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Abstract : 
 
The δ30Si stable isotopic composition of silicon in soils and fine-grained sediments can provide insights 
into weathering processes on continents, with important implications on the Si budget of modern and 
past oceans. To further constrain the factors controlling the distribution of Si isotopes in sediments, we 
have analysed a large number (n=50) of separate size-fractions of sediments and suspended particulate 
materials collected near the mouth of rivers worldwide. This includes some of the world’s largest rivers 
(e.g. Amazon, Congo, Mackenzie, Mississippi, Murray-Darling, Nile, Yangtze) and rivers from the case 
study areas of the Congo River Basin and Northern Ireland. Silt-size fractions exhibit a mean Si isotopic 
composition (δ30Si = -0.21 ± 0.19‰; 2 s.d.) similar to that previously inferred for the upper continental 
crust. In contrast, clay-size fractions display a much larger range of δ30Si values from -0.11‰ to -
2.16‰, which yield a global δ30Si clay of -0.57 ± 0.60‰ (2 s.d.) representative of the mean composition 
of the average weathered continental crust. Overall, these new data show that the Si isotopic signature 
transported by river clays is controlled by the degree of chemical weathering, as inferred from strong 
relationships with Al/Si ratios. At a global scale, the clay-bound Si isotopic composition of the world’s 
largest river systems demonstrates a link with climate, defining a general correlation with mean annual 
temperature (MAT) in corresponding drainage basins. While the distribution of Si isotopes in river 
sediments also appears to be influenced by the tectonic setting, lithological effects and sediment 
recycling from former sedimentary cycles, our results pave the way for their use as paleo-weathering 
and paleo-climate proxies in the sedimentary record. 
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1. INTRODUCTION 

          Stable silicon isotopes can be fractionated during Earth surface processes, resulting in a 

large (about 7 ‰) range of 
30

Si compositions in the terrestrial environment (e.g. Douthitt, 

1982; Ding et al., 1996; André et al., 2006; Poitrasson, 2017).  While pristine (unweathered) 

silicate rocks usually display uniform Si isotopic compositions on continents (
30

Si ~ -0.3 ± 

0.2 ‰; e.g. Savage et al., 2010; 2012), their alteration leads to weathering products having 

very distinctive Si isotopic ratios: a dissolved pool characterized by positive 
30

Si values (up 

to ~ +4.7 ‰; e.g. De la Rocha et al., 2000; Georg et al., 2006a; Ding et al., 2004; Ding et al., 

2011; Cardinal et al., 2010; Hughes et al., 2013; Cockerton et al., 2013; Vandevenne et al., 

2015; Steinhoefel et al., 2017), and residual clays and iron oxides with negative values (down 

to 
30

Si ~ -2.5 ‰; e.g. Ziegler et al., 2005a; 2005b; Delstanche et al., 2009; Opfergelt et al., 

2010; Steinhoefel et al., 2011; Opfergelt and Delmelle, 2012).  This mass-dependent isotopic 

fractionation mainly results from preferential incorporation of the light 
28

Si isotope released 

during silicate weathering into secondary clays and iron oxides, a process that leaves behind 

an isotopically-heavier dissolved Si fraction in the soil system.  On continents, this 
30

Si-

enriched dissolved load is then available for biogeochemical cycling in diatoms and plants 

within the  freshwater watersheds and being ultimately discharged into the oceans (e.g. Frings 

et al., 2016).    

Over the past few years, various relationships have been reported between the degree of Si 

isotopic fractionation in soils and weathering indices, climate parameters and the age of soils 

(Ziegler et al., 2005a; 2005b; Cornelis et al., 2010; Opfergelt et al., 2010; 2012; Bern et al., 

2010; Pogge von Strandmann et al., 2012; Cornelis et al., 2014).  These observations led to 

the general idea that the 
30

Si composition of fine-grained sediments could be directly related 

to weathering intensity (Opfergelt and Delmelle, 2012).  Despite promising perspectives for 

reconstructing the evolution of silicate weathering over geological timescales (Delvigne et al., 

2016), the usefulness of Si isotopes as weathering proxies is yet to be fully demonstrated.  To 

some extent, this is because most of the above-mentioned literature mainly refers to small-

scale investigations of soil sequences or particular river systems, rather than large-scale field 

studies.  In addition, many studies reported 
30

Si data for bulk soils or sediments, hence on 

samples in which inherited weathering 
30

Si signatures are likely to be obscured by dilution 

effects due to the presence of quartz or any other primary silicate minerals.  For example,  

investigations of Si isotope systematics in the vast Yangtze and Yellow river basins showed 
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that the variability of 
30

Si in the suspended particulate matter transported along the course of 

these two rivers was mostly controlled by the relative proportion of clays versus primary 

silicate minerals in suspended loads (Ding et al., 2004; Ding et al., 2011).  This was also the 

case of one study that reported Si isotopic measurements for various loess and shale samples 

(Savage et al., 2013).  Despite providing unique constraints on the bulk Si isotopic 

composition of the upper continental crust (UCC), this latter study failed to identify a clear 

link between 
30

Si in shales and their corresponding degree of weathering intensity, possibly 

because those fine-grained sedimentary rocks are composed of various amounts of quartz and 

other primary silicate minerals in addition to secondary clays.     

 

The aim of this study is to further understand the factors controlling the variability of Si 

isotopic ratios in fine-grained continental sediments. To this purpose, we have analysed an 

important set of modern river sediments worldwide. A third of these samples comes from 

some of the world’s largest river systems, therefore providing global information on the 

behaviour of Si isotopes during Earth surface processes. The results obtained on separate 

clay-size fractions further suggest that 
30

Si is linked to chemical weathering intensity, and 

identify climate and lithology as important parameters influencing the global distribution of Si 

isotopes in fine-grained sediments.  We also use these data to provide an estimate for the 

global 
30

Si composition of the weathered upper continental crust. 

 

2. MATERIALS AND METHODS 

2.1. Sample collection 

     Overall, a total of 50 sediments were analysed during this study. Most samples were 

collected from river watersheds (river bank sediments or suspended particulates), estuaries 

(tide-dominated environments), or submarine deltas (wave-dominated environments) near the 

mouth of rivers (Fig. 1; Table 1). In addition, three samples (Congo, Niger, Nile) were 

collected from more distal locations at continental margins, in deep-sea fan environments.  

Except for samples from the Congo River tributaries (see below), all river sediments were 

scooped from recent river bank deposits. The other sediment samples (estuaries, submarine 

deltas and continental margins) were recovered by coring, and correspond to core-tops or sub-
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surface sediment layers.  Therefore, all studied samples correspond either to modern or 

relatively recent sediments that have been presumably deposited during the last few centuries.   

Selected samples include 17 major river systems draining large (> 100,000 km
2
) continental 

areas (e.g. Amazon, Congo, Mississippi, Nile, Niger, Yangtze, Mackenzie, Murray-Darling, 

Mekong), in addition to other smaller rivers and selected tributaries associated with particular 

geological settings, such as sedimentary basins (e.g. Adour, Shannon), old cratonic areas from 

northern South America (e.g. Rio Caura, Caroni and Aro, which are tributaries of the Orinoco 

River), Western Australia (Gascoyne), and the Fennoscandian Peninsula (Tana), or mantle-

derived environments (Pirogues).   

Several river sediments (n = 6) were also sampled in Northern Ireland (Fig. 2a) from 

watersheds hosting distinct geological formations (Paleocene basalts, Paleozoic sedimentary 

rocks, Proterozoic metamorphic rocks).  Four of those rivers (River Maine, Six Mile Water, 

Moyola and Blackwater) discharge into the Lough Neagh, i.e. the largest freshwater lake in 

the British Isles. The Lower River Bann represents the only river that flows out from the 

Lough Neagh.  These small river basins (< 6,000 km
2
) are characterized by uniform mild and 

humid (about 1000 mm/yr) climatic conditions.  

