharge, respectively, that are
located at Aguas de Santa Barbara spa. Figure 3 indicates
that the flow rate at Pardo River and rainfall correlate
significantly as the Pearson’s correlation coefficient is
r=0.66 (the p value is 0.0195).

The two geological units that dominate the study
area (Bauru and Serra Geral) also form the two main
aquifers. The Bauru aquifer occurs with less expres-
siveness only in the north of the area, being charac-
terized as continuous, of regional extension, being
free or confined, and of moderate to low transmis-
sivity. The Serra Geral aquifer, on the other hand, is
discontinuous and also of regional extension, how-
ever, with porosity and permeability associated with
fractures, columnar disjunctions, and vesicles (CBH-
MP, 2019). In the study area, waters from the Gua-
rani Aquifer System (GAS) and other aquifers are
exploited by deep tubular wells. Silva (1983), Sracek
and Hirata (2002), Bonotto (2006), and Cresswell and
Bonotto (2008), among others, have investigated the
GAS considering tubular wells drilled along transects
established at Sdo Paulo State. The geological sub-
strate of the GAS is associated with the sandstones of
the Botucatu and Pirambédia Formations, whose out-
crops were initially described in the municipalities of
Botucatu and Pirambdia (currently Anhembi), consti-
tuting recharge areas for the GAS and located in the
UGRHI-10 (Sorocaba/Médio Tieté), which interfaces
with the UGRHI-17.

Sampling and analytical methods

Six monitoring points at Pardo River have been
selected for collecting surface water samples at the
following sites (Fig. 1): 1, Ourinhos (ORN); 2, Santa
Cruz do Rio Pardo (SCP); 3, Aguas de Santa Bar-
bara (ASB); 4, Avaré (AVR); 5, Botucatu (BOT); 6,
Pardinho (PRN). Groundwater samples have also
been taken at a 120-m depth tubular well that was
drilled at the left margin of Pardo River at Aguas de
Santa Barbara spa, which exploits the Serra Geral and
GAS aquifers as shown in the profile plotted in Fig. 4.
The sampling campaigns were conducted between
September 2017 and November 2018. Also relevant
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Fig. 4 Description of the tubular well drilled at Aguas de
Santa Barbara spa that exploits waters from GAS and Serra
Geral aquifers. According to SIAGAS (2022)

for this study are the rainwater data reported by Soler
1 Gil and Bonotto (2015) in two stations of the Pardo
River watershed.

The containers for sampling corresponded to bot-
tles of polyethylene possessing volume between 2 and
20 L. Before collecting the samples, HNO; (10%) was
used for their initial washing, followed by rising with
purified water (Milli-Q) and afterwards a final clean-
ing with the own waters to be collected. The phys-
icochemical data were measured in the field whereas
the chemical parameters in the laboratory, adopting
the steps and methods already reported by Bonotto
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and Thomazini (2019). Temperature, pH, electrical
conductivity (EC), and potential redox (Eh) measure-
ments were done in situ by potentiometry (Bonotto,
2006). The alkalinity data for each water sample were
acquired by titration with 0.02 N H,SO, (100 mL ali-
quot) (Hach, 2000).

The bottles containing the water samples were taken
to LABIDRO-Isotopes and Hydrochemistry Labora-
tory and LARIN-Ionizing Radiations Laboratory of
IGCE/UNESP/Rio Claro-SP, Brazil. Millipore mem-
branes (0.45 pm) were used for filtering the water sam-
ples, which were after preserved with HCl or HNO;
and separated into different aliquots for obtaining the
hydrochemical composition of major and trace ele-
ments/compounds, including radionuclides (238U, 24,
and 2'°Po). The following methods were adopted for
the data acquisition: (1) atomic absorption spectrom-
etry (AAS), Ca**; (2) flame photometry, Na* and K*;
(3) colorimetry, SiO, Mg**, CI", NO;~, NO,, NH,*,
SO42_, and PO43_ (DL between 6 pg/L and 0.8 mg/L,
depending on the parameter); (4) potentiometry with
ion selective electrode (ISE), F~; (5) total reflection
X-ray fluorescence spectroscopy (TXRF), Fe, Mn, Cr,
Sr, Ba, Cu, Zn, Pb, and Ni. The detection limit of these
techniques has been reported by Bonotto (2022b); for
instance, it ranged from 6 to 0.8 mg/L for colorimetry
(Bonotto, 2022b). The sum of the concentration of
main dissolved cations, anions, and silica in the ana-
lyzed waters allowed to estimate the total dissolved sol-
ids (TDS). Hach (2000), van de Wiel (2003), Bonotto
and Silveira (2003), and Bonotto and Roveratti (2017)
have provided additional information about these ana-
lytical procedures.

