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 Geology is a major factor for Zn deficiency in soils. 
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Abstract 15 

Zinc (Zn) is a micronutrient for organisms and essential for plant growth, therefore 16 

knowledge of its elemental cycling in the surface environment is important regarding wider 17 

aspects of human nutrition and health. To explore the nature of Zn cycling, we compared its 18 

weathering behaviour in a sub-recent regolith versus an ancient laterite profile of the Deccan 19 

Traps, India. We demonstrate that progressive breakdown of primary minerals and the 20 

associated formation of phyllosilicates and iron oxides, leads to a depletion in Zn, ultimately 21 

resulting in a loss of 80% in lateritic residues. This residue is mainly composed of resistant 22 

iron oxides ultimately delivering insufficient amounts of bio-available Zn. Moreover, (sub)-23 

tropical weathering in regions experiencing extended tectonic quiescence (e.g., cratons) 24 

further enhance the development of old and deep soil profiles that become deficient in Zn. 25 

This situation is clearly revealed by the spatial correlation of the global distribution of 26 

laterites, cratons (Africa, India and South America) and known regions of Zn deficient soils 27 

that result in health problems for humans whose diet is derived from such land. 28 

We also investigate whether this elemental depletion of Zn is accompanied by isotope 29 

fractionation. In the saprolitic horizons of both weathering profiles, compositions of 30 

δ66ZnJMC-Lyon lie within the “crustal average” of +0.27 ± 0.07‰ δ66ZnJMC-Lyon. By contrast, 31 
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soil horizons enriched in secondary oxides show lighter isotope compositions. The isotopic 32 

depletion of Zn (Δ66Znsample-protolith up to ~ -0.65‰) during the formation of the ferruginous-33 

lateritic weathering profile likely resulted from a combination of biotically- and kinetically-34 

controlled sorption reactions on Fe-oxyhydroxides. Our findings suggest that oxide rich soil 35 

types/horizons in sub-(tropical) regions likely exert a control on riverine Zn isotope 36 

compositions. This isotopic behaviour invites a broader study of global soils to test whether 37 

light isotope composition alone could serve as an indicator for reduced bioavailability of Zn. 38 

 39 

1. Introduction 40 

Zinc is an essential metal for humans, animals and higher plants because it is a structural 41 

constituent and regulatory co-factor in enzymes and proteins involved in many biochemical 42 

pathways. It is required in a wide range of macromolecules including hundreds of enzymes, 43 

and is the only metal involved in all six classes of enzymes (e.g., Alloway, 2009). In humans, 44 

Zn plays a key role in physical growth and development, the functioning of the immune 45 

system, reproductive health, sensory function and neurobehavioural development. Children 46 

suffering from Zn deficiency often show stunted linear growth, pneumonia or diarrhoea (e.g., 47 

Hotz and Brown, 2004) and it is estimated that as many as ca. 100,000 children die each year 48 

due to Zn malnutrition (Black et al., 2013). Widespread zinc deficiency is a problem in many 49 

developing countries and around 2 billion individuals of the world’s human population has 50 

diets which lack in Zn (Prasad, 2012). 51 

Zinc deficiency is considered to be the most pervasive micronutrient problem in world crops 52 

(e.g., Alloway, 2009), and the relationship to Zn deficiency in soils has been known for 53 

decades (e.g., Viets et al., 1954). In tropical and sub-tropical regions chemical weathering of 54 

rocks is the main driver for soil formation, and responsible for the release of most elements, 55 

including micronutrients such as Zn; thus, weathering profiles in (sub)-tropical latitudes make 56 

promising targets in which to explore and document processes that cause substantial element 57 

loss during soil formation. Basalts are highly reactive during weathering (e.g., Berner and 58 

Berner, 1996) and contain high concentrations of redox-sensitive metals, many of which are 59 

bio-essential. Of all common igneous rocks, basalt has the highest Zn concentration 60 

(Krauskopf and Bird, 1967; Wedepohl and Correns, 1969; Alloway, 2008), typically hosted 61 

in ferromagnesian minerals including augite, hornblende, and biotite, where it substitutes for 62 

Fe2+ or Mg2+ (Alloway, 2008).  63 
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The exchange and release of elements and isotopes in terrestrial ecosystems is 64 

determined by the complex interplay between rock, soil, biota, water, and atmosphere within 65 

the “Critical Zone” (CZ), which extends from the actively cycling groundwater zone up to 66 

the vegetation canopy (e.g., Brantley et al., 2007). Insight into the chemical behaviour of Zn 67 

within the CZ is essential because this zone comprises the reservoirs of soils that provide 68 

plants with nutrients. Despite the obvious role of Zn in the environment, surprisingly little is 69 

known about its elemental and isotopic behaviour during weathering. It is well documented 70 

that (bio)-geochemical cycling of metals in natural systems is often accompanied by stable 71 

isotope fractionation, and that processes including redox transformations, complexation, 72 

sorption, precipitation, dissolution, evaporation, diffusion, and biological cycling are 73 

similarly important in metal stable isotope fractionation (Wiederhold, 2015). Accordingly, 74 

stable isotope ratios have been effectively employed as geochemical tracers of pedogenic 75 

processes and associated element cycling. 76 

Although the apparent riverine flux of Zn from unpolluted sites overlaps with the 77 

“crustal average” Zn isotope composition (Little et al., 2014, 2016; Vance et al., 2016), 78 

several studies have documented deviations in Zn isotope ratios within weathering residues. 79 

Viers et al. (2007) investigated weathering horizons of soil profiles developed on granodiorite 80 

and granite, and identified isotope fractionation leading to saprolite being ca. +0.2 permil 81 

heavier and ferruginous soil horizons being ca. -0.6 permil lighter compared to the parent 82 

granodiorite. Opfergelt et al. (2017) conducted a study of Icelandic soils derived from basalt 83 

and proposed that soil organic matter (SOM) controlled modest (0.1 permil) Zn isotope 84 

fractionation. Guinoiseau et al. (2017) studied laterite and podzol soils from the Amazon 85 

Basin and found lighter Zn in lateritic soils (δ66Zn JMC-Lyon = -0.11‰ and -0.14‰). By 86 

contrast, soils developed on Hawaiian basalt and Scottish granodiorite apparently show no 87 

evidence for enhanced Zn isotope fractionation (Vance et al., 2016). To date, it has remained 88 

unclear whether soil Zn isotope ratios could serve as an indicator for the extent of Zn loss and 89 

for limited bioavailability. 90 

Here, the weathering behaviour of Zn and its isotopes on Deccan Traps basalt, India is 91 

detailed. Two weathering profiles were selected to compare their contrasting mineralogical 92 

stages of soil formation. The first is a saprolite near Chhindwara that has progressed only to a 93 

low-intermediate stage of weathering. The other is a laterite profile near Bidar, representing 94 

extreme weathering, with its uppermost levels now being almost devoid of silicates and 95 

instead replaced by a secondary mixture of chemically resistant oxides and hydroxides. The 96 
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similarity of the bedrock in both weathering profiles allows a direct comparison of the 97 

isotopic behaviour of Zn from the incipient to extreme stages of basalt alteration. Both 98 

weathering profiles have already been investigated in terms of elemental enrichment and 99 

depletion patterns, as well as with isotopic tracers (Li, Re, Os, Nd) (Kısakürek et al., 2004; 100 

Wimpenny et al., 2007; Babechuk et al., 2014; Babechuk et al., 2015), these examples 101 

provide a well-characterised opportunity to investigate elemental behaviour of Zn and Zn 102 

isotopes. The latter point is important, because previous Zn isotope studies (e.g., Viers, et al., 103 

2007; Vance et al., 2016; Opfergelt et al., 2017) have hinted at the complex interplay of rock, 104 

soil, biota, water and atmosphere within the CZ in various climates, regions and 105 

environments on exchange reactions of Zn and Zn isotopes.  106 

2. Geological overview, background and weathering profile descriptions 107 

2.1 Geological overview and background 108 

The Deccan Traps are a continental flood basalt province (CFBP) situated in northwest 109 

peninsular India; the thick lava stack was erupted onto the complex Archean–Proterozoic 110 

basement of the Dharwar craton over a period of ca. 3 to 4 Ma across the Cretaceous-111 

Paleogene (K-Pg) boundary (Fig. 1; e.g., Courtillot et al., 1988; Widdowson et al., 2000; 112 

Chenet et al., 2007; Hooper et al., 2010; Cucciniello et al., 2015; Schoene et al., 2015). The 113 

characteristic chemical variability and isotopic signatures of this basaltic succession are well-114 

documented and provide the basis for a detailed chemostratigraphy of 12 formations (Fm) 115 

(Mitchell and Widdowson, 1991; Widdowson et al., 2000; Vanderkluysen et al., 2011, and 116 

references therein). The Ambenali Fm, is one of the uppermost stratigraphical units, and the 117 

most geographically extensive and volumetric; importantly it is also the most compositionally 118 

homogeneous (Widdowson et al., 2000), and thus makes a very suitable candidate for case 119 

studies comparing chemical alteration and weathering processes on basalt (Kısakürek et al., 120 

2004). Both the weathering profiles used in this study were developed on Ambenali Fm lava 121 

flow units.  122 

2.1.1 Aggressive, tropical weathering and lateritisation of Deccan Traps basalt 123 

The northward drift of India during the Late Cretaceous to early Cenozoic passed through 124 

equatorial latitudes (Klootwijk and Peirce, 1979; Ganerød et al., 2011) and exposed 125 

peninsular India and the Deccan Traps to aggressive tropical weathering. Extensive rainfall 126 

led to the establishment of stable water tables within the near-surface units of the neo-formed 127 

