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Abstract 1 

The chemical weathering rate of silicates is a key parameter of several geochemical 2 

processes; however, the long-term field measurement of these rates remains challenging. 3 

Currently, there are several methods for quantifying field weathering rates, but each 4 

presents it's own unique set of difficulties. In this study uranium-series nuclides were used to 5 

investigate long-term biotite weathering in a soil profile. For this purpose, pseudomorph 6 

grains of biotites (including weathering products) were hand-picked from four horizons of a 7 

soil profile and from underlying granitic saprolite from the experimental Breuil-Chenue site 8 

(France).  9 

Unexpected behaviors of U and Th nuclides were recorded from these samples. An 10 

unambiguous leaching of 232Th occurs during the weathering of biotite, while reduced U 11 

release relative to Th was observed, implying an efficient redistribution of U between the 12 

primary mineral and weathering products within the pseudomorphs. The measured U-series 13 

activity ratios reflect a regular and self-consistent pattern evolution. However, the "U-series-14 

derived-weathered-stage" is not always coherent with the weathering features of major 15 

elements and/or with the location of the samples within the soil profile. For instance, biotite 16 

from the saprolite displays U-series activity ratios typical of significantly weathered samples, 17 

while major elements present  rather limited signs of weathering. These results suggest an 18 

incongruent leaching of U and Th isotopes and suggest that U- and Th-series nuclides probe 19 

some water-mineral interactions that occur before macroscopic mineral tansformation.  20 

Using an open-system leaching model, coupled (234U/238U), (234U/230Th), and (226Ra/230Th) 21 

disequilibria measured from the samples allow us to calculate a weathering duration range 22 

of 6 to 52 ka for most weathered samples of this soil profile. The biotite weathering rate 23 

deduced from these data ranges from 7.8×10-17 mol.m-².s-1 to 6.5×10-16 mol.m-².s-1, which is 24 

consistent with the range of field rates previously reported. This rate was compared to the 25 

weathering rate of biotites induced by the substitution of vegetation occuring 35 years ago 26 

in a nearby soil profile, which was about 2 - 3 orders of magnitude higher than the long-term 27 

rate reported above. This feature is perfectly consistent with the decrease in the weathering 28 

rate with time that was previously widely documented but that still remains debated. Our 29 

results allude to a valuable use of U-series isotopes for mineral-weathering field rate 30 

determination and  report a decrease in silicate weathering rates over long- (10 000s of 31 



3 

 

years) and short-term (10s of years) weathering events recorded from the same site. The 32 

results show that short term laboratory experiments can be representative of field 33 

processes, and suggest that some forms of mineral weathering reactivation, similar to that 34 

observed during laboratory experiments, may naturally occur in soils in response to high 35 

frequency perturbation processes such as land cover change. 36 

 37 

Keywords: biotite, field weathering rate, U-series 38 

  39 
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1. Introduction 40 

Concerns regarding climate change and soils sustainability have urged scientists to better 41 

understand rates of weathering. Indeed, such chemical reactions can regulate atmospheric 42 

CO2 concentration (Berner et al., 1997; Gaillardet et al., 1999) or neutralize acid rain (Drever 43 

and Hurcomb, 1986) through the consumption of carbon and/or protons. They can also 44 

affect soil fertility. For instance, mica weathering has been intensively studied, as mica is a 45 

source of nutrients essential for plant growth, including potassium, magnesium and iron 46 

(Hinsinger et al., 1992; Leyval et al., 1991; Martin et al., 2010; Turpault and Trotignon, 1994). 47 

Over recent decades, numerous studies have focused on determining mineral weathering 48 

rates through either short-term laboratory experiments or long-term field studies. These 49 

studies clearly demonstrate the time dependence of the weathering rate, with short-term 50 

laboratory rates generally being several orders of magnitude faster than long-term rates 51 

(Taylor and Blum, 1995; White et al., 2003; Maher et al., 2004; White and Buss, 2014, Buss et 52 

al., 2017). The cause of this discrepancy remains highly debated (e.g., Hochella and Banfield, 53 

1995; Maher et al., 2006a, 2009; Hellman et al., 2012; White et al., 2017). One of the 54 

difficulties associated with this puzzle may arise from the reduced value and precision of 55 

long term rate determination, which relies on dissolved fluxes being exported by rivers 56 

and/or aquifers (e.g., Clow and Drever, 1996) or on change in regolith composition (e.g., 57 

White, 2002), implying the deconvolution of a specific mineral weathering among several 58 

others. A lack of "mid-term" data, i.e., on the 10s or 100s of years scale, also prevents the 59 

precise determination of the time dependency of the weathering rate equation, which 60 

would heavily constrain kinetic and therefore involved mechanisms. 61 

U-series nuclides have previously been used to determine weathering rates in regoliths and 62 

soils over various time scales (Chabaux et al., 2003a, 2003b, 2013; Dequincey et al., 2002; 63 

Dosseto et al., 2008, 2012; Keech et al., 2013; Ma et al., 2010, 2012, 2013; Pelt et al., 2008; 64 

Rihs et al., 2011; Suresh et al., 2013, Gontier et al., 2015; Ackerer et al., 2016; Schoonejans 65 

et al., 2016 , see also Chabaux et al. (2008), and Vigier and Bourdon (2011) for recent 66 

reviews). The use of these nuclides as weathering chronometers is based on chemical and 67 

physical fractionation that occurs between a parent and its daughter nuclides during 68 

weathering processes, leading to a radioactive disequilibrium. The evolution of the 69 

weathered material composition during weathering is therefore modeled as the continuous 70 
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loss and gain of nuclides (precipitation/adsorption from atmospheric deposition and/or 71 

illuviation) in addition to radioactive decay. According to this open model, the disequilibrium 72 

between U-series nuclides evolves over time until a steady state is reached. The amount of 73 

time required to reach this steady state depends on the ratio between the various input, 74 

leaching and radioactive decay rates. During this period, the extent of U-series disequilibria 75 

records the amount of time elapsed since the inception of the loss and/or gain process, i.e., 76 

the inception of parent material weathering. The matching of the half-lives of U- and Th-77 

series nuclides, i.e., 5 y to 247 ky, and the timescales of pedogenic and weathering processes 78 

render these nuclides particularly suitable for inferring the time constants of element 79 

transfers within soils or saprolite layers. Dosseto et al. (2014) used the U-series derived 80 

weathering ages of bulk sediments to indirectly determine catchment-wide mineral-specific 81 

weathering rates. Even more recently, Dosseto et al. (2019) investigated the use of 82 

separated biotite and quartz to infer the mineral dissolution rates as well as the regolith 83 

production rate. Except this recent study, the potential for U-series to determine the long-84 

term weathering rate of a specific mineral remains largely unexplored. 85 

In the present work, we investigate a new application of U series chronometer to ascertain 86 

the long-term biotite weathering rate within a soil profile. Biotite was chosen among 87 

common other silicate minerals in view of its generally high U concentration. For this 88 

purpose, U- series disequilibria were measured in several biotite grains extracted from a 89 

granitic soil profile previously studied at the bulk scale.  90 

 91 

2. Material and methods 92 

2.1 Site location 93 

Sand-sized biotite grains were sampled from a soil profile located in the Breuil-Chenue forest 94 

(Morvan Mountains, 47°18’N-4°5’E, 638 m, France) (Fig. 1). This experimental site was 95 

established by the Institut National de Recherche Agronomique (INRA) in 1976 and belongs 96 

to the SOERE FORET and ANAEE network (www.gip-ecofor.org/f-ore-t/reseau). Mean annual 97 

air temperature and precipitation levels are 9 °C and 1280 mm respectively (Calvaruso et al., 98 

2009). The native vegetation is composed of 150-year-old  forest dominated by beech trees 99 

(Fagus sylvatica L). The bedrock is composed of coarsely grained facies of “Pierre qui Vire” 100 

leucogranite (Seddoh, 1973) with a mineralogical composition of 34 % quartz, 24 % K-101 
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feldspar, 31 % albite, 9 % muscovite, 1.2 % biotite, 0.5 % chlorite and accessory minerals 102 

(Mareschal et al., 2015). Soils that have developed over this bedrock are acidic (pH range: 103 