A series of suspended river particulates (n = 10) from the Congo Basin (i.e. the largest river 

system in Africa) were also analysed (Fig. 2b). This includes 6 samples collected in 

December 2013 along the Congo River between Kisangani and Kinshasa, and at the 

confluence point of its largest tributaries (Lualaba, Lindi, Lomani, Aruwimi, Ubangui, Kasai). 

Four other samples were collected in June 2015 along the Kasai River (the largest left-bank 

tributary of the Congo River) and its own tributaries (Sankuru, Loange, Kwango).   All 

samples were collected from a small boat using 15-L polyethylene reservoirs.  The different 

Congo River sub-basins investigated here are characterized by similar tropical climate, with 

annual rainfall ranging from between 1200 to 1900 mm, but display distinct geological 

settings.  The river catchments draining the northern and eastern margins of the watershed are 

dominated by Archaean (Ubangui) and Proterozoic (Lualaba, Lindi, Aruwimi) metamorphic 

basement rocks, while those draining the central and southwestern parts (Lomani, Kasai River 

and its tributaries) drain mostly Archaean-Early Proterozoic basements, which are masked by 

extended Mesozoic- Cenozoic sedimentary covers (Fig. 2b).   
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2.2. Sample and chemical preparations 

     Details about sample preparation have been reported elsewhere (Bayon et al., 2015). 

Except for the series of suspended sediment particles from the Congo Basin, other samples 

were first sieved through a 63µm mesh to collect the fine-grained fraction. After settlement 

within the 15 L reservoirs, the Congo River Basin particulates were transferred into 1 L 

polyethylene bottles, prior to being centrifuged at the laboratory within 50 mL centrifuge 

tubes and oven dried. All sediment samples (i.e. marine and river sediments, river suspended 

particulates) were treated using a sequential leaching procedure that quantitatively removes 

carbonate, Fe-Mn oxyhydroxide and organic components from the bulk (pristine) sediment 

(Bayon et al., 2002). Clay-size fractions (<4 µm) were then separated from the coarser silt-

size fractions (4-63 µm) by centrifuging twice the obtained residual fraction at 1000 and 800 

rpm, respectively (Bayon et al., 2015). The reliability of our separation procedure was 

assessed through repeated granulometric measurements of several sediment samples, 

including both river and marine sediments. For comparison with 
30

Si data for clays, a series 

of silt-size fractions (n = 9) were also analysed for Si isotopic compositions.  

All samples were digested by alkaline fusion following a procedure based on Bayon et al. 

(2009).  About 5 mg of dried sediment powder were transferred into glassy carbon crucibles 

and placed into an oven at 650°C for 12 min, after addition of analytical grade NaOH (about 

200 mg) and Na2O2 pellets (about 50 mg).  The obtained melts were dissolved in 50-ml 5% 

(v/v) sub-boiled HNO3 to avoid subsequent co-precipitation of any Fe-oxyhydroxide phases, 

and then stored into centrifuge tubes.  Silicon purification was achieved by ion exchange 

chromatography (AG-50W-X12) based on the procedure developed by Georg et al. (2006b).  

The procedural Si yield assessed using repeated analyses of reference materials (Diatomite, 

BHVO-1, SGR-1) gave an average value of 97.3 ± 1.8 % (1 s.d.). Total blanks were 

negligible compared to the amount of samples used in this study.   

 

2.3. Analytical methods 

2.3.1. Major elements and clay mineralogy 

     Major element concentrations for the marine and riverbank sediments used in this study 

have been already reported elsewhere, together with data for clay mineralogy (Bayon et al., 

2015). Clay mineralogical data for Australian river sediments (Murray, West Fitzroy, 
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Gascoyne, East Alligator, Jardine) are from Gingele and De Deckker (2004).  Major element 

concentrations for the clay-size fractions of suspended river particulates from the Congo 

Basin were determined by ICP-AES at the Royal Museum for Central Africa after lithium 

metaborate fusion, with average accuracies typically below 5%.   

 

2.3.2. Silicon isotopic measurements 

     Silicon isotopic compositions were measured with a Neptune MC-ICPMS at the Pôle 

Spectrométrie Océan (Brest), using an APEX desolvation unit and a medium mass resolution 

mode.  Mass bias correction was achieved by Mg external doping, with a resulting [Si]/[Mg] 

ratio of ~ 1.  Measured 
30

Si/
28

Si and 
29

Si/
28

Si ratios corrected from blank contribution and 

mass discrimination were normalized to the conventional NBS28 reference standard using a 

sample-standard bracketing method. Three reference materials (Diatomite, BHVO-1, SGR-1) 

were also repeatedly analyzed during the course of this study (from June 2015 to July 2016) 

in order to assess the accuracy and reproducibility of measured NBS28-normalized 
29

Si and 


30

Si values.  The obtained values agree well with those reported earlier in previous studies 

(Table 2).  During each analytical session, three distinct analyses were performed for every 

studied sample and reference materials, and reported Si isotopic compositions correspond to 

average values of these 3 analyses ± associated standard deviation (2 s.d.).  In addition, a 

series of 3 sediment samples (clay-size fractions) from the Loire River (France) was used to 

assess both sample representativeness and the analytical uncertainty associated with sediment 

preparation.  These samples were collected along a 50-km transect along the river estuary.  

The obtained uncertainties (2 s.d.) on the average 
29

Si (-0.32‰) and 
30

Si (-0.66‰) values 

associated with sediment sampling and preparation were ± 0.13‰ and 0.15‰, respectively 

(Table 2).  All Si isotopic data reported in this study fall on a well-defined mass-dependent 

fractionation array on a 
29

Si versus 
30

Si plot, with a slope of ~ 0.512. 

 

3. RESULTS 

     Results for NBS28-normalized Si isotopic ratios are listed in Table 1 (clay-size fractions) 

and Table 3 (silt-size fractions).  Table 1 also includes previously published clay 

mineralogical data (Bayon et al., 2015; Gingele and De Deckker, 2004) and information on 

climatic parameters in corresponding river basins.  Note that the mean annual air temperature 
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(MAT) and precipitation (MAP) data for each river system listed in Table 1 are derived from 

Bayon et al. (2016) or from the CLIMWAT climatic database managed by the Food and 

Agriculture Organization of the United Nations (FAO).  

  

     Silt-size sediments exhibit a narrow range of Si isotopic compositions, from 
30

Si -0.05‰ 

(River Foyle) to -0.43‰ (Rio Caura).  This last sample is significantly depleted in 
30

Si 

compared to the other studied silt fractions, possibly due to partial contamination by clays 

during our grain-size separation procedure.  In contrast, clay-size fractions display Si isotopic 

compositions 
30

Si clay) from -0.11‰ (Fraser) to -2.16‰ (Rio Caura and Rio Caroni), which 

almost encompass the full range of 
30

Si data reported in the literature for bulk soils and clays 

(between about -2.95 and -0.16‰; Opfergelt and Delmelle, 2012; Frings et al., 2016).  Many 

samples investigated during this study were collected in the marine environment, hence with 

the possibility that they could include some authigenic clays formed by early diagenetic 

processes (e.g. reverse weathering; Michalopoulos and Aller, 1995).  While the presence of 

neoformed clay minerals in some particular samples cannot be fully excluded, evidence that 

the marine sediments recovered in the deep-sea fan environments at the Congo (-1.15‰) and 

Niger (-1.05‰) margins display very similar Si isotopic compositions than corresponding 


30

Si clay signatures of river sediments from their main tributary (Kasai River: -1.16‰ and 

Benue River: -1.08‰, respectively) suggests that this potential effect can be probably 

neglected in this study.   