Deccan Traps flood terrain (Widdowson and Cox, 1996). This phase of alteration and 128 
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widespread lateritisation likely continued throughout the Palaeogene (Bonnet et al., 2014), 129 

diminishing by the mid- Oligocene (~25 Ma) possibly as a consequence of regional uplift 130 

coinciding with collision of India with Eurasia (Molnar and Stock, 2009) or associated 131 

regional tectonic rearrangement (Schmidt et al., 1983; Richards et al., 2016) and/or the 132 

erosive uplift of the rifted margin of Western India (Beck et al., 1995; Widdowson, 1997). As 133 

a result, these earlier developed weathering profiles were subsequently raised above the water 134 

table and dissected during the Neogene (Widdowson, 1997). 135 

 At Bidar (Fig. 1), the units of the Ambenali Formation were lateritised relatively soon 136 

after eruption (Kısakürek et al., 2004; Wimpenny et al., 2007). Several studies have found 137 

that this Bidar profile contains dust derived from extraneous sources (Kısakürek et al., 2004; 138 

Wimpenny et al., 2007; Babechuk et al., 2014; Babechuk et al., 2015) , and inputs from 139 

allochthonous groundwater only occurred during the main developmental phase of the Bidar 140 

profile: Further, any groundwater input is likely to have been locally sourced only from 141 

essentially the same, widespread basaltic units. In effect, the elevated position of the Bidar 142 

area and its remote, intracontinental location, isolates the profile from the influence of 143 

basement lithologies or marine influence (Kısakürek et al., 2004). Therefore, since influence 144 

of any compositionally different or extraneous sources has been established as negligible, the 145 

Bidar laterite profile makes an excellent candidate to investigate element mobility and its 146 

associated isotopic behaviour during advanced in situ weathering.  147 

2.1.2 Active, (sub)-tropical weathering and geologically recent saprolitisation of Deccan 148 

Traps basalt 149 

Large areas of the current exposure of the Deccan have not progressed to laterite, and these 150 

more recently weathered Deccan basalts are instead the result of a change to wetter climate 151 

(i.e., ‘modern’ monsoonal) conditions in peninsular India during the late Neogene and 152 

Quaternary (Wang et al., 2005; Spicer et al., 2017). During these Periods rivers responded by 153 

deepening and enlarging their channels, promoting increased denudation and the 154 

development of river terraces (e.g., Clift et al., 2002; Kale, 2002; Babechuk et al., 2014). The 155 

mesa-like topography of these profiles is the result of the Pleistocene–Holocene fluvial 156 

processes that incised into the flat lying, ca. 4–10 m thick basaltic flows. These fluvial 157 

processes further eroded the lateritised Palaeocene duricrust from most of the topographic 158 

highs, thus permitting variable weathering of the basalt that became exposed in the wake of 159 

climate change associated with Quaternary glacial-interglacial cycles. Currently, 160 
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approximately >90% of the current Deccan basalt outcrops consist of variably weathered 161 

basalt within saprolite-type weathering profiles 1–10 m thick.  162 

 Such a Quarternary saprolite weathering profile is exposed near Chhindwara (Fig. 1), 163 

allowing study of the incipient to intermediate stages of active basalt weathering; locally, 164 

there are no higher elevations that might unduly complicate elemental and isotopic signals 165 

resulting from the in-situ alteration processes (Babechuk et al., 2014), and only very minor 166 

input of aeolian dust has contaminated the lava flow surface during basalt emplacement. 167 

These latter have effected minimal modification of geochemical signature (Babechuk et al., 168 

2015).  169 

2.2 Weathering profile descriptions 170 

Previous investigation of the Chhindwara and Bidar profiles has yielded valuable information 171 

regarding the stages of basalt chemical weathering (Babechuk et al., 2014, 2015). To provide 172 

necessary context for the current study, these may be summarised as follows: 173 

2.2.1 Chhindwara, Deccan Traps, India (Quaternary: sub-recent profile) 174 

This weathering profile (Figs. 1; 2a) is developed across two basalt flows exposed in a quarry 175 

east of Chhindwara, India (22° 04.213′ N, 79° 01.393′ E); its morphology and chemical 176 

composition are described in detail by Babechuk et al. (2014; 2015). Field observations show 177 

that the weathering intensity does not decrease uniformly with depth, but was partially 178 

controlled by the structure and porosity (i.e. fracturing and primary vesicularity) of the 179 

original lava flows. Accordingly, weathering is more intense at the finer-grained and banded 180 

base of the upper flow (ChQB), while the thicker, more massive central part of the upper flow 181 

is spheroidally weathered and still retains core-stones within the altered clay rich matrix; top 182 

soil is thin with limited vegetation cover. The lower flow (ChQA) has a thick (c. 10 m) 183 

massive core (now exposed by recent quarrying) which becomes progressively vesicular 184 

upwards; in the topmost 1 – 2 m these vesicles contain zeolitic amygdules.  185 

Regardless of these physical variations, the upper parts of both the lower and upper 186 

flows exhibit essentially similar immobile element (Nb, Ta, Zr, Hf) patterns and allow an 187 

interpretation of chemical weathering trends (Babechuk et al., 2014; 2015). The least 188 

weathered samples (ChQB12, CHQB9c) are taken here as being representative of the 189 

protolith composition: ChQB9c was sampled from a corestone along with three more samples 190 

taken at increasing distance (and degree of alteration) from the corestone centre (ChQ9a, b, 191 
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d). Enhanced formation of secondary phases (smectite, hydroxides of iron, manganese oxide) 192 

is evident in the lower part of the upper flow (sample CHQB6 and downwards); examination 193 

of the overlying top soil reveals similar secondary alteration products. Similarly, these 194 

secondary phases increase towards the bottom of the lower flow with concomitant loss of 195 

primary mineralogy (clinopyroxene and plagioclase). These documented mineralogical 196 

reactions correspond with the trends of weathering indices (Babechuk et al., 2014), and 197 

demonstrate that the profile has progressed to an intermediate weathering intensity: chemical 198 

index of alteration (CIA) values of 35-80 and oxidative mafic index of alteration [MIA(O)] 199 

values of 38-71 (Table 1). 200 

2.2.2 Bidar laterite profile 201 

The Bidar laterite is a deep (~50 m) weathering profile and located at a mesa edge near Bidar, 202 

India (17°54.87′ N, 77°32.39′ E) (Figs. 1, 2b). By contrast to the Chhindwara profile it 203 

exhibits a far more advanced weathering stage (Borger and Widdowson, 2001; Kısakürek et 204 

al., 2004; Babechuk et al., 2014), and is characterised by upwardly increasing degrees of 205 

alteration exposing a typical ‘lateritic’ weathering progression from bedrock to surface: This 206 

may be summarised as unweathered basalt (˃40 m depth) passing into a saprolitic horizon 207 

(~35-30 m), advancing into saprolite with Fe-rich mottles and segregations (30-25 m); above 208 

this level primary silicates have been almost entirely transformed into secondary minerals 209 

(~25-15 m), and irregular Fe-rich agglomerations become dominant (with concomitant 210 

decrease in Si and Al concentrations); between 15-10 m depth, a zone with anomalously high 211 

Fe and trace metal concentrations is interpreted as marking the position of a former water 212 

table (Kısakürek et al., 2004; Babechuk et al., 2014; 2015); at the top the profile progresses 213 

upward from tabular, semi-indurated laterite (10-4 m) and finally into an indurated laterite 214 

cap that represents the most extreme stage of weathering. In effect, secondary clays have 215 

transformed into kaolinite, goethite and hematite in the upper portions of the profile (Fig. 2b). 216 

The two profiles described above may be compared in the Bidar saprolite zone (BB2-217 

BB3) where mineralogical transformations are similar to those observed throughout as in the 218 

Chhindwara profile.  219 

3. Methods 220 

3.1 XRD analyses 221 
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XRD analyses were performed with a Bruker D5000 at Trinity College Dublin (TCD), 222 

Ireland. Three samples of the Chhindwara profile had previously been measured with a 223 

Phillips PW 1729 X-ray diffractometer at Central Analytical Facility (CAF) at Laurentian 224 

University, Sudbury, Ontario, Canada. The methodology, analytical description, detailed 225 

descriptions of the results, quantitative mineralogy (Figs. S1-3) and petrographic descriptions 226 

of the Chhindwara bedrock samples and the Bidar laterite profiles (Figs. S4-5) can be found 227 

in the supplementary file. 228 

3.2 LA-ICP-MS element mapping 229 

Whereas most other analytical techniques such as elemental analysis were performed on 230 

existing samples (e.g. from the Babechuk et al., 2014 study), new samples were collected in 231 

2016 for LA-ICP-MS trace element maps of the Chhindwara bedrock and Bidar laterite 232 

profiles. LA-ICP-MS elemental image maps were acquired using a Photon Machines Analyte 233 

Exite 193 nm ArF Excimer laser-ablation system with a Helex 2-volume ablation cell 234 

coupled to an Agilent 7900 ICPMS at the Department of Geology, TCD. The ICP-MS was 235 

tuned on NIST 612 glass as described by Ubide et al. (2015), with ThO+/Th+ ratios < 0.15% 236 

and Th/U ratios close to unity. Ar carrier gas and N2 (to boost signal sensitivity) were mixed 237 

with the He-laser aerosol from the cell in a ca. 1.5 cm3 mixing bulb which affords a rapid 238 

washout for image mapping experiments. Ten isotopes (7Li, 24Mg, 29Si, 52Cr, 57Fe, 60Ni, 63Cu, 239 