The dissolved 2!°Po in the waters was recovered
from a volume of circa 10 L from each sample. A
known amount (0.2 mL; activity =40 dpm/mL) of **’Po
spike was added to assess 2'°Po recovery. Hydroxy-
lamine hydrochloride (20%, 5 mL) plus sodium citrate
solution (25%, 2 mL) were added into a Teflon beaker
(50 mL capacity) containing each sample. Then, ammo-
nia was used to adjust the pH to 2 as described by Flynn
(1968). Thereafter, the solution was put in a magnetic
stirrer with a hot plate, and a 2.5-cm diameter copper
disc was immersed in it for plating the polonium. The
heating temperature was 85-90 °C and the stirring time
corresponded to 75-90 min by means of a Teflon stir-
rer. After the disc removal, it was rinsed (with deminer-
alized H,O) and a heating lamp was used for drying it.
Finally, the planchet was inserted in a vacuum chamber
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for conventional alpha counting. The spectroscopic sys-
tem utilized a EG&G ORTEC Model BU-020-450-AS
ULTRA-AS Ion-Implanted Detector with B-Mount
possessing the following characteristics: 0.1-mm deple-
tion depth, 450 mm? active area, and alpha resolution of
20 keV FWHM at 5.486 MeV. The alpha spectra con-
taining the peaks associated to the polonium isotopes
(*Po and ?'°Po) were recorded by the EG&G ORTEC
919 Spectrum Master Multichannel Buffer (1024 chan-
nels) that was coupled to the detector and controlled by
the MAESTRO simulator software. The calibration of
the system was realized by the use of a standardized
radioactive source (3**U-228Th). The energy region var-
ied between 4.8 and 5.5 MeV. The 2!°Po activity con-
centration in the water samples was determined adopt-
ing the isotope dilution principle (Bonotto, 2010).

The 23U activity concentration and ***U/%U
activity ratio (AR) data were obtained after extract-
ing the uranium isotopes ***U and ***U from another
water aliquot of approximately 20 L. It was acidified
to pH <2 (with HCI), and ~ 500 mg of FeCl, plus **U
spike (4.4 dpm) were added. Next, the steps described
by Bonotto (2017) were adopted as follows. U was
co-precipitated on Fe(OH); by increasing the pH to
7-8 through addition of concentrated NH,OH solu-
tion; the precipitate was recovered, dissolved in 8 M
HCI, and Fe** was extracted into an equal volume of
isopropyl ether. The acid U-bearing solution was puri-
fied by a strong chloride anion exchanger, first on a
CI” and then on a NO;~ column of 100-200 mesh
Dowex 1-X8 resin. U was finally eluted from the
NO;™ column with 0.1 M HCI and, after evaporation
to dryness, was dissolved in 10 mL of 2 M (NH,),SO,
electrolyte and transferred to an electrodeposition cell.
The pH was adjusted to 2.4, and electrodeposition of
U on a stainless steel planchet was completed after
3 h at a current density of 1 Acm™2. The 28U activity
concentration and AR were measured by alpha spec-
trometry as described for 2!°Po and also based on the
isotope dilution principle but in this case considering
the counting rate measured in the peaks of **U, 23U
and 23?U. In the literature, there are additional descrip-
tions for these measurements, for instance, Bonotto
et al. (2009) and Bonotto (2010), among others. The
statistical uncertainties of the readings at 1c standard
deviation and 5% significance level (Young, 1962)
were generally between 10 and 15%.

