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Chemical weathering and soil erosion in large or small watersheds are used to understand the effect of evolution
processes on the Earth's surface and climate. Currently, human-driven land use changes have substantial effects
on landscape changes over a range of temporal and spatial scales. In this context, the Sorocaba River basin, Sdo
Paulo State, Brazil, is an ideal study area to assess human influence on the present denudation rates of the Paulista
Peripheral Depression (PPD). Twelve fluvial water sample collections were carried out at the Sorocaba River
mouth, covering one complete hydrological cycle (Jun/2009 to Jun/2010). In the same period, 46 rainfall events
were sampled. All samples were analyzed for dissolved cations, anions and silica, and total dissolved solids (TDS).
Water-rock interactions Total suspended solids (TSS) were measured only in fluvial samples. The export of TDS and TSS occurs mostly
Human-landscape system during the wet season, accounting for ca. 60% and 87% of the total dissolved solids and total suspended sediment
Brazil transported in the hydrological cycle studied (2009/2010), respectively. The total annual specific flux of TSS was
74.27 t/km?/year (including soil erosion by agricultural activities), with a small portion being derived from the
anthropogenic contributions (ca. 2%). The total annual specific flux of TDS (74.43 t/km?/year) was similar to
the TSS, but after the correction of the atmospheric inputs and anthropogenic contributions (ca. 18 and 29%, re-
spectively), this value decreased to 39.35 t/km?/year. The chemical weathering rate was 7.1 m/Myear and this
process tended towards monosialitization (Rg = 2.6), with an atmospheric/soil CO, consumption rate of 3.3 x 10-
5 mol/km?/year. The difference between the chemical weathering and soil removal rates (7.1 and 49.6 m/Myear,
respectively) indicated that the soil thickness reduction occured in the Sorocaba River basin. The climatic control
on chemical weathering and soil removal rates was clearly evidenced, with the highest values of denudation oc-
curring in the wet and hot climatic conditions. However, the chemical weathering processes (Rg index) was not
sensitive to climatic controls. In order to assess human influence on chemical weathering and soil removal rates
in the PPD, the results were compared with other works undertaken in this vast geomorphological province. Even
considering the uncertainties associated with a number of data points, the chemical weathering and soil removal
rates in the PPD observed in this study were approximately 4 and 7.5-fold higher than these natural denudation
rates, respectively, evidencing the effect of recent land use changes on the present denudation rates in the PPD.
Thus, this study reinforces the complexity of the human-landscape systems in Sdo Paulo State and increases the
values of long-term landscape evolution rates.
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1. Introduction

The dissolved and suspended loads carried by rivers to the oceans
are generally related to several processes and interactions involving
climatic, hydrological, physical, chemical and biological conditions.
Chemical weathering is a typically a destructive process, where the pri-
mary minerals of the bedrock are chemically weathered in secondary
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minerals due to chemical reactions from the joint action of water and
the atmospheric/soil CO,. This process releases the soluble ions that
supply the dissolved load to the rivers and the residual products of the
chemical weathering provide the materials that constitute the soil pro-
file (Millot et al.,, 2002). On the other hand, soil erosion promotes a re-
duction in the soil thickness and the material removed is subject to
the transportation and sedimentation processes. The sediment load
(suspended load and bed load) carried by the rivers is related to the
soil erosion. In this work, the sediments load will be considered only
as the suspended load. In synthetic terms, chemical weathering supplies


http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2019.106955&domain=pdf
https://doi.org/10.1016/j.geomorph.2019.106955
mailto:fabiano.tomazini@unesp.br
Journal logo
https://doi.org/10.1016/j.geomorph.2019.106955
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/geomorph

2 A.M. Fernandes et al. / Geomorphology 351 (2020) 106955

the dissolved load to rivers, whereas soil erosion supplies the solid
loads, and these processes play an important role in the evolution of
the Earth's surface (Négrel et al., 2007). Thus, the present denudation
rates can be measured using the dissolved and suspended load carried
by rivers.

The watershed is characterized as an important unit for conducting
hydrochemical studies related to chemical weathering and soil removal
rates. The changes that occur in the drainage area are reflected in the
quality of surface water and can be evidenced by the monitoring of
river systems (Mortatti and Probst, 2003) from the assessment of
loads of cations, anions and dissolved silica and suspended particulate
matter. The first studies to investigate the nature and composition of
the suspended and dissolved load transported by rivers were carried
out in the 1960s and 1970s (e.g., Barth, 1961; Gibbs, 1967, 1970;
Johnson et al., 1968; Tardy, 1968, 1969, 1971; Martin and Meybeck,
1979). Since then, many studies have been developed, including those
that used mass balance models and adjusted atmospheric and anthro-
pogenic contributions where necessary, to identify the fractions from
the soil denudation and/or rock weathering processes and determine
their respective rates (e.g., Meybeck, 1987; Stallard and Edmond,
1987; Lasaga et al., 1994; White and Blum, 1995; Gaillardet et al.,
1997, 1999; Boeglin and Probst, 1998; Dessert et al., 2001; Millot et al.,
2002; Dessert et al., 2003; Mortatti and Probst, 2003; Oliva et al.,
2003; Walling and Fang, 2003; West et al., 2005; Louvat et al., 2008;
Moon et al., 2014).

However, the natural landscape evolution has been modified by dif-
ferent human activities (Murray et al., 2009). These human-landscape
systems generate several impacts on the temporal and spatial scales
(Harden et al., 2014). Land use/land cover changes (LULCC) are respon-
sible for the increase of soil erosion, a process naturally influenced by
the climate, soil, vegetation, and relief (Summerfield, 1991).
Montgomery (2007) proposed that the soil removal rates in plowed ag-
ricultural fields are 1-2 orders of magnitude greater than rates of soil
production, erosion under native vegetation and long-term geological
erosion. Studies on land use changes have been developed in America,
Asia, Africa and Europe (Van Rompaey et al., 2002; Latocha and
Migon, 2006; Latocha, 2009; Mhangara et al., 2012; Mugagga et al.,
2012; Bruschi et al., 2013; Garcia-Ruiz et al., 2013; Kim et al., 2014;
Sanyal et al., 2014; Sun et al., 2014; Gessesse et al., 2015; Karamesouti
et al.,, 2015; Serpa et al.,, 2015; Hernandez et al., 2016; Kosmas et al.,
2016; Latocha et al., 2016; Tarolli and Sofia, 2016; Zhang and
Shanggaun, 2016; Zope et al., 2016). In Brazil, only a few studies have
documented the impacts of land use changes in rural or urban areas
(Rodrigues, 2005; Costa and Bacellar, 2007; Simon and Cunha, 2008;
Beskow et al., 2009; Latrubesse et al., 2009; Minella et al., 2009; Perez
Filho and Quaresma, 2011; Moraes et al., 2012; Oliveira et al., 2015;
Rosolen et al., 2015; Borrelli et al., 2017; Lupinacci et al., 2017; Couto
Jtnior et al., 2019).

