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Key Points: 

 We constructed a numerical model simulating sediment transport dynamics in large-scale 

fluvial systems constrained by cosmogenic nuclides. 

 Examining data from four large rivers across the world, we constrain sediment residence 

time in large rivers. 

 Estimated residence times of sediments in four large rivers across the world range 104-

105 yr.  

A
cc

ep
te

d
 A

rt
ic

le
 

 

 

 

 

 

 

This article has been accepted for publication and undergone full peer review but has not been through
the copyediting, typesetting, pagination and proofreading process, which may lead to differences between
this version and the Version of Record. Please cite this article as doi: 10.1029/2021JF006417.

This article is protected by copyright. All rights reserved.

https://doi.org/10.1029/2021JF006417
https://doi.org/10.1029/2021JF006417
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JF006417&domain=pdf&date_stamp=2022-05-09


A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

Abstract 

The weathering of continental surfaces and the transport of sediments via rivers into the oceans is 

an integral part of the dynamic processes that shape the Earth's surface. To understand how tectonic 

and climatic forcings control regional rates of weathering, we must be able to identify their effects 

on sedimentary archives over geologic timescales. Cosmogenic nuclides are a valuable tool to 

study rates of surface processes and have long been applied in fluvial systems to quantify basin-

wide erosion rates. However, in large rivers, continual processes of erosion and deposition during 

sediment transport make it difficult to constrain how long sediments spend within the fluvial 

system. In this study, we examine the role of rivers in buffering erosional signals by constraining 

the timescales of fluvial transport in large rivers across the world. We apply a stochastic numerical 

model based on measurements of cosmogenic nuclides concentrations and calculate sediment 

residence times of 104-105 years in large rivers. These timescales are equal to or longer than 

climatic cycles, implying that changes to rates of erosion brought on by climatic variations are 

buffered during transport in large rivers and may not be recognizable in the sedimentary record. 

Plain Language Summary 

Large rivers are the most effective agent for transporting sediment from the weathering continents 

into the oceans, with the world's biggest rivers draining nearly half of the continental surface. In 

this work, we calculate the time sediment spends in large rivers between weathering and deposition 

in four large rivers across the world. We do this by simulating the processes of sediment erosion 

and deposition in rivers and applying this model to new and existing data. The results of this model 

show that the time it takes for sand to be eroded from the source rock and transported down the 

river is tens to hundreds of thousands of years. These extended timescales mean that sediment 

transport in large rivers buffers the effect of climatic fluctuations on weathering rates. This finding 

can explain how seemingly contradictory evidence of climatic variations impact erosion rates, 

while products of erosion measured at the oceans show no significant changes during these times. 

1 Introduction 

The dynamic processes that shape the surface of our planet are governed by climate and 

tectonics, with temperature and precipitation dictating rates of weathering and rock uplift 

controlling erosion rates (e.g., DiBiase & Whipple, 2011; Perron, 2017). However, the influence 

of climate variability on denudation rates and erosion over geological timescales has been the 

subject of an ongoing debate. On one side, weathering rates in mountainous source regions show 

acceleration with variations in climatic conditions (e.g., Carretier et al., 2013; Ferrier et al., 2013; 

Tofelde et al., 2017). Conversely, records from sedimentary basins indicate that rates of sediment 

input into the oceans have remained stable throughout the late-Cenozoic (von Blanckenburg et al., 

2015; Willenbring & von Blanckenburg, 2010). In this work, we examine sediment transport of 

the sand-sized fraction in four large rivers worldwide. We apply a stochastic numerical model that 

quantifies sediment residence times within fluvial systems based on sediment transport dynamics 

and constrained by measured and published cosmogenic nuclide data. These calculated residence 

times are key in understanding how transport through sedimentary systems can affect how changes 
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to rates of erosion at the source preserved in the sedimentary record (Castelltort & Van Den 

Driessche, 2003). 

Transport of sediment in rivers is crucial for relating variations in long-term continental 

weathering rates to sedimentary archives that record climatic and tectonic events and the dynamic 

processes shaping the Earth's surface over geologic timescales (Armitage et al., 2011; Romans et 

al., 2016). Rivers are the most effective transport systems on the Earth's surface, with the world's 

largest rivers (with annual sediment discharge greater than ~15 megatons) draining nearly 50% of 

the Earth's continental surface (Milliman & Meade, 1983). To understand how the weathering 

signal is transferred from continental denudation to sedimentary basins, we need to consider the 

route that sediment takes within the fluvial transport system.  

