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Supplementary Material 

 

1. Analytical Methods 

 

1.1 Chemical Index of Alteration (CIA) 

The CIA is calculated from the major element geochemistry of bulk sediment samples to 

determine to which extent sediments have experienced chemical weathering. During chemical 

weathering, the values of the CIA weathering indices increase due to the loss of mobile 

elements of Ca, Na and K that are commonly hosted in feldspars, relative to an element 

assumed to be immobile like aluminium (Nesbitt and Young, 1982). The CIA is defined by the 

formula: 

CIA = Al2O3/[Al2O3+CaO*+Na2O+K2O]*100 

where the elemental abundances are expressed as molar proportions, and CaO* represents 

the CaO contained only in the silicate fraction (i.e., corrected for Ca in apatite; Fedo et al., 

1995). 

 

1.2 Mafic Index of Alteration (MIA) 

The mafic index of alteration (MIA) extends the equation of the CIA to include the elements Mg 

and Fe which are a major constituent of mafic minerals like pyroxene and olivine which are 



susceptible to chemical weathering. However, the mobility and loss of Fe during weathering is 

determined by redox conditions. While mobile under reducing conditions as Fe2+, Fe is typically 

regarded as immobile under oxidising weathering conditions when Fe2+ can oxidise to Fe3+. 

Therefore, two versions of the MIA are proposed (Babechuk et al., 2014): 

MIA(oxidising) = [Al2O3+Fe2O3(T)]]/[Al2O3+ Fe2O3(T)+MgO+CaO*+Na2O+K2O]*100 

MIA(reducing) = Al2O3/[Al2O3+ Fe2O3(T)+MgO+CaO*+Na2O+K2O]*100 

where the elemental abundances are expressed as molar proportions, and CaO* represents 

the CaO contained only in the silicate fraction. The MIA(oxidisting) formula has been used for 

calculating extent of alteration for both weathering profiles 

1.3 Index of Laterisation (IOL) 

In the process of lateritisation, dissolution of quartz and kaolinite and the enrichment of Fe 

oxides are the dominant processes, resulting in a loss of Si relative to Al and Fe in the 

weathered residue. Therefore chemical characterisation of laterisation based on major 

elements is based on the SiO2/[ Al2O3/Al2O3+ Fe2O3(T)] ratio (Schellmann, 1986) and calculated 

: 

IOL = [Al2O3+Fe2O3(T)]/[SiO2+Al2O3+Fe2O3(T)] 

using the mass (wt.%) ratio of SiO2, Fe2O3(T), and Al2O3 (Babechuk et al., 2014) 

 

1.4  Silicon isotope analysis 

Sample decomposition and Si purification procedures followed the general method described 

in (van den Boorn et al., 2006; Wille et al., 2010). Briefly, 1-2 mg of homogenised sample 

powder was transferred into 2 ml Teflon vials with the addition of 0.5 ml 2 M sodium hydroxide 

produced from sodium hydroxide monohydrate (Fluka, TraceSelect). Eight of these Teflon 

vials, closed with a loose lid, were placed in a Teflon liner with the addition of 10 ml 2 M NaOH 

and then clamped into a Berghof DAB-3 High pressure digestion vessel. The process of silicate 



depolymerisation was then accelerated by placing digestion vessels in a furnace at 200 °C for 

3 days. After cooling the sample vials, the sample-NaOH mixture was transferred into pre-

cleaned 2 ml centrifuge tubes and centrifuged at 12000 rpm for 10 min to separate solid residue 

from NaOH. The NaOH supernatant was pipetted to a separate vial. The residue was washed 

with 0.5 ml of Milli-Q, centrifuged again, and the Milli-Q was combined with the NaOH 

supernatant. A 0.5 mL aliquot of concentrated aqua regia was added to the solid residue and 

the sample+acid mixture was transferred to the previously used Teflon vials, capped, and 

placed on a hot plate at 100 °C for several hours to decompose the solid residue. The aqua 

regia was then evaporated and samples were dissolved in 0.25 ml of 0.25 M HNO3. In contrast 

to pure silica samples, which completely dissolved after this decomposition procedure, most 

of the whole rock samples contained a whitish, lactic residue. In these cases, the residue was 

decomposed by repeating the aqua regia dissolution treatment described above. After 

complete decomposition, 1 ml LDPE pasture pipettes with a stem diameter of 5 mm, filled with 