 

4. DISCUSSION 

4.1. The Si isotopic composition of the unweathered and weathered upper continental 

crust 

          The silt-size fraction of river sediments can provide integrated information on the 

geochemical composition of the pristine, or unweathered, source rocks in corresponding 

watersheds.  As shown recently using major element concentrations, silt-size separate 

fractions from major river systems worldwide display mean geochemical signatures similar to 

global reference estimates for the UCC, loess and continental-scale reference values for soils 

(Bayon et al., 2015).  Similarly, the average value obtained for neodymium (Nd) isotopic 

ratios for the same silt-size fractions was found to match very well with previous global 

estimates inferred from the analyses of river particulates and loess deposits worldwide (Bayon 
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et al., 2015).  In this study, considering only the data obtained for sediments from major river 

systems (i.e. Amazon, Yangtze, Mackenzie, Mekong, Yellow River, Northern Dvina, Red 

River), the obtained mean 
30

Si composition for silt-size fractions of world river sediments is 

fixed at -0.21 ± 0.19‰ (2 s.d; n=7). This value coincides well with the estimate for the 

average Si isotopic composition of the upper continental crust (-0.25 ± 0.16‰; Savage et al., 

2013).   

 

Taken together, the cumulative area of the major river basins investigated in this study with 

watersheds larger than > 100,000 km
2
 (n = 17; excluding the Benue River, i.e. a tributary of 

the Niger River) accounts for a total of 26.4 × 10
6
 km

2
, hence representing about 25% of the 

entire continental area that drains into the global ocean (105 × 10
6
 km

2
; Milliman and 

Farnsworth, 2011).  In terms of sediment discharge, these rivers export altogether about 2.7 

Gt of suspended particles each year, which represents about 15% of the annual sediment flux 

to the global ocean (about 18 Gt/yr; Milliman and Syvitski, 1992). This relatively large 

coverage area and associated sediment flux indicates that the results reported here for clay-

size fractions (
30

Si clay) can be used to provide a first global estimate for the Si isotopic 

composition of the average weathered upper continental crust, yielding 
30

Si clay = -0.57 ± 

0.60‰ (2 s.d.).  Note that this value does not correspond to an area-weighted or a flux-

weighted average value. Below, we discuss the processes that account for the large dispersion 

of 
30

Si values measured in the clay-size fractions of river sediments worldwide, with 

particular emphasis on the role of chemical weathering, climate and lithology.   

 

4.2. Silicon isotopic fractionation during weathering 

     A strong correlation (R
2
 = 0.80) is observed between the Si isotopic composition of our 

clay-size fractions
30

Si clay) and corresponding Al/Si ratios in clays (Fig. 3a).  This global 

relationship echoes with that reported earlier between Si isotopes and the chemical index of 

alteration (CIA) in bulk soils from Guadeloupe, Cameroon, Iceland, Hawaii and Puerto Rico 

(Opfergelt and Delmelle, 2012), hence further suggesting that the 
30

Si signature of weathered 

sedimentary products is related to chemical weathering intensity.  These relationships confirm 

that the distribution of Si isotopes in weathering products is related to desilication, i.e. the 

process by which alteration of silicate minerals is accompanied by formation of secondary 

clays with higher Al/Si ratios (due to net Si loss).  In contrast, measured 
30

Si clay 
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compositions display a negative correlation with corresponding Mg/Si ratios (Fig. 3b), 

reflecting the fact that Mg is highly mobile during weathering processes and typically 

depleted in soils relative to Si. However, compared to Al/Si, the more scattered distribution of 

studied river samples in the Mg/Si versus 
30

Si clay plot is probably best explained by 

lithological effects, in particular those related to preferential weathering of Mg-rich mafic 

igneous rocks.  

The degree of soil desilication is time-dependent, and earlier findings have linked the 

progressive 
30

Si-depletion in soils of increasing age with repeated cycles of clay 

dissolution/precipitation (Bern et al., 2010; Cornelis et al., 2014).  In this study, the observed 

relationship between 
30

Si clay and Al/Si in river sediments is also coherent with recent 

theoretical studies, which emphasized the importance of major element chemical composition 

in controlling silicon isotopic fractionation during mineral formation (Méheut and Schauble, 

2014).  As shown in that latter study, the degree of Si isotopic fractionation is strongly 

dependent on the incorporation of Al and other major cations within the structure of silicate 

minerals, with lighter Si isotopes being preferentially partitioned into mineral phases with 

high Al/Si and Mg/Si ratios.  Experimental investigations have also led to the suggestion that 

Si isotopic fractionation during adsorption onto mineral surfaces could occur in presence of 

substantial amounts of Al in the parental fluid, with higher Al concentrations leading to larger 

Si isotopic fractionation (Oelze et al., 2014; 2015).  Increasing amounts of Al in soil solutions 

would drive faster Si removal during clay formation, resulting in a stronger kinetic isotopic 

fractionation (Oelze et al., 2015).  While this effect is unlikely to play a major role in 

environments with near-neutral pH conditions, the increasing solubility of most dissolved Al 

species (Al(OH)2, AlOH
2+

, Al
3+

) in acidic freshwaters (pH < 5) could possibly result, at least 

locally, in secondary clays characterized by strong 
30

Si depletion.  In this study, such acidic 

conditions are prevalent in the so-called ‘black’ rivers that drain the Guiana Shield in northern 

South America (Edmond et al., 1995). This would agree well with the fact that the most 
30

Si-

depleted signatures encountered in this study (
30

Si clay ~ -2.15 ‰) correspond to samples 

collected from the same ‘black’ rivers in Venezuela (Rio Caroni and Rio Caura).  

Alternatively, the highly depleted 
30

Si clay values associated with Venezuelan rivers could 

also simply reflect the presence of very intense weathering processes in the plateaus of the 

Guiana Highlands. 
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Interestingly, as shown in Fig. 3a, the intersect of the best-fit trend observed for the above-

mentioned relationship with the average 
30

Si composition of the pristine (unweathered) 

upper continental crust (-0.25 ± 0.16‰; Savage et al., 2013) gives an Al/Si value of about 

0.35, hence substantially higher than previous estimates for the average Al/Si composition of 

the UCC (0.25 ± 0.01; see Rudnick and Gao, 2003 and references therein).  In agreement with 

a recent study (Ameijeiras-Marino et al., 2017), the observed mismatch between 
30

Si clay and 

Al/Si ratios could suggest that clay mineral formation in environments characterized by very 

low silicate weathering rates (or during the early stages of chemical weathering in soils), such 

as those encountered under cold and/or arid climatic conditions for example, is not 

accompanied by significant Si isotopic fractionation.  While further studies would be needed 

to confirm this hypothesis, this would be coherent with recent experimental works, which 

argued that slow kinetic precipitation of secondary minerals could lead to products having a 


30

Si composition similar to that of their parental fluid solutions, hence without any 

measurable Si isotopic fractionation (Oelze et al., 2014; 2015).  Alternatively, as discussed in 

another recent study (Opfergelt et al., 2017), another possible explanation accounting for the 

mismatch between Al/Si and 
30

Si clay in cold environments could relate locally to the 

presence of organic-rich peatlands, which typically form under waterlogged anoxic conditions 

in cool climatic regions.  In such anoxic environments, Si concentration in soil solutions can 

reach supersaturation with respect to amorphous silica, due to formation of Al-organic 

complexes, hence leading to preferential incorporation of lighter Si isotopes and, as a 

consequence, to heavier 
30

Si compositions in soil solutions. As a consequence, precipitation 

of secondary clay minerals from enriched 
30

Si soil solutions could also possibly account, at 

least partly, for the relatively heavy 
30

Si clay compositions observed in particular cool 

climatic environments.  

