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1.  Introduction
Cenozoic Andean uplift has led to dramatic shifts in climate, erosion, hydrography, and biodiversity across 
the Amazon Basin (Albert et al., 2018; Hoorn, Roddaz, et al., 2010; Hoorn, Wesselingh, et al., 2010). In 
particular, the late Miocene (9–11 Ma) is a key period where the cratonic sediment source to the central 
Amazon Basin was supplanted by sediment supply from the Andes, due to the onset of the transconti-
nental Amazon River (Figueiredo et al., 2009; Hoorn et al., 2017). The impact that these changes had on 
chemical weathering is still a matter of debate. In this regard, old laterites can be seen as precious records 
of past weathering conditions. Relict populations of secondary phases such as goethite or kaolinite host-
ed by these deep, strongly weathered profiles hold records of the ambient conditions of their formation 
through their petrological, mineralogical, and geochemical characteristics (Ambrosi & Nahon, 1986; Beau-
vais, 1999; Girard et al., 1997, 2000; Muller & Calas, 1989; Nahon, 2003; Vasconcelos, 1999). Interpretation 
of lateritic weathering profiles as the result of episodic versus continuous evolution is still highly debated. 
Geochemical and mineralogical studies performed on Amazonian laterites hypothesized they are the result 
of continuous development over 15–30 Myr (Fritsch et al., 2002; Giral-Kacmarcı́k et al., 1998; Lucas, 1989; 

Abstract Under tropical climates, mineral assemblages composing lateritic weathering profiles offer 
precious records of past weathering conditions. Silicon (Si) isotope signatures in the clay fractions of a 
deep lateritic profile in central Amazonia, Brazil, in combination with previously determined kaolinite 
ages, suggest that the surrounding region underwent two major weathering episodes, distinct in their 
intensity. The first episode (ca. 35–20 Ma) of moderate intensity produced well-crystallized kaolinites 
from the parent sediment with limited Si isotope fractionation. A more recent (8–6 Ma) and shorter 
phase caused the replacement, from top to bottom of the profile, of the first kaolinite generation by a 
new population characterized by higher crystallographic disorder and stronger Si isotope fractionation, 
suggesting weathering under conditions of rapid water percolation. These inferences are supported by 
results from an isotope-enabled reactive transport model, and they are consistent with paleoclimatic and 
paleogeographic evidences recorded over the Amazon Basin.

Plain Language Summary Tropical landscapes are often covered by nutrient-depleted soils 
overlying lateritic weathering profiles, that result from a complex set of chemical reactions between air, 
water, rocks, and living organisms. Mineral phases hosted by these deep weathering profiles, such as clays, 
have formed from reactions between primary minerals and elements present in subsurface waters, and 
thus hold the potential to record local past environmental conditions. We use numerical models to show 
that the distribution of the various isotopes of the major clay-forming element silicon (Si) depends on the 
rapidity at which rainwater percolates downward through soil porosity. We demonstrate that clays present 
in a lateritic profile in central Amazonia formed during two distinct episodes. The first episode occurred 
between 35 and 20 million years ago at a time when rain in Amazonia was much less abundant that it is 
today. A second, shorter episode occurred between 8 and 6 million years ago under significantly wetter 
conditions than at present. Our study thus shows that silicon isotope analyses of lateritic profile can reveal 
the past evolution of climate in the tropics, which can in turn illuminate the future changes that will 
inevitably affect this region of our planet.
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Lucas et al., 1996), and of strong nutrient cycling signature due to vegetation in topsoil horizons. However, 
dating techniques have provided additional constraints on the formation and evolution of lateritic profiles 
(Allard et al.,  2018; Balan et al.,  2005; Mathian et al.,  2020; Mathieu et al.,  1995; Monteiro et al.,  2018; 
Ruffet et  al.,  1996; Théveniaut & Freyssinet,  2002; Vasconcelos,  1999; Vasconcelos et  al.,  1994). In par-
ticular, the age distribution of secondary phases in laterites indicates that weathering processes may have 
occurred during discrete and relatively short events, associated with shifts in climatic or geodynamic forc-
ing (Allard et al., 2018; Mathian et al., 2020; Retallack, 2010; Vasconcelos, 1999; Vasconcelos et al., 1994). 
While major processes responsible for laterite formation are known (Nahon, 2003 and references therein), 
limitations and uncertainties inherent to dating techniques (Allard et al., 2018; Balan et al., 2020) call for 
the development of independent tools to retrieve paleo-environmental conditions recorded in secondary 
minerals hosted by laterites. The stable isotopes of silicon (Si) are a promising tool because mass-dependent 
fractionation is known to occur during the formation of clays, such as kaolinite, in soils (e.g., Opfergelt 
et al., 2012). The main advantage of the Si isotope system lies in the fact that during chemical weathering, 
the characteristic signatures of both kinetic and equilibrium fractionation can be preserved in clays. The 
isotope expression of these two regimes of fractionation depends on the rate of clay formation; kinetically 
driven and equilibrium-driven fractionations are characteristic of high and low formation rates, respective-
ly (Oelze et al., 2014, 2015). This formation rate can in turn be linked to environmental conditions, such as 
fluid residence time (Maher et al., 2009), at the time of mineral precipitation.

