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Abstract 

 

Cosmogenic nuclides produced in quartz may either decay or accumulate while 

sediment is moved through a river basin. A change in nuclide concentration resulting from 

storage in a floodplain is potentially important in large drainage basins in which sediment is 

prone to repeated burial and remobilization as a river migrates through its floodplain. We 

have modeled depth- and time-dependent cosmogenic nuclide concentration changes for 10Be, 
26Al, and 14

For all modeled active floodplain settings, the long-lived nuclides 

C during sediment storage and mixing in various active floodplain settings ranging 

from confined, shallow rivers with small floodplains to foreland-basin scale floodplains 

traversed by deep rivers. Floodplain storage time, estimated from channel migration rates, 

ranges from 0.4 ky for the Beni River basin (Bolivia) to 7 ky for the Amazon River basin, 

while floodplain storage depth, estimated from channel depth, ranges from 1 to 25 m.  
10Be and 26Al show 

neither significant increase in nuclide concentration from irradiation nor decrease from decay. 

We predict a hypothetical response time after which changes in 10Be or 26Al concentrations 

become analytically resolvable. This interval ranges from 0.07 to 2 My and exceeds in all 

cases the typical residence time of sediment in a floodplain. Due to the much shorter half life 

of 14

The cosmogenic nuclide composition of old deposits in currently inactive floodplains that 

have been isolated for periods of millions of years from the river that once deposited them are 

predicted to either increase or decrease in 

C, nuclide concentrations modeled for the in situ-produced variety of this nuclide are, 

however, sensitive to floodplain storage on residence times of < 20 ky.  

10Be and 26Al concentration, depending on the 



depositional depth. These conditions can be evaluated using the 26Al/10

We illustrate these models with examples from the Amazon basin. As predicted, 

modern bedload collected from an Amazon tributary, the Bolivian Beni River, shows no 

systematic change in nuclide concentration as sediment is moved through 500 km of 

floodplain by river meandering. In contrast, in the central Amazon floodplain currently 

untouched by the modern river system, low 

Be ratio that readily 

discloses the depth and duration of storage.  

26Al/10

The important result of this analysis is that in all likely cases of active floodplains, 

cosmogenic 

Be ratios account for minimum burial 

depths of 5 to 10 m for a duration of > 5 My. 

10Be and 26

 

Al concentrations remain virtually unchanged over the interval 

sediment usually spends in the basin. Thus, spatially-averaged denudation rates of the 

sediment-producing area can be inferred throughout the entire basin, provided that nuclide 

production rates are scaled for the altitudes of the sediment-producing area only, because 

floodplain storage does not modify nuclide concentrations introduced from the sediment 

source area. 
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1. Introduction 

 

Cosmogenic nuclides accumulate in minerals on hillslopes during weathering and 

erosion, where a denudation rate can be calculated from cosmogenic nuclide concentrations. 

The timescale over which this denudation rate integrates is z*/ε, where z* is the e-folding 

depth of cosmic ray absorption, typically 600 mm. Rates therefore integrate over 1-100 ky, 

depending on the denudation rate ε ( Lal, 1991; Bierman and Steig, 1996; von Blanckenburg, 

2005). Cosmogenic nuclides may also accumulate during transport and storage of sediment in 

streams. However, the timescale of active bedload transport in streams is usually much shorter 

than that of hillslope processes (Whipple and Tucker, 1999), and moreover, sediment is 

shielded by water so that active bedload transport is unaffected by nuclide accumulation. 

During storage and shielding of sediment in floodplains however, which may encompass 

several thousand to even millions of years in continental-scale basins, nuclide accumulation at 

the floodplain surface is proportional to the sediment storage time, while at depth it is also a 

function of the exponentially decreasing production rate. At great depths where shielding 

from cosmic rays is high, nuclide concentrations decrease from radioactive decay. As a 



consequence, the prerequisites for calculating spatially-averaged denudation rates are not met 

in depositional basins, where the rate of nuclide production does not necessarily equal the rate 

at which nuclides are being exported from a basin.  

In this paper we address two distinct basin settings in which storage plays an important 

role. 1) Dynamic floodplains. In order to resolve processes governing cosmogenic nuclide 

behavior during channel-floodplain interaction featuring continuous sediment storage and 

remobilization, we have modeled depth- and time-dependant concentration changes for long-

lived (26Al, 10Be) and shorter-lived (14C) nuclides for a variety of natural fluvial settings with 

various sediment reworking periods and depths. These examples are the Amazon, the 

Mississippi, the Beni, the Rhine, the Pearl, and the Vermillion Rivers and cover the full 

spatial range of dynamic fluvial settings. 2) Old deposits in static floodplains. For deciphering 

cosmogenic nuclide changes in old floodplain deposits that are only episodically tapped by 

river migration and thus are prone to million-year scale storage, long-lived nuclides (26Al, 
10

Preliminary cosmogenic nuclide data measured in Beni River floodplain sediment will 

serve to illustrate the applicability of our dynamic model, while cosmogenic nuclide data from 

modern and old floodplain localities of the Amazon River will demonstrate the effects of old 

floodplain deposits.  