 

Clay mineralogy is also thought to play an important role in controlling the distribution of Si 

isotopic ratios in soils (e.g. Opfergelt et al., 2010).  Previous investigations reporting coupled 

analyses of both clays and corresponding parent rocks have shown that distinct clay minerals 

are tagged with specific 
30

Si signatures, and this has been interpreted in terms of different 

degree of isotopic fractionation.  So far, however, the degree of Si isotopic fractionation 

between secondary clays and silicate rocks has only been reported for a few minerals, 

including smectite (with 
30

Si clay-parent silicate material ranging from ~ 0 to -1.5 ‰; Georg et al., 
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2007; 2009; Opfergelt et al., 2010), allophane (-1.8 ‰; Ziegler et al., 2005b) and kaolinite 

(from -1.6 ‰ to -2 ‰; Ziegler et al., 2005b; Méheut et al., 2007).  Additional field-based, 

theoretical and/or experimental studies will be needed to determine fractionation factors 

associated with other clay minerals, especially those such as illite and chlorite that are 

encountered preferentially in poorly weathered environments.  In this study, for any given 

range of Al/Si ratios, the samples dominated by illite-chlorite-vermiculite assemblages (i.e. 

accounting for >50% of the total clay fraction) generally display heavier isotopic 

compositions than smectite- and kaolinite-rich samples (Fig. 3c).  When considering paired 

clay- and silt-size 
30

Si data for samples characterized by very high illite-chlorite contents (> 

80 % of the total clay fraction; i.e. River Foyle, and Red River) and assuming that the Si 

isotopic composition of corresponding silt-size fractions is representative of the parental rock 

signature, the calculated 
30

Si clay-parent silicate material values for illite-chlorite range between -0.21 

to -0.28 ‰.  Presumably, these low 
30

Si clay-parent silicate material values could reflect a lower 

degree of Si isotopic fractionation for illite and chlorite during weathering processes in soils, 

relative to smectite or kaolinite.  Another possible explanation would be that the low 
30

Si 

signatures characteristic of illite-chlorite and smectites assemblages in river sediments partly 

reflect the presence of inherited (recycled) clay minerals associated with erosion of low-grade 

metamorphic and/or hydrothermally-altered rocks in river basins.  Indeed, as predicted by 

theoretical work (Meheut et al., 2007; 2009), the degree of Si isotopic fractionation during 

mineral formation strongly decreases with increasing temperatures, so that illite and chlorite 

formed at relatively high temperature (40-400°C) during the low-grade metamorphism and/or 

the hydrothermal alteration of magmatic bodies would be expected to display relatively low 


30

Si values, close to the average isotopic compositions of unweathered crystalline continental 

crust (-0.22±0.07 ‰, Savage et al., 2013).  The presence of such pre-formed clays derived 

from the erosion of metamorphic or hydrothermally-altered rocks could also possibly explain 

the discrepancy observed between Al/Si and 
30

Si values in the upper left-hand side of Fig. 3a 

(see discussion above).  In any case, the above consideration suggests that the distribution of 


30

Si values in fine-grained river sediments partly reflects, in addition to soil desilication 

processes, the fact that clay mineral assemblages transported by large river systems 

correspond to various mixtures between poorly 
30

Si-fractionated (heavier) clays (illite, 

chlorite) and more 
30

Si-depleted (lighter) minerals, such as smectite and/or kaolinite. 
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4.3. Global relationships between river 
30

Si clay and climate 

     In addition to chemical weathering, the potential link between Si isotopes and climate was 

examined by plotting 
30

Si clay against modern climatic parameters for corresponding drainage 

basins (Table 1; Fig. 4). The Si isotopic compositions of clay-size fractions display weak but 

overall general correlations with mean annual temperatures (MAT) and precipitations (MAP). 

The strong dependency of silicate weathering rates on temperature and precipitation in 

watersheds has been well documented in many experimental and field-based investigations of 

weathering (e.g. White and Blum, 1995; White et al., 1999; Dessert et al., 2003).  As will be 

discussed below (section 4.4), some of the observed Si isotopic variability in river sediments 

can be ascribed to lithological effects, in particular for those samples derived from watersheds 

draining particular geological settings.  In addition, recycling of fine-grained sediments issued 

from former sedimentary cycles is also likely to obscure any relationship between measured 


30

Si clay signatures and modern climatic condition (section 4.4.2). However, when 

considering only the world’s largest rivers with basin areas > 100,000 km
2
 (except for the 

particular Mackenzie River; see below), the Si isotopic composition of clays defines a good 

correlation with temperature (R
2
 = 0.73; n = 16; Fig. 5), which follows the general logarithmic 

equation:  
30

Si clay = Ln(0.858 - 0.016 × MAT).   

The global relationship between Si isotopes and climate is also illustrated by reporting 

measured 
30

Si clay values according to distinct climatic zones defined using arbitrary 

temperature and rainfall conditions, and against Al/Si ratios (Table 1; Fig. 6).  Average 
30

Si 

clay compositions for each climate zone are reported in Table 4.  The obtained 
30

Si clay 

estimates show a clear climate-dependency from cold and dry subarctic environments (mean 


30

Si clay = -0.32 ± 0.20 ‰; n = 6) to warm and wet tropical climate regions (mean 
30

Si clay = -

1.37 ± 0.51 ‰; n = 14).  In addition, the distinction of each climatic zones in the 
30

Si clay 

versus Al/Si relationship discussed above (section 4.2) also clearly supports the global link 

between climate, soil desilication, clay mineralogy and Si isotopic composition (Fig. 6a). 

Of course, the large dispersion of 
30

Si clay values observed in Fig. 4 and Fig. 6 indicates that 

other variables also control the overall distribution of Si isotopes in fine-grained sediments.  

For example, while most subarctic rivers display 
30

Si clay similar to the average UCC 

composition, indicative of limited weathering conditions, sediments from the Mackenzie and 

Tana rivers exhibit significantly lighter 
30

Si clay values (-0.68 ‰ and -0.48 ‰, respectively; 
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Fig. 6b).  These high-latitude rivers drain permafrost-dominated watersheds characterized by 

negative MAT (< -2°C).  In this context, the observed 
30

Si-depleted isotopic signatures could 

indicate that particular weathering processes are at play in permafrost-dominated regions,  

associated with larger isotopic fractionation at very low temperature conditions (Pokrovsky et 

al., 2013; Opfergelt et al., 2017).    Another possible explanation would also be that these 

relatively depleted 
30

Si signatures for clay-size fractions from the Mackenzie and Tana rivers 

indicate recycling of older sediments formed during previous weathering cycles. This  issue 

will be discussed in details below when discussing the case-study of the Congo Basin (section 

4.4.2).     

In addition to climate, tectonics and relief also play fundamental roles in erosion and 

weathering processes on continents (e.g. Edmond and Huh, 1997; Gaillardet et al., 1999a; 

West et al., 2005).  High mountain regions are typically associated with kinetically-limited 

weathering regimes due to high rates of mechanical erosion, which ultimately lead to export 

of poorly weathered material by rivers. In contrast, lowlands and high plateau areas generally 

correspond to transport-limited weathering regimes, characterized by the presence of thick 

strongly weathered soils but low chemical weathering rates.  In Fig. 6, the samples exhibiting 

the heaviest 
30

Si clay values in tropical humid/wet climate regions correspond to river basins 

that drain high and young mountain ranges.  This is the case for example of the Mekong River 

(
30

Si clay = -0.77 ‰; with a maximum elevation of ~5100 m), Red River (-0.54 ‰; 3100 m), 

Fly River (-0.71 ‰; 4000 m) and the Amazon (-0.81 ‰; 5500 m).  In contrast, the river 

sediments exhibiting the lightest 
30

Si signatures are encountered in tropical flat plains such 

as the Jardine River (
30

Si clay = -1.73 ‰; 164 m), or in the relatively flat high plateaus 

associated with the old cratonic areas drained by the Betsiboka in Madagascar (-1.29 ‰) and 

the Orinoco (down to -2.16 ‰) and Congo (down to -1.66 ‰) river tributaries.  Taken 

together, the above observations suggest that the inverse relationship between erosion rates 

and the degree of chemical weathering accounts, at least to some extent, for some of the 

observed 
30

Si clay variability in world river sediments.   