The present study focuses on a well-documented lateritic weathering profile developed over the Creta-
ceous-Paleogene sedimentary Alter do Chão Formation in the Amazon Basin (Lucas et al., 1996). Verti-
cal variation in ages of kaolinite throughout the profile is interpreted to reflect the replacement of an old 
kaolinite generation by a more recent one. Observed vertical gradients in age and mineralogy parameters 
result from mixing between these two end-members (Balan et al., 2005). Here, we combine chronological 
constraints with new measurements of Si isotope signatures in the kaolinite clay fraction as a function of 
depth through the profile. We show that the Si isotope data support the previous interpretation of a bimod-
al distribution of kaolinite ages and mineralogy, which resulted from two weathering episodes distinct in 
age and intensity. Using a multicomponent numerical reactive transport model, we constrain the average 
fluid flow rate through the profile necessary to support the growth and Si isotope fractionation of each of 
the two kaolinite populations, showing that the Si isotope record is sensitive to formation conditions. In 
addition, we estimate the duration of the weathering episodes, which is not possible with kaolinite dating 
owing to poor statistics. Altogether, our study showcases the potential of Si isotopes as a tool to single out 
past weathering episodes in lateritic profiles, and to constrain past environmental conditions that supported 
these periods of formation.

2.  Settings, Material, and Methods
This study focuses on a lateritic profile developed on the sedimentary Alter do Chão Formation, 50 km 
North of Manaus, Brazil (Figure S3). The Alter do Chão Formation consists of a ca. 300-m thick sedimen-
tary unit deposited in the Amazon Basin from the Late Cretaceous to the Paleogene (Hoorn et al., 2010). 
Deposition of cratonic-derived conglomerates with sandy and clayey intercalated beds is typical of a braided 
fluvial system flowing toward the SW with associated alluvial fans (Horbe et al., 2006; Mendes et al., 2012). 
Discontinuous sedimentation is observed with edification of paleosols (Montes et al., 2002). Although the 
Alter do Chão sediments have most likely undergone pre-depositional weathering, the presence of iron 
bleaching, kaolinitized feldspar, and kaolinite booklets located in lenses in discordance with the stratifica-
tion of sand beds all support the occurrence of post-depositional weathering processes (Balan et al., 2005; 
Fritsch et al., 2002; Irion, 1984). This is further corroborated by the 37–22 Ma ages of kaolinite in the Alter 
do Chão sediments (Balan et al., 2005).

Extensive pedological, geochemical, and chronostratigraphic descriptions of the studied lateritic weath-
ering profile are available in previous studies (e.g., Balan et al., 2005; Lucas et al., 1996). Briefly, the 20-m 
profile considered in the present study, which corresponds to "site III" in Balan et al.  (2005), comprises 
the weathered Alter do Chão sediment at depth and defined as a saprolite, a mottled zone and a nodular 
horizon topped by a loose soil called latosol (Figure  1a). Chemical composition and Si isotope analyses 
were performed on purified clay-sized fractions (<5 μm), checked to be free of quartz contribution, and 
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deferrated following the protocol of Mehra and Jackson (1960). These fractions are typically kaolinite and 
gibbsite-rich, especially in samples B1 to B4. Since silicates are insensitive to the protocol of iron oxide 
removal, no effect on Si isotope signatures is expected during this step. Sample A1, collected in the sapro-
lite, was analyzed as bulk, that is, without extraction of clay-sized material, because of its pure kaolinite 
composition. Isotope signatures are reported using the δ30Si notation relative to the NBS28 quartz sand 
international standard. Detailed analytical techniques can be found in section S1 of the Supplementary file.