Be) and their respective ratio can be used to estimate burial depth, nuclide inheritance, and 

storage duration. Incorporation of such old deposits into the active stream might take place if 

sediment is eroded from terraces or inactive floodplain reservoirs or if the river is rerouted 

during channel avulsion, which is driven by tectonic faulting, high discharge events, and rapid 

levee build-up relative to slow lateral motion via bank erosion in depositional settings 

(Slingerland and Smith, 2004; Jerolmack and Mohrig, 2007). 

 

2. Model setup 

 

In our compartment-based model, sediment is eroded in the source area, obtaining a 

nuclide concentration Cup in the process (see Table 1), and is introduced into the floodplain of 

our model at a sediment discharge rate Qup. This sediment is then mixed with sediment eroded 

from the river bank (bank erosion be) with a flux Qbe and a nuclide concentration Cbank as the 

river migrates laterally by meandering, while the resulting mix is deposited as bars (bar 

deposition bd) with a flux Qbd (see Fig. 1). The model assumes steady state between sediment 

flux from bank erosion and bar deposition, a simplification termed quasisteady state, which is 

valid for most fluvial conditions (Lauer and Parker, 2008). This assumption may not be valid 

for short periods, but on timescales encompassed by channel belt formation from sediment 



accumulation and aggradation (~ 104 y), the vertical accretion of floodplains is 

counterbalanced by the lateral erosion of the exposed bank (Wolman and Leopold, 1957; 

Trimble, 1995; Bridge, 2003; Meade, 2007). Therefore, Qbe equals Qbd

 

. 

The respective nuclide concentrations and sediment fluxes are calculated as follows. 

We define a residence time ∆t which is defined for each river as the time necessary to 

meander across its channel belt by lateral river migration: 
 

ν
cbW

t =∆           (1) 

 

where Wcb is the channel belt width (m), and ν is the channel migration rate (m/y). The width 

of the floodplain-channel belt can be conveniently measured from topographic maps. Next, to 

enable modeling of nuclide concentration changes as river particles slowly move downstream 

by repeated cycles of entrainment and release from the floodplain, we divide our floodplain 

into a discrete number of compartments. Because the residence time ∆t as defined above 

actually describes the traversing of the river through the floodplain compartment 

perpendicular to the rivers´ flow direction, it provides the time necessary to liberate sediment- 

also called sediment liberation cycle. The total number of liberation cycles or compartments N 

for each setting is related to the basinwide, total sediment residence time ∆tcumulative

 

: 

tNtcumulative ∆×=∆          (2) 

 

Obviously, the total number of cycles is not a free parameter as it links the river 

migration rate, channel belt width, and the total storage time of sediment in a given river 

setting. ∆tcumulative is estimated from basinwide residence times that are measured 

independently using e.g., U-series methods or sediment budgets (see Table 1 and Section 3). 

The number of sediment liberation cycles is then calculated from combining the residence 

time per compartment estimated from Eq. (1) with the basinwide residence time ∆tcumulative

 

 by 

combining Eq. 1 and 2 to: 

ν×
∆

=
cb

cumulative

W
t

N          (3) 

 

In order to calculate the sediment flux from bank erosion, the size of each 

compartment has to be defined. In this step, the total river length lriver (see Table 1) is divided 



by N to obtain the length of each compartment lcompartment. Taking lcompartment, the bank erosion 

flux Qbe, equal to the bar deposition flux Qbd

 

, can be calculated: 

ρν ×××= max/ zlQ tcompartmenbdbe        (4) 

 

where zmax is the channel depth (m), providing a minimum estimate for recently reworked 

floodplain depth, and ρ is the wet sediment density (g/cm3). In this model system, bypassing 

of sediment is quantified by the ratio of the upstream sediment flux Qup to that of bank 

erosion Qbe

 

.  