An idealized fluvial system can be divided into three parts (Schumm, 1977); the uppermost 

is the 'production zone', where slopes are steep, and weathering and erosion rates are high (Roering 

et al., 1999). Sediment is then transported downstream through the 'transport zone', an 

uninterrupted conduit for sediment, and is finally deposited in the sedimentary sink, the 'deposition 

zone' (Fig. 1). This simplified scheme is not applicable for large natural rivers, where deposition 

occurs intermittently during transport at the lower relief section of the 'transport zone'. In large-

scale fluvial systems (with basins larger than ~5·105 km2), the transport zone is characterized by 

meandering and braiding streams, where processes such as channel bank erosion and accretion, 

and fluvial avulsion cause sediment to be temporarily stored in channel-bars and floodplains during 

transport downstream (Fig. 1; Hajek & Wolinsky, 2012; Mason & Mohrig, 2019). Continuous 

cycles of deposition and remobilization that occur stochastically within the transport zone have an 

important role in modulating sediment flux out of river systems. Depending on the nature and 

frequency of perturbations, fluvial processes have been shown to delay, buffer, and shred the 

weathering signal as it propagates through the fluvial system (Jerolmack & Paola, 2010; Romans 

et al., 2016). Constraining the timescales of sediment transport in large rivers allows a better 

understanding of which past environmental conditions can be reconstructed from the stratigraphic 

record and how (Meade, 1994; Sadler, 1981). 

However, quantifying the timescales of fluvial transport in large rivers is not 

straightforward since the residence times of sediment, i.e., the timespan between weathering from 

the source until sediment accumulates in the sedimentary basin, is protracted by complex fluvial 

dynamics of intermittent deposition and temporary burial in the transport zone (Dunne et al., 1998; 

Lauer & Parker, 2008; Pizzuto, 1987). The many fluvial processes acting concurrently (i.e., 

sediment deposition and erosion at fluvial bars, floodplains, and riverbeds) make it extensively 

challenging to compute these processes reliably using a physical-based model alone (Straub et al., 

2020). Geochemical dating methods, such as radiocarbon ages of terrestrial organic carbon, 

support the premise that inland riverine systems are more than passive pipes. Dating organic matter 

from rivers shows that fluvial transport processes influence the storage of organic matter in surface 

deposits leading to timescales reaching up to millennia. These timespans indicate that sediment is 

transported through a series of short transport events and long pauses (e.g., Clark et al., 2013; 
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Martin et al., 2013; Torres et al., 2017, 2020). Similarly, the timescales of weathering and transport 

of fine-grained clastic sediment (<63 μm) measured using U-series isotopes, range from 103 to 104 

yr with large variability between the sampled large rivers (Dosseto et al., 2008; Granet et al., 2010; 

Vigier et al., 2001). Similar storage intervals for very fine sediment were also evaluated using 

meteoric 10Be in the alluvial lowland rivers, the lower Amazon basin, and Rio Bermejo in 

Argentina (Repasch et al., 2020; Wittmann et al., 2018).  

Although numerous previous studies were conducted to constrain sediment transport rates 

and evaluate their effects on natural processes, quantifying the residence time in large river systems 

remains a challenging task (Tofelde et al., 2021). Applying different geochemical proxies and 

dating methods to quantify residence times is similarly challenging due to the stochastic transport 

and continuous mixing of sediments (Carretier et al., 2020). Previous works examining changes in 

cosmogenic nuclide concentrations from sampling locations along the large rivers have 

demonstrated how an increase in exposure time does not necessarily correlate with distance 

downstream (Wittmann et al., 2020). Here we present a stochastic numerical model simulating 

fluvial transport dynamics of sediment erosion and deposition. We constrain the sediment transport 

times using the exposure times at different depths calculated based on two independently produced 

cosmogenic nuclides (10Be and 26Al) measured in quartz sands from four large rivers across the 

world. This approach allows us to combine a process-based model with measured data yielding 

better constraints on the residence time of the sand-sized fraction in large rivers and enabling us 

to assess the implications of fluvial transport on the buffering of continental erosion signals and 

the preservation of changes to environmental conditions in sedimentary archives. 