4.17-4.96, Rihs et al., 2016), well drained, and classified as Typic Dystrochrept with depths 104 

ranging from 120 to 140 cm. Mineralogical and physico- chemical descriptions can be found 105 

in Mareschal (2008), Mareschal et al. (2010; 2015) and Gontier et al. (2015). It should be 106 

noted that some residual gravels (grain size > 2 mm) of granite are still present throughout 107 

the entire soil profile (from 17 to 31 %wt in the different soil layers, Mareschal, 2008). The 108 

late breakdown of the residual granite block can therefore release fresh biotite grains to the 109 

shallow soil layers. Two major forms of ongoing mineralogical transformation were 110 

identified: i) close to the bedrock, biotite and albite are transformed into kaolinite and 111 

gibbsite, and ii) in the surface layers, remaining biotite and muscovite are transformed into 112 

vermiculite and smectite with the precipitation of aluminum hydroxides in their interlayer 113 

sheets (Mareschal, 2008).  114 

 115 

2.2 Mineral separation and treatments 116 

Biotite grains were extracted from the following soil layers: 20-30 cm, 110-120 cm, 120-130 117 

cm and 120-140 cm throughout a joint study (Voinot 2012). Aliquots of the same samples 118 

(except for the 120-140 cm sample) were analyzed in both studies. The grains were manually 119 

hand-picked from the bulk soil, except for the 20-30 cm horizon, from which biotite grains 120 

were extracted from the 50 - 200 µm and 0.2 - 2 mm soil fractions. Additional magnetic 121 

separation was performed using a magnetic sector and vibrator (AA DYNA-MITE Electric 122 

vibrator 230V 50Hz, 10VA). No heavy liquid was used during separation to avoid any 123 

contamination and/or leaching of the samples. Approximately 100 mg to 1 g of mineral was 124 

collected from each soil layer before being manually crushed in an agate mortar.  125 

Biotite grains taken from a block of the granite sampled from saprolite at the bottom of the 126 

soil profile were also analyzed (corresponding to sample B0b in Voinot 2012). The samples 127 

were recovered after crushing a macroscopically unaltered granite block. Two aliquots of the 128 

extracted grains were sampled for replicate analyses. In addition, this sample was treated to 129 

extract its interlayer and weakly bounded nuclides. The interlayer was extracted from 130 

roughly 50 mg of the sample with 40 ml of 1 M NaCl (pH 5.50) heated at 80°C over 7 days. 131 

After centrifugation, the supernatant was collected and acidified at pH < 2 before analysis. 132 

Fresh NaCl solution was added to the residual solid and extraction was repeated two more 133 
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times. U and Th concentrations were measured from the 3 sequentially extracted solutions. 134 

Major elements in the final residual solid treated with NaCl were analyzed after rinsing them  135 

with MilliQ water. Approximately 40 mg of this sample was also treated with 40 ml of a 0.2 136 

M oxalate acid/ ammonium oxalate solution (C2O4H2, 2H2O - (NH4)2C2O4, H2O) at pH 3 137 

(Tamm, 1922, modified by Schwertmann, 1964). The purpose of this treatment was to 138 

extract amorphous and poorly crystallized Fe-Mn-Al oxy-hydroxides in addition to the sorbed 139 

fraction. The suspension was shaken over 4 hours in the dark, before being centrifuged at 140 

5000 rpm for 5 min. The supernatant was collected for U, Th and Mg analyses. 141 

 142 

2.3 Analytical techniques 143 

238U, 232Th and 226Ra contents were determined by isotope dilution along with U-Th isotopic 144 

compositions of the same powder digestion. Between 5 and 10 mg of the powdered samples 145 

were spiked with a purified 228Ra and artificial 233U-229Th tracers calibrated with AThO rock -146 

standard (Williams et al., 1992, Condomines et al., 1995). The dissolution procedure involved 147 

digestion in a distilled HNO3-HF- HClO4 acids mixture at 70°C before subsequent evaporation. 148 

The residues were then dissolved with HCl-H3BO3 acids at 100°C for 24 h, prior to 149 

subsequent evaporation. U-Th separation and purification procedures were carried out using 150 

the anion exchange chromatography techniques developed at the Laboratory of Hydrology 151 

and Geochemistry of Strasbourg (LHyGeS) (Dequincey et al., 2002; Granet et al., 2007; Pelt et 152 

al., 2008). Ra separation and purification were performed following the procedure 153 

developed by Pelt et al. (2013) and adapted from previous works by Chabaux et al. (1994) 154 

and Ghaleb et al. (2004). 155 

Th concentrations and 232Th/230Th isotopic ratios were measured with a Thermo- 156 

Scientific Neptune multiple collector inductively coupled plasma mass spectrometer (MC-157 

ICP-MS). Thorium concentrations were calculated from the measured 232Th/229Th ratios. A 158 

standard-sample-standard bracketing method was applied to correct raw data for 159 

instrumental mass bias using a mixture of IRMM035 standard solution and 229Th spike (see 160 

Jeanbrun et al., 2012 for details). The 232Th/230Th isotopic ratio proposed by Sims et al. 161 

(2008) for the IRMM-035 standard was used (87873 ± 738 2SD) rather than the original 162 

certified value. The abundance sensitivity at 2 amu was ~30 ppb with an ~70-80 % 163 

transmission of the RPQ filter and yielded to 232Th tailing on the 230Th that was always valued 164 
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at less than 0.5 %. Therefore, no corrections were made for this negligible shift covered by 165 

analytical uncertainties. 166 

The U and 226Ra concentrations and 234U/238U isotopic ratios were measured by thermal 167 

ionization mass spectrometry (TIMS) using a Thermo- Scientific Triton mass spectrometer. 168 

The U concentrations were calculated from the measured 233U/235U ratios. The 226Ra 169 

concentrations were calculated from the measured 226Ra/228Ra spiked ratios and the natural 170 

226Ra/228Ra ratio estimated from the 230Th/232Th isotopic ratio assuming a radioactive 171 

equilibrium between 232Th and 228Ra activity, i.e., (228Ra) = (232Th). Due to the low percentage 172 

of 228Ra arising from the sample in the sample-spike mixture (< 1 %), a shift from this 173 

assumed radioactive equilibrium would produce a negligible effect on the calculated 226Ra 174 

concentration (e.g., less than 0.1 % for a 10 % shift away from the radioactive 232Th - 228Ra 175 

equilibrium). 176 

Measurement accuracy and reproducibility were controlled by analyzing the HU1 177 

uranium and IRMM-036 thorium standard solutions, the BE-N and BCR-2 rock- standards, 178 

and the isotopic ratio of the Ra spike measured before each sample series. The change in the 179 

Ra spike isotopic ratio observed over time due to 228Ra decay was found to be consistent 180 

with theoretical decay within 0.6 % (2SD, N=19, 2012). Average (234U/238U) activity ratios and 181 

232Th/230Th isotopic ratios measured in the HU1 and IRMM-036 standards were equal to 182 

1.000 ± 0.007 (2 SD, N=24, 2012-2013) and 325,261 ± 2664 (2 SD, N=9, 2012), respectively, in 183 

agreement with previously published values for HU1 (Cheng et al., 2000; Delanghe et al., 184 

2002) and IRMM-036 (Sims et al., 2008; Ma et al., 2012). Replicate analyses of BE-N and BCR-185 

2 rock standards are reported in Table 1. These analyses yielded analytical uncertainty values 186 

(2SD, N = 9, 2012-2014) of 1 % for U and Th concentrations, of 1.5 % for 226Ra 187 

concentrations, of less than 0.5 % for (234U/238U) ratios, of 1% for (230Th/232Th) ratios, of 1.5 188 

% for (230Th/234U) ratios and of 2 % for (226Ra/230Th) ratios, in agreement with previously 189 

published values for BE-N (Govindaraju, 1994; Pelt et al., 2013; Carpentier et al., 2016) and 190 

BCR-2 (Sims et al., 2008; Koornneef et al., 2010; Carpentier et al., 2016; Cogez et al., 2018). 191 

The results highlight a slight ~7 ‰ enrichment in 230Th compared to secular equilibrium and 192 

compared to data from Sims et al. (2008) and Carpentier et al. (2016), most probably related 193 

to the lack of 232Th tailing correction before 2014 and to the uncertainty assigned to the 194 

IRMM035 bracketing standard. Total process blanks ranged from 60 to 120 pg for Th, ranged 195 
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from 2 to 90 pg for U and were valued at less than 0.05 fg for 226Ra, thus representing less 196 

than 1 ‰ of the analyzed samples. 197 

 198 

Major elements in the mineral after interlayer extraction and Mg content in the oxalate 199 

solution were measured by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-200 

AES) while U and Th concentrations in the extracted solutions were determined by 201 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The precision and accuracy of the 202 

measured concentrations were tested by replicate analyses after alkali fusion with Li2B4O7 of 203 

the basalt BE-N, anorthosite AN-G, granite GS-N, dolerite WS-E, and diorite DR-N rock 204 

standards (Govindaraju, 1994), yielding analytical uncertainties of 3 % and 10 % (2SD, N= 20 205 

for each standard over the study period) for major and trace elements, respectively. 206 