   

4.4. Lithological controls on the distribution of 
30

Si clay in river sediments 

     We now consider the results obtained for the series of sediments and suspended 

particulates from rivers of Northern Ireland and the Congo Basin. Because both settings are 
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characterized by relatively uniform climate conditions, these two case studies are particularly 

well-suited for investigating separately the role of lithology in controlling the distribution of 

Si isotopes in fine-grained sediments. 

 

4.4.1. Rivers of Northern Ireland 

The rivers of Northern Ireland drain watersheds characterized by distinct geological settings.  

The British Tertiary Volcanic province that outcrops in the northeastern part of the region is 

bordered on the south by Lower Paleozoic shales and on the west by old Proterozoic 

metamorphic terranes.  At present, the entire area is mainly covered by glacial tills left behind 

the retreat of the British-Irish ice-sheet during the last deglaciation period (e.g. Dempster et 

al., 2013). A substantial fraction of the fine-grained particles transported by Northern Irish 

rivers is expected to derive from erosion of late glacial deposits and/or post-glacial soil 

sequences that developed after ca. ~16 kyr BP above till deposits.  To a first approximation, 

we can consider that NE Irish soils probably have a roughly similar age, and hence that 

measured 
30

Si clay differences between each of the studied watersheds mostly result from 

lithological effects.   

The role of lithology was investigated by plotting 
30

Si versus the proportion of smectite 

minerals (i.e. a product of basalt weathering) and the neodymium (Nd) isotopic composition 

of the same clay-size sediment fractions, as reported in Bayon et al. (2015).  In contrast to Si, 

Nd isotopes (expressed from hereafter using the conventional Nd notation) are not decoupled 

during weathering processes and hence can be used as provenance tracers (Goldstein and 

Hemming, 2003).  In the case of Northern Irish rivers, high smectite contents and radiogenic 

(high) Nd values characterize clays derived from the British Tertiary Volcanic province, 

whereas river material transported from the Paleozoic and Proterozoic terranes display much 

lower smectite contents and Nd compositions (Bayon et al., 2015).  In Fig. 7, 
30

Si clay define 

strong correlations with both smectite contents and Nd values.  This finding suggests that the 

Si isotopic variability displayed by NE Irish river sediments is controlled to a large extent by 

sediment mixing between: 1) clays derived from basaltic soils (with 
30

Si clay ~ -1.20‰; Nd ~ 

+1 and smectite ~ 100%); and 2) clays derived from metamorphic/sedimentary terranes (with 


30

Si clay ~ -0.25‰; Nd ~ -16; smectite ~ 0%) dominated by illite-chlorite clay mineral 

assemblages possibly inherited from regional metamorphic rocks, which maintain the isotopic 
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signatures close to the UCC.  Because all soils in NE Ireland are presumed to be of similar 

age, integrating ongoing weathering processes since the end of the last glacial period (e.g. 

about 16 kyr ago), the marked 
30

Si (~ 1‰) difference observed between the two type of 

clays (smectite and illite-chlorite) is best explained by the fact that basaltic rocks weather 

much faster and more intensively than old metamorphic basement rocks, hence leading to 

formation of secondary clays characterized by more depleted 
30

Si clay values.   

 

4.4.2. Congo River Basin 

4.4.2.1. Influence of sediment recycling 

The Congo River and its main tributaries also drain watersheds characterized by roughly 

similar climatic conditions, but distinct geological settings.  Here, the role of lithology was 

investigated by comparing 
30

Si clay data to the relative proportions of different rock types 

outcropping in corresponding watersheds (Fig. 8), extracted from the GLiM global 

lithological map (Hartmann et al., 2012).  The restricted available quantity of suspended river 

particulates did not allow us to determine their clay mineralogy.  However, information on 

soil types was provided for each studied river sub-basins using the soil atlas of Africa 

(Dewitte et al., 2013).  All data about lithology and soil types are reported in Table 5.   Most 

of the Congo Basin is covered by ferralsols, which correspond to highly weathered soils 

dominated by kaolinite, and aluminum and iron oxides.  An exception is the southwestern part 

of the basin, drained by the Kasai River and its tributaries (except for Sankuru), which is 

dominated by easily erodable quartz-rich sandy soils called arenosols.   At the scale of the 

Congo Basin, no correlation was found between Si isotopes and the nature of soils in studied 

watersheds (not shown).  However, a clear relationship was observed between 
30

Si clay and 

the lithological composition of corresponding drainage basins (Fig. 8).  The river sub-basins 

exhibiting the heaviest clay 
30

Si suspended sediment compositions host substantial amounts 

(> 80%) of quartz-rich sandy detrital sedimentary rocks covered by quart-rich sandy soils 

(Lomani, Kasai, Kwango, Loange, Sankuru).  In contrast, the rivers displaying the lightest 


30

Si clay values (about ~ -1.6‰) correspond to watersheds (Lindi, Aruwimi, Ubangui) 

dominated by metamorphic rocks mostly Archaean in ages ( greenstone belts).  The light 
30

Si 

clay signatures of these latter rivers agree well with literature data reported previously for 

tropical soils developed above crystalline basement rocks in Puerto Rico (Ziegler et al., 



  

 Bayon et al., GCA, revised version (07-03-2018)  17 
 

2005b).  In such settings, intense silicate weathering under warm and humid conditions 

typically leads to kaolinite formation and development of strongly 
30

Si-depleted soils.  In 

contrast, one particularity is that those sedimentary formations from the Kasai River Basin 

include various shales, siltstones, and sandstone deposits of Jurassic and Cretaceous age, 

which are thought to have formed under semi-arid to arid conditions (Roberts et al., 2015; 

Owusu Agyemang et al., 2016), hence characterized by presumably moderately depleted 
30

Si 

clay signatures.  The assumption of low weathering conditions at that time (i.e. during the 

Jurassic and Cretaceous periods) was inferred from the relative abundance of easily alterable 

minerals (e.g. plagioclase, pyroxene, amphibole) in these sedimentary formations.  Detrital 

zircon geochronology indicates that these sedimentary formations are mostly derived from the 

erosion of Archaean and Paleoproterozoic terranes composed of anorthosites, gabbro-nortites 

and granites, hence possibly involving recycling of substantial amounts of high-temperature 

hydrothermal illite and chlorite associated with presumably relatively heavy 
30

Si signatures 

(see discussion section 4.2).  In this context, it is likely that a substantial proportion of fine-

grained sediments transported by the Kasai River and its tributaries corresponds to recycled 

clays with relatively heavy Si isotopic compositions derived from the above-mentioned 

Mesozoic sedimentary formations.  As suggested previously on the basis of major and trace 

element abundances (Gaillardet et al., 1999b) and Li isotopes (Dellinger et al., 2014), this 

example from the Congo Basin hence clearly shows that recycling of fine-grained sediments 

issued from former sedimentary cycles are also likely to play an important role in controlling 

the distribution of Si isotopes in suspended river particulates.   