66Zn, 232Th and 238U) were measured using a total duty cycle of 135 ms. A laser fluence of 3.3 240 

J/cm2s, a repetition rate of 31 Hz, a 12 μm spot size and a scan speed of 20 μm/s were 241 

employed. Similar to Ubide et al. (2015), image maps were made by “rastering” the sample 242 

under the ablation site. To produce the full map, adjacent lines (or “rasters”) were ablated in a 243 

successive manner. The final ablated area was rectangle-shaped to facilitate production of 244 

trace-element maps using the “Image from Integrations” module in Iolite. NIST612 glass 245 

reference material was used as the calibration standard. Data reduction and production of 246 

trace element distribution maps was undertaken with the Iolite software (Paton et al., 2011) 247 

using the “Trace Elements” data reduction scheme in “Semi-Quantitative” mode (which in 248 

IOLITE corresponds to not employing an internal standard isotope). Following data 249 

reduction, trace element distribution maps were built with the Iolite module “Images From 250 

Integrations”.  251 

3.3 Elemental analysis  252 
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Samples from the Chhindwara profile (n=27; Babechuk et al., 2014) were powdered in an 253 

agate mill while the powders for the Bidar profile were prepared in a tungsten carbide mill. 254 

The major element composition of both profiles was determined by X-ray fluorescence 255 

(XRF) following a loss-on-ignition (LOI) measurement; the Bidar XRF data were obtained at 256 

the Open University (UK) and were reported previously (Kısakürek et al., 2004; Widdowson, 257 

2007). The Chhindwara XRF data were obtained at Geoscience Laboratories (Sudbury, 258 

Ontario). Ferrous iron measurements were also obtained on Chhindwara samples at the 259 

Geoscience Laboratories via potentiometric titration with potassium permanganate and were 260 

reported in Babechuk et al. (2014). All trace element data were obtained via solution 261 

quadrupole ICP-MS analysis at the Department of Earth Sciences at Laurentian University 262 

(LU) with a Thermo Scientific XSeriesII (LU) and at TCD with a Thermo Scientific iCap-Qs. 263 

Tantalum, W, and Mo data were not reported for the Bidar samples due to potential 264 

contamination from the tungsten carbide mill, but all other trace elements are unaffected 265 

(Babechuk et al., 2015). For further information on sample preparation and analysis, readers 266 

are referred to the original studies (Kısakürek et al., 2004; Babechuk et al., 2014; 2015). Total 267 

organic carbon (TOC %) analyses were undertaken using an Elementar vario EL cube 268 

instrument at the Trinity Centre for the Environment, TCD.  269 

3.4 Analytical technique for zinc isotope determination 270 

Zinc isotope analyses were performed at the Isotope Geochemistry Group, Eberhard Karls 271 

University Tuebingen, Germany. The protocol for Zn purification is detailed in (Moeller et 272 

al., 2012). Powder aliquots of soil samples and USGS rock reference materials containing at 273 

least 1µg of Zn were spiked with an appropriate amount of purified 64Zn-67Zn double-isotope 274 

tracer prior to digestion with HF-HNO3 (Moeller et al., 2012). The double-spike technique 275 

allows the in-run correction of instrumental mass-bias effects but also accounts for Zn 276 

isotopic fractionation caused by anion-exchange chemistry (Bermin et al., 2006). The digests 277 

were converted to chloride for ion chromatography using self-made Teflon shrink columns 278 

loaded with 1.1 mL of BioRad DOWEX AG MP-1, 100-200 mesh anion resin. Procedural 279 

blanks were below 1 ng total Zn and therefore were negligible.     280 

  281 

Zinc isotope ratio measurements were performed on a ThermoFischer Scientific Nep-282 

tunePlus MC-ICP-MS, in low resolution mode, coupled to a Cetac ARIDUS II. The Aridus II 283 

desolvating nebulizer system greatly reduces potential metal-oxide interferences on Zn 284 
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masses in the analyte solutions, such as 52Cr16O on 68Zn, 51V16O on 67Zn, 285 

50Cr16O/50V16O/50Ti16O on 66Zn and 48Ti16O on 64Zn, although impurities of Ti, V, and Cr 286 

have never been detected. To avoid any metal-nitride formation the Aridus II was run without 287 

additional N2 gas. Signals of 64Zn+, 66Zn+, 67Zn+, 68Zn+ and 70Zn+ together with the 288 

interference monitors 62Ni+ (for correction of 64Ni+ on 64Zn+) and 72Ge+ (for correction of 289 

70Ge+ on 70Zn+) were detected simultaneously. Small background signals (e.g. very small 290 

signals from long-term memory of the uptake system, the Ni cones or the sample carrier 291 

solution) were corrected with on-peak zero measurements of the sample carrier solution prior 292 

to each measurement. A 1010 Ω resistor was used to detect the highly abundant 64Zn signal 293 

(49.2% natural abundance plus enriched 64Zn from the double spike), a 1012 Ω resistor was 294 

used to detect the least abundant 70Zn (0.61% natural abundance) and all other signals were 295 

detected using 1011 Ω resistors on the respective amplifiers. The double spike deconvolution 296 

was performed using measured abundances of the 64Zn, 66Zn, 67Zn and 68Zn isotopes. The 297 

lowest signal intensities are detected on 68Zn+ when using a 64Zn-67Zn double spike and 1:1 298 

sample to DS ratios. During the course of this study signals detected on 68Zn+ ranged between 299 

1.5 and 6.4 V using an amplifier resistor of 1011  allowing for high-precision Zn isotope 300 

ratio analyses. 301 

Isotopic data are reported in the δ notation relative to the certified δ66/64ZnIRMM-3702 302 

solution standard. For ease of reference, they are also tabulated (Table 1) relative to the 303 

“JMC-Lyon” solution standard using an offset of +0.29 ± 0.05‰ (Moeller et al., 2012). The 304 

external 2 s.d. reproducibility for δ66Zn on IRMM-3702 during the course of his study was 305 

better than 0.03‰. Accuracy was controlled by interspersed analyses of an in-house solution 306 

standard prepared from an “Alfa Aeser” Pura-tronic Zn wire yielding an average δ66Zn of -307 

10.295 ± 0.026‰ (2SD, n=8), within the laboratory long-term reproducibility of -10.278 ± 308 

0.051‰ (n=21). The USGS standards BCR-2, BHVO-2, and BIR-1a yielded average 309 

δ66/64ZnJMC-Lyon values of 0.280 ± 0.036‰ (n=3), 0.315 ± 0.036‰ (n=3) (supplementary 310 

table), and 0.236 ± 0.028‰ (n=6), respectively. These are within the range reported in 311 

previous studies (Sossi et al., 2015), demonstrating the accuracy of this dataset. 312 

4. Results 313 

4.1 XRD data  314 

The quantitative XRD mineralogy of the Chhindwara profile (Fig. 3a) shows that minor 315 

amounts of smectite developed at the base (ChQB6) of the upper flow (Fig. 3a). Further 316 
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down the weathering profile, in the lower volcanic flow, the amount of smectite increases, 317 

whereas the amounts of primary clinopyroxene and plagioclase decrease. The amount of 318 

smectite decreases somewhat only in the deepest levels of the lower volcanic flow probably 319 

as a result of the textural control on the extent of weathering (Babechuk et al., 2014). In 320 

general identification and quantification of those phases which have undergone moderate 321 

weathering can be challenging; here materials consists of amorphous clays, secondary oxides 322 

and volcanic glass that cause strong background signals (see supplementary for more 323 

information in the diffractograms). Results should, therefore, be interpreted only as a 324 

qualitative estimate of the mineralogical composition. 325 

In the Bidar profile, plagioclase, clinopyroxene and magnetite are the primary mineral 326 

phases (Fig. 3b). In sample BB3, enhanced formation of kaolinite is evident, whilst in sample 327 

BB4, primary silicates have been transformed entirely to secondary clays (mainly kaolinite) 328 

and Fe-oxides (hematite, goethite, Fe-oxyhydroxides). From section BB4 to BB5, slightly 329 

higher quantities of Fe-oxides were measured, whereas at the palaeowater-table sample 330 

(BB6) > 90% of Fe-oxides, particularly goethite, are recorded. Above this level, the 331 

weathering progresses as expected, with kaolinite decreasing as Fe-oxides increase upwards 332 

to the tubular/nodular cap (BB9). This nodular cap contains more than 90% Fe-oxides. 333 

4.2 LA-ICP-MS element maps 334 

Thin section petrography shows that the parent dolerite rock of the lower flow is mainly 335 

composed of clinopyroxene, plagioclase, volcanic glass, and Fe-Ti oxide (Figs. S4, S6). The 336 

LA-ICP-MS element maps show that Zn was mainly hosted within the primary Fe-Ti oxide, 337 

pyroxene and volcanic glass (Fig. S6b). The concentration of Zn and Mg are lower in the 338 

weathered Mg-Fe silicate (Fig. S7) than in unaltered clinopyroxene (Fig. S6), whereas the 339 

concentration of Fe is higher. In the bedrock of the Bidar laterite, Zn is mainly hosted within 340 

pyroxene and primary Fe-Ti oxide (Fig. S8a). In the palaeo-watertable sample, Zn is enriched 341 

in the Fe-oxyhydroxides (Fig. S8b). In the nodular cap on top of the profile (Fig. S8c), Zn is 342 

mainly depleted in Fe-oxyhydroxide rich areas, with the exception of a small vein that 343 

exhibits similar Zn enrichment as the Fe-oxyhydroxides in the palaeo-watertable sample.  344 