2 Materials and Methods 

2.1 Modeling approach 

Previous means to evaluate sediment transport in rivers have included mathematical solutions 

for sediment diffusion in fluvial basins and mass balance calculations of sediment storage and 

transport (e.g., Carretier et al., 2020; Castelltort & Van Den Driessche, 2003; Li et al., 2018; Paola 

et al., 1992; Pizzuto, 1987, 2020; Straub et al., 2020). These different approaches reflect the diverse 

fluvial processes that operate over a range of timescales.  

To overcome complexities arising from the various individual processes leading to sediment 

storage in large rivers, we constrain timescales of fluvial transport of silicate sand in large rivers 

using a probabilistic numerical model that computes sediment residence times based on 

measurements of cosmogenic 26Al and 10Be in modern fluvial sand. To do so, we use a simplified 

time-evolving model that accounts for the concentration of cosmogenic 10Be and 26Al in the 

sediment at each time-step, where production is dependent on time and burial depth (due to 

attenuation of cosmic ray particles through the sediment) and loss is dependent on time and 

radioactive decay constants. A decrease in burial depth can represent erosion from the top or 

dispersal and re-deposition, resulting in higher cosmogenic nuclide production rates. Similarly, an 

increase in burial depth can represent deposition on top or re-deposition at a new deeper depth 
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(and slower production rates). Hence, sediment thickness at each time-step represents the different 

sedimentary processes, including continuous sediment mixing and erosion, transport, and re-

deposition. This approach allows for a multitude of erosional processes varying temporally, 

regardless of spatial scale.  

The presented model does not directly consider sediment fluxes or the geography of the fluvial 

system, but rather applies a synthetic burial and travel history for each bundle of grains of sand. 

The specific synthetic history of each bundle produces a time series of 10Be and 26Al 

concentrations. By producing different histories at random, the model allows for a wide spectrum 

of scenarios, which can be compared to measured concentrations from multiple sampling sites 

along a downstream transect of a river. Each of the acceptable model simulations is considered as 

a “successful run”. These narrow down the spectrum of acceptable scenarios for a specific sample 

and provide an estimate for the family of scenarios realized in the sample as well as the acceptable 

range of transport times for the sample.  

Only a handful of publications present measurements of more than one cosmogenic nuclide 

from several locations along the flow path of large rivers. We examine cosmogenic 10Be and 26Al 

concentrations measured in sand-sized (125-850 μm) quartz samples from transects along the 

lower basin of the Colorado River (this work, see Supporting Information), the Amazon lowlands 

(Wittmann, von Blanckenburg, Maurice, Guyot, Filizola, et al., 2011), the Branco River, a 

tributary of the Amazon (Wittmann, von Blanckenburg, Maurice, Guyot, & Kubik, 2011), and the 

Po River (Wittmann et al., 2016). Examining the concentrations of two independent cosmogenic 

nuclides makes for a strong constrain on the simulated concentrations produced by the model, and 

using data from multiple sampling sites along a downstream transect enables us to account for 

natural variability, ultimately leading to a better and more realistic examination of cosmogenic 

nuclide production during transport in large rivers.  

2.2 Applying cosmogenic 10Be and 26Al to quantify residence time 

Terrestrial in-situ cosmogenic nuclides, produced within minerals at or near the surface by 

secondary cosmic-ray interactions, are widely applied to study surface processes by dating the 

exposure of surfaces and sediments, quantifying basin-wide erosion rates, and evaluating burial 

and deposition times (Dunai, 2010; Gosse & Phillips, 2001). Here, we examine changes to 10Be 

and 26Al concentrations measured in quartz grains produced during transport in large rivers. 

Generally, the total measured cosmogenic nuclide concentration in any quartz grain is the result 

of accumulation during bedrock erosion and downslope transport (the inherited component), and 

the nuclides produced during alluvial transport at varying rates depending on burial depth and 

duration during intermittent storage (the transport component). The inherited component depends 

on the rate of erosion, which can also change with time.  

To account for production during erosion at the source, we assume that the ratio of 26Al to 10Be 

is consistent with production at the surface (26Al/10Be = 6.75 in quartz, Balco et al., 2008). This 

assumption is reasonable even when considering the effect of slow rates of bedrock erosion on the 

initial 26Al/10Be ratio. In all of the source regions of the presented rivers, bedrock erosion rates are 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

not slow and are estimated to range between 40-1350 mm/kyr (Champagnac et al., 2007; Matmon 

et al., 2012; Safran et al., 2005).  