 207 

The N2-BET specific surface area of the saprolite biotite sample of 6.0 ± 0.7 m²/g, was 208 

measured at the LIEC (Laboratoire Interdisciplinaire des Environnements Continentaux) in 209 

Nancy, France, using a BEL Japan BELSORP-mini II instrument with nitrogen (purity > 99.995 210 

%) as the adsorptive at 77 K.  211 

 212 

3. Results 213 

Previous analyses of the separated grains conducted by X-Ray diffraction and Scanning 214 

Electron Microscopy reveal that these samples do not comprise pure biotite minerals alone 215 

(Mareschal, 2008; Voinot, 2012). Mareschal (2008) studied several soil profiles from the 216 

same site and highlighted the common presence of kaolinite, vermiculite and Fe-oxides in 217 

biotite grains found in these soils. The presence of these weathering products is consistent 218 

with a decrease in SiO2/Al2O3 and K2O/Al2O3 ratios observed from the deepest horizons to 219 

the surface in the studied samples (Table 2). Mareschal (2008) also performed in- situ 220 

microprobe measurements of  sand-size biotite grains collected from the same site and 221 

observed a decrease in the SiO2 /Al2O3 ratio from pristine biotite (SiO2 /Al2O3 = 1.8) to the 222 

weathered area (SiO2 /Al2O3 = 1.1) within the grains, corresponding to a kaolinization 223 

process. In addition, a decline of K2O content was observed, consistent with the widely 224 

reported release of K during biotite weathering (e.g., Newman and Brown, 1966; Newman, 225 

1969; Turpault et al. 1994; White 2002). Mareschal (2008) proposes that the weathering 226 



10 

 

products formed from an intragrain reprecipitation of the leached elements from weathered 227 

biotite. The separated grains therefore correspond to the pseudomorphosis of parent 228 

biotites, including weathering products retained within the unchanged volume and fabric of 229 

the parent minerals. Such pseudomorphic replacement of biotites by kaolinite has been 230 

previously well documented (e.g., White et al., 1998; 2002). The quantitative mineralogy, 231 

i.e., the mass fraction determination of each component in the grains, was quantified by 232 

Voinot (2012) through chemical analyses of the grains (reported in Table 2), differential 233 

thermal analyses, chemical analysis of each mineral and of XRD data following the 234 

methodology developed by Fichter et al. (1998) and Turpault et al. (1998). Normative 235 

calculations using standard minerals allow to determine the fraction of each mineral by 236 

resolving a system of simultaneous linear equations based on the chemical content of a 237 

particle size fraction on one hand and from the corresponding element content of single 238 

minerals on the other. Between 7 and 17 % of quartz was identified in the analyzed grains, 239 

representing an imperfect biotite grain separation. Scanning Electron Microscopy also 240 

reveals some traces of accessory minerals such as Ti oxides (< 2 %) and chlorite (< 1 %) 241 

(Voinot, 2012). In view of the low abundance of these accessory minerals or of the low U 242 

concentrations generally observed in quartz (0.1 - 1 ppm, Bosia et al., 2018; Dosseto et al., 243 

2019), these impurities are not expected to significantly impact U-series activity ratios 244 

measured in the separated grains, wherein measured U concentrations range from 31 to 65 245 

ppm. With a view to consider the amount of weathered biotite present within the analyzed 246 

grains, the proportion of remaining biotite and the weathering products were therefore 247 

recalculated from the results of Voinot (2012) without quartz contribution, i.e.: biotite and 248 

weathering products proportions were normalized to 100 % after subtracting quartz 249 

proportion. According to this calculation, samples collected from deep soil layers are 250 

composed of about 60 % biotite (quartz excepted) while fine grains from the surface soil 251 

layer (20-30 cm 50-200 µm) do not hold more than 28 % (quartz excepted) of biotite 252 

anymore (Fig. 2). Consistent with the decline of K2O content mentioned above, the 253 

remaining amount of biotite calculated strongly correlates with the K2O concentrations and 254 

K/Fe, K/Al or Si/Al ratios (not shown). All of these parameters therefore represent equivalent 255 

proxies for the weathering state of biotite grains. 256 

 257 

3.1. U-series disequilibria 258 
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U, Th concentrations and activity ratios are reported in Table 3. Replicate analyses of biotite 259 

grains from the granitic saprolite show different U and Th concentrations (differences of 5 % 260 

and 10 %, respectively while analytical uncertainties are 1 %). These replicated analyses 261 

were not performed on aliquots of a single powder sample, but on aliquots of non-crushed 262 

biotite grains, and they therefore highlight the heterogeneity of U and Th concentrations in 263 

these minerals. However, (234U/238U), (230Th/234U) and (226Ra/230Th) activity ratios of the two 264 

subsamples are identical within analytical uncertainty, emphasizing the significance of the 265 

measured U-series disequilibria independent of probable initial U heterogeneity. 266 

During water-rock interactions and therefore weathering processes, U-series nuclides are 267 

expected to fractionate. Detailed reviews can be found in Chabaux et al. (2008), or Vigier 268 

and Bourdon (2011). In brief, in an oxic environment, U is usually highly mobile while Th is 269 

known to be very insoluble. The mobility of Ra is strongly controlled by redox state but is 270 

generally higher than that of Th. In addition, fractionation between 234U and 238U isotopes 271 

may occur due to alpha-recoil process (Kigoshi, 1971). Therefore, the following features are 272 

anticipated during weathering process: U and Ra loss, Th immobility, (234U/238U) and 273 

(226Ra/230Th) ratio decline concomitant with an increase in the (230Th/234U) ratio. In the study 274 

biotite grains, U and Th concentrations cover a broad range through the profile (30 to 65 275 

ppm and 100 to 338 ppm respectively). In the shallowest horizon (20-30 cm), concentrations 276 

in the coarse-size fraction (> 200 µm) are significantly higher than those in the fine-size 277 

fraction (50- 200 µm). U contents do not show a clear trend with the decrease in K content 278 

while Th contents decrease significantly (Fig. 3). Consequently, the evolution of the U/Th 279 

ratio is not correlated with weathering pattern determined from major elements and 280 

mineralogy (Fig. 4a). This ratio is, in contrast, strongly correlated with Ti content (Fig. 4b).  281 

(234U/238U), (230Th/234U) and (226Ra/230Th) activity ratios range from 0.73- 0.93, from 1.04 – 282 

1.14 and from 0.67 – 0.91, respectively (Table 3). Despite an overall increase in the 283 

disequilibrium extent observed toward the surface, i.e., the deepest soil samples are closer 284 

to the secular equilibrium than samples from the topsoil layer, grains extracted from the 285 

granitic saprolite are inconsistent with this pattern of evolution, as they exhibit some of the 286 

largest disequilibria values ((234U/238U) = 0.76, (230Th/234U) = 1.10 and (226Ra/230Th) = 0.76). 287 

Similarly, the two samples separated from the same topsoil layer (20-30 cm) show 288 

contrasting disequilibria ((234U/238U) = 0.73 and 0.79 in fine < 200 µm and coarse > 200 µm 289 

fractions, respectively), highlighting the size-dependence of U-series disequilibria and 290 
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weathering states. Such an irregular evolution of sample compositions with depth was also 291 

noticeable from the quantitative mineralogy of grains (Fig. 2). For instance, the amount of 292 

remaining biotite is significantly higher in the shallow coarse sample (20-30 cm > 200 µm) 293 

than in samples from the deepest soil layers. In granitic weathering profiles, such inversion 294 

of weathering polarity can be easily explained. Indeed in arenas the large-scale view of 295 

upward vertical polarity observed from fresh rock to the topsoil can be disturbed at the 296 

outcrop scale through the preferential weathering of fractured zones (Meunier, 2005). In 297 

addition, the remanence of large granite gravel throughout the entire soil profile implies the 298 

release of relatively fresh (or at least less weathered) minerals in the surface soil layers. The 299 

coarse > 200 µm sample from the 20-30 cm layer may reflect such origin while the fine < 200 300 

µm (more weathered) fraction may have been inherited from the deeper granitic bedrock 301 

weathering front. According to this assumption, fine and coarse fractions of the 20-30 cm 302 

soil layer may therefore simply reflect different weathering durations. This implies that any 303 

time determination made for these samples cannot be related to the velocity of weathering 304 

front migration. Such inversion/disturbance of weathering polarity was not observed in 305 

previous analyses of the corresponding bulk soil samples (Gontier et al., 2015), most likely 306 

due to the analysis of the mere fine earth fraction (< 2 mm) and to the greater mass of the 307 

sample used for bulk analyses, which is expected to reduce small-scale heterogeneity. More 308 

unexpected, the U-series disequilibria are neither consistent with the weathering state of 309 

the grains based on the K/Fe ratio or on the remaining amount of biotite (Fig. 5). As for the 310 

relationship with depth, biotite extracted from the saprolite and the coarse shallow sample 311 