4.3 Transition metals (Zn, FeIII/FeII, Mn) and MgO (wt. %) in the Chhindwara saprolite 345 

profile 346 

Various transition metal ratios and MgO abundances are presented in Table 1 and Fig.4. 347 

Babechuk et al. (2015) showed that the high field strength element (HFSE) ratios of Zr/Hf 348 
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and Nb/Ta do not deviate by more than 3% in all samples within both flows of the 349 

Chhindwara profile. Niobium and Ta were found to be the least-mobile elements for mass 350 

calculations (see also Kurtz et al., 2000). Therefore, Zn, Fe and Mn concentrations were 351 

normalised to Nb. In contrast to Nb, Zn exhibits greater mobility within both flows of the 352 

Chhindwara profile and in most cases the Zn/Nb ratios of the weathered samples are lower 353 

compared to the Zn/Nb ratios of unweathered protolith (ChQB12; Table 1, Fig.4).  354 

 Overall, the chemostratigraphical trends of Zn/Nb and MgO (wt. %) are similar. This 355 

is particularly obvious at the weakly banded base of the upper flow (lowermost 80 cm), 356 

where diminished release of MgO (wt. %) is accompanied by minor loss of Zn (samples 357 

ChQB3 and ChQB2). Enrichment of Fe(III) and Mn also occurred in this weakly banded base 358 

(Fig.4 c, d). By contrast, in both top soil samples from this flow (ChQB10 and ChQB11), 359 

Mn/Nb is depleted, whereas Zn/Nb in ChQB10 is slightly enriched. In the less weathered 360 

formerly columnar central section of the upper flow, a modest enrichment in Zn/Nb is linked 361 

to slightly higher MIA values of 41 and 50 in samples ChQB7 and CHQB9d respectively. In 362 

the lower flow, from top to bottom of the profile, Zn/Nb as well as MgO (wt. %) are more 363 

strongly depleted than in the less weathered upper flow. However, fluctuations in the 364 

depletion trend of Zn/Nb are found which correlate with the weathering trend of Mn/Nb. 365 

 Weathering trends based on elemental mass-balance calculations are listed in Table 1, 366 

whereby the change in an element of interest is expressed relative to the least-weathered 367 

parent rock (ChQB12). The respective loss and gain of an element in a sample is calculated 368 

after normalisation to an immobile or least-mobile element for both the sample and the parent 369 

rock in the formula (Table 1; e.g., Brimhall and Dietrich, 1987; Kurtz et al., 2000; Kisakürek 370 

et al., 2004; Babechuk et al., 2015).  371 

 372 

% change in R = [
(𝑅𝑠𝑎𝑚𝑝𝑙𝑒−𝑅𝑝𝑟𝑜𝑡𝑜𝑙𝑖𝑡ℎ)

𝑅𝑝𝑟𝑜𝑡𝑜𝑙𝑖𝑡ℎ
] 𝑥 100 373 

 374 

The Zn/Nb ratio within the upper flow indicates a deviation from the protolith of ~ -14% to 375 

+5%. Stronger fluctuations are evident for Mn of ~ -16% to +43%. A sharp depletion trend of 376 

Zn and Mn marks the transition between the upper (ChQB) and lower flow (ChQA) and the 377 

enhanced release of Zn correlated with increased weathering intensity is evident. The loss 378 

corresponds to deviation from the protolith of between ~ -13% to -36% for Zn and -23% to -379 

60% for Mn, respectively.  380 

 381 
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4.4 Zn and Fe2O3 (wt. %) in the Bidar profile 382 

The Zn and Fe2O3 (wt. %) results are presented in Table 1 and Fig. 5, with Zn normalised to 383 

Nb. Fe2O3 (wt. %) is not plotted vs an immobile element, since it itself is an immobile 384 

element in the oxidative environment. From the bedrock upwards into the indurated laterite 385 

cap, an overall depletion trend in Zn/Nb is evident. The exception is the iron dominated 386 

palaeo-watertable sample, where Zn/Nb is enriched. Generally, with strengthening 387 

weathering intensity, the amount of Fe2O3 (wt. %) increases, resulting in a maximal 388 

enrichment of Fe2O3 (77.5 wt. %) in the strongest weathered section, i.e. the top of the 389 

nodular cap (BB9). Excluding the palaeo-watertable sample (BB6), Zn concentrations are 390 

moderately anti-correlated with Fe2O3 (wt. %) (r2 = 0.65; not shown). When expressed 391 

relative to the least-weathered parent rock, a maximum loss of ca. 80% in Zn is calculated for 392 

the most weathered section of the lateritic profile (BB9), whereas the palaeo-watertable 393 

(BB6) is enriched by ~ 250% (Table 1). In general, the TOC is low in the Bidar profile (Table 394 

1; Fig.5d). Starting from the bedrock sample (BB1) with a TOC of 0.07%, TOC increases 395 

moderately upwards with the exception of samples BB4 (0.51%) and BB9 (0.32%) that are 396 

relatively enriched compared to the protolith. 397 

 398 

4.5 Zn isotopic composition in both profiles 399 

The Zn isotope data are presented in Table 1 and Figures 4 and 5. Differences in the 400 

δ66ZnJMC-Lyon composition relative to the protolith (δ66Znsample - δ
66Znprotolith) are expressed as 401 

Δ66Znsample-protolith and tabulated (Table 1). In the Chhindwara saprolite profile (Fig.4e), the 402 

parent basalt has a δ66Zn value of +0.260 ± 0.018‰ (2 SE) relative to JMC Lyon standard. 403 

The values of δ66ZnJMC-Lyon in the Chhindwara saprolite profile range from +0.190 ± 0.024‰ 404 

to +0.289 ± 0.020‰. The degree of isotope fractionation across the entire profile is very low 405 

outside of external reproducibility. 406 

In the Bidar laterite profile (Fig.5c), the parent basalt has a δ66ZnJMC-Lyon value of +0.231 ± 407 

0.014‰ (2 SE), very similar to the Chhindwara bedrock. The saprolitic, clay-rich zones 408 

(BB2-BB3) also exhibit a very low degree of isotope fractionation, respectively, whereas in 409 

the more strongly weathered, secondary Fe-oxide rich part, lighter Zn compositions are 410 

found. In particular, the palaeo-watertable (BB6) and nodular cap (BB9) samples that are 411 

very strongly enriched in Fe-oxides are depleted, with Δ66Znsample-protolith values of -0.660‰ 412 

and -0.514‰, respectively. Furthermore, sample BB4 exhibits a lighter Zn isotopic 413 
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composition with a Δ66Znsample-protolith value of -0.478‰, while samples BB5 (-0.091‰), BB7 414 

(-0.013‰) and BB8 (-0.115‰) show less fractionated Zn isotope compositions compared to 415 

the protolith value. In summary, the Bidar profile becomes enriched in lighter Zn isotopes 416 

towards the top, even though excursions within this overall depletion trend are evident. All 417 

Zn isotope data are interpreted using the laboratory long-term reproducibility of the in-house 418 

solution standard (2SD = ±0.051‰) to apply the highest analytical uncertainty. 419 

5. Discussion 420 

In the following sections, elemental and isotopic trends of Zn in both profiles are interpreted 421 

in conjunction with the quantitative XRD mineralogy (Fig. 3), the LA-ICP-MS element maps 422 

(Figs. S6-8), weathering indices (CIA, MIA(O)) as well as selected major element abundances 423 

(Fe, Mn; Table 1). As the Bidar profile involves an older, more complex and more prolonged 424 

weathering history, additional chemostratigraphic information (TOC values and previously 425 

published elemental dust signatures (Nd, Th, U) (Fig., 5e) from Babechuk et al. (2015) are 426 

also compared to the Zn isotope systematics, to help elucidate the different environmental 427 

processes that were involved in laterite formation and to understand which mineral reactions 428 

promoted Zn mobility. In the final section, we discuss the relevance of the observed Zn 429 

behaviour within the hydrosphere and anthroposphere.  430 

 431 

5.1 Chhindwara saprolite profile- Zn and Zn isotopes 432 

The LA-ICP-MS maps of the Chhindwara bedrock provide evidence that primary Fe-Ti 433 

oxides host the highest concentrations of Zn. They are unlikely to contribute to Zn loss 434 

because of their strong resistance to weathering (e.g., Nesbitt and Wilson, 1992). By contrast, 435 

clinopyroxene is a major carrier and volcanic glass a minor carrier of Mg, where Zn2+ 436 

substituted at trace concentrations for Mg2+. The breakdown of pyroxene and volcanic glass 437 

resulted in release of both elements beginning with incipient weathering (Figs. S6, S7). This 438 

explains the coupled behaviour of Zn/Nb ratios with MgO% in the upper flow of the profile. 439 

In the lower flow, greater amounts of Zn and MgO% have been released, but Zn/Nb 440 

correlates with Mn/Nb ratios, which points to a minor association of Zn with a Mn-rich phase 441 

(Fig. 4). Additionally, the minor release of Zn in areas of Mn/Nb and FeIII enrichment at the 442 

weakly banded base of the upper flow, suggests coupled behaviour between Zn and 443 

secondary oxides. 444 
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Regardless, the release of Zn is mainly associated with the chemical breakdown of the 445 