3.  Results
The chemical composition of the lateritic clay-sized fractions can be found in Table S3. Chemical transfers 
throughout the weathering profile are quantified using mass transfer coefficients (τX,Nb in Figure S2 and 
Table S4) using Nb as an immobile element during chemical weathering. The composition of the upper 
continental crust (UCC; Rudnick & Gao, 2014) was used as a reference source rock. This is valid given that 
the Alter do Chão Formation, from which the studied lateritic profile developed, is a detritic rock thought to 
derive from granitic and granodioritic rocks from the Guyana-Brazilian shields. Throughout the laterite pro-
file, soluble elements such as Na, Ca, Mg, or K are totally depleted (τX,Nb < −0.95) whereas the τX,Nb values 
of immobile elements (e.g., Ti, Zr, Th) are constant, meaning that these elements behave as Nb (Figure S2a). 
Alter do Chão sediments are enriched in light rare earth elements (REEs) and undergo continuous leaching 
from bottom to top (Figures S2c–S2d). Across the profile, the abundance of Si is similar to those of Ga, Al, 
and V (Figure S2b), with only moderate depletion in the Alter do Chão parent material (τSi,Nb = −0.5), but 
intense desilication (τSi,Nb = −0.9) in the latosol (Figure 1b).

Figure 1.  (a) Sketch of the “site III” weathering profile (adapted from Lucas et al., 1996 and Balan et al., 2005). (b) 
Silicon mass transfer coefficients (τSi,Nb, using Upper Continental Crust, UCC, as a reference) in the lateritic “site III” 
weathering profile.
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The Alter do Chão kaolinite Si isotope composition (−0.60  ±  0.05‰) is lighter to the UCC value 
(δ30Si = −0.25 ± 0.16‰; Savage et al., 2013), but an ever stronger enrichment in light isotopes (by up to 
−2.86 ± 0.05‰) is observed from the bottom (14 m) to the top of the lateritic profile (Figure 2a).

4.  Discussion
4.1.  Timing of Deposition and Weathering of the Alter do Chão Formation

The Alter do Chão Formation consists of stratified sandy clay deposits with sand intercalations. At our 
particular sampling site, the preservation of deposition structures in the Alter do Chão layer at the bottom 
of the lateritic profile implies that this horizon can be considered as a saprolite that has experienced nearly 
isovolumetric weathering. The depletion of Si (τSi,Nb of −0.5, Figure 1b) and the light Si isotope enrichment 
(δ30Si = −0.60 ± 0.05 ‰, Figure 2a) of the Alter do Chão Formation compared with the UCC composi-
tion are also consistent with a weathering episode forming secondary kaolinite at the expense of quartz 
and other Si-bearing primary minerals, as previously observed in other weathering profiles (Opfergelt 
et al., 2012). However, the δ30Si values of kaolinites from the Alter do Chão Formation are about 1.0–1.5‰ 
heavier than δ30Si values for kaolinites formed under similar humid and warm tropical climates (Opfergelt 
et al., 2010, 2012; Ziegler et al., 2005), and up to 2.2‰ heavier than the δ30Si values of kaolinites from the 
latosol overlying the saprolite part of the profile (Figure 2a).

Variation in the Si isotope composition of kaolinite might stem from the Si isotope composition of the solu-
tion from which the kaolinite forms, and/or from the Si isotope fractionation factor prevailing during the 
formation of the kaolinite. Experimental silica precipitation from an Al-rich solution (Oelze et al., 2015) can 
be useful in assessing the latter effect. Oelze et al. (2014, 2015) suggest that Si isotope fractionation during 
silicate precipitation is likely linked with a preliminary step of polysilicic acid adsorption onto Al-hydrox-
ides, leading to the formation of hydroxyaluminosilicates. Due to the longer characteristic time for Si iso-
tope re-equilibration (ca. 2 months) compared to transition elements (a few hours), a strong kinetic isotope 
fractionation (∆30Sikaolinite-H4SiO4-kin = 1000ln αkin up to −5‰) can be recorded during kaolinite formation at 
high precipitation rates. A shift from kinetically driven to equilibrium-driven (∆30Sikaolinite-H4SiO4-eq = 1000ln 
αeq) isotope fractionation is observed when precipitation rates slow down (Oelze et al., 2015). Results from 
experimental (Fernandez et al., 2019; Oelze et al., 2015) and theoretical (Dupuis et al., 2015) studies con-
verge to establish an αeq value of 1 for the processes relevant to weathering in supergene formation. The 
close-to-UCC δ30Si values of the kaolinites present in the Alter do Chão sediments are thus consistent with 
(a) primary minerals contained in the Alter do Chão sediment serving as the source of Si to these kaolinites 
and (b) slow formation of kaolinite thereby allowing at least partial isotope equilibration and a low apparent 
fractionation.