(20-30 cm > 200 µm) do not follow the observed trend. 312 

Nevertheless, all U-series activity ratios demonstrate regular and self-consistent evolution 313 

when localization or weathering state based on major elements are not considered (Fig. 6). 314 

The observed decline in the (234U/238U) ratio closely follows the increase in the (230Th/234U) 315 

ratio and the decrease in the (226Ra/230Th) or the (226Ra/238U) ratios. Likewise, the decrease in 316 

the (234U/238U) ratio is anti-correlated with the increase in the (238U/232Th) ratio (Fig. 7a). The 317 

isochron (230Th/232Th) vs (238U/232Th) diagram also shows a regular evolution of the samples 318 

compositions, albeit below the equiline (Fig. 7b). The nuclides mobility implied by these 319 

variations is discussed below (section 4.1). 320 
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 321 

3.2 Selective treatments of the saprolite biotite 322 

The major element contents in the residual mineral after interlayer extraction are reported 323 

in Table 2. The significant decrease in K20 concentration (7 to 4 wt%) and the concurrent 324 

increase in Na2O concentration(0.7 to 6.2 wt%) suggest the exchange of K by Na and confirm 325 

the efficient extraction of the interlayer. U and Th percentages extracted during the 3 326 

successive extractions are reported in Table 4. The total amount of U and Th extracted is 327 

limited (~1 and 0.2 % of the total U and Th) and a rapid decrease in the proportions of U and 328 

Th extracted is observed over the 3 successive extractions, ranging from 0.7 to 0.05 % for U 329 

and from 0.15 to 0 % for Th. 330 

The amount of U and Th adsorbed and/or associated with amorphous Fe-Mn-Al oxy-331 

hydroxides was also found to be low: 2 % of the total U and 4 % of Th (Table 4). Despite the 332 

previously reported ligand-promoted dissolution of biotite by oxalate solutions (e.g., Haward 333 

et al., 2011), the low level of Mg release (0.4 %) precludes significant biotite dissolution 334 

during such extraction.  335 

 336 

4. Discussion 337 

4.1 Origin of U/Th variability  338 

Patterns of U and Th content variability observed from the samples described above (Fig. 3 339 

and 4) cannot be explained by usual weathering processes during which  U is usually highly 340 

mobile while Th is known to be very insoluble (Chabaux et al., 2008; Vigier and Bourdon, 341 

2011). A decrease of U/Th ratio is therefore expected during weathering process, in contrast 342 

with the evolution of the U/Th ratios observed in the analyzed samples (Fig. 4a). Issues 343 

concerning initial heterogeneity and/or the removal of typically immobile elements (e.g., Th 344 

and Ti) to explain the observed trends therefore arise in order to further model the observed 345 

U-series disequilibria. Heterogeneous initial U/Th ratios can indeed produce a trend similar 346 

to that observed along the equiline in the (230Th/232Th) vs (238U/232Th) isochron diagram (Fig. 347 

7b). However, in this diagram, whatever the initial positioning of the sample, the observed 348 

shift from the equiline involves an increase in the U/Th ratio and/or a decrease in the 349 

(230Th/232Th) isotopic ratio. An increase in the U/Th ratio due to a gain of U in these samples 350 

is highly unlikely in view of several of the following features: i) U content does not 351 
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significantly increase in samples with low amount of remaining biotite (or low K content) 352 

(Fig. 3); ii) the concurrent decrease in Ti and increase in U/Th (Fig. 4b) would imply a 353 

correlated loss of Ti with gain of U; iii) the 20-30 cm (50-200 µm) sample presents the 354 

highest U/Th ratio but the lowest (234U/238U) activity ratio (= 0.73). A gain of 238U  in this 355 

sample would therefore imply a lack of 234U gain (e.g., 30 % of gained  238U in this sample 356 

would require a (234U/238U) input ratio of as low as 0.3); iv) the extraction of exchangeable 357 

cations using NaCl and of amorphous and poorly crystallized Fe-Mn-Al oxy-hydroxides using 358 

oxalate ammonium solution from the saprolite biotite with a high U/Th ratio, i.e.: sample 359 

that could be suspected to have gained some U, yielded a recovery value of less than 1 % of 360 

U for the exchangeable fraction and no more than 2 % of U for the amorphous oxy-361 

hydroxides fraction, precluding the presence of significant amount of adsorbed U. A loss of 362 

Th (either 230Th relative to 232Th or 232Th relative to 238U or both) is therefore mandatory to 363 

explaining the positioning of the samples below the equiline in the (230Th/232Th) vs 364 

(238U/232Th) diagram. The ongoing decline in Th content observed in the most weathered 365 

samples (Fig. 3) denotes 232Th loss, but Th leaching was also independently assessed for 230Th 366 

relative to 238U (section 4.3). Such loss implies a concurrent loss and/or heterogeneity of Ti 367 

to explain the U/Th vs Ti relationship (Fig. 4b). As suggested by the variability of U and Th 368 

contents in replicates of the saprolite biotite sample, some heterogeneity of the trace 369 

element contents in the study samples can be suspected, and the presence of Ti-oxides in 370 

some of our samples (Fig. 2) strongly supports this doubt. Accordingly the Ti contents of the 371 

study grains are inconsistent with major elements (SiO2/Al2O3 or K2O/Fe2O3 ratios for 372 

instance) and mineralogy. In addition, if a Ti initial homogeneous content and its immobility 373 

was assumed, the decrease of TiO2 content from 2.4 % (in the saprolite biotite) to 1.3 % in 374 

the fine 20-30cm (50- 200µm) sample would imply the precipitation of about the same mass 375 

of secondary, Ti-depleted material than primary material (i.e. the mass must be multiplied 376 

by 2). This appears highly unlikely within a grain where the volume and fabric of the primary 377 

biotite mineral remain preserved. In contrast, the release of Ti from the crystallographic 378 

structure of biotites, through chemical weathering was previously reported (Cornu et al., 379 

1999; Taboada et al., 2006). Hence, the use of Ti as reliable weathering proxy is not relevant 380 

in these samples. 381 

Based on all these features, and despite the potential presence of slight initial 382 

heterogeneities, the observed U and Th contents variability seems therefore most likely 383 
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attributable to a preferential loss of Th relative to U Several previous studies have identified 384 

Th mobility in soil, usually linked to organic matter complexation (Dosseto et al., 2008; 385 

Rezzoug et al., 2009; Rihs et al., 2011; Keech et al., 2013; Gontier et al., 2015, Dosseto et al., 386 

2019). In the present study, however, a similar Th mobility is observed from samples 387 

positioned at the bottom of the soil profile as well as at the surface. Such Th mobilization 388 

observed across the entire soil profile was already highlighted from corresponding bulk 389 

samples (Gontier et al., 2015) despite a significant decline in C organic content in seepage 390 

soil solutions with depth (Jaffrain, 2006; Cornelis et al., 2010) as well as in soil layers 391 

(Marechal et al., 2013; Rihs, Gontier et al., 2016). Alternatively, the relationship between 392 

U/Th and Ti (Fig. 4b) could suggest a removal of solid Ti- and Th- rich nanoparticles from 393 

accessory minerals. However, such an assumption cannot explain the preferential removal of 394 

230Th relative to 238U (section 4.3) as both nuclides are expected to be located within the 395 

same mineral fraction. These results echo various recent works that report Th mobility 396 

across different contexts where organic complexation appears to be precluded. For instance, 397 

Bosia et al. (2018) showed that zircons from Gandak River sediments (Himalaya) have 398 

undergone a loss of both 230Th and 232Th isotopes. Additional in-situ SIMS analyses of the 399 

Gandak River samples demonstrate that the Th depletion is not restricted to the grain 400 

surface, but instead continues 15-20 µm below the mineral surface while the (234U/238U) 401 

ratios remain equal to 1 (Bosia, 2016). Menozzi (2016) and Dosseto et al. (2019) also 402 

reported a significant leaching of 230Th from quartz sampled in both granitic and sandstone 403 

saprolites at a depth of 2.5 m and in apparently pristine bedrocks (New South Wales, 404 

Australia). In contrast, a gain of 232Th (as well as U) was observed by these authors in the 405 

biotite separated grains from the granitic profile, highlighting, if needed, the influence of 406 

external-to-the-mineral factors on nuclides behavior in weathering profiles. Rihs et al. (2011) 407 

showed that the leaching constants of both Th isotopes in deep soil layers of the 408 