Mg-rich phases (pyroxene: ~ 120 µg/g and volcanic glass: < 40 µg/g) that became converted 446 

into smectite and secondary oxides (Figs. 3a, 4, S6, S7). Overall, this means that a net loss of 447 

Zn occurred as a result of these mineral transformations. This is also confirmed by the CIA 448 

values that lie within the range of smectite in the more strongly weathered sections (values 449 

between 70-85) (Nesbitt and Young, 1982; Nesbitt and Wilson, 1992) and its correlation with 450 

the MIA(o) (Table 1; Fig.4), indicating the similar bulk weathering behavior of Mg, Ca, and 451 

Na in the profile (R2 = 0.9; Babechuk et al., 2014). As a result of this alteration, ca. 35 % of 452 

the mobile Zn fraction was lost from the more strongly weathered part of the saprolite. 453 

 In the top soil, biological processes might explain the very slight enrichment of Zn 454 

(CHQB10) via adsorption or complexation with soil organic matter (SOM), while Zn 455 

depletion (ChQB11) was possibly caused by preferential uptake into vegetation. Atmospheric 456 

inputs into the top soil are unlikely because the addition of dust to the profile was minimal 457 

(Babechuk et al., 2015).  458 

Zn isotopic fractionation remains within the analytical uncertainty (2SD) of the 459 

protolith and overlaps with the “crustal average” of δ66ZnJMC-Lyon (+0.27 ± 0.07‰) (Little et 460 

al., 2016). This implies that the flux of elemental Zn to the hydrosphere from saprolite and 461 

incipient weathering fronts of Deccan basalt (deeper CZ) has an isotopic composition within 462 

the range of “lithospheric” Zn (e.g., Little et al., 2014). 463 

 464 

5.2 Bidar laterite profile - Zn and Zn isotopes 465 

The lower sections of the profile (BB2-BB3) display similar elemental and isotopic 466 

weathering behaviour of Zn comparable to the Chhindwara profile and only a slightly higher 467 

loss of Zn (ca. 45%) in BB3 is evident. By contrast, the more extreme weathering intensity in 468 

the upper sections of the Bidar profile resulted in a Zn loss of up to 80% (BB5, BB9) and 469 

lighter Zn isotope compositions developed. Based on the quantitative mineralogical analyses 470 

(Fig. 3b), the loss of the additional 35% of Zn in the upper sections of the Bidar profile must 471 

be related to the transformation from smectite to kaolinite and Fe-oxides (hematite, goethite, 472 

and iron-oxyhydroxides). The critical role of the mineralogical transformations from bedrock 473 

to laterite can be further visualised by detailed petrography and the LA-ICP-MS trace 474 

element maps, which illustrate that the secondary Fe-oxides exhibit an inherently low Zn 475 

content in the lateritic weathering residue (Figs., S8a, c). This is also confirmed by the 476 

enrichment in Fe2O3 (wt. %) and decreasing Zn/Nb ratios towards the top of the profile (Fig. 477 
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5). An exception to the overall depletion trend of Zn is represented by the palaeo-watertable 478 

(Figs. 3, 5, S8b), where anomalous Zn enrichment of 252 % is evident (sample BB6, Table 479 

1). This is explained by the iron oxide enrichment in this sample that likely resulted from a 480 

significant net input of groundwater-transported Fe2+ and oxic rainwater, which facilitated the 481 

oxidation to Fe3+ and subsequent precipitation as ferric oxides (e.g. Kısakürek et al., 2004). 482 

Thus, the same process may have resulted in the enrichment of Zn.  483 

The relationship between Fe oxide development and Zn mobility is also reflected by 484 

the Zn isotopic fractionation in horizons that are enriched in Fe2O3 (wt. %) (Table 1). 485 

Fractionation resulted in depleted values up to 13 times larger than analytical uncertainty 486 

(2SD). Excluding sample BB4, increasing lighter Zn isotope ratios correlate strongly with 487 

Fe2O3 (wt. %) (R
2 = 0.944; Fig. 6a), whereas a moderate correlation is evident for all samples 488 

(R2 = 0.622). The oxyhydroxide development may be associated with the retention of lighter 489 

Zn (Δ66Znsample-protolith of up to -0.660‰ in the palaeo-watertable).  490 

However, the deviation of sample BB4 from the correlation trend (Fig. 6a) suggests 491 

that a first order relationship between oxyhydroxide development and the extent of 492 

fractionation towards lighter δ66ZnJMC-Lyon is not necessarily always linked. In the following 493 

section, the possible pedological processes in laterite are discussed and contrasted with the 494 

sub-recent, clay rich Chhindwara saprolite profile.  495 

 496 

5.3. Processes affecting the Zn isotope composition in laterite 497 

 498 

5.3.1. The impact of abiotic weathering processes on isotopic Zn  499 

In general, the preferential adsorption of lighter Zn on secondary oxides in weathering 500 

profiles (Viers et al., 2007; Vance et al., 2016; this study) contradicts most experimental 501 

studies. In such studies, heavier Zn isotopes adsorb on iron-oxy-hydroxide (Juillot et al., 502 

2008; Pokrovsky et al., 2005). Only in the early stages of such experiments is adsorption of 503 

isotopically lighter Zn on the surfaces sites observed and explained by short-lived kinetic 504 

isotope effects. After a relatively short time, however, the experiments evolve to steady state 505 

(i.e. equilibrium fractionation) and to high ionic strength, with preference to heavier Zn on 506 

the mineral surfaces. Since the ionic strength in laterites is low (e.g., Robson and Gilkes, 507 

1980, Dolling and Ritchie, 1985, Chairidchai and Ritchie, 1990), the preferential adsorption 508 

of lighter Zn on the surface sites of secondary oxides is possible. Such a pedological process 509 

might also cause the incorporation of lighter Zn into secondary oxides. However, the strong 510 

fractionation towards lighter Zn in the metal enriched palaeowater-table sample (BB6) is not 511 
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explainable with this process, so we propose that two different mechanisms might be 512 

responsible for the enrichment in lighter Zn isotopes. 513 

Firstly, pH-dependent sorption experiments (3 < pH < 8) on goethite surfaces 514 

(Pokrovsky et al., 2005) showed enrichment of lighter Zn by 0.1-0.3 ‰ with decreasing pH 515 

values. Lateritic soils develop in low pH (2-5) environments (e.g., Wimpenny et al., 2007) 516 

and the oxidation of Fe2+ to Fe3+ results in a release of protons into solutions. This means that 517 

the formation of secondary Fe-oxides exerts a control on decreasing pH and may explain the 518 

isotope fingerprint in the goethite-rich palaeowater-table (Figs. 3b, S8b) or nodular cap (BB9) 519 

of the Bidar profile. However, it must be noted that the adsorption of lighter Zn on goethite 520 

might be alternatively related to short-lived kinetic effects (Moynier et al., 2017) and that it 521 

was not confirmed in other pH experiments (e.g., Julliot et al. 2008). Secondly, changes in 522 

the redox state of the Bidar profile might have caused the lighter Zn composition in the 523 

palaeowater-table sample (BB6). For instance, spinel and chromite have lighter Zn 524 

compositions (Luck et al., 2005; Chen et al., 2013). The dissolution of Fe2+ from such 525 

refractory phases in reducing environments below the water table could have vertically 526 

transported lighter Zn upwards the profile where it precipitated with Fe oxides. 527 

Regardless of the mechanisms responsible for the formation of Fe-oxyhydroxides in 528 

laterite, the absence of such processes in younger, clay rich weathering substrates from the 529 

deeper CZ (Chhindwara profile and Bidar saprolite) might explain the lack of Zn isotope 530 

composition departing significantly from the crustal average (Little et al., 2016). The 531 

enhanced formation of Fe-oxyhydroxides is therefore one key process to explain Zn isotope 532 

fractionation towards lighter values. 533 

 534 

5.3.2 The significance of biotic processes on isotopic Zn in the Bidar laterite profile 535 

The increasingly open and porous structure of the profile upwards from BB4 to BB9 536 

(Babechuk et al., 2015) provides pathways for mobile colloidal particles in percolating 537 

meteoric water, and the chemostratigraphical trends of TOC and δ66ZnJMC-Lyon demonstrate a 538 

likely association (Fig. 5c, d). This relationship is as also evident from the inverse correlation 539 

of lighter δ66ZnJMC-Lyon with higher TOC (r2 = 0.421; and r2 = 0.764, excluding the palaeo-540 

water table sample BB6; Fig. 6b). The reddened, kaolinite rich saprolite section of the Bidar 541 

profile (BB4) contains the highest TOC % of all samples and departs from the positive 542 

correlation trend of lighter δ66ZnJMC-Lyon with Fe2O3 (wt. %) (Fig. 6a). Hence, biochemical 543 

reactions likely affect fractionation of Zn isotopes and possibly its association with specific 544 

soil minerals.  Zinc is normally complexed to organic ligands in soil solutions and Vance et 545 
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al. (2016) and Opfergelt et al. (2017) suggested that they can preferentially transport heavier 546 

Zn out of soils. This is in agreement with experimental studies which have shown that Zn 547 

adsorbs on humic acids, resulting in a Zn pool heavier than the corresponding free aqueous 548 

ion by 0.25‰ (Jouvin et al., 2009). Apart from that, Houben et al. (2014) demonstrated that 549 

heavier Zn isotopes are preferentially retained in roots of plants (∆66Znroot – shoot = +0.24 to 550 