Rock samples from Bauru and Serra Geral Forma-
tions were chemically analyzed by high-end wavelength
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dispersion XRF (X-ray fluorescence) performed with a
Philips PW 2400 spectrometer as described by Bonotto
and Roveratti (2020). The U activity concentra-
tion and AR data were obtained by alpha spectrom-
etry adopting radiochemical procedures similar to those
used for the water samples. However, in this case, the
rock samples (0.5-3.0 g) were initially digested with
1:3 HNO;-HCl (aqua regia). The analytical results
obtained in this study are reported in Tables 1, 2, and 3.

Discussion
Water quality and use in agriculture

For drinking water, WHO (2011) proposed limiting
values for the ingestion of several dissolved constitu-
ents due to their health constraints. Among the analy-
ses realized in this paper, the limits and restrictions
are for the following parameters: 0.7 mg/L for Ba;
50 mg/L for nitrate (as NO;7); 1.5 mg/L for fluo-
ride; 50 pg/L for Cr; 10 pg/L for Pb; and 30 pg/L for
238, Additionally, taste (not health) thresholds for
CI” of 200-300 mg/L were also suggested, depend-
ing on the associated cation (WHO, 2011). The data-
set reported in Tables 1 and 2 indicate that Pb is the
unique chemical analyzed that exceeded the guidance
level (10 pg/L) in some surface and groundwater sam-
ples. The potential source of its presence in the Pardo
River waters is the diffuse pollution caused by the use
of phosphate fertilizers in agricultural activities tak-
ing place in the basin, as such fertilizers used to be an
entranceway for soil contamination with heavy met-
als, chiefly cadmium and lead (Freitas et al., 2009).
Human beings can suffer health threats when ingest-
ing water containing dissolved natural radionuclides
above certain activity concentration levels. Birke et al.
(2010) pointed out that agricultural activities, among
others, may be responsible by the inputs of uranium
(**®U) and some of its decay products (for instance,
226Ra, 210D, etc.) in the watercourses. Bonotto (2022b)
claimed that generally concentration values between
0.1 and 10 pg/L for dissolved uranium have been
reported in different water bodies such as rivers, lakes,
and groundwaters as also previously outlined by Fritz
and Fontes (1980) and Ivanovich and Harmon (1992).
WHO (2011) proposed maximum levels of 30 pg/L
and 10 Bg/L, respectively, for the >®U concentration

and 238U activity concentration in potable waters. Such
limits are, respectively, 1000 and ~28,000 times higher
than the biggest values given in Table 2 (0.03 pg/L,
equivalent to 0.36 mBg/L).

The WHO (2011) guidance levels for ingesting
these radionuclides in waters are 1 Bqg/L (for St 0))
and 0.1 Bg/L (for *!°Po). Table 2 shows that the big-
gest activity concentration values corresponded to
1.24 mBqg/L (for *U, as calculated from the 2*%U
activity concentration and 2*U/**8U activity ratio)
and 45.6 mBg/L (for 2'°Po) that not surpassed the
WHO (2011) limiting values.

USSL (1954) grouped 16 types of waters in a chart,
according to the values of EC and sodium adsorption
ratio (SAR). The diagram has been applicable to define
the water usefulness for the purposes of irrigation and
growing plants in agricultural soils (Mirabbasi et al.,
2008; Wilcox, 1955). Figure 5 shows a SAR vs. EC
diagram containing the rainwater, groundwaters, and
surface waters data given in Table 1. All these waters
are inserted in the C1-S1 field, alike most of those ana-
lyzed by Bonotto (2022b), who suggested that they are
low saline and sodic waters, with possible use for irri-
gating most of the soil types.

Major hydrochemical features

The mean pH of 6.4 in rainwater (Table 1) indicates
a slightly acid precipitation in the study area, simi-
larly to findings in other areas, for instance, Araxa
City at Minas Gerais State, Brazil (Bonotto, 2022b).
The analyzed groundwaters and surface waters tend
to be neutral to slightly alkaline (mean pH values
between 6.8 and 7.7) (Table 1). The parameters pH
and Eh reflect, respectively, the protons and elec-
trons activities in the environment. In natural envi-
ronments, oxidizing acid and reducing basic systems
are often reported in the literature, with the pH and
Eh correlating inversely (Baas Becking et al., 1960;
Brownlow, 1996; Krauskopf & Bird, 1995). Such ten-
dency has been also confirmed in the groundwaters
exploiting the GAS and Serra Geral aquifers as shown
in Fig. 6 (r=0.67, p value=0.0087).