In order to link these isotopic signatures to the environmental conditions prevailing during the correspond-
ing weathering episode, the isotope-enabled reactive transport software CrunchTope was used (details in 
Text  S2). CrunchTope couples a reactive transport model component that numerically solves the mass 
conservation equation during transport and mineral-fluid interactions, with an isotope component that 
incorporates isotope-specific rate laws to describe isotope partitioning during mineral-solution reactions 
(e.g., precipitation of secondary minerals) due to the respective contributions of kinetic and equilibrium 
isotope fractionation (Steefel et al., 2015). Originally developed by De Paolo (2011) for steady-state condi-
tions, this framework is based on the transition state theory which allows the model to account for isotope 
equilibration between the solid phase and the solution through time (Druhan et al., 2013). Initial model 
conditions such as parent material, soil solution, or rainfall compositions were constrained using geological 
and geochemical observations reported for the study area (details in Text S2). We estimated that the initial 
domain consists of a 40-m thick layer of the Alter do Chão sediment composed of K-feldspar, quartz, and 
muscovite (Horbe et al., 2006) with a porosity of 0.35 (Kamann et al., 2007). As in our model weathering 
is the result of a balance between infiltration rate and reactivity, this domain was subjected to downward 
water infiltration and upward supply of fresh bedrock at various rates (Table S1) for simulation times up to 
30 Myrs. The model results were then compared with the observed mineralogical (75% kaolinite and 25% 
quartz), geochemical (τSi,Nb ∼ −0.5), and isotopic (δ30Si ∼ −0.6‰) compositions of the Alter do Chão layer 
currently present at the base of the studied lateritic profile (Figure S9). Model outputs accurately repro-
duced these values after ∼15 Myr of simulation time using an infiltration rate of 0.7 m/yr, and a saprolite 
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Figure 2.  Observed (circles) and modeled (solid line, using reactive transport simulations) (a) kaolinite δ30Si values 
(upper X-axis) and Si content (lower X-axis) versus initial depth (before compaction). (b) Fraction of first-generation 
kaolinite versus initial depth. (c) Relationship between kaolinite δ30Si values and EPR age. In panels (a) and (b), 
the columns on the right represent the magnitude of vertical decompaction calculated based on Nb concentration, 
required to compare modeling results with the data (Text S2). In panels (a) and (b), modeled δ30Si values, Si content and 
kaolinite age associated with a variation of ±10% of the infiltration rate value (3.6–4.4 m/yr) during weathering episode 
2 are reported as blue, gray, and yellow shaded areas, respectively. In panel C, the three curves differ by the ages of the 
two weathering episodes (8–6 and 37–22 Ma), with dotted lines reflecting youngest and oldest estimates of their age, 
and the solid line the central estimate.
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production rate of 4 m/Myr. The inferred infiltration rate is half that of the modern maximum infiltration 
observed in the Rio Negro basin (Maeda et al., 2017), while the saprolite production rate is in the lower 
range of saprolite production and denudation rates reported in lateritic contexts (Dequincey et al., 2002; 
Gaillardet et al., 1997; Mathieu et al., 1995; Wittmann, von Blanckenburg, Maurice, Guyot, & Kubik, 2011). 
Therefore, data and model results are consistent and point to post-depositional alteration of the Alter do 
Chaõ sediments by a long, but moderately intense weathering episode. This inference is also consistent with 
the low-defect structure of Alter do Chão kaolinites (Balan et al., 2005).

A lateritic nature for the Alter do Chão sediment source (e.g., Putzer, 1984) cannot be totally ruled out. 
However, the presence of kaolinitized feldspars (Irion,  1984) together with our own Si isotope analysis 
of the Alter do Chão sediment suggest that the conditions prevailing during weathering of this sediment 
source before its deposition were drastically different from the ones that have led to lateritization, as record-
ed in the upper horizons of our weathering profile.

Sedimentary kaolinites of ∼35–20 Ma age were recorded in different Alter do Chão outcrops in the region 
of Manaus (Balan et al., 2005). An Oligocene (34–23 Ma) weathering episode is thus likely. The relatively 
low infiltration rates inferred in our model should thus coincide with the cooler and drier climate at low lat-
itudes thought to characterize the Oligocene (Tardy & Roquin, 2000; Vasconcelos, 1999). The development 
of an iron crust at the boundary between the Alter do Chão and Novo Remanso sedimentary formations in 
the Southern part of the Amazon Basin, dated at 45–18 Ma (Gautheron et al., 2020) would imply that this 
weathering episode could have spread over the whole Amazon Basin, with a northward decline in intensity.