+0.40‰). As a result, the residual soil solution contains isotopically lighter Zn that may 551 

adsorb on mineral surfaces. The loss of heavier Zn through mobilisation of solid organic 552 

material (Vance et al., 2016) and lighter Zn soil solutions are potential mechanisms to explain 553 

the lighter Zn composition in the ferruginous sections of the Bidar profile. However, the 554 

previously outlined abiotic fractionation mechanisms suggest that biotic fractionation alone is 555 

unlikely to explain the lighter compositions in samples BB4 and BB9 (Δ66Znsample-protolith ~ -556 

0.5‰).  557 

 558 

5.3.3 Dust addition and redistribution of elemental and isotopic Zn 559 

Aeolian dust input is a likely means of altering elemental and isotopic compositions in the 560 

Bidar profile, especially where input material is of significantly different composition and 561 

antiquity to that of the basalt protolith. Further, the documented extent of dust addition is not 562 

limited to the topsoil (Babechuk et al., 2015), and dust appears to have been washed into the 563 

porous and tubular layers that characterise the upper portions of the laterite profile. 564 

Potentially, Zn, as well as Fe could at least partly be derived from aeolian dust sources (e.g., 565 

Taylor et al., 1983; Gallet et al., 1996; McLennan, 2001). Importantly, inspection of the trace 566 

element maps of Fe and Zn from the nodular cap (BB9) reveals a strong enrichment of both 567 

elements on the microscale in Fe-oxide rich veins (Fig. S8c). These could represent 568 

segregation pathways of dust-derived material into the laterite (Widdowson, 2007).  569 

 Several sections (BB 3, 5, 6, 7, 8, 9) of the Bidar laterite show complex enrichment 570 

and redistribution trends of U, Nd, and Th, which were at least in part attributed to dust input 571 

(Fig.5e; Babechuk et al., 2015). Zinc concentration shows a relationship to Th in the topmost 572 

samples of the laterite (BB7–BB9). In combination, the trace element maps and 573 

chemostratigraphical trends therefore suggest that whilst dust-derived Zn has likely entered 574 

the profile, it did so without causing the relative enrichment intensities observed for other 575 

elements.  576 

 According to Little et al. (2014; 2016), average dust δ66Zn JMC-Lyon values lie between 577 

+0.33 and +0.37‰. These values are similar to the Bidar bedrock within analytical 578 

uncertainty, whereas aerosols from tropical latitudes can be ca. +0.2‰ heavier (Little et al., 579 
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2014). An “isotopic overprint” from such sources might explain why the δ66Zn JMC-Lyon of 580 

BB7 is nearly indistinguishable from the Bidar bedrock or why sample BB3 illustrates a 581 

slight offset from the linear regression line towards heavier Zn isotope value (Fig. 6a) 582 

Regardless, the palaeo-water table sample (BB6) is characterised by the highest 583 

allochthonous input to the profile and exhibits the lightest Zn isotope composition in the 584 

profile. In summary, despite evidence for aeolian input, the previously described in situ 585 

pedological processes likely dominated the isotopic evolution of Zn in most sections of the 586 

Bidar profile. 587 

 588 

5.4 Relevance for Zn deficiency in crops grown in (sub)-tropical environment 589 

Mineralogical transformations in the weathering process ultimately lead to inherently low Zn 590 

contents in laterite and, depending on the type of soil classification system, also in ferralsols 591 

and oxisols elsewhere (Fig. 5a, b). With respect to the availability of Zn to plants, it is 592 

noteworthy that much of the remaining residual pool of Zn remains bound in refractory 593 

phases: either within primary oxides, or in the weathering products hematite, goethite, and 594 

iron-oxyhydroxides (Figs. 3b, 5a, b, S8) (e.g., Nesbitt and Wilson, 1992). As a result, the 595 

supply of Zn to plants can be severely limited on lateritic soils, even when a residual Zn pool 596 

is present. This is one reason why even Zn-rich bedrock, such as basalt, can develop into a 597 

residue with inherently low bioavailable Zn.  598 

The trace element maps presented in this study illustrate this scenario. In samples 599 

where Zn is hosted by refractory minerals, measurement of the subsoil Zn concentration via 600 

assay alone is not sufficient to determine the quantity of bioavailable Zn. The relatively spare 601 

available data, including the results from this study, suggest that light Zn isotope composition 602 

in subsoil may be an indication of poor bio-availability of Zn. By contrast, subsoil Zn isotope 603 

ratios within the crustal average (e.g., Little et al., 2014; 2016) may show that the inorganic 604 

pool of bio-available Zn has not been evacuated from the soil reservoir. Thus, there is 605 

potential that Zn isotopes may eventually serve to fingerprint subsoils with poor Zn 606 

bioavailability. 607 

A striking result of global geochemical and soil distribution atlases is that the CZ in 608 

many tropical and subtropical regions is strongly depleted in most bio-essential elements 609 

(Fyfe et al., 1983). We propose that this is not solely due to the climatic control on the type of 610 

weathering but also because stable continental regions (cratons) underlie these soils. Cratons 611 

are characterised by remarkable tectonic quiescence with resulting low denudation rates (e.g., 612 

Hewawasam et al., 2013). In (sub-)tropical regions, they are typically covered by laterite 613 
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residues. Fresh bedrock and/or smectite rich regolith of the deeper CZ is only rarely exposed 614 

at the surface of cratonic regions of India, Africa, South America, and Australia. The 615 

development of widespread and stable laterite in such areas severely limits the natural re-616 

supply of Zn from fresher rock material at depth.  617 

We further propose that it is not a coincidence that Zn deficient soils (Alloway, 2008), 618 

highly depleted weathering residues (i.e. laterite soils) (Gidigasu, 2012 and references 619 

therein), and cratons (USGS, 1997; Tang et al., 2013) show general geographic superposition 620 

within the tropical belt (graphical abstract). Agricultural cultivation in these areas may 621 

therefore be inherently challenging in terms of micronutrients, with knock-on effects such as 622 

growth abnormalities (e.g., Alloway, 2009); including stunted growth, small leaves and 623 

sterility, increased susceptibility to damage by high light intensity, as well as propensity for 624 

fungal infection (e.g., Cakmak, 2000; Alloway, 2009). Zn deficiency in subsistence farmers 625 

in subtropical-tropical cratonic areas may be magnified by their over-dependence on crops 626 

local for diet (graphical abstract; Wessells and Brown, 2012; Andersen, 2002). 627 

Finally, at least in some areas (e.g. the Amazon) the isotopically light Zn of 628 

weathering residues is possibly mirrored by heavy values in the dissolved load of rivers (e.g. 629 

δ66ZnJMC-Lyon ca. +0.5-0.6‰; Little et al., 2014). This suggests that analysis of (sub)-tropical 630 

river waters might be an alternative and logistically feasible way to gain valuable information 631 

on soil Zn deficiency in entire catchments from geologically challenging areas. 632 

 633 

6. Conclusions  634 

Our new elemental Zn and Zn isotope systematics from two contrasting weathering profiles 635 

from India have resulted in the following main findings: 636 

1) In the sub-recent, smectite-rich Chhindwara saprolite only a small fraction of bio-available 637 

Zn has been evacuated, and Zn isotopes remained almost unchanged during weathering. By 638 

contrast, Zn is strongly fractionated in the highly weathered upper sections of the Bidar 639 

laterite, likely from a number of (a)biotic processes (Δ66Znsample-protolith up to ca. -0.65‰). 640 

Enhanced formation of secondary Fe-oxyhydroxides is a requirement for fractionation 641 

towards lighter Zn ratios, while the TOC in a ferruginous, kaolinite rich section of the profile 642 

suggests that biotic processes exert control on the Zn isotope systematics as well. In both 643 

scenarios, the fractionation towards lighter Zn ratios in the subsoil develops in the absence of 644 

fertile rock debris and smectite. 645 



21 
 

2) LA-ICP-MS trace element maps are a powerful tool to investigate the mineral hosts of bio-646 

essential trace elements in the CZ. In the Bidar laterite profile, high quantities of Zn are 647 

locked away in weathering resistant primary oxides and refractory secondary oxide phases. 648 

Hence, bulk soil analyses and depletion factors alone are not reliable indicators by which to 649 

assess the amount of bio-available Zn in soils. 650 

3) Even on originally Zn rich bedrock, subtropical-tropical cratonic soils may experience Zn 651 

deficiency, as evident from world maps. Surface layers become severely leached and, 652 

depending on the bedrock, soils will be dominated by minerals such as gibbsite, Fe-oxides, 653 

kaolinite and quartz (see Fyfe et al., 1983). Due to the tectonic quiescence of cratonic areas, 654 

they remain covered by severely leached surface layers in the subtropics and tropics. Geology 655 

and weathering history evidently contribute to human Zn deficiency in areas where the 656 

population relies on local crops.  657 

4) Because the Zn isotope ratios in the Chhindwara saprolite and strongly weathered upper 658 

sections of the Bidar laterite differ, Zn isotopes could eventually serve as new tool to evaluate 659 

the overall loss of Zn and storage of bio-unavailable Zn in oxides. The investigation of Zn 660 

isotopes in subsoils and rivers that drain these areas might therefore help to improve 661 

sustainable farming practices in subtropical-tropical cratonic regions where vast areas are 662 

covered by challenging soils. 663 
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 673 