The residence time ∆t of sediment in the floodplain gives the time the sediment is 

exposed to cosmic rays, resulting in nuclide accumulation in the river bank. The total nuclide 

inventory of floodplain sediment (Ctotal) always contains a component inherited from 

erosional processes in the sediment source area (Cup) and the nuclide component generated 

during floodplain storage time ∆t (Cbank

 

), which is calculated following Schaller et al. (2004): 

bank
t

uptotal CeCC +×= ∆×− )( λ    (5) 

 

In our model, Cup is exclusively introduced into the first compartment, where it is 

mixed with nuclide and sediment fluxes from bank erosion. As a consequence, Cup is replaced 

by a mixture of nuclide concentrations Cmix in all following compartments as the sediment is 

moved downstream, being entrained, stored and released by bank erosion for numerous 

cycles. Cbank is mainly a function of the floodplain surface production rate P(0), the storage 

depth in the river bank, and cosmic ray absorption laws describing the nuclide production at 

depth. Nuclide production in the floodplain is calculated by scaling nuclide production at the 

sediment surface to sea level high latitude (SLHL), using total surface production rates of 5.53 

at/g(Qz)/y (Kubik et al., 1998) for 10Be, and a 26Al production rate of 35.95 at/g(Qz)/y, because 

the surface production ratio of 26Al/10Be is 6.5 according to Kubik et al. (1998). For a total 14C 

production rate, we used 22.2 at/g(Qz)/y (Heisinger et al., 2002). We used the relative 

proportions and the depth-dependency of nuclide production by nucleons, fast muons, and 

stopped muons following Schaller et al. (2002). For 14C, we used a fast and slow muon 

contribution of 17% (Heisinger et al., 2002). The nuclide concentration Cbank can then be 

calculated for each depth z up to the maximum depth of bank erosion zmax

 

 by: 
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where the concentration of nuclides at a given depth z is calculated for each production mode i 

after Schaller et al. (2002). P(0,i) is the surface production rate for each nucleogenic and 

muonic production mechanism i for 10Be and 26Al as parameterized by Schaller et al. (2002), 

using a wet floodplain sediment density of 2.0 g/cm3 and a mean cosmic ray attenuation path 

length Λ of 157 g/cm2. λ are the respective nuclides´ decay constants (1/y), which were 

calculated using half-lives of 1.39 My for 10Be, 0.72 My for 26Al (Samworth et al., 1972; 

Chmeleff et al., 2009; Korschinek et al., 2009), and 5730 y for 14C (Libby, 1955). After being 

stored, the sediment is released by bank erosion. Since this process results in a perfect mix of 

the material from all depths tapped by bank erosion, an integrated nuclide concentration 

(Cmix(z)) can be calculated by forming the average concentration over all depths (Eq. 6) from 

the surface to zmax

The sediment produced by bank erosion is now mixed with that contained in the active 

channel inherited from the hinterland, which is calculated according to Eq. (5). Sediment flux-

dependent mixed nuclide concentrations can then be calculated by: 

.  

 

total

zixup
mix Q

CQCQ
C )(mbeup ×+×

=        (7) 

 

where the total sediment flux (Qtotal) is defined as the sum of sediment discharged upstream 

into the floodplain as measured, for example, from sediment gauging (Qup), and the flux 

eroded from bank retreat (Qbe). The mixed sediment flux, comprising a mixed nuclide 

concentration Cmix, is now transferred into the next compartment where it is incorporated 

again into the floodplain for the same duration ∆t. Because all parameters are held constant 

for all compartments and lcompartment is derived from lriver

 

 divided by N, the calculated mass 

fluxes are independent from the actual number of compartments. Thus, the accumulation or 

decay of cosmogenic nuclides can be monitored as sediment moves downstream from one 

floodplain compartment to the next, and the relative change in nuclide concentration can be 

predicted.  



The design of this model is based on certain assumptions: (i) During bank erosion, all 

floodplain sediment, regardless of grain size, is vertically well mixed. By integrating over the 

entire depth of the bank, average nuclide concentrations can be calculated. (ii) All sediment 

particles, regardless of grain size, are uniformly distributed throughout the floodplain in all 

directions. In natural settings, floodplain deposits are usually capped by a clay layer formed 

by overbank deposition. Such layers do not necessarily contain the grain size analyzed for 

cosmogenic nuclides, thus the budget will be dominated by deeper, better shielded coarse-

grained floodplain deposits. (iii) During lateral erosion and deposition, all particles are 

reworked by the river, including bedload, transitional and suspended load. (iv) Bypassing of 

sediment without incorporation and intermediate storage is quantified by the ratio of the 

incoming sediment flux (Qup) and the bank erosion flux (Qbank

 

). (v) The volume of sediment 

reworked in the floodplain stays constant as the floodplain does not aggrade nor does it incise. 

This assumption is justified for quasisteady state settings. (vi) Over the time of one liberation 

cycle, all floodplain material is reworked uniformly at a constant rate by the migrating river. 

The model does not include gradients in the reworking recurrence with increasing distance 

from the active channel.  

Our approach differs considerably from the way Yanites et al. (2009) assess the effect 

of storage of land slide-derived material in a river basin. In their model, Yanites et al. (2009) 

consider the effects of sediment storage on cosmogenic 10Be nuclide concentrations in 

erosional settings, where landslide material is usually prone to storage before it is removed by 

rivers and in the process is mixed with material from source area erosion processes. In 

contrast to the Yanites et al. study, which addresses storage effects near the sediment source 

in very small catchments, the focus of our analysis is on sediment reworking by lateral 

channel migration. Our model incorporates these processes and has been designed to describe 

multi compartment-based, depositional systems in which the sediment, albeit being stored 

over timescales of 103 

 

y, is also continuously being reworked by the river in large fluvial 

systems.  