Precambrian Cratons, Orogenic Belts and Phanerozoic Sedimentary
Basins are the main geodynamic structures in Brazil territory, with dif-
ferent Geomorphological Provinces (Fig. 1a). Three geomorphological
provinces have been recognized locally in the Sdo Paulo State: the
Atlantic Plateau (AP), the Paulista Peripheral Depression (PPD) and
the Occidental Plateau (OC) (Fig. 1b). According to Almeida (1964),
the PPD was formed during the Neogene and Pleistocene periods, be-
tween the Parana CFB (continental flood basalt) province of the Parana
Basin and the igneous/metamorphic rocks of Mantiqueira Orogenic Belt
(Fig. 1b) and mainly consists of clastic sedimentary rocks from the
Parana Basin, and represents a sculpted. The Sorocaba River basin
(Fig. 1c) is located in the southeastern part of the Sdo Paulo State.
Since its occupation in the seventeenth century, the Sorocaba River
basin has gone through successive cycles of development and has seen
the diversification of human activities, and is currently under strong an-
thropic pressure, with a population of ca. 1 million inhabitants, 1850 en-
terprises and large agricultural areas (IPT, 2006; IBGE, 2010). The LULCC
in the Sorocaba River basin may affect the present denudation rates in

this watershed, the mouth of which is located in the PPD. Thus, this
work aim to assess human influences on the present chemical
weathering and soil removal rates in the PPD, obtained through
dissolved and suspended loads, respectively, and carried by
Sorocaba River.

2. Study area

The Sorocaba River basin covers an area of 5269 km? and is lo-
cated between latitudes 23 and 24°S and longitudes 47 and 48°W
(Fig. 1c). The average annual temperature ranged from 18 to 22 °C
(IPT, 2006). According to the Kdppen (1948) classification, the cli-
mate is a Cwa type, characterized by the predominance of higher
values of rainfall and discharge in the summer period (October to
March) in relation to dry periods (April to September). The
pluviometric and fluviometric historical data (DAEE, 2010) of the
study area for the 50-year period (1959 to 2008) are illustrated in
Fig. 2a, showing that January was the month with the highest values
of rainfall (215 mm) and discharge (107.1 m3/s), while August pre-
sented the lowest values of rainfall (32 mm) and discharge
(35.5 m>/s). The significant positive relationship between the
monthly average rainfall and discharge for the same period was ob-
tained (r = 0.786, P <.01) from those 50 years (Fig. 2b).

The Sorocaba River basin is located in two distinct geomorpho-
logical provinces (Fig. 1c). The AP province is associated with meta-
morphic rocks and granitoid complexes belonging to the Sdo Roque
Group and Embu Complex (Godoy et al., 1996). The PPD province
outcrops the clastic sedimentary rocks from the Parana Basin related
to Itararé, Guatd and Passa Dois groups (Conceicdo and Bonotto,
2004; IPT, 2006). The relief in the AP is comprised of hills shapes
with convex tops and deep valleys with altitudes that range between
800 and 1000 m and high-density drainage channels that have slope
above 20%; in the PPD, this is represented by hills with tabular and
large convex tops, prevailing altitudes between 600 and 700 m and
slopes ranging between 5 and 10% (Ross and Moroz, 1997; Perrota
et al,, 2005).

Red Argisol (49%), Red Latosol (38%) and Red-Yellow Latosol (9%)
are the predominant soils in the Sorocaba River basin (Oliveira et al.,
1999), according the Brazilian soil classification (EMBRAPA, 2013) and
corresponding to Ultisols and Oxisols in the USDA nomenclature
(USDA, 1999), respectively. The original vegetation, characterized by
forests, brushwood, fields and lowland Savanna vegetation, was re-
placed by anthropogenic pastures and fields (77%), agricultural crops
(14%), urban areas (4%) and reforestation areas (3%) due to the agricul-
tural occupation and urbanization processes, leaving only 2% of the orig-
inal vegetation cover remaining.

3. Methods

According to Moon et al. (2014), the assessment of chemical
weathering and soil removal rates is necessary to consider the sampling
frequency and variability in the river discharge, concentration and con-
tribution of different sources. In the same study, the author suggests at
least 10 and preferably 40 temporal chemical data points with synchro-
nous discharge from each river, with uncertainties within —28 to 22%,
—22 to 16% and —14 to 15% with 10, 24 and 40 samples (50% confi-
dence). Twelve fluvial water samples were collected at the Sorocaba
River (Fig. 1c), covering one complete hydrological cycle (Jun/2009 to
Jun/2010), and representing the extremes of the rainfall and discharge
regimes (Fig. 2). River waters were collected and separated into two
500 mL aliquots, one crude for analyzing dissolved cations and anions
and the other preserved with 0.1 mL of concentrated H,SO4 only for an-
alyzing dissolved SiO,.

The instantaneous discharge (Q) during the sampling was calculated
from the product of the wet river channel cross-section area (m?), ob-
tained by bathymetry, and the average velocity of the water flow in
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Fig. 1. Geomorphological Provinces in Brazil (a) (Ross, 1985). A digital elevation model (USGS/, 2011) for Sdo Paulo State, with a ca. 600 km long topographic transverse from the Parana
River to the Atlantic Ocean shows distinct geomorphological provinces, according to Almeida (1964 ), where SP, R], MG, MS and PR are the states of Sdo Paulo, Rio de Janeiro, Minas Gerais,
Mato Grosso de Sul e Parand, respectively (b). The location of the fluvial sampling point at the mouth of the Sorocaba River basin (23°03'53”S and 47°49'13"W), the pluvial sampling point
in the central portion of the watershed and the pluviometric E4-019 (23°20’S and 47°41'W) and fluviometric 4E-001 (23°01’S and 47°48'W) stations (c). View of the sampling location

during the dry season in July 2009 (d) and the rainy season in January 2010 (e).

this section (m/s), using a Digital Micromolinete Global Water FP 101.
The pH values were measured using a DM2 Digimed portable pH; and
a DM3 Digimed sensor was used in the characterization of electrical
conductivity (EC) and temperature (T), with both pieces of equipment
calibrated with Digimed standard solutions.