0.5 ml of cation exchange resin (Dowex AG-X8, 100-200 mesh, Bio-Rad) were used in order 

to separate silicon from major sample matrix elements. At this stage, both the NaOH and HNO3 

sample aliquots were loaded onto the column and Si was eluted from the resin by adding 1.75 

ml of Milli-Q water. Subsequently, HNO3 was added to the eluted Si-bearing solution in order 

to attain ~2 ppm Si in a 1% (v/v) HNO3 solution. Silicon isotopes were determined by multiple 

collector inductively coupled plasma mass spectrometry (MC-ICP-MS) (Neptune Plus, 

ThermoFisher Scientific). Measurements were performed in medium resolution and dry plasma 

modes using the ESI Apex Q desolvating system to resolve polyatomic interference on all three 

stable isotopes (28Si, 29Si, 30Si). Sample introduction into the desolvating system were 

performed with an ESI PFA self-aspirating nebulizer generating a dry aerosol, which was 

transferred via Teflon tubing and a sapphire injector into the Ar-plasma. Although signal 

intensities varied on a session to session basis, typical signal intensity of around 20 V (1011 Ω 

amplifier resistor) on mass 28Si was achieved with an uptake of ~100 µl/min of the 2 ppm 

sample solution. A background 28Si signal <0.04 V was achieved within a few minutes with a 

washout of blank 1% HNO3 solution despite using a quartz instead of Teflon ESI Apex Q. Data 



acquisition and reduction were carried out using a standard bracketing technique (Albarede et 

al., 2004). All values are reported relative to the silicon isotope reference standard NBS-28 

reported in delta (δ) notation in ‰ units: δ30/28Si = [(30Si/28Sisample)/(30Si/28SINBS-28) – 1] x 1000. 

The isotopic difference between two Si reservoirs A and B are expressed as ∆30/28SiA-B = 

δ30/28SiA - δ30/28SiA.Repeated decomposition and measurement of an in-house homogenised 

demosponge SP150 (n=10) from the Antarctic shelf at a depth of 457 m (Wille et al., 2010) 

and Herkimer “diamond” quartz (n=13) (Douthitt, 1982) yielded an average value and 2SD of 

δ30/28SiNBS28 = -3.24 ± 0.12 ‰ and δ29/28SiNBS28 = -1.65 ± 0.07, and δ30/28SiNBS28 = +1,47 ± 0.11 

‰ and δ29/28SiNBS28 = +0.76 ± 0.05, respectively which are in line with published values for 

these materials δ30/28SiNBS28 = - 3.13 ‰ and δ29/28SiNBS28 = - 1.63 ‰ for SP150 (Wille et al., 

2010) and δ30/28SiNBS28 = + 1.4 ‰ for Herkimer “diamond” quartz (Douthitt, 1982). Furthermore, 

5 measurements from replicate processes of the Diatomite standard (Reynolds et al., 2007) 

yielded mean and 2SD δ30/28SiNBS28 and δ29/28SiNBS28 values of +1.21 ± 0.07 ‰ and +0.66 ± 0.07 

‰, respectively which is within analytic errors identical to published, compiled values of 

δ30/28SiNBS28 = + 1.25 ‰ and δ29/28SiNBS28.= + 0.65‰ (Reynolds et al., 2007). Silicon isotopic 

values of two geological reference materials, the basalt BHVO-2 and iron formation IF-G, were 

measured in the same experiment as the samples for this study. The BHVO-2 standard gave 

an average value of δ30/28SiNBS28 = -0.23 ± 0.02 ‰ and δ29/28SiNBS28 = -0.11 ± 0.01 ‰ (2SD, 

n=2). While the δ29/28SiNBS28 isotopic difference in close agreement with the compiled 