Strenghbach catchment (Vosges, France) are at least two orders lower than those observed 409 

in the shallowest soil layers where organic complexation has been identified. Clearly, these 410 

results suggest that the mechanism(s) of Th mobilization observed in weathering 411 

environments remain(s) poorly understood and need(s) further investigations.  412 
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 413 

4.2 Weathering signal recorded by U-series versus major elements. 414 

During water-rock interaction, U-series nuclides fractionation usually produces radioactive 415 

disequilibria in the U-series decay chain (Chabaux et al., 2008). Yet, major elements and U-416 

series disequilibria data are opposing in the saprolite biotite and coarse 20-30 cm (> 200 µm) 417 

samples. These samples are indeed significantly out of radioactive equilibrium while major 418 

elements contents and mineralogical analyses suggest only minor patterns of weathering 419 

evolution (Fig. 5). For instance, saprolite biotite grains comprise 92 % of remaining biotite 420 

and 8 % of quartz (or 100 % of biotite with quartz excepted), without traces of secondary 421 

minerals (Fig. 2) and the coarse 20-30 cm (> 200 µm) grains contain the second highest 422 

amount of remaining biotite (75 %, quartz excepted). Yet, the low (234U/238U), (230Th/238U) 423 

and (226Ra/230Th) ratios observed in these samples (Table 3) imply a considerable removal of 424 

234U, but also of 230Th and 226Ra, thus involving significant water-mineral interactions not 425 

detected by major elements. Two mechanisms of non-stoechiometric nuclide removal could 426 

be assumed from the biotite: i) a direct ejection of daughter nuclides by alpha-recoil or ii) a 427 

leaching from the mineral interlayer. Owing to the large size of the separated grains (> 200 428 

µm), no models recently developed to estimate the alpha-recoil loss fraction (Depaolo et al., 429 

2006, Maher et al., 2006b; Bourdon et al., 2009) predict a rate of ejection higher than 0.01, 430 

thus failing to explain a (234U/238U) ratio as low as 0.76 – 0.79. In addition, Depaolo et al. 431 

(2006) compare the timescales of 234U alpha-recoil and mineral dissolution processes as 432 

follow: 433 

 434 

τrecoil

τdissolution
= R×M

λ×L×ρ234      [1] 435 

 436 

where  τrecoil and τdissolution denote the timescales of alpha-recoil and mineral dissolution 437 

processes, respectively, R denotes the dissolution rate of the mineral (in mol.m-².s-1), M 438 

denotes the molar mass of biotite (g.mol-1), λ234 denotes the decay constant of 234U (s-1), L 439 

denotes the alpha-recoil distance of 234Th (m) and  ρ denotes the mineral density (g/m3).  440 

Using L = 30 nm (Maher 2006b), ρ  = 2.97 g.cm-3 (Turpault and Trotignon, 1994), M = 445 441 

g.mol-1 and R the range of biotite field weathering rates reported by White and Brantley 442 

(2003) as 1.3.10-16 – 7.9.10-15 mol.m-².s-1, this dimensionless number ranges from 7 to 445, 443 



17 

 

indicating that the timescale for 234U recoil is one or two orders of magnitude longer than 444 

that of the mineral's dissolution. This indicates that the mineral would dissolve before the 445 

alpha-recoil process could significantly deplete the 234U isotope from this mineral and 446 

therefore precludes significant 234U recoil from these minerals.  447 

Alternatively, leaching from the mineral interlayer (hypothesis ii above) might be assumed. 448 

In view of the phyllosilicate structure of biotite, a significant implementation of 234U in the 449 

mineral interlayer space by alpha-recoil can be expected. Approximately 1.2 Ma after the 450 

mineral's formation, all 234U present in the mineral ensues from 238U decay and would 451 

therefore be located in the mineral following an alpha-recoil implementation. Based on a 2:1 452 

sheet and an interlayer thickness of 0.66 nm and 0.34 nm respectively (Dahl, 1996), simple 453 

geometric consideration predicts that roughly 30 % of the 234U produced through 238U decay 454 

would be located within the interlayer. Assuming such amount, the (234U/238U) ratio 455 

measured from the saprolite biotite (= 0.76) would imply that the quasi-totality of interlayer 456 

234U was leached out. The interlayer extraction of this sample indeed confirms a low amount 457 

of interlayer U (< 1 % of U) that could be consistent with a previous depletion. However, 458 

initial K2O content (7.8 %) within this sample was only slightly lower than in the 459 

unweathered mineral (9.4 %) determined by Mareschal (2008). In contrast, during interlayer 460 

extraction, a large amount of K was, as expected, removed (K2O content dropped to 4 % 461 

after NaCl treatment). A previous leaching of 234U from the interlayer would therefore imply 462 

a nearly full removal of 234U without K release. Such disconnected fluxes could appear 463 

dubious. However, Wan et al. (2017) suggest that preferential dissolution from weaker 464 

surface defects on basal biotite surfaces produces a path for CO2 entry to the mineral 465 

interlayer more likely than simple diffusion from the edges. Such a process allows for 466 

mobility of elements from and out of the interlayers without concurrent K mobility. In 467 

addition, the U-series weathered-signature of the saprolite and the coarse 20-30 cm > 200 468 

µm samples are actually consistent with their high δ11B isotopic composition (-26.8 and -23.5 469 

‰ respectively while the value measured from the unweathered biotite is -31 ‰) reported 470 

by Voinot (2012). This author suggests that B isotopic composition evolves faster than 471 

mineral transformation and emphasizes nanoscale mechanisms that control B release. U-472 

series, as B isotopes, therefore seem able to trace early weathering reactions before major 473 

elements and/or mineralogical proxies. The difference observed here between major and 474 

trace element signatures raises issues concerning the stoichiometric release of trace 475 
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elements during weathering. Trace elements are widely used to refine conditions of water-476 

rock interactions, e.g., Sr (Bullen et al., 1997, White 2017), B (Lemarchand et al., 2012), Li 477 

(Millot et al., (2010), and U (Maher et al. 2004, 2006a,b), and the assumption of the 478 

stoichiometric release of these elements during mineral weathering constitutes a key point. 479 

Several studies have addressed this issue but have generated contradictory results for non-480 

radiogenic as well as radiogenic isotopes. For instance, the stoichiometric or non-481 

stoichiometric release of non-radiogenic 86Sr seems to depend on the mineral considered: K-482 

feldspar (Bullen et al., 1997; Brantley et al., 1998) labradorite or biotite (Taylor et al., 2000a, 483 

b). Similarly, Olander and Eyal (1990) demonstrate a non-stoichiometric release of 238U and 484 

232Th from monazite over a 6.8-year experiment while Andersen et al. (2009) suggest a 485 

congruent dissolution of granite minerals with respect to 238U. For radiogenic isotopes, 486 

Bullen et al. (1997) report a non-stoichiometric release of 87Sr while Andersen et al. (2009) 487 

highlight transient features of the non-stoichiometric release of 234U. This transient issue, 488 

also identified by Brantley et al. (1998) for Sr isotopes, is fundamental, as most of the 489 

reported results arise from experimental studies, i.e., short-term relative to a natural 490 

weathering timescale. In contrast, the results of the present study emphasize the early and 491 

preferential release of U-series nuclides relative to the major element over a natural 492 

weathering timescale. 493 

 494 

4.3. Long-term weathering rate of the biotite 495 

To estimate the duration of mineral weathering, an open model was used (Vigier et al., 496 

2001) where decay and leaching are considered as follows:  497 

 498 

� ����

��
= −(�  !"# +  &  !"# ) ����  499 

        [2] 500 

d N)

dt
= −*λ) + k) , N) + λ)-. N)-.  501 

 502 

where nN stands for the number of 234U, 230Th or 226Ra atoms, and n-1N the abundance of the 503 

corresponding parent nuclide. kn and λn (y−1) are the leaching and decay constants of the 504 

nuclide nN, respectively. 505 
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 506 

No gain of nuclides was used in this model as justified for U in the above section (4.1). For 507 

230Th and 226Ra, the high content of these nuclides in the samples (resulting from high U 508 

content i.e., 40-50 ppm) renders them much less sensitive to potential gains. Such a model is 509 

consistent with the commonly observed mechanism of biotite alteration to kaolinite or 510 

vermiculite through epitaxial weathering without external gain (White, 2002). The 120-140 511 

cm sample, characterized by the closest-equilibrium state, was used as initial material. 512 

Owing to uncertainties related to the coarse 20-30 cm (> 200 µm) and saprolite samples 513 

described above, the two samples were discarded for the fit and data from the 120-140 cm, 514 

120-130 cm, 110-120 cm and the fine 20-30 cm (< 200 µm) samples only were fitted by the 515 

model. We solved the set of model equations (2) using the differential equation solver 516 