 

4.4.2.2. Presence of a modern climatic signature during recycling of old sedimentary rocks? 

In addition to our case study from the Congo Basin, the importance of sediment recycling in 

large river systems has been also inferred from the application of Li isotopes to the suspended 

load of the Amazon, Mackenzie and Ganga-Bhramaputra rivers (Dellinger et al., 2014). The 

evidence that recycling of old sedimentary rocks strongly influences the geochemistry of 

sediments transported in large river basins markedly contrasts with our previous observation 

that 
30

Si clay for the largest rivers worldwide correlate well with modern climatic parameters 

(see section 4.3).  Interestingly, when considered separately, the clay-size fractions from those 

Congo and Kasai tributaries draining sedimentary basins also display a strong negative 

correlation with corresponding mean annual precipitation levels (Fig. 8c).  This observation 
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echoes with results from an earlier investigation of Phanerozoic shales collected along a 

latitudinal transect in the Appalachian Mountains (NE America), which showed that the 

degree of shale weathering was still clearly correlated with present-day climatic parameters 

(Dere et al., 2013).  Therefore, in agreement with this latter work, our own results for the 

Congo River Basin would suggest that Si isotopes can still provide constraints on modern 

weathering and climatic parameters in sedimentary basins.  Importantly, this finding would 

provide an explanation for the fact that the world’s largest river systems, which typically 

integrate a large diversity of lithologies including sedimentary rocks, still display a strong 

correlation between 
30

Si clay and present-day climate.    

 

5. CONCLUSIONS AND PERSPECTIVES 

     The data presented in this study confirm that continental weathering leads to coherent 
30

Si-

depletion in fine-grained sediments and governs the 
30

Si isotopic composition of clay-size 

fractions transported by rivers.  At the basin-scale, the 
30

Si clay signature of river sediments is 

strongly influenced by various lithological effects, such as the susceptibility of different rock 

types to weathering and sediment recycling in watersheds that mainly host sedimentary 

formations. Tectonic setting also plays an important role in controlling the Si isotope 

composition of river sediments.  Sediments exported from high mountain areas dominated by 

kinetically-limited weathering regimes are associated with less 
30

Si-depleted isotope 

signatures compared to those derived from lowlands or flat highland areas, where more 

intense weathering processes can lead to strongly negative 
30

Si clay compositions.   At the 

global scale, climate represents a major control on the Si isotope composition of river 

sediments, as inferred from general relationships between 
30

Si clay and the mean annual 

temperature (MAT) and precipitation (MAP) in corresponding drainage basins.  Overall, our 

findings have implications for the usefulness of Si isotopes as potential paleoenvironmental 

tracers in future studies.  The demonstrated sensitivity of clay-bound Si isotope compositions 

to climate (especially temperature) and silicate weathering intensity on continents indicates 

that past climatic fluctuations could be reflected in the 
30

Si sedimentary record of past river 

discharges.  An important pre-requirement prior to further establishing Si isotopes as 

paleoclimate proxies will be to further investigate their behaviour during early diagenetic 

processes, especially during reverse weathering that may occur at ocean margin settings, and 
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assess whether or not the 
30

Si weathered signatures initially acquired on continents can be 

faithfully preserved in sedimentary records. 
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FIGURE CAPTIONS 

Figure 1. World map and location of studied river-borne sediments. The green-colored 

drainage basins correspond to the major river systems with areas > 100,000 km
2
 

investigated during this study (n = 17; excluding tributaries).  The boxes refer to the case 

study areas of Northern Ireland (A) and the Congo River Basin (B) reported in Figure 2. 

Figure 2. Simplified lithological maps of Northern Ireland (a) and the Congo River Basin (b) 

areas, with position of studied river bank sediments (Northern Ireland) or suspended 

particulate (Congo Basin) samples (yellow circles), with corresponding 
30

Si 

compositions for clay-size detrital fractions. Northern Ireland: Foy (River Foyle); Mo 

(Moyola River); LRB (Lower River Bann); Mai (River Maine); Six (Six Mile Water) and 
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Bla (River Blackwater).  Congo Basin: Uba (Ubangui River); Kas-D (River Kasai, 

downstream); Kwa (Kwango River); Loa (Loange River); Kas-U (River Kasai, 

upstream); San (Sankuru River); Lom (Lomani River); Aru (Aruwimi River); Lin (Lindi 

River) and Lua (Lualaba River, or Upper Congo).  

Figure 3. Relationships between the Si isotopic composition of river clay-size fractions (
30

Si 

clay) and corresponding (a) Al/Si ratios; (b) Mg/Si ratios; and (c) Al/Si ratios and clay 

mineralogy.  Reported are data for riverbank samples from Northern Ireland (green 

triangles), river suspended particulates from the Congo Basin (yellow squares), and other 

river-borne sediments worldwide analysed during this study (black circles). (a) The 

dashed lines and associated grey bands correspond to the mean values (and associated 

uncertainties) for the average upper continental crust composition, as inferred from Si 

isotopic compositions of loess and shale samples (
30

Si = -0.25 ± 0.16‰; Savage et al., 

2013) and Al/Si ratios of global UCC estimates (see Rudnick and Gao, 2003, and 

references therein).  Also shown are the best-fit linear trends (black lines) for all samples 

(n=50) and associated coefficient of regressions (R
2
).  (c)  Symbols: (green circles) River 

sediment samples dominated by illite-chlorite-vermiculite assemblages (> 50% of the 

total clay mineral assemblage). River sediment samples with at least 50% of smectite and 

kaolinite-gibbsite clay mineral contents (blue and red circles, respectively).  

Figure 4. Relationships between river 
30

Si clay and climate. All reported data are from this 

study.  The climatic parameters used for comparison include (a) the mean annual 

temperatures (MAT; °C); and (b) mean annual precipitation (MAP; mm) in 

corresponding drainage basins. Symbols: see Figure 4 caption.   

Figure 5. The general relationship between 
30

Si clay and temperature (°C) in major river 

systems. The obtained best-fit trend (logarithmic equation) and associated coefficient of 

regression (R
2
) includes all studied watersheds with drainage area > 100,000 km

2
, 

excluding the Benue River and Mackenzie River. See text for details.   

Figure 6. Relationship between climate and Si isotopic ratios in clay-size fractions of world 

river sediments.  Studied samples are classified into five different climatic zones, defined 

according to the following arbitrary criteria: 1) ‘Sub-Arctic’: cold and dry regions, with 

MAT < 8°C and MAP < 800 mm; 2) ‘Dry’: Temperate and warm dry environments, with 

MAT > 10°C and MAP < 800 mm; 3) ‘Temp. Hum.’: Temperate and humid regions, with 
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8°C < MAT < 16°C and MAP > 1000 mm; 4) ‘Warm Hum.’: Tropical regions with 

humid conditions, with MAT > 20°C and MAP < 1500 mm; and 5) ‘Trop. Wet’: Tropical 

wet regions, with MAT > 20°C and MAP > 1500 mm.   

Figure 7. Relationships between 
30

Si clay (black circles) and corresponding smectite clay 

mineral proportions (open red squares) function of the corresponding neodymium 

isotopic composition (Nd) in rivers of Northern Ireland.  High smectite contents and 

radiogenic (high) Nd values characterize clays derived from the British Tertiary Volcanic 

province, whereas river material transported from the Paleozoic and Proterozoic terranes 

display much lower smectite and Nd compositions (Bayon et al., 2015).   

Figure 8.  Relationships between 
30

Si clay and lithology in the Congo River Basin. 
30

Si clay 

data for suspended particulates from the Congo and Kasai rivers and their main tributaries 

are reported together with percentage coverage areas of metamorphic (a) and sedimentary 

(b) rocks in corresponding watersheds.  Note that the clay-size fractions from those 

Congo and Kasai tributaries draining sedimentary basins also display a strong negative 

correlation with corresponding mean annual precipitation levels (c).  The lithological data 

are derived from the GLiM global lithological map (Hartmann et al., 2012). 