3. Choice of model parameters for representative river settings 

 

We have chosen to model six characteristic river settings that encompass the entire 

range of shallow and deep channels, wide and narrow channel belt widths, and fast and slow 

channel migration rates (Table 1). For both the Amazon River at Manacapuru and the Beni 

River basin near Riberalta, Dosseto et al. (2006a,b) have measured sediment residence times 



of 4 ky using U-series. It has to be pointed out that Dosseto’s sediment residence time 

estimated for the Beni floodplain excludes storage in the Bolivian Andes; the storage period 

within the Bolivian Andes has been characterized separately with U-series (Dosseto et al., 

2006b). For the Madeira River basin (including the Beni floodplain) at the Amazon 

confluence, a floodplain sediment residence time of 14 ky has been measured by Dosseto et 

al. (2006b). We use this value for the Amazon floodplain instead (see Table 1). For the Rhine 

River, a cumulative sediment residence time of ~ 9 ky is based on careful sediment budgets 

(Hoffmann et al., 2007). A maximum sediment age constraint (16 ky) from stratigraphic 

sections is available for the Mississippi River (Knox, 2006), which we have also taken as an 

approximation for Mississippian tributaries (the Vermillion and Pearl Rivers), in the absence 

of measured rates. A measured upstream nuclide concentration, Cup was used where available. 

For the cases of the Mississippi, Pearl, and Vermillion Rivers, where nuclide concentrations 

have not yet been measured, concentrations were calculated using Lal´s (1991) formalism for 

spatially averaged erosion. To this end, the hinterland denudation rate ε of each basin was 

estimated by dividing a given rivers´ total sediment flux Qup at the respective gauging station 

by the upstream (hinterland) sediment-producing area and converting the resulting sediment 

yield (t/km2/y) into a denudation rate by dividing it by the eroding bedrock density (in this 

case 2.7 g/cm3

 

): 

*

)0(

z

P
Cup ελ +

=           (8) 

 

The mean basin surface production rate P(0) was calculated using the mean basin 

elevation and production rate scaling was done following Dunai (2000) (see Table 1). z* gives 

the cosmic ray absorption depth scale, typically 600 mm in silicate rocks, over which this 

method integrates. In the case of calculating Cup

 

, we simplified Eq. 8 and ignored the small 

contribution to the production of nuclides by muons. The channel migration rates were usually 

estimated from meander bend migration, which might lead to an overestimation of the 

migration rate; also, the process might be unsteady because of involvement of avulsions. 

These effects lead to a longer sediment residence time and will be evaluated further down in 

this text.  



4. Dynamic steady state floodplain model results 

 

As expected for dynamic, active floodplains where sediment is stored for thousands of 

years, both 10Be and 26Al do not strongly decay but in some cases show an increase in nuclide 

concentration. The maximum increase in nuclide concentration (in percent) for each river is 

given in Table 1 and shown in Fig. 2. The increase in 10Be nuclide concentration for all rivers 

is between 0.6 and 10.7% relative to the starting 10Be nuclide concentration Cup inherited 

from the sediment source area during erosion. The relative increase in 26Al concentration is 

virtually identical because the production mechanisms are similar to those of 10

In the Pearl River case, the increase is ~ 11%, which is the largest increase of all 

modeled settings. This increase of the mixed nuclide concentration is primarily controlled by 

the ratio of ingoing sediment flux (Q

Be and storage 

periods are too short to allow for detectable radioactive decay. Some differences in 

accumulation between rivers are predicted, however.  

up) to total flux eroded from the banks (Qbe), which is 

calculated from Eq. 4. In general, if the bank erosion flux is higher than the sediment input 

from upstream, nuclides produced from exposure in the floodplain surface and upper 

subsurface will dominate the sediments´ nuclide budget, resulting in net nuclide accumulation 

if storage times are long and floodplain reworking depths are shallow. For the Pearl River, 

this ratio is 4.4 (see Table 1), which is the same as in the Beni River case, although here, the 

increase in nuclide concentration is only < 1%. For both rivers having the same Qup/Qbe ratio, 

the controlling factor lies in this case in the residence time, which is four times higher for the 