4.2.  Record of a Late Miocene Weathering Episode

Observations across the whole profile show that lateritization of the Alter do Chão sediment caused a grad-
ual desilication and enrichment of light Si isotopes in kaolinite (by up to −2.2‰; Figure 2) from bottom 
to top. The kaolinite age gradient throughout the profile suggests that kaolinite formation and Si isotope 
signatures can be explained by two scenarios: (a) a slow and continuous kaolinite replacement occurring 
throughout the period between 37–22 and 8–6 Ma or (b), as suggested by Balan et al. (2005), a two-compo-
nent mixing (curved line in Figure 2c) between kaolinites inherited from the post-depositional weathering 
episode of the Alter do Chão formation (37–22 Ma), and "new" kaolinites replacing the first population 
during a single discrete, later weathering episode at 8–6 Ma. Several observations argue in favor of the latter 
scenario. A similar age profile with depth was recorded in three distinct lateritic profiles overlying Alter 
do Chão sediments (Figure S3, Balan et al., 2005), with a 8–6 Ma age determined for kaolinite in their top 
5 m latosols (Figure S4). These observations are consistent with kaolinite replacement occurring 8–6 Ma 
ago, from the top to the bottom of the profile at a similar rate over the whole Alter do Chão formation. 
Additionally, as precipitation rates slow down, Si isotopes are increasingly able to equilibrate between the 
fluid and solid phases. Thus the observed depletion of light Si isotopes in the upper horizons of the laterite 
is incompatible with slow and continuous kaolinite replacement over several tens of Myrs. Finally, the ex-
istence of the "Late Velhas" lateritization episode, dated at 10 Ma using paleomagnetism in French Guyana 
(Théveniaut & Freyssinet, 2002), supports the occurrence of a short-term weathering episode spread over 
the whole Amazon Basin in the Miocene.

The relationship we observe between kaolinite age and the δ30Si over the profile (Figure 2c) supports a 
two-end-member mixing scenario with increasing proportion of "new" kaolinite toward the surface at the 
expense of kaolinite formed during the first post-depositional episode of weathering of the Alter do Chão 
formation described above. As explained in Section 4.1, the strong enrichment of new kaolinite in light 
Si isotopes requires fast formation to preserve a record of kinetic isotope fractionation. Such a fast rate of 
formation is further supported by the low degree of crystallinity observed in this second generation of kao-
linites (Balan et al., 2005). In addition, it is apparent that this episode of replacement must have ceased prior 
to completion in order for both kaolinite population to still coexist. As performed above for the first weath-
ering episode, isotope-enabled reactive transport simulations (details in Text S2) were used to determine 
the most likely timing and conditions supporting this second weathering episode. Initial conditions were 
set as for the first weathering episode, with the notable exceptions of porosity (0.5) and initial mineralogy 
(95% kaolinite – 5% quartz) updated to reflect the characteristics of a previously weathered Alter do Chão 
formation (Figures S6 and S7). To account for the non-isovolumetric weathering of this episode, artificial 
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“decompaction” of the modern weathering profile was performed based on the Nb concentrations, a weath-
ering-resistant element (Figure S10). Results show that Si isotope signature of kaolinite (Figure 2a), ob-
served kaolinite replacement (Figure 2b), and δ30Si-age relationship (Figure 2c) can be correctly reproduced 
after a 2-Myr long episode with relatively fast water infiltration (4 m/yr) and moderate saprolite production 
(7.5 m/Myr). The micro-aggregated structure of the latosol (pseudo-sands of latosols, Fritsch et al., 2002) 
is consistent with an enhanced water infiltration rate in comparison with the first weathering episode. The 
structuration of the latosol is thus a critical factor for the evolution of the profile. Thus, the model results 
indicate that enhanced water infiltration through the profile is likely responsible for the observed kaolinite 
replacement during this second weathering episode.

The inferred timing (6–8 Ma) and intensity of this second weathering episode are consistent with the warm, 
humid, and seasonally contrasted climate thought to prevail over the Amazon during late Miocene. Indeed, 
this period sees the onset of the transcontinental Amazon River, that may have modified climatic condi-
tions, vegetation cover or seasonality in the basin and thus the water drainage across the basin (Figueiredo 
et al., 2009). Because the youngest kaolinites in the latosol have a 6 Ma age, it is likely that such extreme 
climatic conditions have not been encountered since.