The other component contributing to the concentration of cosmogenic nuclides produced in 

situ in the river sediment is the 'transport component', produced over multiple cycles of deposition 

and erosion during fluvial transport and storage within the fluvial system. To account for this 

component, we determined the concentration of each of the measured radioactive nuclides (N) for 

each model time-step (i) by the production and decay rates, which can be expressed by (Dunai, 

2010; Lal, 1991): 

(1) 𝑁𝑖 =  𝑁𝑖−1𝑒−𝜆𝑡𝑖 +
𝑃𝑡𝑜𝑡𝑎𝑙

𝜆
(1 − 𝑒−𝜆𝑡𝑖), 

where Ni-1 is the inherited concentration of the cosmogenic nuclide from the previous step, λ is the 

decay constant in yr-1 (with half-lives of 0.708±0.017 and 1.387±0.012 Myr for 26Al and 10Be, 

respectively, Chmeleff et al., 2010; Korschinek et al., 2010), Ptotal is the production rate for both 

spalleogenic and muonic production at a subsurface depth z, and t is the time interval for which 

the sediment was buried at a depth z. For both nuclides, spalleogenic and muonic production 

decreases exponentially with depth (z) and can be described by: 

(2) 𝑃(𝑧𝑖) =  𝑃𝑠𝑝𝑒
−𝜌𝑧𝑖
𝛬𝑠𝑝 + 𝑃𝑚𝑢𝑒

−𝜌𝑧𝑖
𝛬𝑚𝑢, 

where ρ is the density of the sediment (2200 kg·m-3 for quartz sand) and Λ is the attenuation length 

in kg·m-2 (1.6·103 for neutron spallation [sp] and 1.5·104 for muons [mu], Balco, 2017). Production 

(P) is calculated for the mean latitude and elevation in the sampling region based on the scheme 

presented by Stone (2000; Table 1). Due to the extensive nature of these fluvial systems, they 

cover several degrees of latitude and longitude. However, when examining possible changes in the 

Amazon, Po, and Colorado rivers, these variations are negligible (<10%) in the total production 

rate calculations. 

2.3 Stochastic simulations 

2.3.1 Initial 10Be concentration 

The cosmogenic nuclide concentration of each of the analyzed samples is composed of 

cosmogenic nuclides produced during erosion at the source and during transport in the fluvial 

system. For that reason, we assume that the lowest measured concentration along a river represents 

erosion at the source plus the least amount of 10Be produced during transport. While it is likely 

that some of the measured 10Be concentration was produced during transport, this conservative 

estimation accounts for varying (slower) rates of erosion at the source as well as exposure prior to 

temporary deposition in the sampling location. For each of the presented rivers (Table 1), the initial 
10Be concentration (N0) is drawn from a uniform random distribution with values running between 

zero and the maximum equal to the lowest concentration of 10Be (including uncertainty) measured 

in the analyzed samples. The significance of this assumption to the model results is that calculated 

residence times are minimum times. While the overall residence time of sediment in the fluvial 

system increases downstream, this does not necessarily entail an increase in cosmogenic exposure 
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time between downstream sampling locations. This behavior can be observed in the nonlinear 

changes of cosmogenic 10Be and 26Al concentrations downstream presented in this work (see Table 

S1 in the Supporting Information) and the referenced material (Wittmann et al., 2011; Wittmann 

et al., 2016), and is likely due to the complexity of sediment transport dynamics in the low relief 

section of the transport zone and continuous mixing. Because we cannot assume that sediment 

exposure time simply increases downstream, we use the highest measured value of 10Be in each 

river independent of its relative distance from the source. We assume steady-state erosion rates at 

the source and calculate 26Al concentration based on the production ratio of 26Al/10Be at the surface 

in quartz (~6.75). 