(ode45) available through Matlab® commercial software. We randomly selected 500 sets of 517 

initial kn values in the range 10-6 to 10-3 y-1 and solved the differential equations over 500 ky. 518 

Each initial set of leaching constants was adjusted using the Matlab® lsqnonlin function to fit 519 

the measured (234U/238U), (230Th/234U) and (226Ra/238U) ratios of each sample. In view of 520 

uncertainties related to the homogenous initial U content discussed above, the evolution of 521 

U concentrations in the samples was not used as a model parameter. Finally, only the sets of 522 

parameters matching the measured ratios within ± 2SD uncertainty levels and yielding 523 

k234/k238 ratios lower than 5 were retained. The range of solutions describing the measured 524 

data is reported in Table 5. Radium presents the highest leaching constant (k226Ra ≈ 10-4 y-1) 525 

within a very narrow range consistent with the short half-life of this nuclide. As one striking 526 

feature of these solutions,  leaching constants of 230Th are lower than those of 234U but are 527 

higher than those of 238U (k238U/k230Th < 1, Fig. 8). These results obtained without any 528 

constraints on 230Th mobility are fully consistent with the preferential leaching of 232Th 529 

relative to 238U, highlighted above. 530 

The amount of time required to evolve from the initial sample (120-140 cm) to the most out-531 

of-equilibrium sample positioned in the shallowest soil layer (20-30 cm, < 200 µm) ranges 532 

from 6 to 52 ky. The two extreme models, i.e., leading to a duration of 6 and 52 ky 533 

respectively, are represented in Fig. 6, along with the measured data. While excluded from 534 

best-fit optimization, the 20-30 cm (> 200 µm) and saprolite biotites are also reported in the 535 

figure, and were found to be consistent with the retained models.  536 
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For the two reported models, the evolution of the (238U/232Th) and (230Th/232Th) ratios can be 537 

reproduced assuming a leaching of 232Th (Eq. 2 applied to 232Th). Leaching constants of 232Th 538 

yielding the best-fit to the data are reported in Table 5, and corresponding models are 539 

reported in Fig 7a and 7b. The required k232Th leaching constants are higher than those of 540 

k238U and k230Th.The evolution of the (230Th/232Th) vs (238U/232Th) ratios observed across all 541 

of the samples can be satisfactorily described with both models (Fig. 7b). In contrast, the 542 

models failed to reproduce the (234U/238U) vs (238U/232Th) ratios of the 20-30 cm (> 200 µm) 543 

and saprolite samples and are even questionable for the 110-120 cm sample (Fig. 7a). 544 

However, a slight change in the initial (238U/232Th) ratio (e.g., 0.37 instead of 0.48) allows for 545 

the reproduction of the (234U/238U) vs (238U/232Th) ratios of the saprolite and 110-120 cm 546 

samples while a minor change in the (230Th/232Th) vs (238U/232Th) pattern was induced by this 547 

lower initial (238U/232Th) ratio (Fig. 7b). These results reinforce the hypothesis of potential 548 

initial U/Th heterogeneity in the biotite samples presented above, but demonstrate the low 549 

sensitivity of the so-called (230Th/232Th) vs (238U/232Th) isochron diagram to such 550 

heterogeneity. Figure 7b shows that the variation of the (230Th/232Th) is, to first order, driven 551 

by time rather than initial U/Th ratio. Yet, the models reported in Fig. 6, the corresponding 552 

elapsed time, and therefore the deduced weathering rates calculated below are completely 553 

independent of this heterogeneity.  554 

 555 

The biotite weathering rate was calculated from the minimum and maximum amount of 556 

time required for evolution from 110-120 cm to 20-30 cm (< 200 µm) samples (5.8 and 49 ky 557 

using models 1 and 2, respectively). The 120-140 cm sample, used as initial material in the U-558 

series models, could not be used for weathering rate determination, as the fraction of the 559 

remaining biotite mineral was not resoluted in this sample. However, the 110-120 cm 560 

sample presents a very similar U-series signature (Fig. 6). The amount of dissolved mineral 561 

was calculated through the estimation of the biotite mass fraction remaining in the grains 562 

(Voinot, 2012), i.e., 60 % and 28 % in the 110-120 cm and 20-30 cm (< 200 µm) samples, 563 

respectively, (Table 3) assuming an isovolumetric weathering. The weathering rate, R, was 564 

then calculated as follows: 565 

 566 

R =
/01/2

3

4×5
  [3] 567 
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 568 

where mi and mf are the initial and final mass of the biotite per g of sample respectively, M is 569 

the molar mass of biotite, calculated from structural formulae of the studied biotite 570 

established by Marechal (2008) (455 g.mol-1), T is the weathering duration determined by U-571 

series models and S is the measured specific surface area (6 m².g-1). 572 

This calculation yields a weathering rate R ranging from 6.5×10-16 mol.m-².s-1 (model 1) to 573 

7.8×10-17 mol.m-².s-1 (model 2). The isovolumetric weathering assumption may lead to an 574 

overestimation of the dissolved mass and thus to an underestimation of weathering rates. 575 

However, such isovolumetric weathering is a common feature observed in saprolites 576 

developed in tropical and temperate environments (White et al., 1998, 2002), and the 577 

calculated rates are fully consistent with field weathering rates of biotite previously reported 578 

from a variety of lithology and climatic regimes (Fig. 9). It should be noted that the highest 579 

rates reported in Fig. 9 for timespans of 104 and 3×105 y correspond to the tropical Rio 580 

Icacos Watershed (Puerto Rico) (White et al., 2002, Murphy et al., 1998; Buss et al., 2008). 581 

The rate calculated from model 1 in the present study was found to be similar to the rate 582 

derived from sedimentary chronosequences of the Rhône and Oberaar Glaciers (Swiss Alp) 583 

reported by Föllmi et al. (2009) (≈ 2×10-15 mol.m-².s-1 over a 10 ky timespan, corresponding 584 

to rates based on the total mineral surface area rather than the edge surface to compare to 585 

the present and previously reported studies). These results demonstrate that U-series can 586 

provide a useful tool for long-term mineral rate determination, as suggested by Dosseto et 587 

al. (2014, 2019). Actually, the assessment of a long-term field mineral dissolution rate is 588 

difficult and is classically based on dissolved fluxes exported by rivers and/or aquifers or on 589 

changes in the regolith composition coupled with cosmonuclide-based denudation rate 590 

estimation (review given in White and Buss, 2014). Considerable uncertainties affect these 591 

approaches, hampering the resolution of long-standing assessments of the apparent 592 

discrepancy between laboratory and field weathering rates (Paces, 1983; Taylor and Blum, 593 

1995; White and Brantley, 2003; Maher et al., 2004, 2009; Hellman et al., 2012; White et al., 594 

2017). U-series disequilibria of regolith-separated minerals offer a new direct approach that 595 

could be applied to other common silicate minerals. 596 

 597 

4.4. Comparison to short-term weathering rates 598 
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We previously studied nearby soil profiles from the same experimental site, where the 599 

native forest was partially clear-felled in 1976 and replaced with monospecific Oak and 600 

Douglas Fir stands (Rihs, Gontier et al., 2016). U- and Th-series disequilibria were measured 601 

from bulk soils developed under the native forest (as in the present study) and from the two 602 

replanted stands. We found that tree substitution (the change in specie as well as associated 603 

temporary soil denudation) had yielded a considerable dissolution of biotites in the soil 604 

under the replanted Oaks. The mean biotite weathering rate deduced from this recent 605 

substitution was found to be equal to 1.1×10-12 mol.g-1.s-1, corresponding to a value of 606 

1.8×10-13 mol.m-².s-1 with a specific surface area S = 6 m².g-1. This rate is roughly 2 or 3 orders 607 

of magnitude higher than the long term rate calculated above from the same site without 608 

vegetation substitution but is consistent with the rate that could be extrapolated for a 35-609 

year weathering period from the time-dependent relationship proposed by White and 610 

Brantley (2003) or from rates deduced from sedimentary chronosequences of the Rhône and 611 