Usually, surface waters tend to reach TDS values
lower than those of groundwaters as confirmed by the
data of this study (Table 1; mean value in the ground-
water samples = 154 mg/L; range of the values obtained
for surface waters=39—74 mg/L). They possess very
low mineral concentration (TDS <50 mg/L) and low

@ Springer
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Table 3 Results of the analysis of dominant rocks occurring in the study area

Sample

Parameter Unit 1 2 3 4 5 6 Mean
Group - Bauru Bauru Bauru Sao Bento Sao Bento Sao Bento -
Formation - - - - Serra Geral Serra Geral Serra Geral -
Lithology - Sandstone Sandstone Siltstone Diabase Diabase Basalt -
Sio, % 87.66 67.59 90.49 49.21 48.19 50.90 65.67
Na,O % 0.37 1.05 0.28 0.16 0.16 2.57 0.76
K,0 % 1.08 1.99 1.54 0.97 0.80 1.42 1.30
CaO % 0.08 4.19 0.09 8.49 10.48 8.75 5.35
MgO % 0.87 1.35 0.33 2.30 4.43 5.25 2.42
Al O, % 4.13 6.07 4.09 7.03 6.95 12.61 6.81
Fe,04 % 3.14 3.68 1.86 8.31 7.66 14.17 6.47
MnO % 0.02 0.06 0.03 0.20 0.19 0.20 0.12
TiO, % 0.46 1.13 0.68 4.66 3.82 3.20 2.32
P,0; % 0.02 0.04 0.01 0.37 0.31 0.39 0.19
LOT* % 2.16 12.87 0.61 16.98 16.05 0.54 8.20
U ppm 0.04 0.12 0.09 3.82 2.87 1.99 1.49
AR - 1.29 1.25 1.19 1.12 1.10 1.16 1.18

4LOI loss on ignition
PAR 2*U/238U activity ratio

mineral concentration (TDS =50-500 mg/L), based on
the TDS classes as reported by van der Aa (2003).

The Piper (1944) and Schoeller (1962) diagrams
are useful to plot the obtained hydrochemical data
(Table 1). This was done by using the Aquachem 4.0
software (Waterloo Hydrogeologic, 2003) as illus-
trated in Fig. 7. The SiO, concentration is more pro-
nounced in all waters analyzed. Except chloride and
nitrate, the remaining constituents are depleted in
rainwater as indicated by the Schoeller (1962) dia-
gram (Fig. 7). In terms of dissolved anions, the sur-
face waters and groundwaters are dominated by bicar-
bonate, while the mixed character is evidenced in the
rainwater. The Piper (1944) diagram tends to classify
all waters as mixed based on the dissolved cations,
but the Schoeller (1962) diagram indicates slight pre-
ponderance of calcium in them.

Such hydrochemical facies reflects on some rela-
tionships found for the Pardo River waters. The
monthly monitoring conducted at Aguas de Santa Bar-
bara spa indicated the following significant correla-
tions (Fig. 8): TDS and Ca (r=0.62, p value=0.0205);
TDS and bicarbonate (r=0.90, p value=0.0001);
TDS and Na (r=0.55, p value=0.0416). Significant
correlation was found between the dissolved Ca and

@ Springer

bicarbonate in the waters of Pardo River collected in
16 and 17 November 2017 at the six monitoring sta-
tions (Fig. 8d; r=0.91, p value=0.0118).