δ29/28SiNBS28 value of -0.15 ± 0.02 ‰ the δ30/28SiNBS28 value is slightly heavier compared to 

average compiled values other research groups of δ30/28SiNBS28 = - 0.28 ± 0.05 ‰ (Savage et 

al., 2014). Although this offset is near the external reproducibility, it likely represents a minor 

and uncorrected interference from sulphur (van den Boorn et al., 2009). To evaluate the 

influence of this interference on sample unknowns, the total S was measured with a CNS 

analyser Vario EL III from Elementar at the at the Soil Science and Geomorphology Group, 

University of Tubingen and the SO4/Si ratio compared to that of BHVO-2. In all samples except 

BB-6 (SO4/Si = 0.021) and BB-9 (SO4/Si = 0.020) the SO4/Si ratios are lower than that of 

BHVO-2 (SO4/Si = 0.002). Thus, the maximum potential offset from S interference in the 



samples could not exceed a ∆30/28Si of 0.05 ‰ (except samples BB-6 and BB-9) and is 

indistinguishable within the overall method reproducibility. In samples BB-6 and BB-9 the S 

interference should not have influenced the final Si isotope value significantly beyond the 

method reproducibility and thus does not influence the interpretations of the study. The IF-G 

standard, from a large iron ore deposit in the 3.8 Ga old Isua Supergroup, West Greenland, 

yielded an average value of δ30/28SiNBS28 = -2.66 ± 0.03 ‰ and δ29/28SiNBS28 = -1.36 ± 0.01 ‰ 

(2SD, n=2). To our knowledge, no Si isotopic value for IF-G has been published elsewhere to 

permit comparison. However, the isotopic composition measured here matches well with 

published values for quartz sampled from banded iron formation in the same locality (André et 

al., 2006). Error bars within figures indicate 2SD external reproducibility of the Herkimer 

“diamond” quartz of δ30/28Si = 0.12 ‰ 

 

1.5 Chromium isotope analysis 

The sample powders were combined with a mass of a ~22 ug g-1 50Cr-54Cr 2 M HNO3 double 

spike solution within the beakers to yield a 1:1 sample:spike Cr abundance ratio. Sample 

digestion and spike-sample homogenisation was achieved by the addition of a concentrated 

HF and HNO3 mixture. Samples were placed on a hotplate at 110 °C for 3 days. The mixture 

was then evaporated and the residue was reacted in the sealed beakers with 6 M HCl at 130 

°C for 1 day to breakdown any fluorides formed during the preceding step. The HCl was then 

evaporated and the residue was dissolved again in 6 M HCl and evaporated once more to form 

a chloride residue. This residue was dissolved in a 1ml 6 M HCl solution in preparation for 

chromatographic Cr separation.  

The purification of Cr from matrix elements and notably those with isobaric interferences on 

the Cr isotopes (54Fe, 50Ti and 50V) was achieved with one of two protocols. The first protocol 

is described in detail by Schoenberg et al. (2008) and involves a liquid-liquid extraction with 

Cyanex® 923 followed by an anion resin (Biorad Dowex© AG1-X8, 100-200 mesh) exchange 

chemistry that separates Cr as Cr(VI) from remaining matrix elements. The second recipe is 

described in detail by Schoenberg et al. (2016) and involves a three-step chromatography 



initially separating Fe from the matrix including Cr using an anion resin (Biorad Dowex© AG1-

X8, 100-200 mesh) with the remaining matrix elements separated from Cr using two cation 

resin (Biorad Dowex© AG50W-X8, 200-400 mesh) steps. The recovery of the total dissolved 

Cr following either protocol was typically > 70% and any mass-dependent isotopic fractionation 

occurring from partial loss of Cr is accurately corrected for by the fully homogenised Cr double 

spike as part of the correction procedures outlined below (Trinquier et al., 2008; Larsen et al., 

2016). Samples processed using both chemistries have been shown to produce matching Cr 

isotope ratios (Babechuk et al., 2017; Schoenberg et al., 2016). Following both of the 

aforementioned purification protocols, the final aliquot of recovered Cr was converted to a 

nitrate form using addition of concentrated HNO3 in preparation for isotopic analysis. 