The samples (crude and preserved) were filtered, using a cellulose
membrane filter (0.45 um), previously dried and weighed. The crude fil-
tered samples were analyzed by ion chromatography (Dionex ICS-90),
calibrated with Dionex standard solutions and equipped with the

analytical columns IonPac® CS12A 4 x 250 mm and IonPac® AS14A 4
x 250 mm, for the concentration quantification of dissolved cations
(Na*t, KT, Ca®>* and Mg?™") and anions (Cl~, SO3~, PO3~ and NO3),
with a quantification limit of 10 pg/L (Ribani et al., 2004) and detection
limit of 1 pg/L (Dionex Corporation, 2004). The alkalinity was measured
using the Gran method (Edmond, 1970), using standardized HCI (0.1 N)
in the titration. The preserved samples were used in the quantification
of dissolved Si** concentration by optical emission spectrometry
with inductively coupled argon plasma (Optima 3000 DV), with a
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Fig. 2. Monthly average rainfall and discharge for a 50-year period (1959-2008) in the
Sorocaba River basin (a), obtained from the DAEE (2010).

detection limit of 20 pg/L. The sum of dissolved ions and silica was
considered as the total dissolved solids (TDS). The total suspended
solids (TSS) were quantified gravimetrically (APHA, 1999). The dis-
charge weighted averages (Cy,y — in mg/L) to the dissolved chemical
species, TDS and TSS were calculated according to Eq. (1).

T GQ;
She g

CWAV =

where: C; = ion concentration in the sample i (mg/L). Q; = discharge
in the sampling i (m3/s).

Rainfall events were sampled during the same period (n = 46),
using a pluviometer (“bulk” type - dry and wet deposition) (Fig. 1c).
Each rain event was represented by precipitation that occurred during
a 24-hour period and the total volume was measured using a graduated
calibrated cylinder. After measuring the pH value, the rainwater sample
was stored in two 100 mL polyethylene bottles, one with the crude sam-
ple and the other with the preserved sample with concentrated H,SOy,
and both were kept refrigerated at 4 °C. The rainwater was analyzed in
terms of dissolved ions (crude sample) and SiO, (preserved sample),
using the same analytical procedure described for river water samples.
The concentrations were synthesized in terms of a rainfall-weighted av-
erage for the study period (Ryay - in mg/L), and dry and wet periods,
and were calculated according to Eq. (1), where the instantaneous dis-
charge parameter was replaced by the rainfall volume in the event. All
events were considered using a normalized inorganic charge balance
(NICB) proposed by Mosello et al. (1996).
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4. Theoretical background
4.1. Contribution of different sources to fluvial fluxes

The contribution of different sources to fluvial fluxes of
dissolved cations, anions and silica, as well as the TSS and TDS,
were calculated using a mass balance model expressed in Eq. (2),
modified from White and Blum (1995). The model used did not
consider the fluxes resulting from the biomass change and derived
from the ionic exchange sites in clay minerals because they have
negligible contributions, close to “zero”, according to White and
Blum (1995).

Fy = Friver_FrainfalI_Fanthropogenic (2)

where: Fy, = flux associated with chemical weathering or soil ero-
sion (t/km?/year). Fyyer = river flux (t/km?/year). Frginfan and
Fanthropogenic = atmospheric and anthropogenic inputs (t/km?/year).

The Friver and Frginfan Were obtained according to Eq. (3) (Probst,
1992) and Eq. (4), respectively.

c 5

Fn‘ver = W,;\-‘V Q (3)
Rway .P

Frainfull = % (4)

where: Q = average discharge of the study period (m?/s). A =
surface area of the watershed (km?). P = total precipitation in the
study period (mm).

The Fantnropogenic for dissolved load related to urban sewage was cal-
culated considering the anthropogenic influences in the Upper Sorocaba
River basin (Sardinha et al., 2008), presented by the authors as percent-
ages of the concentration ion in the total fluvial flux (Fyje;), i.e., 35% cal-
cium, 23% magnesium, 65% sodium, 10% potassium, 14% alkalinity, 53%
sulfate, 36% nitrate, 91% chlorine and 54% phosphate. The [SiO,] in urban
sewage can be disregarded, as suggested by Mortatti et al. (2012). The
Fanthropogenic for suspended load, the anthropogenic contribution, was
represented by product of the per capita TSS load contained in un-
treated urban sewage (0.022 kg/hab/day), obtained from an average
production of untreated urban sewage (100 L/hab/day) and the respec-
tive TSS average concentration (220 mg/L) (Tchobanoglous and Burton,
1991), the urban sewage treatment percentage in the Sorocaba River
basin, estimated at 25% (IPT, 2006) and the total population of
1,212,376 inhabitants (IBGE, 2010).

4.2. Chemical weathering processes and CO, consumption

The predominant process in the chemical weathering of the rocks
can be determined using the R index (Tardy, 1968, 1971), modified
by Boeglin and Probst (1998) (Eq. (5)). This index is equivalent to the
molecular ratio (SiO;)/(Al,03) of secondary minerals neo-formation
within the soil profile and is expressed by the molar ratio of chemical
dissolved species in the surface waters, i.e. silica and cations resulting
from the rock weathering. The predominant process is characterized ac-
cording to a classification proposed by Pedro (1966), where Rg = 0
characterize the total hydrolysis process known as allitization, with alu-
minum and iron fixed as insoluble hydroxides; Rg = 2 is related to the
partial hydrolysis of minerals and monosialitization is the predominant
process, with kaolinite formation; and Rg = 4 is the occurrence of partial
hydrolysis with the bisialitization process and the formation of mineral
2:1, such as montmorilonite.

k. _ 3K+ 3Na 1 2Ca 1 125Mg—Si0,
E~="0.5K+0.5Na + Ca+ 0.75Mg
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The atmospheric/soil CO, consumption rate (Fco, in mol/km?/year)
associated with chemical weathering was estimated using Eq. (6)
(Gaillardet et al., 1999; Mortatti and Probst, 2003).