Direct relationships were determined involving the pairs
of parameters pH-bicarbonate (#=0.79, p value=0.0008)
and TDS-silica (r=0.89, p value=0.0001) for the ground-
waters exploiting the GAS and Serra Geral aquifers
(Fig. 9). The groundwaters composition may be suffering
influence of interactions occurring with the surface waters
of Pardo River as evidenced by significant correlations
involving the following parameters measured during the
sampling period of September 2017 to November 2018
(Fig. 9): TDS (r=0.59, p value=0.0264); pH (r=0.64,
p value=0.0137); Na (r=0.64, p value=0.0137); Cl
(r=0.84, p value=0.0002); Fe (r=0.88, p value=0.0001).
The surface waters-groundwaters interactions could justify
some Pb inputs into the aquifer systems, causing their pos-
sible Pb contamination as indicated by the measured val-
ues in some samples.

The hydrogeochemical data of ocean waters, rain-
waters, and surface waters that are compartments of
the hydrological cycle have been displayed in boo-
merang diagrams (Gibbs, 1970) in order to investigate
influences and mechanisms affecting them as well as
the chemistry of surface waters worldwide. Figure 10
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shows the analytical data reported in Table 1 as plotted
in the Gibbs diagrams; they suggest that the amount of
dissolved salts supplied by rainfall as well by the rocks
weathering processes chiefly controls the chemical
composition of the surface waters and groundwaters.
The lithological influences on the hydrochemis-
try due to silicates weathering, dissolution of carbon-
ates and evaporates, etc. have been investigated from
HCOs/Na vs. Ca/Na and Mg/Na vs. Ca/Na plots as
proposed by Gaillardet et al. (1999) and Kumar (2014).

Figure 11 shows the insertion of the dataset obtained
in this study in effects of the weathering of silicates to
control the dissolution of constituents in surface waters
(Pardo River) and groundwaters (aquifers: GAS + Serra
Geral). This is compatible with the more accentuated
SiO, concentration in typical rock types of the study
area (48-90%, Table 3), as well with the high dissolved
Si0, concentration in these waters (Table 1 and Fig. 7).
Thus, the effects of the weathering of silicates to con-
trol the dissolution of constituents in the liquid phase

@ Springer
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Fig. 6 The Eh—pH relationship in groundwaters sampled at
the tubular well shown in Fig. 4

have been identified from some diagrams often utilized
in hydrogeochemical studies.

Chemical weathering rates

The concentration of anions, cations, and other con-
stituents in the waters of a watershed, together with
the discharge (flow rate) in the watershed and its
surface area, allows to calculate the specific trans-
port of the components in the hydrographic basin.
Table 4 reports the total flux values calculated at the
Pardo River exutory (monitoring point 1, Ourinhos
City—ORN) based on the concentration (average) of
the constituents obtained for the sampling campaigns
realized in September, October, and November 2018
(Tables 1 and 2), the mean flow rate in that period (30
m?/s), and the basin surface area (4803.1 km?).

For a certain dissolved constituent (£), Moreira-
Nordemann (1980, 1984) proposed an equation to cal-
culate the parameter W (in t/km? year), representing the
amount of weathered matter removed in the hydrographic
basin divided by its surface area and time. Bonotto (2022a)
used with success a modified expression of this param-
eter W, taking into account the net flux of the dissolved
constituent (Fp, t/km? year) and the constituent concen-
tration in rocks dominantly occurring in the watershed
(Eg, dimensionless). It is given by:

W = Fp/Eg (D)

The net flux may be calculated by subtracting the
total flux (transport) of the constituent in the water
body of its atmospheric deposition. A negative net

@ Springer

flux value indicates that rainfall deposition surpasses
fluvial transport for that constituent, whereas a posi-
tive one suggests the opposite. Additional premises
and mass balance equations sometimes can be used to
realize adjustments for taking into account anthropic
inputs and other factors. Examples in the literature
are given by Garrels and MacKenzie (1967), White
and Blum (1995), Grasby and Hutcheon (2000), and
Fernandes et al. (2016), among others.

Table 4 reports the atmospheric deposition (annual
value) for the relevant constituents of this study. The
following parameters were used on the calculation:
average concentration of the constituent in rainwater
(values above the detection limit in Tables 1 and 2);
average annual precipitation in the period 1955-2021
(1365.35 mm); conversion factor of 1 mm rainfall=1
L/m?. Table 4 shows that the atmospheric inputs
were higher than 1 t/km? year following the sequence
HCO;~ >Si0,>NO0;” >CI~ >Ca*".