Oberaar Glaciers at 140 and 270 y (Föllmi et al., 2009) (Fig. 9). This result is noteworthy as it 612 

probes a period of time, i.e., 35 years that is too long for laboratory experiments and too 613 

short for classical field, long-term studies, leading to a critical lack of data. This shows that 614 

short-term laboratory experiments can be representative of field processes, and suggests 615 

that mineral weathering reactivation, similar to what is observed in laboratory experiments, 616 

may naturally occur in soils, in response to perturbation, i.e., land cover change in the 617 

present case.  618 

 619 

5. Conclusion 620 

Long-term field weathering rate of biotite was determined using U-series disequilibria 621 

measured from several grains extracted from a granitic soil profile at different depths. The 622 

grains correspond to the pseudomorphosis of parent biotites, including weathering products 623 

retained within the unchanged volume and fabric of the parent minerals. The remaining 624 

parent biotite ranges from 100 % to 28 % in the study samples.  625 

Despite potential initial U/Th content heterogeneities in the samples, the U-series activity 626 

ratios describe a regular and self-consistent pattern of weathering evolution. This 627 

weathering evolution however involves a significant loss of Th, highlighting that the 628 

mechanism of Th mobilization observed in weathering environments remains poorly 629 

understood and deserves further investigations. In addition, some samples show significant 630 
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U-series disequilibria while major element contents and mineralogical analyses show only 631 

minor signs of weathering. This discrepancy between the "U-series-derived- weathered -632 

stage" and macroscopic features emphasizes a nanoscale mechanism that controls U-series 633 

nuclides release and suggests that these nuclides can trace early weathering reactions 634 

before major elements and/or mineralogical proxies. 635 

An open-system model based on radioactive decay and leaching rates was applied to 636 

successfully describe (234U/238U), (234U/230Th), and (226Ra/230Th) disequilibria evolution and to 637 

infer the amount of time required for the less weathered sample, located in deep soil layers 638 

to evolve into the most out-of-equilibrium sample found in the shallowest soil layer. The 639 

model demonstrates the low sensitivity of the (230Th/232Th) vs (238U/232Th) diagram to U/Th 640 

initial heterogeneity in the samples. The biotite weathering rate was deduced from the 641 

determined duration and the amount of mineral dissolved. This latter was calculated 642 

through an estimation of the biotite parent mineral remaining in the analyzed grains (Voinot, 643 

2012). The deduced weathering rate ranges from 7.8×10-17 mol.m-².s-1 to 6.5×10-16 mol.m-².s-644 

1, which is perfectly consistent with long-term field weathering rates of biotite previously 645 

reported. These results demonstrate that U-series disequilibria of regolith-separated 646 

minerals offer a useful and direct means of determining long-term weathering rates. In 647 

addition, we previously showed that experimental vegetation substitution occurring 35 years 648 

ago close to the study soil profile spurred a considerable dissolution of biotites under Oak 649 

replaced stands (Rihs, Gontier et al., 2016). The substitution-induced weathering rate of the 650 

biotite measured under the replaced vegetation was found to be 2 or 3 orders of magnitude 651 

higher than the long-term rate obtained through the present study but is consistent with the 652 

rate that can be extrapolated from the time-dependent relationship proposed by White and 653 

Brantley (2003). These results document a decrease in silicate weathering rates from long- 654 

(10,000s of years) and short-term (10s of years) weathering events for the same site. They 655 

show that short-term laboratory experiments can be representative of field processes and 656 

suggest that some processes of mineral weathering reactivation, similar to that observed 657 

during laboratory experiments, may naturally occur in soils, in response to short-term 658 

perturbation such as land cover change.  659 
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Figure captions 

 

Fig. 1: Location of the experimental Breuil-Chenue INRA site and of soil profiles developed under the 

native forest from which biotite grains were extracted. The profiles studied by Rihs, Gontier et al. 

(2016) under the substituted Oak stand are also reported (short-term weathering rate, see the text 

for explanation).  

Fig. 2: Mass fraction of the remaining parent biotite and weathering products in the study grains 

without quartz contributions (from Voinot 2012).  

Figure 3: Evolution of Th and U contents in the grains relative to the K2O contents. 

Figure 4: Evolution of U/Th ratios in the grains relative to the fraction of remaining parent biotite (a) 

or TiO2 contents (b). 

Figure 5: Evolution of (234U/238U) ratios in the grains relative to the fraction of remaining parent 

biotite present (quartz excepted, see the text for explanation). (234U/238U) ratios in the 20-30 cm (> 

200 µm) and the saprolite samples are inconsistent with the weathering stage deduced from major 

elements. 

Figure 6: U-series disequilibria measured and modeled from the separated grains. Model 1 and 

model 2 stand for the two extreme models derived from the range of solutions allowing for a 

description of the data. Lengths of time required for evolution from the 120-140 cm to the 20-30 cm 

(50-200 µm) samples are modeled as 6 and 52 ky in models 1 and 2, respectively. 

Figure 7: Measured and modeled U (a) and Th (b) isotopic ratios vs (238U/232Th) ratios in the separated 

grains. "Model het. U/Th" accounts for a potential initial U/Th heterogeneity and corresponds to a 

model with a slightly different initial (238U/232Th) ratio (0.37 instead of 0.48, see the text for 

explanation). The equiline denotes the radioactive equilibrium. 

Figure 8: Sets of Eq. 2 solutions allowing for the reproduction of measured activity ratios. For each 

set of solutions, ratios between the 238U, 234U and 230Th leaching constants are reported as a function 

of the length of time required for evolution from least to most weathered sample.  

Figure 9: Comparison of measured biotite weathering rates with previously reported experimental 

and field rates (adapted from White and Brantley, 2003 and references therein; Föllmi et al., 2009; 

Buss et al., 2008, Dosseto et al., 2014, 2019). The dashed-line represents the power function 

proposed by White and Brantley (2003). The "land cover change" data corresponds to the biotite 

weathering rate induced by an experimental substitution of vegetation 35 years ago within the same 

site as that studied here (Rihs, Gontier et al., 2016). The "field Swiss Alp" data report rates from 

sedimentary chronosequences of the Rhône and Oberaar Glaciers (Föllmi et al., 2009).  The "U-series 

derived rates" ranges report data derived from U-series weathering rates determinations (Dosseto et 

al., 2014, 2019). 

 



Fig. 1: Location of the experimental Breuil-Chenue INRA site and of soil profiles

developed under the native forest from which biotite grains were extracted. The

profiles studied by Rihs, Gontier et al. (2016) under the substituted Oak stand are also

reported (short-term weathering rate, see the text for explanation).
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Fig. 2: Mass fraction of the remaining parent biotite and weathering products in the

study grains without quartz contributions (from Voinot 2012).
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Figure 3 : Evolution of Th and U contents in the grains relative to the K2O contents.
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Figure 4: Evolution of U/Th ratios in the grains relative to the fraction of remaining parent biotite (a) or TiO2 contents 
(b).
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Figure 5: Evolution of (234U/238U) ratios in the grains relative to the fraction of
remaining parent biotite present (quartz excepted, see the text for
explanation). (234U/238U) ratios in the 20-30 cm (> 200 µm) and the saprolite
samples are inconsistent with the weathering stage deduced from major
elements.
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Figure 6: U-series disequilibria measured and modeled from the separated grains. Model 1 and model 2 stand for 
the two extreme models derived from the range of solutions allowing for a description of the data. Lengths of 
time required for evolution from the 120-140 cm to the 20-30 cm (50-200 µm) samples are modeled as 6 and 52 
ky in models 1 and 2, respectively.
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Figure 7: Measured and modeled U (a) and Th (b) isotopic ratios vs (238U/232Th) ratios in the separated grains. "Model het.
U/Th" accounts for a potential initial U/Th heterogeneity and corresponds to a model with a slightly different initial
(238U/232Th) ratio (0.37 instead of 0.48, see the text for explanation). The equiline denotes the radioactive equilibrium.
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Figure 8: Sets of Eq. 2 solutions allowing for the reproduction of measured activity ratios. For
each set of solutions, ratios between the 238U, 234U and 230Th leaching constants are reported
as a function of the length of time required for evolution from least to most weathered
sample.
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Figure 9: Comparison of measured biotite weathering rates with previously reported experimental and field rates
(adapted from White and Brantley, 2003 and references therein; Föllmi et al., 2009; Buss et al., 2008, Dosseto et
al., 2014, 2019). The dashed-line represents the power function proposed by White and Brantley (2003). The "land
cover change" data corresponds to the biotite weathering rate induced by an experimental substitution of
vegetation 35 years ago within the same site as that studied here (Rihs, Gontier et al., 2016). The "field Swiss Alp"
data report rates from sedimentary chronosequences of the Rhône and Oberaar Glaciers (Föllmi et al., 2009). The
"U-series derived rates" ranges report data derived from U-series weathering rates determinations (Dosseto et al.,
2014, 2019).



 

 

Table 1: U- and Th-series nuclides concentrations and activity ratios measured in the standard rocks between 2012 and 2014. 