Pearl River, accounting for a stronger nuclide increase. By comparing, e.g., the Amazon and 

the Rhine Rivers (both having similar Qup/Qbe ratios of 1.7 and 1.6, respectively), it becomes 

evident that the individual ratios cannot be directly compared with each other because of the 

differences in factors contributing to Qbe (see Eq. 4), such as different channel depths and 

different residence times. The Vermillion River has the highest ratio (Qup/Qbe

In general, the observed increase in 

 = 150) of all 

investigated settings, thus sediment is routed rapidly through the floodplain and no change in 

nuclide concentration would be expected. However, the small increase modeled can be 

explained by the rivers´ shallow depth, resulting in high surface nuclide accumulation as the 

nuclides produced are not diluted by deeply buried sediment.  
10Be nuclide concentrations is with ~ 1-11% in the 

typical range of the overall reproducibility of nuclide concentrations in river sediment. This 

reproducibility is governed by both analytical precision and natural variability in upstream 

nuclide concentrations. Therefore, this increase is only just detectable for the case of lowest 

analytical error and highest possible increase. However, even if the detection of a change in 



nuclide concentration in real floodplains can be achieved analytically, the variation of the 

source area denudation rates in space and time is mostly larger than the predicted model 

increase.  

 

To explore a threshold at which a hypothetical storage time is so long that an increase 

in nuclide concentration becomes analytically resolvable, we have calculated a storage 

detection limit that is arbitrarily defined as an increase (or decrease) of 20% in mixed nuclide 

concentration (see Eq. 7) relative to Cup

As a consequence, we suggest that floodplain storage in all modeled river settings does 

not result in a change in 

. This time limit is river specific and varies from 0.07 

My for the Rhine to 2.2 My for the Amazon River (Table 1). In all cases, the predicted 

detection limits are much longer than the cumulative residence times of these rivers. On 

significantly longer timescales still, cosmogenic nuclide concentrations will equilibrate to a 

uniform steady state nuclide concentration.  

10Be or 26Al concentration. For deep rivers like the Beni or the 

Amazon, this tendency can be attributed to the high proportion of well-shielded sediment, 

leading to a lack of irradiation within the floodplain. In shallow rivers like the Vermillion 

River, floodplain sediment is well irradiated, but the mass eroded from the floodplain is small 

and is swamped by upstream sediment. In all cases, total storage times are too short to allow 

for radioactive decay of 10Be or 26

The result for in situ-produced 

Al (see Fig. 2).  
14C is different. Because of the short half life decay is 

much more pronounced, and a significant decrease in 14C between 8 and 48% is observed for 

all rivers. Only the Vermillion River shows no decrease because it features rapid sediment 

routing, evidenced by a high Qup/Qbe ratio. Similar to what has been observed for 10Be and 
26Al, the magnitude of the observed decrease in 14C nuclide concentrations for all other 

settings is not directly related to the sediment residence time, but is a combination of 

residence time, channel depth, and Qup/Qbe. If 14C concentrations were only a function of 

sediment residence time, the total decay of the nuclide after 3-4 half lives would be expected, 

which is clearly not predicted here. Pending on the ability to perform routine measurements of 

in situ-produced 14

 

C, the short half life of this isotope appears to be in the perfect range to 

quantify storage timescales.  

4.1. The Beni River example 

The Beni River is an upper Amazon tributary; its floodplain is a thoroughly 

investigated system where modern migration rates, recent sediment discharge, and bank 

erosion rates are well known (Guyot et al., 1996; Aalto, 2002; Aalto et al., 2003; Gautier et 



al., 2007). 10Be concentrations of Beni River floodplain sediment have also been investigated 

in detail (Wittmann, 2008). Therefore, the sensitivity of the model to changes in boundary 

conditions is explored more thoroughly, and data from in situ-produced cosmogenic 10

 

Be 

measurements in floodplain sediment will be evaluated.  

For the Beni, the steady state assumption has been validated by Aalto et al. (2002), 

who have measured the Beni cutbank erosion flux (210 Mt/y) as well as fluxes from point bar 

redeposition (200 Mt/y). Both are identical to the total annual flux passed on from the 

sediment-producing areas, the Andes, to the floodplain (210 Mt/y; Table 1). “Standard” model 

runs were calculated using parameters representative of the natural Beni system (see Table 1). 

The model prediction is that the increase in 10Be concentration at the floodplain outlet is only 

230 at/g(Qz), corresponding to an increase of 0.6% (Fig. 3A). Changes to these boundary 

conditions result in the following conclusions: the system is very sensitive to the magnitude of 

sediment discharged from the sediment-producing hinterland. If this flux, for example, is 

decreased by four orders of magnitude from 200 to 0.02 Mt/y whilst keeping the nuclide 

concentration Cup constant, the nuclide signal produced within and eroded from the river 

banks will increase by ca. 1200 at/g(Qz), corresponding to 3.1% of the initial nuclide budget. If 

the ingoing nuclide concentration is decreased significantly from its starting concentration of 