Fcoz = Fnasit + Fi st +2 Feasii + 2 Fugsit (6)
where: Fionysit = F 0f Na™, K*, Ca?* and Mg?* (mol/km?/year).
4.3, Chemical weathering and soil removal rates

The fluvial flux related to the rock weathering process was estimated
as the sum of the fluvial transport of cations and SiO, (IQ in t/km?/year),
after the correction of atmospheric inputs and anthropogenic contribu-
tions, according to Eq. (7) (Probst, 1992). The chemical weathering rate
(Wg in m/Myear) can be calculated using Eq. (8).

1 = Fu (Na*) + Fu (K*) + Fu (Ca*+) + Fw (Mg?+) + Fw (Si05) (7)
Wo=- ®)

where: Fy(ion) = corrected annual fluvial flux of the Na™, K™, Ca®™,
Mg?™ and SiO,. p = the mean density of rocks in the watershed.

The soil erosion rate (W;,, in m/Myear) can be expressed as the ratio
of the TSS annual flux and the superficial soil density (p’), as suggested
by Boeglin and Probst (1998) and expressed in Eq. (9).

_ Frss
Wi =1 ©)
5. Results

5.1. Chemistry of surface waters

The results of Q, pH, EC, T and concentrations of dissolved ions, SiO5,
TDS and TSS, with their respective averages for the study period, are in
Table 1. The Q values showed seasonal variation in consonance with the
historical data of the monthly average (Fig. 2), with an average
discharge for the study period of 146.62 m>/s. The Sorocaba River
waters presented a pH ranging from 6.9 to 7.3 during the study period
(average of 7.0). The EC showed significant seasonal variation (average
of 110.8 pS/cm), with values below 80 pS/cm in the months of highest
rainfall and discharge, and values above 140 pS/cm during the dry sea-
son (Jun/2009 and Jun/2010). The river water temperature followed

the annual cycle (average of 23.2 °C), with lower values in winter
(15.6 °C in Jun/2009) and higher values in summer (33.0 °C in
Jan/2010).

The [TSS] was directly related to the discharge (Fig. 3a). For most riv-
ers worldwide, the b exponent in the [TSS] = a.Q” model is positive and
has values between 1 and 2 (Probst, 1986). The model established for
the Sorocaba River presented b as equal to 0.792, suggesting that [TSS]
was influenced by both discharge and rainfall. The higher [TSS] occurred
in Mar/2010 (178.00 mg/L) and Nov/2009 (145.00 mg/L), after rainfall
events of 27.5 and 13.5 mm, respectively, corroborating this influence.
The relationship between the [TDS] and the Q was inverse and
significant (Fig. 3b), representing the dilution process with increasing
Q values. The percentage distribution of the dissolved ions in relation
to the TDS, on a molar basis (Peray, 1998), indicated the predominance
of HCO3 among the anions (31%), followed by C1—,NO3, SO~ and PO3 ~,
while for the cations the greatest participation was Na*, with 22%,
followed by Ca?*, Mg " e K+, respectively, and the SiO, represented
12% of the TDS. The charge balance, represented by the relationship
“sum of cation concentrations vs sum of anion concentrations”, in
peq/L, indicated a deficit of anionic charges (Fig. 3c), which can be re-
lated to dissolved organic anions not counted in this study, such as
dissolved organic carbon (Probst et al., 1992).

5.2. Atmospheric loading

The results of rainwater chemical analysis are presented in Table 2
(all results are illustrated in Fig. 4). The pH values ranged from 5.0 to
6.7 (average of 5.7). The SiO, concentrations showed values below the
detection limit, since the atmospheric inputs of dissolved silica are min-
imal (White and Blum, 1995). Among the chemically dissolved ions, the
Ca%* and HCO3 accounted for 81% of the cations sum and 62% of anions
sum, respectively. The dissolved cations showed the following distribu-
tion trend: Ca®>™ > Na™ > Mg?™ > K™, whereas for the anions the trend
was HCO3 > SO3~ > CI~ > NO3 > PO3 ™. Both trends were maintained
in the dry and wet periods, and differences in average concentrations
between these periods may be related to the sampled event number
in each period, the dilution effect on rainfall volume function and the at-
mospheric “washout” effect induced for successive rainfall events
(Moreira-Nordemann et al., 1997).

Tonic ratios obtained for the rainwater in the Sorocaba River basin
(Ca®>*/Na™ = 8.70, Mg?™/Na* = 0.57, K*/Na™ = 0.42, SO /Na* =
1.50 and HCO3/Nat = 6.18) indicated low marine influence when
compared to the rainwater ionic ratios observed near the sea (0.04,
0.23,0.02, 0.12 and <0.01, respectively - Wilson, 1975), given that indi-
vidual systematic surveys indicate no significant spatial variations

Table 1
Physical and chemical results for the Sorocaba River surface waters.
Unit Sampling date Cwav
06/09 07/09 08/09 09/09 11/09 12/09 01/10 02/10 03/10 04/10 05/10 06/10

Q m>/s 37.47 43.71 123.23 99.84 170.01 363.35 366.47 184.04 151.30 107.64 70.21 42.15 146.62
pH 6.9 6.9 6.9 7.1 6.9 6.9 7.1 7.1 7.3 7.1 7.1 7.3 7.0
EC pS/cm 1432 123.9 109.0 121.8 108.1 76.0 79.7 99.6 87.1 103.6 128.6 149.1 110.8
T °C 15.6 16.9 16.9 203 264 25.7 33.0 29.0 26.8 24.7 222 21.1 232
Sio, mg/L 35.90 31.00 14.12 17.50 11.89 1043 10.44 12.45 11.49 12.21 22.00 29.00 13.61
ca’t mg/L 16.70 16.36 11.75 13.54 10.0 8.40 8.50 10.50 11.11 13.35 13.26 13.69 10.63
Mg? " mg/L 1.52 147 1.08 1.05 1.00 0.84 0.82 1.20 1.25 1.30 1.40 1.90 1.06
Na® mg/L 27.18 23.67 10.61 11.16 10.20 5.70 6.03 7.70 7.70 9.14 14.92 18.83 9.03
K* mg/L 1.82 1.70 1.45 1.47 1.40 1.00 1.10 1.70 1.70 1.80 1.90 2.10 1.40
HCO3 mg/L 47.52 42.00 34.66 4230 34.40 26.73 30.95 39.20 31.94 40.28 41.08 46.34 34.24
cl- mg/L 17.20 16.30 8.48 8.54 8.19 420 433 5.87 5.95 7.02 11.27 12.23 6.71
Ner mg/L 9.95 9.10 5.05 5.36 5.40 4.80 3.23 3.36 4.40 5.04 6.22 10.34 4.82
NO5 mg/L 10.55 8.88 2.74 3.26 2.78 0.93 0.96 3.96 4.50 5.98 8.25 10.14 3.22
POz~ mg/L 0.60 0.47 0.15 0.12 <0.01 0.09 <0.01 <0.01 0.22 0.11 0.33 0.37 0.11
TDS mg/L 169.11 150.95 90.09 104.29 86.06 63.12 66.35 85.94 80.25 96.24 120.61 144.94 84.82
TSS mg/L 14.33 46.50 54.33 4533 145.00 87.17 101.50 37.83 178.00 51.00 22.67 14.50 84.83