Standard/date 
[U] 

µg.g-1 

[Th] 

µg.g- 

[226Ra] 

fg.g-1 

(234U/238U) 

 

2SE (230Th/232Th) 

 

2SE (230Th/234U) 

 

(226Ra/230Th) 

 

(238U/232Th) 

 

BE-N           

01/2012 b 2.498 c 10.55 d 835 c 0.996 0.002 0.728 0.003 1.015 0.980 0.721 

04/2012 b 2.499 c 10.59 d nd 0.997 0.003 0.727 0.003 1.015 nd 0.718 

10/2012 b 2.507 c 10.49 d 844 c 0.998 0.003 0.728 0.004 1.003 0.997 0.727 

Mean 2.502 10.54 840 0.997  0.728  1.011 0.988 0.722 

2 RSD (%) 0.4 1.0 1.5 0.2  0.2  1.4 2.4 1.3 

BCR-2           

05/2013 1.713 d 5.902 d 573 c 1.0009 0.0006 0.883 0.004 0.999 0.992 0.883 

05/2013 1.711 d 5.890 d 574 c 1.0001 0.0006 0.885 0.003 1.001 0.993 0.884 

12/2013 a 1.700 d 5.897 d 574 c 1.0001 0.0006 0.886 0.004 1.010 0.991 0.877 

03/2014 1.699 d 5.901 d 572 c 0.9988 0.0007 0.880 e 0.003 1.006 e 0.993 e 0.876 

03/2014 a 1.690 d 5.876 d 572 c 1.0014 0.0019 0.881 e 0.003 1.005 e 0.996 e 0.875 

06/2014 1.702 d 5.908 d 580 c 0.9957 0.0009 0.883 e 0.003 1.012 e 1.003 e 0.877 

Mean 1.702 5.896 574 1.000  0.883  1.005 0.995 0.879 

2 RSD (%) 1.0 0.4 1.1 0.4  0.5  1.0 0.9 0.9 

2SD of relative deviations 

from the means (%) 0.8 0.6 1.1 0.3  0.4  1.0 1.2 0.9 

Analytical uncertainties 

used in this study (%) 1.0 1.0 1.5 0.5  1.0  1.5 2.0 1.0 

2SE are internal standard error from within-run counting statistics. The following radioactive decay constants were used: λ238= 1.5513×10−10y−1 (Jaffey et al., 1971; 

Schön et al., 2004), λ234= 2.8263×10−6y−1 (Cheng et al., 2000), λ230= 9.158×10−6y−1 (Cheng et al., 2000), λ226= 4.335×10−4y−1 (Holden, 1990) and λ232= 4.932×10−11y−1 

(Rubin, 2001). 

nd: not determined 
 a mean value published in Ackerer et al.( 2016) 
b mean value published in Claude et al.( 2016) 
c measured with a Thermo- Scientific Triton mass spectrometer (TIMS) 
dmeasured with a Thermo- Scientific Neptune multiple collector inductively coupled plasma mass spectrometer (MC-ICP-MS) 



 

 

e corrected from 232Th peak tailing over 230Th 

Table 2: Major elements contents (in %) in the biotite grains extracted from various soil depths and from the granitic saprolite (after 

Voinot, 2012) 

 

LOI 

1000°C 

SiO2 

(SiO2*) 

Al2O3 

(Al2O3*) 

MgO 

(MgO*) 

CaO 

(CaO*) 

Fe2O3 

(Fe2O3*) 

MnO 

(MnO*) 

TiO2 

(TiO2*) 

Na2O 

(Na2O*) 

K2O 

(K2O*) 

SiO2
*

Al2O3
*
 
K2O

*

Al2O3
*

 

20-30 cm (50-200µm) 

 

11.15 

 

34.8 

(29.8) 

21.7 

(23.4) 

5.68 

(6.12) 

0.07 

(0.07) 

22.7 

(24.5) 

0.73 

(0.79) 

1.36 

(1.47) 

0.18 

(0.19) 

2.64 

(2.84) 

 

1.27 

 

0.12 

20-30 cm (200-2000µm)  

 

6.17 

 

43.5 

(34.5) 

20.8 

(24.1) 

4.07 

(4.72) 

0.06 

(0.07) 

17.1 

(19.8) 

0.53 

(0.61) 

2.65 

(3.08) 

0.44 

(0.51) 

5.43 

(6.30) 

 

1.43 

 

0.26 

110-120 cm  

 

6.41 

 

41.1 

(32.2) 

19.9 

(22.9) 

5.45 

(6.26) 

< dl 

 

18.7 

(21.5) 

0.47 

(0.53) 

3.32 

(3.82) 

0.26 

(0.30) 

4.96 

(5.70) 

 

1.41 

 

0.25 

120-130 cm  

 

6.01 

 

44.1 

(32.2) 

20.2 

(24.5) 

4.84 

(5.87) 

< dl 

 

16.1 

(19.5) 

0.48 

(0.59) 

2.59 

(3.15) 

0.31 

(0.37) 

4.40 

(5.34) 

 

1.31 

 

0.22 

Saprolite biotite  

 

2.94 

 

43.0 

(38.0) 

18.9 

(20.6) 

4.22 

(4.59) 

0.10 

(0.11) 

19.0 

(20.7) 

0.50 

(0.54) 

2.40 

(2.61) 

0.70 

(0.76) 

7.15 

(7.78) 

 

1.86 

 

0.38 

Saprolite biotite after 

interlayer extraction (NaCl)a 

10.33 40.0 15.1 3.40 1.15 15.4 0.44 1.75 6.2 4.05   

Results are given as percent fractions on weight basis after drying at 110°C per gram of extracted grains (quartz included, Voinot, 2012). The 

values in brackets (*) refer to the major element contents recalculated per gram of biotite and weathering products without quartz, i.e.; after 

subtracting quartz contribution to SiO2 content. The precision is 3%.  

LOI 1000°C: Lost on Ignition at 1000 °C. 

dl = detection limit (= 0.05 %) 
a this study 



 

 

Table 3: U- and Th-series nuclides concentrations and activity ratios in the separated biotite grains. 

[U]         [Th] 

µg.g-1        µg.g-1 

(234U/238U) 

 

(230Th/234U) 

 

(226Ra/230Th) 

 

(230Th/232Th) 

 

Residual biotite a 

% 

Uncertainties ± 1 % ± 1 % ± 0.5 % ± 1.5 % ± 2 % ± 1 %  

20-30 cm (50-200µm) 40.8 88.8 0.731 1.139 0.667 1.161 28 

20-30 cm (200-2000µm) 64.9 337.6 0.797 1.082 0.752 0.503 75 

110-120 cm 39.5 289.6 0.923 1.047 0.794 0.400 60 

120-130 cm 42.8 232.6 0.908 1.054 0.756 0.535 64 

120-140 cm 49.4 310.2 0.936 1.044 0.913 0.472 nd 

Saprolite biotite 31.2 107.7 0.761 1.100 0.757 0.735 100 

Saprolite biotite replicate 29.5 96.8 0.762 1.101 0.766 0.776 / 

a: from Voinot (2012), recalculated without quartz contribution (see the text for explanation). 

  



 

 

Table 4: U, Th and Mg (when relevant) recovery during interlayer (1 M NaCl) and amorphous Fe-Al-Mn oxy-hydroxides (0.2 M oxalate acid/ 

ammonium oxalate) extractions from the saprolite biotite. 

 % U % Th % Mg 

1st extraction interlayer 0.7 0.15 nd 

2nd extraction interlayer 0.3 0.02 nd 

3rd extraction interlayer 0.05 < dl nd 

Oxy-hydroxides extraction  2 4 0.4 

The fractions are relative to the total amount of U, Th and Mg in the mineral. The 3 extractions with 1M NaCl lasted 7 days each and were 

sequential. The precision of the concentration measurement in the solutions is 10 % for U and Th (ICP-MS analysis) and 3 % for Mg (ICP-AES 

analysis). 

nd: not determined 

dl: detection limit 

 

Table 5: Model parameter ranges allowing to fit the measured activity ratios. The leaching constants leading to the minimum and maximum 

time length are reported (model 1 and 2). 

 k238U (y-1) k234U (y-1) k230Th (y-1) k226Ra (y-1) k232Th (y-1) Timea 

Range 1.5×10-6 -

1.4×10-4 

7.6×10-6 -

1.5×10-4 

3.8×10-6 -

1.5×10-4 

1.7×10-4 -

3.7×10-4 

2×10-5 -

6×10-4 

6-52 ky 

Model 1 4.50×10-5
 8.71×10-5 7.29×10-5 2.70×10-4 2.24×10-4 6 ky 

Model 2 1.89×10-5
 2.42×10-5 2.10×10-5 2.30×10-4 3.93×10-5 52 ky 

a: amount of time required to evolve from the 120-140 cm to the 20-30 cm (< 200 µm) sample 