In preparation for Cr isotope analysis, all purified samples were dissolved in 0.15 M HNO3 

along with aliquots of an in-house Merck Cr(III) and NBS SRM979 standards, combined and 

homogenised with the Cr double spike on the day of analysis, to produce for all a matched 

measurement concentration of ~150 ng g-1. The Cr isotope analyses were performed over 

three analytical sessions on a ThermoFisher Scientific NeptunePlus MC-ICP-MS operated in 

medium resolution mode to resolve and avoid Ar-carbide, -oxide, and –nitride interferences on 

the monitored Cr and Fe masses. Sample and standard solutions were aspirated using a ESI 

µFlow nebulizer at an uptake rate of 100-150 µl min-1 into an Aridus II desolvating system to 

generate dry plasma conditions. Data were acquired in static mode with simultaneous 

measurement of all Cr (50, 52, 53, 54) and isobaric monitor (49Ti, 51V, and 56Fe) masses 

bracketed with pure 0.15 M HNO3 blank solutions for online on-peak-zero baseline corrections. 

Sample and blank measurements consisted of 120 and 45 cycles, respectively, and each with 

4.1 s integration time. Chromium signal intensities ranged from ~9 to 12 V on 52Cr using a 1011 

Ω resistor. Experiment sequences were started and finished with measurements of standards, 

which were also interleaved every three sample unknowns throughout. The baseline corrected 

Cr isotope ratios were processed offline to correct for signal interference by the relevant 

isobars, mass-dependent instrument fractionation, and any of the mass-dependent isotopic 

fractionation inherited from the chromatography, assuming an exponential law (Schoenberg et 



al., 2008). The double spike-deconvoluted 53Cr/52Cr ratios of the experiment session were 

normalised to the mean of this ratio measured for the SRM979 standard and reported in delta 

(δ) notation ‰ units, consistent with other studies, as: δ53/52Cr = 

[(53Cr/52Crsample)/(53Cr/52CrSRM979) – 1] x 1000. The procedural blank Cr levels ranged from 24 to 

28 ng for the first and 0.6 to 2.5 ng for the second purification procedures, respectively. All 

procedural blank levels were insignificant relative to the amount of processed sample Cr and 

did not require further blank correction.  

The repeated measurement of the in-house Merck Cr(III) standard solution in the combined 

analytical sessions returned an average δ53/52CrNBS979 value of -0.431 ± 0.042 ‰ (2 SD, n=19) 

relative to SRM979, in agreement with previous studies (Babechuk et al., 2017; Schoenberg 

et al., 2016; Schoenberg et al., 2008; Zink et al., 2010) which report average δ53/52CrNBS979 

values of between -0.433 and -0.443 ‰ for the in-house Merck Cr(III) standard solution. The 

reproducibility of δ53/52Cr in natural samples is conservatively estimated at 0.05 ‰ (Schoenberg 

et al., 2008), which is the error value used in all data plots unless the internal standard error of 

an individual sample measurement exceeded this value. 

1.6 Laser ablation (LA)-ICP-MS element mapping 

New hand samples from the same localities described in Babechuk et al. (2014) were collected 

in 2016 for LA-ICP-MS trace element mapping of the Chhindwara basaltic bedrock and 

selected areas of the Bidar laterite profile. The LA-ICP-MS data were acquired using a Photon 

Machines Analyte Exite 193 nm ArF Excimer laser-ablation system with a Helex 2-volume 

ablation cell coupled to an Agilent 7900 ICPMS at the Department of Geology, TCD. The ICP-

MS was tuned on NIST 612 glass as described by Ubide et al. (2015), with ThO+/Th+ ratios < 