Table 4 also indicates the following net fluxes above
0: Na*, Ca**, Mg**, Fe, Sr, Ni, Zn and Pb. However,
among them, there are only rock analysis data available
for Na,O, CaO, MgO, and Fe,0; as reported in Table 3.
Therefore, Na, Ca, Mg, and Fe are potentially useful ele-
ments for estimating chemical weathering rates based on
Eq. (1). The mean concentration of Na,O, CaO, MgO,
and Fe,O; given in Table 3 allows to get the following
Ey values: 0.0056 (Na), 0.038 (Ca), 0.0145 (Mg), and
0.0453 (Fe). Thus, adopting such Ej values and con-
sidering the corresponding net flux for each element
(Table 4), the use of Eq. (1) permits to estimate chemical
weathering rates between 0.77 (Fe) and 11.43 t/km? year
(Na) as shown in the last column of Table 4.

The U presence in rainwater can be disregarded as
its concentration is too low (<0.002 pg/L, Table 2).
Table 4 reports a flux value of 1.93 x 107 t/km? year
as calculated for this radioelement at the Pardo River
exutory taking into account the mean dissolved U
concentration there (0.01 pg/L, Table 2). Such flux
value and Ep=1.49X% 107 for U (Table 3) allow to
determine a chemical weathering rate of 1.30 t/km?>
year according to Eq. (1), which is between 0.77 t/
km? year and 2.76 t/km? year as calculated consider-
ing the elements Fe and Ca, respectively (Table 4).

Moreira-Nordemann (1980, 1984) defined a solu-
bility coefficient (k, dimensionless) from the analy-
sis of 2%¥U and its radiogenic product >**U in rocks,
waters, and soils. This factor has been applied in
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Barbara spa. d Relationship between calcium and bicarbonate

estimates of chemical weathering rates. The follow-
ing formula expresses such solubility coefficient for
U:

k= (Ag—Ag)/ (AL = Ag) (@)

where Ag, A;, and Ag correspond to the 24238y
ratio in rocks, waters, and soils, respectively.

Table 3 shows a mean **U/?*8U ratio of 1.18 in
typical rocks of the study area, suggesting secular
radioactive equilibrium conditions between >*® and
24U (AR =1), within experimental errors (10-15%).
Ivanovich and Harmon (1992) pointed out that this
situation is expected after circa 1 million years for
uranium within minerals and rock matrices that
remained closed systems for this radioelement.

Dissolved uranium exhibiting values of AR> 1 are
generally found as a consequence of the rock-water
interactions (Baskaran, 2012; Ivanovich & Harmon,
1992; Osmond & Cowart, 1976), which have been
also confirmed by data reported in Table 2 (ARs
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at the six monitoring stations for the water samples of Pardo
River collected in 16 and 17 November 2017

between 1.85 and 5.13). In this study, it was adopted
the A; value corresponding to 3.37 in Eq. (2) that is
the mean AR at the Pardo River exutory (Table 2).

AR values in horizons of different soil profiles at
the PSB have been reported by Bonotto et al. (2017),
and a representative value of latosols occurring in the
study area is A¢=0.80+0.06 for the Cr horizon from
a soil profile sampled close to Piracicaba City, Sao
Paulo State.

Therefore, the insertion of Ax=1.18, A;=3.37,
and Ag=0.80 into Eq. (2) allows to determine k=0.15
for the U solubility coefficient. Consequently, weath-
ering processes imply that uranium released into solu-
tion corresponds to 15% of that occurring in rocks.
Such U-isotopes approach utilizing 2*®U and 2**U
as natural weathering indicators is advantageous
compared to Na, Ca, Mg, and Fe as considered in
this paper because (1) the U atmospheric inputs can
be disregarded and (2) it is possible to estimate the
fraction of U that solubilizes from the rock matrices.
Because of these reasons, Moreira-Nordemann (1980,
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Fig. 10 Use of the Gibbs
(1970) boomerang dia-
grams for plotting the data
obtained in the analysis