Figure captions 674 

Fig.1 Simplified geological map showing the extent of the Deccan Volcanic Province (DVP) 675 

within peninsular India and the geomorphology of the weathered basaltic terrane. Inset maps 676 
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show (a) the mesa topography near Chhindwara in the Madya Pradesh district and (b) the more 677 

detailed geology of the SE lobe of the DVP, including the extent of the thick laterite that hosts 678 

the Bidar profile (Babechuk et al., 2014). DVP geology maps are modified from Borger and 679 

Widdowson (2001), Kısakürek et al. (2004) and Babechuk et al. (2014). 680 

Fig.2 Geological sketch section of the: a) Chhindwara weathering profile b) Bidar laterite 681 

(modified from Kısakürek et al., 2004 and Widdowson, 2007). The mineralogy in the 682 

weathering progression accompany the schematic of each profile and is discussed in the next 683 

chapters. 684 

Fig.3 Quantitative XRD bulk mineralogical determination of the Chhindwara saprolite profile 685 

(a) and Bidar laterite profile (b). The stacked horizontal bar charts represent the identified 686 

mineral phases and their respective quantities in each weathering section. Note that the 687 

quantities in Chhindwara are unlikely to reflect the correct quantities of the identified minerals, 688 

due to strong background signals as a result of amorphous phases (some clays and secondary 689 

oxides). Regardless, high quantites of smectite have been identified and agree to the findings 690 

of previous studies (Babechuk et al., 2014; 2015). For further information see also the 691 

supplementary information. 692 

Fig.4 Chhindwara saprolite profile: (a) MgO (wt. %); (b) Zn; (c) molar Fe; (d) molar Mn (e) 693 
Zn isotope ratios (δ66/64 

ZnJMCLyon); Zn (b), Fe (c) and Mn (d) represent ratios normalised to Nb. 694 
All diagrams are plotted against depth below the soil surface. Profile sketch from Babechuk et 695 
al. (2014). The contact between the two flows (ChQA and ChQB) is illustrated. Sample 696 
ChQB9a-d at a depth of 90 cm represent a corestone transect from centre (9d) to rim (9a). The 697 

uppermost three samples in the lower flow (ChQA10-ChQA12) constitute the porous, paleo 698 
flow-top. The pink vertical line in (a) (b) (d) (e) represents the protolith composition/ratio 699 

(ChQB12). The green bar in (e) represents the analytical uncertainty (2SD) of the protolith and 700 
also the analytical uncertainty of each sample is illustrated. The yellow field in (e) represents 701 

the compositional range of the crustal average of δ66Zn JMC-Lyon (+0.27 ± 0.07‰, 1SD) (Little 702 
et al., 2016). 703 

 704 
Fig.5 Bidar laterite profile: (a) Fe2O3 (wt. %); (b) Zn ratios normalised to Nb. (c) Zn isotope 705 

ratios (δ66/64ZnJMCLyon); (d) TOC (%); (e) % change in ratio of dust derived elements (Nd, Th, 706 

U) relative to the protolith (Babechuk et al., 2015); The dashed purple vertical line in (a), (b), 707 

(d) represents the protolith composition/ratio (BB1). The red bar in (c) represents the analytical 708 

uncertainty (2SD) of the protolith. The yellow field in (c) represents the compositional range 709 

of the crustal average of δ66Zn JMC-Lyon (+0.27 ± 0.07‰, 1SD) (Little et al., 2016). 710 

Fig.6 (a) Binary diagram of δ66/64ZnJMCLyon (‰) and Fe2O3 (wt. %) of the Bidar laterite profile. 711 

Excluding sample BB4, a very good correlation (R2 = 0.944) between δ66/64ZnJMCLyon (‰) and 712 

Fe2O3 (wt. %) is evident, whereas under consideration of all samples a regression line is defined 713 

that indicates a moderate correlation (R2 = 0.622). (b) Cross plot of δ66/64ZnJMCLyon (‰) and 714 

TOC (wt. %) for samples from the Bidar laterite profile. Excluding sample BB6, a strong 715 

correlation (R2 = 0.764) is evident, whereas the complete dataset results in a much more modest 716 

correlation (R2 = 0.421). Analytical uncertainty of δ66/64ZnJMCLyon (‰) = 2SD. 717 

Fig.7 (a) Mineralogical transformations of primary mafic phases (pyroxene, volcanic glass) in 718 

the process of saprolitisation; (b) Mineralogical transformations of pyroxene and smectite in 719 

the process of lateritisation (Anand, 2005; Noack et al., 1993). The weathering resistance of 720 

the primary Fe-Ti oxides results in the retention of some amounts of Zn with respect to the 721 
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overall soil budget. All other minerals undergo mineralogical transformations that result in a 722 

loss of Zn, so that an inherently low content of Zn in the weathering residue/soil develops. Note 723 

that the “weathering vectors” in Chhindwara (a) and Bidar (b) differ, since the incipient to 724 

intermediate weathering stages in basalt are still texturally controlled, whereas the weathering 725 

progression in the stronger weathered Bidar laterite profile increases upwards the profile, 726 

likewise to “ typical textbook” soil profiles. 727 
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2 
 

Bulk rock X-Ray diffraction patterns 34 

1. Methodology and analytical description 35 

1.1. Enterprise Building at Trinity College (Dublin, Ireland) 36 

The Bruker D5000 in TCD Geochemistry has a 2.2 kW Cu long fine focus (0.4 x 12mm 37 

filament), with the following optical configuration: 2.5° primary soller, 1 mm aperture 38 

diaphragm, 1 mm scattered radiation diaphragm, no secondary soller, 0.2 mm detector diaphragm 39 

and a secondary curved graphite monochromator ahead of the scintillation counter. A scan of 40 

sample was made from 3 to 40° 2θ at a speed of 1 seconds / 0.02° step at 40 kV and 40 mA. 41 

Sample rotation was applied. The bulk powder XRD patterns are reported as the relative intensity 42 

(I/Io) vs. 2ϴ angle (Cu Kα). Bruker AXS, Diffrac.EVA software (2012 Release, Version 3.0) was 43 

used to interpret the trace and the International Centre for Diffraction Data, Pennsylvania, PDF-4 44 

3+ database to provide phase matching. Further, standardless semiquantitative phase abundances 45 

were obtained applying the RIR (reference intensity ratios) method. Clay mineral identification 46 

were conducted using the techniques described by Hillier (2002) and Starkey et al. (1984) and 47 

were best in agreement to Hillier et al. (2002). For clay mineral analyses, a representative 1 g 48 

portion of each sample was placed in 50 ml graduated cylinder and DI water added up to the 50 49 

ml mark. The sample was shaken thoroughly, subjected to ultrasound for 5 minutes and then 50 

allowed to stand for 3 hours. (Where flocculation occurred, 0.5 ml of 0.1M sodium 51 

hexametaphosphate was added and the dispersion process repeated). After 3 hours, a nominal <2 52 

µm fraction was removed (from 39 mm below the surface as per Stokes' Law) using a thin 53 

diameter glass pipette and pipetted onto the surface of a Si wafer ('zero-background') and allowed 54 

to dry overnight at room temperature. The sample was run on the XRD and then placed in an 55 

ethylene glycol vapour (at 60 °C) overnight, before being rerun so a comparison between the air 56 

dried and glycol-solvated sample could be made. 57 

1.2 Central Analytical Facility (CAF) at Laurentian University (Sudbury, Ontario, Canada) 58 

Samples ChQB2, ChQB3 and ChQB10 were selected for qualitative X-ray diffraction (XRD) 59 

analysis. All patterns were obtained from dry, untreated powders. No attempt at detailed 60 

phyllosilicate analysis (e.g., ethylene glycol treatment or heating) was made. The XRD 61 

measurement was performed with a Phillips PW 1729 X-ray diffractometer operated at 40 kV/30 62 
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mA using Fe filtered Co Kα radiation. The powders were scanned from 5° to 75° (2ϴ) with a 63 

step-size of 0.02° and a dwell time of 2 s at each step. Phase identification was performed using 64 

PANalytical’s X’Pert HighScore.  65 

2. Results of bulk rock X-ray diffraction patterns 66 

2.1 Chhindwara profile 67 

Eight samples from different sample heights and weathering degrees were selected for qualitative 68 

XRD analyses (Figs. 1, 2). Additionally, the XRD patterns of Fig. 1 were used for quantitative 69 

XRD analyses. The XRD patterns in Fig. 1 follow in the progression of their weathering 70 

intensity, starting with the least weathered sample CHQB6 at the bottom of the figure. The XRD 71 

patterns show that the primary mineral phases in both flows of the Chhindwara profile consist of 72 

plagioclase and clinopyroxene. The peak intensities, however, differ in the measured samples. 73 

Generally, the peak intensities of plagioclase and clinopyroxene decrease with higher degrees of 74 

weathering. By contrast, secondary phases of smectite (nontronite) and Fe-oxide increase in the 75 

stronger weathered samples. Amorphous phases in the samples can be inferred from the 76 

background intensities. They also increase in samples that are characterised by higher intensities 77 

of weathering. The degree of formation of secondary phases is lower in the upper volcanic flow 78 

in comparison to the lower volcanic flow. Moreover, both flows in the Chhindwara profile 79 

comprise the same mineral phases that only differ in their abundance, except for sample ChQB10 80 

where carbon was detected as an additional phase. Unfortunately, the techniques applied to 81 

identify different phases of clay minerals (Starkey et al., 1984) were not able to deliver better 82 

data compared to the bulk XRD analysis and confirmed that the peaks of smectite match best 83 

with nontronite. Likely, high quantities of amorphous clay minerals and oxides complicate 84 

attempts in identifying the different mineral phases in relatively low weathered soil sections (i.e., 85 

in regolith), since XRD analyses are most suitable for the identification of crystalline mineral 86 

phases. In addition, the Chhindwara bedrock in the lower volcanic flow derived from a dolerite 87 

sill and consist of ca 20% volcanic glass (see chapter 3), which further complicates attempts in 88 

identifying the mineral phases. Hence, the quantification of smectite, plagioclase and 89 

clinopyroxene represents an estimate of the mineral phase abundance in the different sections of 90 

the Chhindwara profile. 91 
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 92 