Q = discharge; EC = electrical conductivity; T = temperature; TDS = total dissolved solids; TSS = total suspended sediments; Cy4y = weighted average element/compound concen-

tration for the study period.
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Fig. 3. Relationships between discharge and [TSS] (a) and between discharge and [TDS] (b), and charge balance in the Sorocaba River in the study period, with ™ and 3~ corresponding to

the total dissolved cations and anions, respectively (c).

among fractions in marine rainfall (Keene et al., 1986). Despite the sim-
ilarity of the CI~/Na™ rainwater ratio (1.17) with cyclic salts and marine
aerosols (1.16 - Wilson, 1975), other ionic ratios reflected the predom-
inance of terrestrial influences on the chemical composition in the
Sorocaba River basin rainwater, as already verified in the Sorocaba
City by Conceicdo et al. (2013).

6. Discussion
6.1. Seasonality and contribution of different sources to fluvial fluxes

The fluvial fluxes integrate the contributions of the chemical
weathering and soil removal that occur in the watershed, and also the
atmospheric inputs and, in some regions, the anthropogenic inputs as-
sociated with pollution from industrial, agricultural and/or urban activ-
ities, which can reach the river in punctual or diffuse contribution forms
(Stallard and Edmond, 1981; Probst et al., 1994; Mortatti et al., 1997;
Conceicdo and Bonotto, 2004; Hissler and Probst, 2006; Concei¢do
et al., 2015a; Hissler et al., 2015, 2016; Fernandes et al., 2016). The
total fluvial fluxes of TDS and TSS were similar (ca. 74 t/km?/year),
with the value of specific flux related to soil erosion considered as the
medium specific sediment flux (50 to 200 kg/km?/day) (Meybeck
et al., 2003). Fig. 5 illustrates the instantaneous daily flux, which can
be calculated using the values of [TDS], [TSS] and Q, suggesting that
the majority of the TDS and TSS are carried during the summer period
due to the South Atlantic Convergence Zone, which provides high inten-
sity rainfall events in southeastern Brazil.

The fluvial fluxes associated with chemical weathering or soil re-
moval (F,,) were calculated using Eq. (2). In order to obtain the Fe,
(Eq. (3)), we used Cypuy of dissolved chemical species, TDS and TSS

Table 2
Results of rainwater chemical analysis in the Sorocaba River basin.
Rwav Min Max Dry Wet Rwav
(mg/L) (Leq/L)
pH 5.7 5.0 6.7 5.6 6.1 -
Si0, <0.02 <0.02 <0.02 <0.02 <0.02 -
ca?t 1.42 0.26 3.37 2.08 1.10 71.21
Mg?* 0.09 0.01 0.30 0.09 0.04 4.65
Na* 0.19 0.04 0.94 0.27 0.15 8.19
K+ 0.13 0.01 0.57 0.16 0.12 3.44
HCO5 3.08 0.10 471 3.53 2.71 50.60
- 034 0.01 1.85 0.47 0.27 9.55
Norw 0.59 0.03 233 0.93 0.42 12.32
NO3 0.56 0.01 2.60 0.84 0.42 9.07
POz~ 0.02 0.01 0.16 0.03 0.02 0.73
> cations - - - - - 87.49
> anions - - - - - 82.27

Rwav = weighted average volume; Min = minimum value; Max = maximum value;
Dry = weighted average volume in dry period; Wet = weighted average volume in
wet period.

values and the average discharge presented in Table 1 and the area of
the Sorocaba River basin (5269 km?), while for Fyginsan (Eq. (4)), we
used the total precipitation in the study period (2101 mm) and the
Rwav of dissolved chemical species (Table 2). The Fanropogenic Of the dis-
solved and particulate loads were calculated as previously described. In
Fig. 6, it is possible to observe a significant influence of anthropogenic
sources in the composition of surface waters from the Sorocaba River
basin.

As mentioned by Concei¢do and Bonotto (2004) and Fernandes et al.
(2016), only silicate minerals are presented in the igneous/metamor-
phic and sedimentary rocks in the watershed studied. Thus, it was not
necessary to consider the influence of carbonate and evaporite rocks
in the mass-balance model used in this study (Eq. (2)). The values of
Fun Friver, Frainfat a0d Fanghropogenic are presented in Table 3 (t/km?/year)
and in Fig. 7 (%). Only CI~ and PO3~ yielded negative values, whereas
a positive mass-balance was found for the other element/compounds,
i.e. 2.38 t/km?/year of Na™, 3.07 t/km?/year of Ca®*, 0.60 t/km?/year of
Mg?*, 0.83 t/km?/year of K*, 11.94 t/km?/year of SiO,,
19.35 t/km?/year of HCO3, 0.75 t/km?/year of SO3~, 0.63 t/km?/year of
NO3 and 39.35 t/kmz/year of TDS. The chemical weathering of silicate,
atmospheric and anthropogenic inputs account for 53, 18 and 29% of
the annual dissolved load in the Sorocaba River, respectively. The annual
suspended solids load was 72.77 t/km?/year.