3.8×104 at/g(Qz) to 0.5×104 at/g(Qz), as would be expected from very high erosion rates, the 

nuclide change will amount to an increase of 4.7% relative to the starting nuclide 

concentration. A fifteenfold increase in sediment storage time, as might be expected from 

changes in climatic or tectonic conditions, causes 10Be nuclides to accumulate by only 5.8% 

over Beni River floodplain distances. A fourfold decrease in channel depth, from 20 to 5 m, 

would not result in a significant nuclide concentration change because most nuclides are 

produced within the uppermost meters of sediment. This is also the reason why the admixture 

of sediment remobilized during large but locally-limited avulsions would not matter much: 

floodplain storage is usually so deep that only the uppermost meters are being irradiated. We 

conclude that the 10

Along ~ 500 km of Beni River floodplain, 13 cosmogenic nuclide measurements have 

been obtained from river sediment by Wittmann (2008), including one replicate and three 

grain size duplicate samples (see Fig. 3B). Along this floodplain distance, no significant 

variation in 

Be nuclide concentration of the Beni River is likely to be preserved 

throughout transfer of sediment through the floodplain. 

10Be nuclide concentration has been observed. Wittmann (2008) found that the 
10Be nuclide signal is invariant over floodplain distances of > 500 km from the Andean 

foothills to the Madeira confluence, despite the channel having shifted across the foreland 



basin from the SE to the current position over Holocene timescales (Dumont, 1996). A flux- 

and area-weighted nuclide concentration of 3.9 ± 0.6×104 at/g(Qz) 

 

was measured (see Fig. 3B). 

This preliminary result strongly supports our modeling efforts, which predicts the absence of 

concentration changes at residence times measured with U-series by Dosseto et al. (2006a,b). 

This finding allows for the implication that the denudation rate signal of the sediment-

contributing areas, in this case the Bolivian Andes, is preserved over these floodplain 

distances.  

5. The change of cosmogenic nuclide composition during long-term storage 

 

Burial dating techniques using cosmogenic isotope pairs, e.g. 10Be and 26

We will show in the following that these burial dating techniques can be adapted to 

settings where no independent age estimate is available, albeit the derived burial ages and 

depths are minimum estimates and do not yield precise storage duration. Similar to burial 

dating of terrace sequences, but very different to the dynamic steady state floodplain settings 

explored above, we assume that the floodplain sediment is stored over the long term (> 10

Al, can 

provide the storage duration if the sediment has been buried rapidly and deeply, so that 

ideally, all nuclide production ceases and the nuclide concentration inherited from the source 

prior to deposition is only modified by radioactive decay (Granger and Muzikar, 2001). For 

example, rates of landscape change can be quantified from dating the burial time of cave 

sediments (e.g. Granger et al. 1997; Granger et al. 2001). The method can be applied to a 

variety of other settings, e.g. to characterize complicated glacial sequences in order to infer 

ice advances (e.g. Balco et al., 2005) or to establish the temporal and spatial variability in 

glacial erosion (e.g. Willenbring-Staiger et al., 2006), but can also be used to derive basinwide 

paleoerosion histories preserved in terrace or alluvial records (Schaller et al., 2002; Schaller et 

al., 2004; Balco and Stone, 2005) if an independent deposit age estimate is available.  

6 y) 

without incorporation into the active fluvial system and the sediment is not mixed by fluvial 

processes. To explore such a static system where no exchanges of nuclide or sediment fluxes 

occur, 10Be nuclide concentrations were first of all plotted versus storage time (see Fig. 4A). 

The evolution of the 10Be signal, as calculated for a starting nuclide concentration of 50,000 

at/g(Qz), indicates that burial depth has a large effect on 10Be concentrations for storage 

durations exceeding 0.5 My. At the surface of the deposits, nuclides continue to accumulate, 

whilst at depth, nuclide concentrations are mostly a function of burial depth (Schaller et al., 

2004). When plotting the 26Al/10Be ratio (Fig. 4B) for the same conditions, it becomes clear 

that burial age has the largest effect on the 26Al/10Be ratio which does not depend so strongly 

on depth as the 10Be nuclide concentration alone. The concentration effect occurs because 



while nucleons continuously irradiate the surface, muons also penetrate deeply into the 

subsurface, causing post-depositional irradiation, and both production types are depth-

dependent. This effect counterbalances decay until eventually secular equilibrium between 

irradiation and decay is achieved (Granger and Muzikar, 2001). However, the depth-

dependency becomes less pronounced with increasing nuclide inheritance while the age-

dependence increases, because more nuclides decay relative to new production (Fig. 4B).  

 

Given that the 10Be concentration is mostly a function of depth, whereas the 26Al/10

 

Be 

ratio records the burial age, both unkowns can be derived in a combined ratio vs concentration 

diagram. Figure 4C shows such a modified erosion island plot (Lal, 1991), which results from 

a combination of Figs. 4A and B. In this version of the plot, we have contoured the area below 

the constant surface exposure line with isodepth curves that correspond to sediment burial 

depths, and also for curves of equal burial duration (assuming continuous irradiation during 

burial from nucleons and muons). Both burial depth and duration are minimum estimates due 

to possible multiple burial episodes.  