However, significant discrepancies remain between the modeled and measured Si content in the lateritic 
profile (Figure 2a). The model results suggest that kaolinite replacement during the second episode occurred 
without substantial Si loss. The Si loss observed in the top of the profile thus suggests that desilication may 
have taken place after this episode, synchronously with the transformation of iron oxides (hematite/goethite 
to aluminous goethite) and the precipitation of gibbsite (Balan et al., 2007; Fritsch et al., 2002, 2005). Sec-
ond, while the model predicts kaolinite dissolution and gibbsite precipitation in the top 5 m of the profile 
(Figure S13), a kaolinite-rich latosol layer is actually present there. This discrepancy can be attributed to the 
existence of other processes promoting kaolinite stabilization not accounted for in our model, for example 
biological cycling. Lucas et al. (1993) proposed that Si overturning by aboveground vegetation can cause Si 
enrichment in percolating fluids, thereby limiting kaolinite destabilization in the upper soil horizons.

4.3.  The Effect of the Silicon Biological Cycle on Topsoil

We contend that the impact of biological cycling on Si is restricted to the topmost part of the lateritic profile. 
Such impact may be direct or indirect. Fast, microbiologically mediated weathering of kaolinite was report-
ed in the topmost 40 cm of a lateritic profile following mineral aging experiments (Cornu et al., 1995). An 
indirect action is also plausible through the stabilization of kaolinite in topsoil due to biologically driven 
changes in soil solution chemistry (Lucas et al.,  1993). Recent, biologically induced kaolinite formation 
could explain the youngest kaolinite age (6 Ma) recorded for the latosol sample of our profile compared with 
deeper samples and with latosols sampled elsewhere and dated at 8 Ma. Partial kaolinite recrystallization is 
also supported by a one-third decrease in radiation-induced defects observed in our topmost sample (Balan 
et al., 2005). The τSi,Nb slight increase (while Nb concentrations remain constant) in this layer compared to 
layers below is also consistent with a biological control on Si since Nb is mostly located in refractory min-
erals and not involved in biological overturning. Therefore, the kaolinite age in the topmost layer (sample 
B4) is most likely the result of mixing between a dominant population of disordered kaolinite formed at 
8 Ma (second weathering episode above) and a minor pool of more recent kaolinite, the formation of which 
was aided by biological cycling. This interpretation is in agreement with the lighter δ30Si values measured 
in latosol samples as biological uptake favors light isotopes (see review by Sutton et al., 2018) and thus has 
the ability to promote a topsoil Si pool depleted in heavy isotopes and available for kaolinite precipitation.

5.  Conclusions
In this study, we demonstrate for the first time that Si isotopes recorded in laterite-forming minerals can 
be used in combination with dating tools to effectively reconstruct past continental weathering conditions. 
We applied this approach to a well-studied lateritic weathering profile in the Amazon Basin, near Manaus, 
Brazil. The evolution of this laterite profile is sketched in Figure 3 and is consistent with the episodic nature 
of weathering phases leading to the formation of laterites (Vasconcelos et al., 1994). After sediment dep-
osition, our geochemical results supported by an isotope-enabled reactive transport model show that the 
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study area underwent, at least, two major weathering episodes, which were distinct in their intensity; a first 
episode (ca. 35–20 Ma) of moderate intensity producing well-crystallized kaolinites from the parent sedi-
ment, and a more recent (8–6 Ma) and shorter phase causing the progressive downward replacement of the 
first kaolinite generation by a new population under conditions of rapid water percolation. Our inference 
on these two weathering episodes is supported by previously reported paleoclimatic and paleogeographic 
evidence recorded over the Amazon Basin.

These conclusions show that climatic factors - and in particular rainfall intensity through water infiltration 
rates—control the timing of chemical weathering processes that generate deeply stratified tropical weather-
ing profiles. This study will have significant bearing on the combined use of Si isotopes, dating techniques, 
and isotope-enabled reactive transport models to determine past weathering conditions recorded in tropical 
profiles, and paves the way for future studies aiming at using metal stable isotopes in old weathering profiles 
as tracers of paleo-environmental conditions on the continents.

Data Availability Statement
All data reported in this study can be found in the supplementary file and are available on the server Zenodo 
(https://zenodo.org/record/5514356#.YUURYC0ivfZ; https://doi.org/10.5281/zenodo.5514356) to match 
the FAIR requirements.
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