6.2. Water-rock interactions and chemical weathering and soil removal
rates

The predominant chemical weathering process of these rocks in the
Sorocaba River basin was determined using the Rg (Eq. (5)). The value of
2.6 obtained characterized the predominance tendency of partial hydro-
lysis of the primary silicate minerals (Fig. 8). In general, the main min-
erals found in the igneous, metamorphic and sedimentary rocks
described in the Sorocaba River basin were studied by Conceicdo and
Bonotto (2004) and Fernandes et al. (2016):

- The Embu Complex (migmatitic gneisses) is composed of biotite
(K(Mg,Fe)3(Sl3Al)O10(OH)2), muscovite (KA12(513A1)010(0H)2)
and sillimanite (Al,SiOs), quartz (SiO,), microcline (KAISizOg)
and oligoclase ((Na,Ca)(Si,Al)40g);

- The Sdo Roque Group rocks (metarhytmites) presented quartz,
muscovite and biotite;

- Granitoid rocks are comprised of quartz, microcline and oligo-
clase, biotite and hornblende (Ca,Na(Mg,Fe)4(AlFe,Ti)
AlslgAlOZZ(OH)z),

- Sedimentary rocks possess quartz, albite (NaAlSi3Og), microcline,
kaolinite (A1251205(0H)) and illite (KOQA12514010(0H)2)

Thus, considering the monossialization process occurring in the
Sorocaba River basin, the annual fluxes of Na* have their origin in the
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Fig. 4. All results of pH and dissolved cations and anions measured in rainwaters in the Sorocaba River basin.

hydrolysis of albite, hornblende and plagioclase; K™ ions are derived
from the hydrolysis of muscovite, microcline, biotite and illite; Ca®™*
can be attributed to the hydrolysis of hornblende and plagioclase; and
Mg?" can be released by the hydrolysis of hornblende and biotite.
Quartz and a kaolinite are not weathered and remain in the soil profile
(with goethite - FeOOH and rutile - TiO-).

The atmospheric/soil CO, consumption rate, calculated via silicate
weathering (Eq. (6)), was 3.3 x 10° mol/km?/year. According to
Meybeck (1987), the world continental average of atmospheric/soil

3500
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m Total dissolved solids

(=)

Instantaneous daily flux (kg/day)
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Fig. 5. Instantaneous daily flux of total dissolved solids (TDS) and total suspended solids
(TSS) in the Sorocaba River basin, indicating that this parameter is directly related to
discharge, in accordance with most world rivers (Berner and Berner, 1987).

CO, consumption rate is 1.61 x 10° mol/km?/year, which is lower
than the value obtained in this study. In addition, this value is higher
than other South American watersheds, such as the basins of the
Amazonas (0.3 x 10° mol/km?/year - Mortatti and Probst, 2003),
Orinoco (0.7 x 10° mol/km?/year - Gaillardet et al., 1999) and Jamari
and Jiparana (0.8 x 10° and 1.4 x 10° mol/km?/year, respectively -
Mortatti et al., 1992). It is, however, lower than in carbonate areas
(0.8 x 10° mol/km?/year - Meybeck, 1987) and basaltic watersheds
worldwide, i.e. on Sio Miguel island - Azores (0.6 x 10° mol/km?/year -
Louvat and Allégre, 1998), in Iceland (0.7 x 10° mol/km?/year - Louvat
et al,, 2008), in the Deccan Traps (1.3 x 10° mol/km?/year - Dessert
et al,, 2001), on Réunion Island (2.3 x 10° mol/km?/year - Louvat
and Allégre, 1997) and in the Parana continental flood basalts (0.4 x 10-
5 mol/km?/year, Conceicdo et al,, 2015b).

The IQ in the Sorocaba River basin (Eq. (7)) corresponded to
18.8 t/km?/year, representing 48% of the TDS flux at the river mouth.
Using Eq. (8) and considering that the mean density of rocks (p) in
this watershed is 2.65 g/cm? (Brasil, 1983), it was possible to calculate
a chemical weathering rate (Wgq) of 7.1 m/Myear. In addition, the soil re-
moval rate (W,,) of 49.6 m/Myear was estimated according Eq. (9),
using the TSS annual flux (Table 3) and the soil density (1.47 g/cm?> -
Fernandes et al., 2012). Considering the chemical weathering and soil
removal rates, a reduction of soil thickness of ca. 42.5 m/Myear can be
obtained in the Sorocaba River basin. This value is in accordance with
the global balance usually accepted for watersheds, where the soil
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erosion rates are approximately six times higher than the chemical
weathering rate (Lasaga et al., 1994).

6.3. Climatic control on chemical weathering and soil removal rates

Besides the lithology, the chemical weathering and soil removal
rates have a direct relationship with climatic conditions, mainly rainfall
and temperature, in a watershed (Meybeck, 1987; White and Blum,
1995; Gaillardet et al., 1999; Oliva et al., 2003). However, relief, land
cover and water time residence in the weathering profiles are also im-
portant factors in these assessments (Oliva et al., 2003; West et al.,
2005). The tropical climate in the Sorocaba River basin is characterized
by the predominance of rainfall in summer and dryness in winter, with
the rainfall possessing a significant positive relationship with the dis-
charge (Fig. 2). This fact indicates that months with lower rainfall and
temperature values have lower discharge values, and vice versa.

Thus, in order to assess the climatic control on the chemical
weathering (W;) and soil removal (W,,) rates in the Sorocaba River
basin, a modelling consisting of the use of 12 scenarios was proposed.
The rates in each scenario were calculated assuming the values of in-
stantaneous discharge, [TSS] and [cations + SiO,] obtained in each sam-
pling as the annual average, allowing us to understand the climatic
control since from driest to wettest years. The anthropogenic influences

Table 3

oF nF
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Fig. 7. Contribution of different sources (%) to dissolved cations, SiO,, HCO3 and TDS in the
Sorocaba River. Fw = natural flux due to chemical weathering, Fanhropogenic =
anthropogenic influences, Frqinfan = the atmospheric inputs.

were corrected as previously discussed. The atmospheric inputs were
obtained through the monthly [cations + SiO,] and annual rainfall
from the monthly average values registered over a 50-year period
(1959-2008) (DAEE, 2010), i.e.: June = 453 mm; July = 416 mm;
August = 384 mm,; September = 801 mm; November = 1431 mm;
December = 2105 mm; January = 2579 mm; February = 2041 mm;
March = 1498 mm; April = 732 mm and May = 826 mm. In addition,
the chemical weathering processes (Rg index) were also modelled using
the 12 scenarios proposed.