5.1. The Amazon floodplain example 

Figure 4C is used to interpret cosmogenic nuclide data from a main Amazon River 

floodplain. In the Varzea do Curuaí located in the central Amazon basin (see Fig. 5), the local 

processes involving water and sediment transport have now been studied for several years 

(Maurice-Bourgoin et al., 2007; Bonnet et al., 2008). Geologically, the northern and eastern 

parts of the floodplain are composed of modern floodplain sediments (e.g., Quaternary age, 

mostly fine grained sand to mud). Samples Soc and Gran represent active floodplain sediment 

samples. The southern part is comprised of Cretaceous to Miocene floodplain deposits that are 

connected to the active floodplain by the ground water table, consisting of fine- to coarse-

grained sands (Rossetti et al., 2005; Rossetti and Valeriano, 2007). Lago Curumucuri (sample 

Curu, taken from the lake bottom) is located at the transition between modern and Miocene 

floodplain, where the Miocene floodplain has been preserved from inundation because of its 

slightly increased elevation.  

The modern floodplain samples (Soc and Gran) average to a 10Be nuclide 

concentration of 5.2 ± 0.4×104 at/g(Qz) (n = 5), and an average 26Al/10Be ratio of 6.3 ± 1.3 (n = 

4), plotting on or close to the surface exposure curve and thus not displaying sediment burial. 

Miocene floodplain samples (Curu) display significantly higher 10Be concentrations of 12.5 ± 

0.6×104 at/g(Qz) (n = 2) and an average 26Al/10Be ratio of 3.1 ± 0.6 (n = 2), thus showing 

significant burial. Assuming continuous irradiation during burial, these ratios would result in a 



burial duration of ~ 4 to > 5 My at burial depths of 7-12 m (see Fig. 4C). Assuming complete 

burial without additional irradiation, minimum burial ages of 1-2 My can be calculated for 

these samples. This result is compatible with the age of Miocene floodplain sediments 

surrounding Lago Curumucuri.  

 

In case that these old floodplain deposits are reworked and admixed into the modern 

Amazon river system via channel rerouting, modification of the otherwise source-area 

dominated nuclide signal is predicted if the volume of the eroded deposit material 

significantly alters the Qup/Qbe ratio. Using our modified erosion island plot however, it is 

possible to clearly distinguish between deposits that have not been tapped by the modern 

river, showing very low 26Al/10

 

Be ratios and burial ages of > 5 My, and the dynamic system of 

the modern Amazon River and its floodplain.  

6. Summary 

 

For all tested settings encompassing a wide range of dynamic fluvial settings from 

confined, shallow rivers with small floodplains to foreland-basin scale, actively migrating 

rivers, our model results suggest that the signal of long-lived nuclides such as 26Al and 10

The consequence for 

Be is 

inherited from the eroding source area. Even long residence times or the removal of deeply 

stored sediment via river migration and avulsion do not induce a significant change in the 

mixed nuclide signal, because in sediment-laden rivers, the upstream flux is overwhelming the 

signal contributed by bank erosion. In sediment-starved rivers, usually deep floodplain 

erosion results in the incorporation of sediment that has been shielded from irradiation. In 

shallow rivers, the bank erosion flux is too small to change the concentration of the mixed 

signal in the stream. In all cases, the source signal is likely to be preserved.  
10Be and 26

If times of residence, storage, and transfer shall be determined, then in situ-produced 

Al transfer through dynamic, active floodplains that 

are constantly being reworked by their traversing rivers is that a denudation rate of the 

hinterland can, in all cases, be determined. Floodplain storage evidently does not modify 

nuclide concentrations introduced from the sediment source area to the floodplain. Thus the 

production rate used for calculation of basin-averaged denudation rates has to be limited to the 

sediment-producing area, rather than basing the production rate calculation on the entire 

catchment area. We define this denudation rate as “floodplain-corrected”.  

14C is the method of choice. Given that irradiation is almost absent, the radioactive decay of 



this shorter-lived nuclide potentially provides the sought residence times. Analytical methods 

are not yet routine but are expected to be so soon (Lifton et al., 2001; Pigati et al., 2007).  

Similarly, for tapping sediment after prolonged storage (105-106 y), the differential 

decay of 10Be versus 26Al has the potential to provide storage durations and storage depths. 