Fig. S1. Bulk powder XRD patterns of representative samples (CHQB6, CHQA12, CHQA8, CHQA4 and CHQA1) 93 
of the Chhindwara saprolite profile. P, plagioclase; A, augite; Sm, smectite. 94 

 95 
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 96 

Fig. S2. Representative XRD diagrams of samples ChQB10, ChQB3, and ChQB2. 97 

 98 
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2.2 Bidar laterite profile 99 

All nine samples of the Bidar profile were selected for qualitative X-ray diffraction (XRD) 100 

analysis. The patterns were collected on dry, untreated powders. No attempt at detailed 101 

phyllosilicate analysis (e.g., ethylene glycol treatment or heating) was made. The XRD patterns 102 

of all 9 samples are illustrated in Fig. 3 and in order of increasing sample height. For smectite, the 103 

best phase matches were nontronite and montmorillonite and detected in samples BB1-BB2. 104 

Further, plagioclase, clinopyroxene (augite) and magnetite were identified as primary mineral 105 

phases. In samples BB3-BB5, the primary phases have been almost completely replaced by 106 

secondary mineral phases and the formation of kaolinite, goethite, iron-hydroxide and hematite is 107 

evident. An exception is represented by sample BB6 (palaeo-watertable), where goethite 108 

dominates. In addition, hematite, iron-hydroxide, and minor amounts of magnetite and kaolinite 109 

were identified. Above the palaeo-watertable, kaolinite is significantly enriched, but the peak 110 

intensity of kaolinite decreases with the intensity of chemical depletion towards the nodular cap 111 

(BB9), whereas the peak intensities of hematite, goethite, and iron-hydroxide increase.  112 

 113 

Fig. S3. Bulk powder XRD patterns of all samples of the Bidar laterite profile. P, plagioclase; A, augite; Mt, 114 
magnetite; Sm, smectite; K, kaolinite; G, goethite; FH, iron-hydroxide (hematite); H, hematite. 115 

 116 
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Petrography 117 

3. Microscopy of the Chhindwara and Bidar bedrock 118 

The following two subsections include thin section descriptions of the Chhindwara and Bidar 119 

bedrock that were recently sampled (January 2016). Thin section photomicrographs include plane 120 

polarised light (PPL) and cross polarised light (XPL) images. Overall, the modal abundance of 121 

the identified minerals in thin section correlates with the quantitative XRD analyses of the Bidar 122 

bedrock. In addition, the modal abundance of clinopyroxene and smectite of the Chhindwara 123 

bedrock are similar to the calculated values from the RIR method, except for plagioclase. Our 124 

petrographic observations therefore confirm the reliability of the applied RIR method, notably for 125 

the Bidar laterite profile. 126 

 127 

3.1 Chhindwara bedrock 128 

This thin section consists of plagioclase (ca. 45%), clinopyroxene (25%; augite), 5% 129 

orthopyroxene (hypersthene) and primary Fe-Ti oxide (5 %). The grain sizes are relatively 130 

homogenous, and plagioclase and clinopyroxene crystals typically have sizes of 400-600 μm. In 131 

places, they even reach sizes of up to 1000 μm. Furthermore, volcanic glass (20%) has sizes of up 132 

to 400-600 μm in the thin section and occurs also as small inclusions within pyroxene, 133 

plagioclase and the matrix. The large aggregates of volcanic glass are already altered and have 134 

developed clay coatings. In addition, a minor amount of isotropic material around a few 135 

clinopyroxene rims indicates the presence of altered glass. Particularly in the centre of the 136 

volcanic glass, clay particles are oriented perpendicular to the pore walls, which confirms their 137 

authigenic origin (Kühn et al., 2010). Moreover, the occurrence of primary minerals within the 138 

altered glass aggregates supports an authigenic origin. Weathering products also formed along 139 

cracks in clinopyroxene. Moreover, subgrain formation and atypical interference colours provide 140 

evidence of minor alteration in clinopyroxene. In total, these weathering products comprise 5% of 141 

the thin section. Secondary weathering products consist also of hematite, goethite, and oxy-142 

hydroxides, but occur only as accessory phases in the rock.  143 
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 144 

Fig. S4. Photomicrographs of the Chhindwara saprolite bedrock under ppl (a, c) and xpl (b, d). All major phases in 145 

the profile are illustrated in the images. Plg = plagioclase; cpx = clinopyroxene; vg= volcanic glass; opq = Fe-Ti 146 

oxide. 147 

 148 

3.2 Bidar bedrock 149 

The bedrock is composed of a fine grained matrix that consists of euhedral-subhedral shaped, 150 

twinned plagioclase laths (ca. 55 %), augite and minor amounts of hypersthene (30%), primary 151 

Fe-Ti oxide (5 %) and glass (ca. 5-10 %). In places, phenocrysts of augite and plagioclase occur. 152 

In a few places within the matrix, minor amounts of plagioclase and augite have been replaced by 153 



9 
 

clay minerals. In particular, volcanic glass has been altered to clays and secondary Fe-Mn oxides. 154 

Furthermore, a few minerals have been completely altered.  155 

 156 

Fig. S5. Photomicrographs of the Bidar laterite bedrock under ppl (a) and xpl (b). In the centre, a phenocryst of 157 

plagioclase is surrounded by a fine grained matrix of pyroxene, plagioclase, primary Fe-Ti oxide and volcanic glass. 158 

Plg = plagioclase; cpx = clinopyroxene; vg= volcanic glass; opq = Fe-Ti oxide. 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 
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LA-ICP-MS element maps of Zn, Mg and Fe distribution 173 

4. Figures 174 

4.1 Chhindwara bedrock 175 

 176 

Fig. S6. (a) Photomicrograph under ppl of Fe-Mg rich clinopyroxene (cpx), volcanic glass (vg), plagioclase (plg), 177 
primary Fe-Ti oxide (opq = opaque) and titanite (tit). Volcanic glass occurs as inclusions in all silicate minerals and 178 
the matrix. The pink frame delineates the area that was laser ablated. (b) Semi-quantitative LA-ICP-MS compositional 179 
maps of Zn, (c) Mg and (d) Fe. It is obvious that weathering resistant primary Fe-Ti oxide is most Zn enriched and that 180 
clinopyroxene and volcanic glass host moderate amounts of Zn. In addition, titanite contains minor amounts of Zn but 181 
occurs only as accessory phase in the Chhindwara bedrock. Zn from the primary Fe-Ti oxide is unlikely to be released 182 
during weathering. Chemical breakdown of the Fe-Mg silicates appears to happen with the concomitant breakdown of 183 
volcanic glass, so that Mg and Zn are simultaneously released from the weathering front, whereas oxidised Fe remains 184 
in the profile. 185 

 186 

 187 

 188 

 189 

 190 

 191 
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4.2 Altered silicate minerals and volcanic glass of Chhindwara bedrock 192 

 193 

Fig. S7. (a) Photomicrograph under ppl of altered Mg-Fe silicate and volcanic glass from the bedrock of the lower 194 
volcanic flow of the Chhindwara profile. Semi-quantitative LA-ICP-MS compositional maps of Zn (b), Mg (c), and 195 
Fe (d). The trace element maps indicate that Zn substituted for Mg and Fe. Mg and Zn were already released in parts, 196 
whereas oxidative weathering resulted in the immobilisation of Fe.  197 

 198 

 199 

 200 

 201 

 202 

 203 
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4.3 Bidar bedrock, palaeowater-table, nodular cap 204 

 205 

Fig. S8. Photomicrograph under ppl of the (a) bedrock (clinopyroxene (cpx), volcanic glass (vg), plagioclase (plg), 206 
primary Fe-Ti oxide (opq = opaque)) (b) palaeo-watertable, (gt = goethite) and (c) nodular cap of the Bidar laterite 207 
profile (hem = hematite; feh = iron-hydroxide) with semi-quantitative LA-ICP-MS compositional maps of Mg, Fe, and 208 
Zn. The red frame in each photomicrograph delineates the area that has been laser ablated. (a) The trace element maps 209 
indicate that Zn substituted for Mg and Fe. Clinopyroxene and primary Fe-Ti oxides host Zn (b) In the 210 
photomicrograph, mainly goethite is visible and enriched in Fe and Zn and both concentrations derived from an 211 
extraneous source. (c) In the centre, a vein composed of iron hydroxide, goethite and hematite is visible that is enriched 212 
in Fe and Zn. Particularly, below the vein lower but still high concentrations of Fe are visible, whereas only in places 213 
moderately to high concentrations of Zn are evident. This indicates that Zn in the primary iron oxides remained 214 
immobile and is inherent, whereas in newly formed iron oxides very low concentrations of Zn occur. 215 
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Supplementary table 

 

Results of replicate BCR-2 and BHVO-2 analyses 

 BHVO-2 2σ BCR-2 2σ 

1 0.351 0.028 0.297 0.028 

2 0.298 0.040 0.278 0.040 

3 0.297 0.041 0.265 0.041 

average 0.315 0.036 0.280 0.036 
 