Fig. 9 illustrates the modelled results in each scenario (W, W, and
Rg) and the values measured in this study. The highest values of W,
and W,,, were modelled in wet scenarios, reaching up to 10 times the
difference between the rates. However, in dry scenarios, the values of
W, and W, decreased and the chemical weathering rates were higher
than the soil removal rates. The chemical weathering and soil removal
rates possess similar values (6.3 m/Myear) in scenario related to dis-
charge of ca. 47 m3/s. Thus, the scenarios proposed show clearly the cli-
matic control on chemical weathering and soil removal rates, with the
highest values of denudation occurring in the wet and hot climatic con-
ditions (highest values of rainfall) and in dry and hot climatic conditions
the denudation rates would be more moderate.

In addition, it is interesting to note that the values of W, and W,
measured in this study are perfectly adjusted in the linear regression
model presented in Egs. (10) and (11). In addition, significant values
of the coefficient of determination (r = 0.99 for the W, and r = 0.89
for the W,,,) were obtained, even considering the deviation of the data
points within the mid-range in relation to the trend of the best-fit line
for Wm. Thus, the equations proposed during the modelling (Fig. 9a)
can be used in the Sorocaba River basin to obtain indirectly the values
of W, and W, in years with rainfall ranging from 384 to 2579 mm.

W, =0.042.Q +3.996 (r = 0.99) (10)
W =0.433.0—13.991 (r = 0.89) (11)

Unlike the climatic control on the chemical weathering and soil re-
moval rates, the chemical weathering processes (Rg index) indicated
the partial hydrolysis of primary silicate minerals during all scenarios
modelled, independently of the climatic conditions. Tardy (1971)

The annual flux (t/km?/year) of dissolved cations, anions and silica, total suspended solids (TSS) and total dissolved solids (TDS) in the Sorocaba River basin.

Species Si0, ca*t Mg+ Na* K+ HCO5 a- S03~ NO3- P03~ DS TSS
Friver 11.94 933 0.93 7.93 123 30.04 589 423 2.83 0.09 74.43 7429
Frainjan - 2.99 0.12 04 028 6.48 0.71 124 1.18 0.05 13.45 -
Fanthropogenic - 327 021 5.15 0.12 421 536 224 1.02 0.05 21.63 152
Fu 11.94 3.07 0.60 238 0.83 1935 —0.18 0.75 0.63 —0.01 39.35 72.77
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Fig. 8. Theoretical weathering reactions involving the mineral constituents of the igneous, metamorphic and sedimentary rocks (Fernandes et al., 2016; Concei¢do and Bonotto, 2004) in

the Sorocaba River basin.

explains that the chemical composition of surface waters is sensitive to
climatic controls (temperature and rainfall) and, consequently, the an-
nual seasonality can interfere with and change the denudation rates,
but does not modify the chemical weathering processes. Thus, the re-
sults of this study confirm that the annual seasonality does not repre-
sent a significant climatic change that wouldto affect the chemical
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Fig. 9. Chemical weathering and soil removal rates (a) and RE index (b) modelled in the
Sorocaba River basin.

weathering processes in the Sorocaba River basin, as suggested by
Tardy (1971).

6.4. Human influences on the present denudation rates in the Paulista
Peripheral Depression

In order to investigate the present denudation rates in the Paulista
Peripheral Depression, a mass-balance among the fluvial transport in
the Sorocaba River mouth and each Geomorphological Province (Atlantic
Plateau - AP and Paulista Peripheral Depression — PPD) can be used
(Egs. (12) and (13)). Table 4 reports the parameters necessary to obtain
the IQ (7.0 t/km?/year) and Fyss (97.4 t/km?/year) values, which were
used in the estimation of the present denudation rates in the PPD.
Thus, utilizing these values and Eqgs. (6) and (7), the chemical
weathering and soil removal rates in the PPD were 2.7 and
66.3 m/Myear, respectively. Using uncertainties of —28 to 22% due to
the number of data points (12) used in this study, as suggested by
Moon et al. (2014), the chemical weathering and soil removal rates can
vary from 2.0 to 3.3 m/Myear and 47.8 to 80.9 m/Myear, respectively.

Qsry-[cations + SiOs] ey = Qap.[cations + Si05]4p + Qppp.[cations + SiOx]ppy,

(12)
Qsru-[TSSIsryr = Qap-[TSS] 4p + Qpep-[TSS]ppp (13)
where: Q sgv, Qap and Q ppp = discharge in the Sorocaba River mouth,
Atlantic Plateau and Paulista Peripheral Depression (m>/s), respectively.
[cations + SiO5]sgas, [cations + SiO5]ap and [cations + SiO»]ppp = fluvial
transport of cations and SiO, in the Sorocaba River mouth,

Atlantic Plateau and Paulista Peripheral Depression (mg/L), respectively.
[TSS]sgum, [TSS]ap and [TSS]ppp = TSS annual flux in the Sorocaba River

Table 4
Area, discharge (Q) and natural values of [TSS] and [cations and SiO-] in the Sorocaba River
basin.

Area Q [TSS] [cations + SiO5]
(km?)  (m%s)  (mg/L)

Sorocaba River mouth 5269 146.62  83.13 2142

Paulista Peripheral Depression 3161 85.05 114.81 8.30

Atlantic Plateau® 2108 61.57 4341 39.57

¢ Data reported by Fernandes (2012).



10 A.M. Fernandes et al. / Geomorphology 351 (2020) 106955

mouth, Atlantic Plateau and Paulista Peripheral Depression (mg/L),
respectively.

The chemical weathering rates obtained for the clastic sedimen-
tary rocks in the PPD (2.7 m/Myear) are higher than the calculated
for the igneous/metamorphic rocks belong to Ribeira Belt in the AP
(15 m/Myear - Fernandes et al., 2016) and for the Parana CFB
province in the OP (6 m/Myear - Conceicdo et al., 2015b), other im-
portant geological units in the Sdo Paulo State (Fig. 1b). In general,
evaporites and carbonatites weather faster than silicate rocks, with
igneous (granites and basalts) and metamorphic (schists and
gneisses) rocks having higher chemical weathering rates than clastic
sedimentary rocks (sandstones, siltstones and mudstones) (Oliva
et al., 2003). This study confirms that igneous/metamorphic and ba-
saltic rocks weather faster than clastic sedimentary rocks in the Sao
Paulo State, which possesses minerals with higher resistance to
chemical weathering (mainly quartz and kaolinite), according to
the Goldich dissolution series (Goldich, 1938).