The example of 26Al and 10Be nuclide concentrations measured in floodplain lakes located in 

Holocene and Miocene sediment, respectively, both present within the central Amazon River 

system, shows that these old floodplain lakes have not been tapped by the modern river, as 

they show very low 26Al/10

Most promising is the application of these long-lived cosmogenic nuclides to 

sedimentary records, where paleodenudation rates can be determined from the inheritance, 

and deposition ages from 

Be ratios and burial ages of > 5 My. These settings are in all cases 

distinct from the modern floodplain.  

26Al/10

 

Be ratios (Schaller et al., 2004).  
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Fig. 1. Cartoon of the model setup. The two main compartments are shown, which are the sediment 
input from the hinterland (Qup) with its characteristic nuclide concentration (Cup), and the sediment 
flux eroded from the bank (Qbe) with its nuclide concentration Cbank. Sediment deposition on the point 
bar (Qbd) is equal to Qbe in flux magnitude and nuclide concentration Cbank. Cbank is calculated by 
averaging over the bank depth (resulting in an average bank nuclide concentration Cbank(z), not shown 
here), equal to the river channel depth, by applying the depth-dependency of nuclide production from 
Schaller et al. (2002). Sediment is stored in the floodplain for a duration defined by t, the sediment 
residence time, before it is eroded. The residence time is defined by the time its takes the river to 
migrate laterally at a certain rate (the migration rate ν) across the width of its channel belt (Wcb

 
). 

 

 



 

Fig. 2. Model results for each river setting. Plots denote the relative accumulated plus upstream 10Be 
and 26Al nuclide concentration on the left Y-axis, and the 14C concentration on the right Y-axis, both 
normalized to 100%. The X-axis gives the cumulative floodplain residence time. 14C nuclide 
concentrations decay more rapidly, depending on the prevailing residence time for each setting, than 
26Al and 10Be, which slightly accumulate for each setting, except in the Vermillion River, where 
sediment routing is very fast. 



 

 

Fig. 3.(A) Model results for the Beni River system. The 10Be concentration (Y-axis) is normalized to 
an upstream concentration of 100%. X-axes give cumulative time sediment is stored in the floodplain. 
For the standard Beni model (1, black short-dashed line), parameters are taken from Table 1. Other 
models (2-4) give results for different fluvial boundary conditions in the Beni system as indicated. For 
all models, the maximum increase (%) in accumulated nuclide concentration for the last box with 
respect to the input concentration is given. Not shown for clarity: River depth decreased to 5 m results 
in a nuclide increase of 0.6%. (B) Cosmogenic 10Be nuclide data measured from Beni River sediment 
(Wittmann, 2008) from two grain sizes. For location of river see inset. Outliers are attributed to 
deviations in grain sizes, and, in the case of sample Beni 4, to possible temporal variations in the initial 
nuclide concentration within the sediment-producing area (see Wittmann (2008) for details). The grey 
bar denotes the flux- and area-weighted mean of all samples (n = 13), being 3.9 ± 0.6×104 at/g(Qz).  



 
 
Fig. 4.(A) Evolution of the 10Be nuclide concentration during ongoing irradiation. The depth-
dependency was calculated for SLHL nuclide production (including muons), following Schaller et al. 
(2002), and a sediment density of 2.0 g/cm3. The initial nuclide concentration was set to 50,000 at/g(Qz) 
for 10Be, which corresponds to an erosion rate of ~ 0.1 mm/y. The shaded area indicates the area where 
the depth- and age-dependent lines would plot if the initial nuclide concentration were 100,000 at/g(Qz)  
(corresponds to a slow upland erosion rate of ~ 0.05 mm/y) is used, where the upper boundary of the 
shaded area represents the surface and the lower boundary a depth of 50 m. (B) The corresponding 
evolution of the 26Al/10Be ratio with time; for the 26Al nuclide concentration, the initial 10Be nuclide 
concentration was multiplied by the surface production ratio of 6.5. (C) Same model results as in Fig. 
4B but plotted in a modified erosion island plot with 26Al/10Be ratio plotted versus 10Be concentration 
(note the scale of both axes is logarithmic). Using this plot, burial depth and burial duration can be 
estimated for samples that have experienced continuous irradiation during shallow floodplain burial. 
Grey curves give burial duration in My. Dashed grey curves are isodepth curves. The position of all 
curves depends on the initial concentration of the samples and on the prevailing production rate. 
Sample error ellipses are 1σ level. 



 

 
 
Fig. 5 Location of the “Varzea do Curuaí” near Óbidos (see inset Fig. 3). This system is taken as a 
representative floodplain of the central Amazon River. Geologic units have been drawn after Rossetti 
et al. (2005). The system is characterized by numerous black water (sample “Curu”) and white water 
lakes (samples “Gran” and “Soc”). Sample Curu is located at the transition between Miocene and 
modern, Holocene floodplain. In general, the white water lakes directly receive sediment from the 
Amazon during rising water stage, and the black water rivers do not receive sediment from the 
Amazon but are connected to the system through the groundwater table. 
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