of the water samples. The
codes of the samples are
the same of those shown in
Table 1
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Table 4 Total flux, rainfall

d i ¢l d Parameter  Unit Total flux  Rainfall deposition  Net flux = Weathering rate

eposition, net Hux, an

chemical weathering rate in Nat ton/km?yr 0.58 0.52 0.06 11.43

the Pardo River watershed, K+ ton/km? 0.30 0.50 0.20

Sdo Paulo State, Brazil on/km yr ) ) e ne
Ca*t ton/km?yr 1.12 1.02 0.10 2.76
Mgt ton/km?yr 0.22 0.18 0.04 3.17
SiO, ton/km?yr 3.01 3.14 -0.13 nc
HCO;~ ton/km?yr 4.07 6.14 -2.07 nc
ClI- ton/km’yr 0.86 1.86 -1.00  nc
NO,~ ton/km?yr 0.25 2.37 -2.12 nc
S0, ton/km?yr 0.26 0.87 -0.61 nc
Fe ton/km?yr 0.049 0.014 0.035 0.77
PO~ ton/km?yr 0.013 nc nc nc
NO,~ (x1072) ton/km?yr ~ 0.13 0.68 —-0.55 nc
Ba (x1072) ton/km?yr  0.020 0.79 -0.77 nc
Sr (x1072) ton/km?yr  1.02 0.60 0.42 nc
Ni (x1072) ton/km?yr  2.30 0.22 2.08 nc
Cu (x1072) ton/km?yr  0.18 0.42 —-0.24 nc
Zn (x1072) ton/km?yr  0.98 0.69 0.29 nc
Mn (x1072) ton/km?yr ~ 0.09 0.42 -0.33 nc
Cr (x107%) ton/kmzyr 0.020 0.088 —0.068 nc
Pb (x1072) ton/km’yr  0.24 0.12 0.12 nc

leulated U (x107% ton/km?yr  1.93 see text See text  See text
nc not calculate:
1984) modified Eq. (1), including the dimensionless

parameter (k) into the formula:
W = Fp/k-Eg 3)

Thus, considering this modified equation, the cor-
rected chemical weathering rate is 8.64 t/km? year
instead of 1.30 t/km? year that is a value almost 6.6
times higher. Uranium in the following Brazilian
watersheds yielded higher chemical weathering rates
than that obtained in this study: Preto River, Bahia
State, 100 t/km? year (Moreira-Nordemann, 1980);
Corumbatai River, Sdo Paulo State, 41.2 t/km? year
(Conceigcdo & Bonotto, 2003); Upper Sorocaba River,
S3o Paulo State, 36.6 t/km? year (Sardinha et al.,
2010). Additionally, chemical weathering rates lower
(0.093-5.16 t/km? year) and higher (18.48 and 19.84 t/
km? year) than 8.64 t/km? year have been reported by
Bonotto (2022a, b) utilizing U measured in seven water
bodies of Araxa City, Minas Gerais State, Brazil.

The chemical weathering rate (W) in Egs. (1) and
(3), as well the rocks density (p) may be used to calcu-
late the linear weathering rate in watersheds (v), based
on the formula (Moreira-Nordemann, 1980, 1984):
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The density of typical rocks of the PSB has been
reported by Tratz and Silva (2009) and Cunha et al.
(2016), for instance: between 2.8 and 3.0 g/cm3 for
rocks of the Serra Geral Formation and 2.2 g/cm® for
rocks of the Bauru Group. Therefore, these values yield
a mean density of 2.55 g/cm?® for the dominant rocks
in the study area. Thus, for U, Eq. (4) allows estimat-
ing a linear weathering rate of 3.4 um/year (3.4 mm/
ka), indicating that 1 m of rock disposed vertically
requires about 294 ka to be altered, under the present
climatic conditions. Uranium in the following Bra-
zilian hydrographic basins permitted estimate linear
weathering rates higher than 3.4 um/year as obtained
in this study (Bonotto, 2022a; Concei¢do & Bonotto,
2003; Moreira-Nordemann, 1980, 1984; Sardinha
et al., 2010): 37 pm/year, Preto River (Bahia State);
13.0 pm/year, Salgado River (Bahia State); 17.9 um/
year, Corumbatai River (Sao Paulo State); 14.1 pm/
year, Upper Sorocaba River (S3o Paulo State); 6.2 and
6.6 um/year, two water bodies from Araxé city (Minas
Gerais State). However, the linear rate of 3.4 pm/
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year is higher than the range of 0.031-1.72 pm/year
as reported in five water bodies of Araxa City, Minas
Gerais State (Bonotto, 2022a).