As discussed in this work, the fluvial fluxes associated with chemical
weathering in the Sorocaba River basin are directly affected by human
activities, which theoretically should be corrected using the model pro-
posed by White and Blum (1995 - Equation 2). Studies of chemical
weathering rates in small watersheds with one single type of rock
allow an understanding the influence of the lithology on the chemical
weathering rates (Millot et al., 2002). Unfortunately, there are no stud-
ies in small watersheds in the Sorocaba River basin reporting on the
chemical weathering rate related to the clastic sedimentary rocks in
the PPD. Thus, in order to verify the possible human influence on the
chemical weathering rates in the PPD, it was necessary to compare the
chemical weathering rate obtained in this study with other rates mea-
sured in small watersheds located in the PPD.

Spatti Janior et al. (2019) studied the chemical weathering processes
of the clastic sedimentary rocks in the PPD, using two small watersheds
composed mainly for sandstone and mudstone (Monjolo Grande and
Jacutinga watersheds, respectively), and indicated an average chemical
weathering rate of ca. 0.6 m/Myear. Couto Junior et al. (2016) deter-
mined, through fluvial geochemistry in the Cachoeirinha Stream basin,
chemical weathering rates of 0.7 m/Myear for sandstone and mudstone
in the PPD. Thus, even considering the uncertainties of the chemical
weathering rate of clastic sedimentary rocks in the PPD observed in
this study, this rate was ca. 4-fold higher than proposed in the studies
conducted in small watersheds composed mainly for sandstone and
mudstone located in the PPD (Couto Junior et al., 2016; Spatti Jinior
et al, 2019).

In relation to the soil removal rates, in the Sdo Paulo State there
are no watersheds with natural vegetation cover that could be used
as a control site unaffected by human activities to assess the natural
removal soil rates in the PPD. In addition, long-term soil removal
rates related to the PPD in S3o Paulo State are also not documented
and cannot be compared to present rates, since this stable cratonic
region has remained at practically the same tropical position since
the South Atlantian reactivation in the Lower Cretaceous (Hasui,
2010). However, Riffel et al. (2015) proposed the long-term land-
scape evolution of the Second Parana Plateau, a unit correspondent
to the PPD in the Parana State, using a combined “°Ar/*°Ar (Mn
oxyhydroxides) and (U—Th)-He (goethites) geochronology. In this
study, the authors suggested that the weathering processes started
at 35 Myear and were particularly intense during the Miocene (17-
8 Myear), with a Post-Eocene soil removal rate of ca. 9 m/Myear.
The present soil removal rate in the PPD (66.3 m/Myear, ranging
from 47.8 to 80.9 m/Myear considering the uncertainties associated
with the number of data points) was almost 7.5-fold higher than
the Post-Eocene soil removal rates, clearly indicating human influ-
ence on the soil removal rates.

It is evident that the LULCC are responsible for serious environmen-
tal problems on the local, regional and global scale, which can
undermine the capacity of ecosystems to sustain food production,

maintain freshwater and forest resources, regulate climate and air qual-
ity (Foley et al., 2005). Particularly in the Sdo Paulo State, the LULCC are
associated with the production of biofuels, which are responsible for
42% of the renewable energy supply in Brazil (OECD/FAO, 2015). In ad-
dition, the agricultural land and pastures areas in the PPD have been
changed for sugar cane crops due to a growing demand for ethanol
since the Brazilian federal government implemented the PRO-ALCOOL
Project started in 1975 (Adami et al., 2012). A recent study conducted
by Couto Jinior et al. (2019) indicated that this change for sugar cane
crops can increase soil loss by ca. 270% in relation to the current land
use. Thus, this study has shown that human landscape systems affect
denudation rates in the PPD and, with the continuous expansion of
sugar cane crops in the PPD, denudation rates may increase further in
the future due to the Brazilian energy policy.

7. Conclusion

This study allowed a better understanding of the chemical
weathering of rocks and the soil erosion processes that occur in a trop-
ical region of South America, through the evaluation of the fluvial trans-
port dynamics in the Sorocaba River basin. The concentration of
dissolved cations, anions and silica increased during the period with
lower discharge. The most abundant cations and anions in surface wa-
ters were Ca>™ and HCO5. The TSS concentration was directly related
to the discharge and influenced by rainfall, with higher concentrations
recorded after rainfall events, while for the TDS concentration this
relationship was inversed, showing dilution behavior. The export of
TDS and TSS occurs mostly during the wet season, accounting for ca.
60% and 87% of the total dissolved solids and total suspended sediment
transported in the hydrological cycle studied (2009/2010), respectively.
For the total annual specific flux of TSS (74.27 t/km?/year), a small
portion was derived from the anthropogenic contributions (ca. 2%),
with the flux related to the soil erosion process estimated at
72.77 t/km?/year. The TDS showed a total annual specific flux of
74.43 t/1<m2/year, similar to the TSS, and after the atmospheric and
anthropogenic corrections (ca. 18 and 29%, respectively), the TDS flux
related to the chemical weathering was 39.35 t/km?/year. The
chemical weathering rock process showed a tendency towards
monosialitization (Rg = 2.6), with an atmospheric/soil CO, consump-
tion rate of 3.3 x 10° mol/l<m2/year. The chemical weathering and soil
removal rates in the Sorocaba River basin were 7.1 and 49.6 m/Myear,
respectively, indicating the soil thickness reduction. The modelling
of climatic control on chemical weathering and soil removal rates
suggested that the highest values of denudation occurring in the
wet and hot climatic conditions (highest values of rainfall), but do
not affect the chemical weathering processes. Even considering the
uncertainties associated with chemical weathering and soil removal
rates, the effect of recent land use changes on the present denudation
rates in the PPD is evident. In relation to the chemical weathering
rates, even with the corrections made, the model used here for
assessing these rates still presents problems related to anthropo-
genic influences, reinforcing the need for the use of small watershed
in the future studies involving the chemical weathering rates of
rocks, specifically. As for soil removal rates, the human landscape
systems are affecting the natural processes of soil removal, and, con-
sequently, the landscape evolution in the PPD. Thus, the results pro-
vide new knowledge related to human-landscape systems in vast
Geomorphological Provinces, knowledge which should be used else-
where to better understand human influence on the present denuda-
tion rates. In addition, future studies comparing present soil removal
rates, obtained from an extensive and systematic geochemical mass-
balance, with Cenozoic long-term soil removal rates, using “°Ar/>°Ar
and (U—Th)-He geochronology, must be carried out in the PPD,
allowing us to assess whether the soil removal rates were constant
or episodic during the Cenozoic.
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