 



  



  



  



  



  



  



  



  



  

Table 1

Si isotopic compositions (‰ NBS28) of clay-size river sediments and corresponding clay mineralogy and climatic parameters

Smec Illi Kaol Chlo Gibb Verm

Zone MAT MAP (%) (%) (%) (%) (%) (%)

River (10
3
km

2
) (°N) (°E) (°C) (mm/yr)

World rivers

Amazon 6300 Sub Delta 3.1 43.4 Tr.W 26.7 2030 59 15 20 6 - - 0.58 0.003 -0.41 ± 0.06 -0.81 ± 0.02

Congo 3800 Margin -5.7 11.2 Tr.W 23.9 1520 16 5 79 - - - 0.64 0.005 -0.56 ± 0.03 -1.15 ± 0.09

Mississippi 3300 Sub Delta 28.9 89.5 Dry 12.8 760 75 13 12 - - - 0.45 0.010 -0.30 ± 0.04 -0.53 ± 0.17

Nile 2900 Margin 32.5 30.4 Dry 26.7 615 73 6 19 <5 - - 0.47 0.032 -0.39 ± 0.07 -0.74 ± 0.09

Niger 2200 Margin 3.2 6.7 Wa.H 29.4 1140 37 9 54 - - - 0.55 0.012 -0.56 ± 0.08 -1.05 ± 0.08

Yangtze 1800 Estuary 31.6 121.0 Te.H 15.6 1270 21 49 11 19 - - 0.52 0.013 -0.24 ± 0.12 -0.46 ± 0.17

Mackenzie 1800 Sub Delta 69.3 -137.3 SAr -3.9 380 5 53 21 21 - - 0.48 0.011 -0.33 ± 0.04 -0.64 ± 0.13

Murray (
A
) 1100 River -35.4 139.2 Dry 18.3 760 24 41 32 - - - 0.40 0.006 -0.26 ± 0.06 -0.46 ± 0.11

Benue (* Niger) 1000 River 7.9 6.9 Wa.H 26.6 1080 19 34 32 15 - - 0.57 0.011 -0.56 ± 0.05 -1.08 ± 0.18

Mekong 800 Delta 11.0 105.1 Wa.H 21.1 1270 <5 20 38 18 - 23 0.69 0.007 -0.40 ± 0.09 -0.77 ± 0.06

Yellow River 750 Delta 37.8 118.9 Dry 12.8 760 49 33 7 12 - - 0.37 0.020 -0.19 ± 0.09 -0.37 ± 0.09

Don 420 River 47.3 39.1 SAr 6.8 585 73 14 7 5 - - 0.38 0.011 -0.06 ± 0.12 -0.20 ± 0.18

Northern Dvina 357 Estuary 65.1 39.0 SAr 0.6 740 41 28 16 15 - - 0.37 0.021 -0.10 ± 0.03 -0.20 ± 0.09

Fraser 230 Sub Delta 49.2 -123.4 SAr 4.4 760 51 19 5 25 - - 0.34 0.024 -0.08 ± 0.10 -0.11 ± 0.14

Vistula 200 Estuary 54.7 19.3 SAr 7.6 750 <5 60 14 26 - - 0.36 0.008 -0.11 ± 0.07 -0.26 ± 0.03

Red River 160 Delta 20.3 106.5 Tr.W 24.0 1750 <5 64 14 20 - - 0.61 0.006 -0.28 ± 0.04 -0.54 ± 0.02

Chao Phraya 160 Delta 13.6 100.6 Tr.W 28.0 1500 55 13 22 10 - - 0.59 0.007 -0.42 ± 0.10 -0.83 ± 0.17

Loire 120 Estuary 47.3 -1.9 Dry 10.9 750 46 27 19 9 - - 0.51 0.012 -0.32 ± 0.13 -0.66 ± 0.15

Rio Caroni (* Orinoco) 95 River 8.3 -62.7 Tr.W 25.0 2800 <5 5 66 15 13 - 1.02 0.005 -1.11 ± 0.02 -2.16 ± 0.12

West Fitzroy (
A
) 86 River -17.7 123.6 Dry 19 760 18 36 35 11 - - n.a. n.a. -0.37 ± 0.04 -0.77 ± 0.03

Gascoyne (
A
) 79 River -29.8 113.8 Dry 22 235 5 41 47 9 - - n.a. n.a. -0.37 ± 0.12 -0.81 ± 0.12

Fly 76 Sub Delta -8.7 144.0 Tr.W 26.2 2850 24 35 6 35 - - 0.56 0.008 -0.38 ± 0.05 -0.71 ± 0.07

Rio Caura (* Orinoco) 47.5 River 7.6 -64.9 Tr.W 25.0 3715 - 5 95 - - - 1.01 0.005 -1.14 ± 0.05 -2.15 ± 0.17

Mae Klong 31 River 13.4 100.0 Wa.H 28.0 1200 47 32 21 - - - 0.57 0.007 -0.42 ± 0.04 -0.79 ± 0.05

Rio Aro (* Orinoco) 30 River 7.4 -64.0 Tr.W 25.0 3715 n.a. n.a. n.a. -0.79 ± 0.11 -1.58 ± 0.08

Shannon 23 Estuary 52.7 -8.9 Te.H 9.0 1200 13 58 5 23 - - 0.56 0.009 -0.33 ± 0.03 -0.57 ± 0.12

Adour 16 River 43.5 -1.5 Te.H 13.0 1260 5 55 20 21 - - 0.60 0.011 -0.26 ± 0.08 -0.57 ± 0.04

Tana 16 River 70.2 28.2 SAr -2.0 400 n.a. 0.48 0.021 -0.25 ± 0.06 -0.48 ± 0.09

East Alligator (
A
) 14 River -12.4 133.0 Wa.H 27.9 1390 24 15 51 10 - - n.a. n.a. -0.52 ± 0.02 -1.05 ± 0.03

Betsiboka 11.8 Margin -15.5 45.7 Wa.H 26.3 1490 n.a. n.a. n.a. -0.63 ± 0.04 -1.29 ± 0.09

Mayenne 4.4 River 47.5 -0.5 Dry 11.8 633 <5 29 29 13 - 30 0.59 0.007 -0.38 ± 0.02 -0.82 ± 0.12

Jardine (
A
) 3.3 River -11.1 142.3 Tr.W 27.1 1845 0 2 89 9 - - n.a. n.a. -0.88 ± 0.12 -1.73 ± 0.06

Elorn 0.3 Estuary 48.4 -4.4 Te.H 10.8 1120 9 54 18 19 - - 0.55 0.009 -0.32 ± 0.13 -0.70 ± 0.21

Pirogues 0.1 River -22.3 166.7 Wa.H 24.8 1200 n.a. n.a. n.a. -0.90 ± 0.08 -1.72 ± 0.09

d
30

Si

± 2 sd ± 2 sd

Sample Area
Climatic parameters

Al/Si d
29

Si
Sampling 

Environment
Lat. Long. Mg/Si



  

Table 1 (continued)

Smec Illi Kaol Chlo Gibb Verm

Zone MAT MAP (%) (%) (%) (%) (%) (%)

River (10
3
km

2
) (°N) (°E) (°C) (mm/yr)

Northern Ireland rivers

Lower River Bann 5.8 River 54.9 -6.5 Te.H 8.7 1000 64 10 16 10 - - 0.54 0.007 -0.34 ± 0.05 -0.65 ± 0.11

River Foyle 2.9 River 54.8 -7.5 Te.H 8.7 1110 - 59 - 41 - - 0.40 0.007 -0.09 ± 0.06 -0.25 ± 0.06

Blackwater 1.1 River 54.5 -6.6 Te.H 8.7 1000 19 16 19 46 - - 0.55 0.007 -0.24 ± 0.07 -0.46 ± 0.10

Moyola 0.3 River 54.8 -6.5 Te.H 8.7 1110 14 37 25 24 - - 0.51 0.010 -0.22 ± 0.08 -0.45 ± 0.06