Therefore, these chemical weathering rates calcu-
lations vary according to the choice of the element
utilized. The utility of U has been confirmed for such
purpose in the study area, and several factors may be
attributed to explain the different values found in the
hydrographic basins where this radioelement and its
isotopes 2*®U and 2**U have been used, for instance,
temperature, rainfall, altitude, terrain slope, lithol-
ogy, and distribution in the mineralogical assembly,
among others.

Conclusions

This study focused Pardo River hydrographic basin
located at Center/Southwest region of Sdo Paulo State,
Brazil. The major tools consisted on the use of hydro-
chemical and natural radionuclides (238U, 247, and
210po) data. Surface water and groundwater samples
were submitted to the same methods for measuring
physicochemical parameters (pH, redox potential Eh,
EC-electrical conductivity), silica, major dissolved
cations (sodium, potassium, calcium, magnesium) and
anions (bicarbonate, chloride, nitrate, sulfate), trace
elements (Fe, Mn Cu, Zn, Ni, Ba, Sr, Pb, etc.), and
natural radionuclides. Rainwater, surface waters, and
groundwaters data were comparatively evaluated by
hydrogeochemical diagrams, which highlighted that
except for chloride and nitrate, all other major constit-
uents are depleted in rainwater. pH and Eh correlated
inversely in the groundwaters exploiting the Guarani
Aquifer System and Serra Geral aquifer. Calcium is
the cation slightly preponderant in the waters, while
bicarbonate is the dominant anion as evidenced by
the Piper and Schoeller diagrams. The Gibbs boomer-
ang diagrams suggested that the chemical composi-
tion of the surface waters and groundwaters is chiefly
controlled by the amount of dissolved salts supplied
by precipitation, but plots of the ratios HCO;/Na vs.
Ca/Na and Mg/Na vs. Ca/Na plots pointed out how
important are the effects of weathering of silicates
on their composition. Low saline and sodic waters
have been evidenced by the sodium adsorption ratio
(SAR) vs. EC diagram, suggesting their possible use
for irrigation and growing plants in agricultural soils.

Surface water-groundwater interactions have been
evidenced by significant correlations found for the
parameters pH, TDS (total dissolved solids), Na, Cl,
and Fe as measured in samples collected from Sep-
tember 2017 to November 2018. When the net flux in
the Pardo River exutory was positive (total discharge
flux higher than the input flux due to wet deposi-
tion), the chemical data obtained by X-ray fluores-
cence for typical rocks occurring in the basin allowed
to estimate weathering rates. This was the case for
sodium, calcium, magnesium, and iron that provided
chemical weathering rates ranging from 0.77 (Fe) to
11.43 t/km? year (Na). The U-atmospheric correction
was not necessary as its concentration in rainwater
is lower than 0.002 pg/L, implying on a flux value
of 1.93x 107 t/km? year at the Pardo River exutory.
Thus, an initial weathering rate of 1.30 t/km? year was
determined considering the U presence in the basin
and afterwards corrected to 8.64 t/km” year taking
into account the U-dissolution coefficient of 0.15 as
determined from measurements of the natural uranium
isotopes 28U and 2**U in samples of rocks, soils, and
waters occurring at the study area. From the value of
8.64 ton/km? year, it has been possible to estimate a
linear weathering rate of 3.4 um/year (3.4 mm/ka),
suggesting that~294 ka is needed to the alteration of
1 m of rock, under the present climatic conditions.
The literature reports equivalent values of rates, which
vary depending on factors like temperature, rainfall,
altitude, terrain slope, lithology, and elements distri-
bution in the mineralogical assembly, among others.
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