0.15% and Th/U ratios close to unity. Ten isotopes (7Li, 24Mg, 29Si, 52Cr, 57Fe, 60Ni, 63Cu, 

66Zn, 232Th and 238U) were measured using a total duty cycle of 135 ms. A laser fluence of 

3.3 J/cm2, a repetition rate of 31 Hz, a 12 μm spot size and a scan speed of 20 μm/s were 

employed. The NIST612 glass reference material was used as the calibration standard and 

data reduction and production of trace element distribution maps was undertaken with the Iolite 



software (Paton et al., 2011) using the “Trace Elements” data reduction scheme in “Semi-

Quantitative” mode. The final ablated area was rectangle-shaped and the map was generated 

by “rastering” the sample under the ablation site for processing with the “Image from 

Integrations” module in Iolite, similar to in (Ubide et al., 2015). 

 

2. Model calculation 

The loss or gain of an element j from a weathering profile, defined as τ, is calculated relative 

to an immobile element i, where p and s refers to the parental basalt and weathered material 

respectively. 

𝜏𝑗,𝑠 =
(
𝐶𝑗,𝑠

𝐶𝑖,𝑠
⁄ )

(
𝐶𝑗,𝑝

𝐶𝑖,𝑝
⁄ )

− 1 

For the Bidar profile we regard the elements Cr, Fe and Si as mobile elements j and we use Ti 

as immobile element j. Using element concertation of the parental basalt BB-1, indexed p, the 

loss and gain of Cr, Fe and Si for all 9 Bidar samples, indexed s, can be calculated. Knowing 

the density of the parental basalt BB-1 ρp=2.6 g/cm3 (Babechuk et al., 2015) the absolute mass 

flux θ of an mobile element j from and sample volume can be calculated: 

𝜃𝑗,𝑠 =
𝜏𝑗,𝑠 ∗ 𝐶𝑗,𝑝 ∗ 𝜌𝑝

100
 

We assumed a linear change in τ with depth between the unweathered basalt BB-1 and the 

paleo-water table at BB-6 and between BB-7 and BB-9. With that assumption the θj can be 

calculated for any depth interval between BB-1 at 4700 cm and BB-9 at 200 cm profile depth. 

For Figure 8 in the main text we calculated θj in a depth interval of 1 cm and integrated the 

total element loss or gain by summation of single θj, expressed as ∑jflux, between samples BB-

1 and BB-9. 

 



         

sample 
Depth 
[cm] 

Desity 
[g/cm3] τCr τFe τSi 

θCr 
[mg/cm3] 

θFe 
[g/cm3] 

θSi 
[g/cm3] 

BB-9 200 3.2 3.83 5.16 -0.79 1.56 1.26 -0.47 

BB-8 500 2.6 3.67 1.65 -0.41 1.49 0.40 -0.24 

BB-7 600 1.7 0.51 0.83 -0.34 0.21 0.20 -0.20 

BB-6 1100 2.0 7.18 8.76 -0.81 2.92 2.14 -0.48 

BB-5 1300 1.5 -0.36 0.03 -0.77 -0.15 0.01 -0.45 

BB-4 1500 1.5 -0.35 -0.27 -0.64 -0.14 -0.07 -0.38 

BB-3 2600 1.2 -0.41 -0.24 -0.67 -0.17 -0.06 -0.40 

BB-2 3500 2.6 -0.09 -0.11 -0.03 -0.04 -0.03 -0.02 

BB-1 4700 2.6 0.00 0.00 0.00 0.00 0.00 0.00 
 

 

We assumed a linear change in τ with depth between the unweathered basalt BB-1 and the 

paleo-water table at BB-6 and between BB-7 and BB-9. With that assumption the θj can be 

calculated for any depth interval between BB-1 at 4700 cm and BB-9 at 200 cm profile depth. 

For Figure 8 in the main text we calculated θj in a depth interval of 1 cm and integrated the 

total element loss or gain by summation of single θj, expressed as ∑jflux, between samples BB-

1 and BB-9. 
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