River Maine 0.3 River 54.7 -6.3 Te.H 8.7 1000 98 - - <5 - - 0.53 0.019 -0.65 ± 0.14 -1.20 ± 0.16

Six Mile Water 0.3 RIver 54.7 -6.1 Te.H 8.7 1000 82 <5 <5 13 0.48 0.016 -0.48 ± 0.06 -0.92 ± 0.09

Congo Basin rivers

Lualaba 1035 River 0.6 24.8 Wa.H 22.2 1260 n.a. 0.87 0.003 -0.82 ± 0.05 -1.59 ± 0.10

Kasai (downstream) 890 River -3.2 16.2 Wa.H 23.5 1500 n.a. 0.81 0.001 -0.58 ± 0.05 -1.16 ± 0.03

Ubangui 640 River -0.5 17.7 Tr.W 25.1 1640 n.a. 0.95 0.001 -0.84 ± 0.07 -1.64 ± 0.16

Kasai (upstream) 245 River -4.4 20.6 Wa.H 23.8 1485 n.a. 0.95 0.001 -0.71 ± 0.01 -1.43 ± 0.11

Sankuru 148 River -4.3 20.4 Tr.W 24.4 1590 n.a. 0.80 0.002 -0.62 ± 0.04 -1.21 ± 0.07

Kwango 176 River -3.4 17.3 Wa.H 21.8 1310 n.a. 0.69 0.003 -0.47 ± 0.04 -0.93 ± 0.09

Aruwimi 122 River 1.2 23.6 Tr.W 24.7 1770 n.a. 0.91 0.001 -0.83 ± 0.04 -1.66 ± 0.07

Lomani 116 River 0.8 24.3 Wa.H 24.2 1350 n.a. 0.66 0.001 -0.46 ± 0.16 -0.94 ± 0.07

Loange 42 River -4.3 20.0 Tr.W 24.1 1620 n.a. 0.99 0.002 -0.68 ± 0.07 -1.34 ± 0.09

Lindi 39 River 0.6 25.1 Tr.W 24.6 1855 n.a. 0.97 0.001 -0.84 ± 0.03 -1.61 ± 0.01

* Tributary of a larger river system.

Al/Si weight ratios and clay mineral data are from Bayon et al. (2015), except for Australian (
A
) rivers (Gingele and De Deckker, 2004). Climatic parameters are from Bayon et al. (2016), 

and the CLIMWAT database.  MAT and MAP refer to mean annual temperature and precipitation, respectively.

Climatic zones: SAr (Sub-arctic); Dry (Warm/temperate dry); Te.H (Temperate-humid); Wa.H (Warm-humid); Tr.W (Tropical-wet)

n.a. : not analyzed

Sample Area
Sampling 

Environment
Lat. Long.

Climatic parameters
Al/Si d

29
Si d

30
Si

± 2 sd ± 2 sd

Mg/Si



  

Table 2

Si isotopic compositions (‰) of reference materials and Loire River sediments

BHVO-1

Jun-2015 -0.15 ± 0.03 -0.30 ± 0.10

Jan-2016 -0.10 ± 0.04 -0.20 ± 0.07

Apr-2016 -0.14 ± 0.03 -0.26 ± 0.02

Jul-2016 -0.16 ± 0.21 -0.31 ± 0.06

Mean -0.14 ± 0.06 -0.27 ± 0.10

Reference* -0.17 ± 0.03 -0.33 ± 0.05Diatomite

Diatomite

Jun-2015 0.67 ± 0.07 1.27 ± 0.06

Jan-2016 0.67 ± 0.02 1.32 ± 0.11

Apr-2016 0.65 ± 0.05 1.27 ± 0.06

Jul-2016 0.62 ± 0.18 1.27 ± 0.05

Mean 0.65 ± 0.05 1.28 ± 0.05

Reference** 0.64 ± 0.14 1.26 ± 0.20

SGR-1

Jun-2015 0.03 ± 0.12 0.03 ± 0.15

Jan-2016 0.04 ± 0.07 0.08 ± 0.09

Apr-2016 0.04 ± 0.07 0.08 ± 0.24

Jul-2016 0.02 ± 0.20 0.08 ± 0.25

Mean 0.03 ± 0.02 0.07 ± 0.05

Reference*** 0.01 ± 0.14 0.03 ± 0.12

Loire River sediments

Port-Lavigne -0.25 ± 0.19 -0.57 ± 0.08

Donges -0.36 ± 0.08 -0.69 ± 0.12

Cordemais -0.35 ± 0.04 -0.72 ± 0.03

Mean -0.32 ± 0.13 -0.66 ± 0.15

Reported values correspond to the average of 3 distinct analyses.

Reference values: * Abraham et al. (2008); Reynolds et al. (2007)

*** Hughes et al. (2011)

d
30

Si

± 2 sd ± 2 sd

Sample d
29

Si



  

Table 3

Si isotopic compositions (‰) of silt-size river sediments

River

World rivers

Amazon 0.32 -0.16 ± 0.02 -0.29 ± 0.16

Yangtze 0.27 -0.09 ± 0.11 -0.25 ± 0.18

MacKenzie 0.23 -0.18 ± 0.12 -0.33 ± 0.08

Mekong 0.14 -0.07 ± 0.07 -0.15 ± 0.22

Yellow River 0.17 -0.02 ± 0.03 -0.06 ± 0.06

Northern Dvina 0.30 -0.05 ± 0.09 -0.14 ± 0.22

Red River 0.24 -0.12 ± 0.11 -0.26 ± 0.14

River Foyle 0.24 -0.04 ± 0.05 -0.05 ± 0.26

Rio Caura 0.44 -0.21 ± 0.06 -0.43 ± 0.13

d
30

Si

± 2 sd ± 2 sd

Sample Al/Si d
29

Si



  

Table 4

Average d
30

Si clay values for climatic zones

Climatic zones MAT MAP N

°C mm

Sub-arctic Cold & dry environments < 8 < 800 -0.32 ± 0.20 6

Dry Temperate/warm & dry >10 < 800 -0.64 ± 0.17 8

Temp. Hum. Temperate & humid  > 8   < 16 > 1000 -0.62 ± 0.27 10

Warm Hum. Warm & humid > 20 < 1500 -0.83 ± 0.30 12

Trop. Wet Tropical & wet > 20 > 1500 -1.37 ± 0.51 14

The list of studied river sediments and corresponding climatic zone is given in Table 1.

d
30

Si

(± 1 sd)



  

Table 5

Lithological and soil data (relative surface coverage %) for the studied Congo Basin watersheds
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Lualaba 68.4 24.5 20.7 0.7 18.7 38.0 1.1 4.6 4.1 0.0

Kasai (downstream) 13.9 85.7 5.5 39.4 0.0 49.7 0.7 1.5 0.0 0.0

Ubangui 78.0 21.2 0.1 15.4 0.1 48.5 1.0 0.5 0.0 23.0

Kasai (upstream) 30.3 69.7 2.7 49.2 0.0 46.7 0.0 0.0 0.0 0.0

Sankuru 4.4 95.6 6.3 3.7 0.0 85.6 4.4 0.0 0.0 0.0

Kwango 1.8 98.2 2.3 69.1 0.0 14.2 0.0 7.6 0.0 0.0

Aruwimi 88.7 11.3 0.6 0.0 0.0 59.8 36.9 0.0 0.7 0.0

Lomani 11.9 88.1 20.7 0.0 0.0 79.2 0.0 0.0 0.0 0.0

Loange 1.0 99.0 0.0 71.1 0.0 28.9 0.0 0.0 0.0 0.0

Lindi 99.8 0.2 4.3 0.0 0.0 71.9 22.2 0.0 1.6 0.0

Lithological and soil data are from Hartmann et al. (2012) and Dewitte et al. (2013), respectively.

Note that only the dominant categories of soils are reported. 
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River