2.3.2 Synthetic sedimentary history 

Burial time intervals are generated randomly using an exponential distribution so that recently 

deposited sediment is more likely to be eroded (Lauer & Parker, 2008; Lauer & Willenbring, 2010; 

Malmon et al., 2003). Model simulations continued until either the simulation is successful, 

namely, the cosmogenic nuclides concentration for the synthetic history fits the observed 

concentrations, or it was unsuccessful for at least 106 years, meaning that this synthetic history is 

not acceptable. Burial depths are randomly chosen from a uniform distribution around the mean 

burial depth that represents the depth where the number of successful runs was highest for each 

river (see figures S3-S6 in the Supporting Information). These distribution types were chosen to 

better represent the cycle of deposition, burial, and erosion (Lauer & Parker, 2008; Lauer & 

Willenbring, 2010; Malmon et al., 2003; Pizzuto et al., 2017). In their model, Torres et al. (2017) 

tested the different possible distributions and found that a Pareto distribution better describes the 

burial time intervals for their results. However, these tests also show that an exponential 

distribution describes the results well and is the next best choice. Here we choose to use a simple 

exponential distribution as this type of distribution is well suited for the type of model constructed 

here because it only depends on one parameter (µ) and allows for calibration when using small 

sample sets. 

As most previous works evaluate sediment transport times of 104-106 years (Blöthe & Korup, 

2013; Carretier et al., 2020; Fülöp et al., 2020; Repasch et al., 2020), we run the model for a 

maximal time of 106 years and a maximum of 106 time-steps. The maximal time dictates a time 

after which if the simulated results do not match the measured results, the model run is considered 

unsuccessful. At each model time-step, we calculate the concentrations of 26Al and 10Be based on 

nuclide-specific production at the determined burial depth and radioactive decay. Production rates 

are normalized to the averaged elevation and latitude for each river (Table 1). 

The modeled concentrations of 10Be and 26Al were calculated iteratively for each sampling 

site at each of the four examined rivers. The simulation stopped when the modeled concentrations 

of both nuclides were simultaneously equal to the measured concentrations within natural 

analytical uncertainty (see an example from the Colorado River in the Supporting Information; fig 

S1). If the measured value was reached, the simulation was considered "successful". For each 

successful run, we saved the minimal and maximal modeled times when an agreement was reached 
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(corresponding to minimal and maximal cosmogenic measurements uncertainties). The residence 

time for each successful run is defined as the median between the two end-results with the range 

as its uncertainty (see an example from the Amazon River in the Supporting Information; fig S2). 

2.4 Sensitivity analyses and model calibration 

The sensitivity of the model results to the number of simulations was tested based on one 

example (in the range of 1 to 10·105 simulations). The result showed that 1000 simulations were 

enough to reach a value within the measurement uncertainty (Fig. 2). Therefore, the model was 

run 1000 times for each of the samples. In each of the 1000 runs, the calculation can be considered 

as if it is a single grain of sand. Each of these grains has its own stochastic history with random 

burial depths and time intervals spent at each depth. Therefore, when examining the simulation 

results at a specific site, we take a thousand different “grains”, each with its own separate history. 

The result is obtained from the distribution of the grains within each site. 

The model was calibrated separately for each river for the parameters of the depth range of 

0-50 m and timespan of 0-5000 years. The model parameters for each river were determined based 

on the burial and time intervals that produced the highest number of successful runs considering 

all the samples at each river (see figs. S3-S6 in the Supporting Information). This way, while 

success rates can be lower for a specific sample at a river, the model parameters presumably 

represent the fluvial process at this particular river. Since the parameters of the random 

distributions are unknown, the model was calibrated so that its success rate (the ratio of successful 

to total runs) was maximized for all the samples together within each river, thus resulting in more 

universal parameters. Furthermore, since each simulation produced a different residence time, 

calibration using the success rate promised that the results were as reliable as in such a stochastic 

framework. 

3 Results 

Residence times for each of the sampling locations at each of the four rivers is calculated 

from the successful simulations out of 1000 runs of the model and presented as boxplots (Fig. 3). 

Within the four studied rivers, the model has successfully simulated the measured cosmogenic 

nuclide concentrations for 16 out of 20 examined sampling locations with the lowest success rates 

of 47% calculated at the Branco River for sampling location Br8b2 (Table 1). The highest success 

rate was 100%, for 11 out of a total of 20 samples from all rivers (three out of six in the Amazon 

River, one out of five in the Branco River, all three samples in the Po River, and four out of six in 

the Colorado River; Table 1). At the Amazon River, four out of the five sampling sites examined 

reached the measured 10Be and 26Al concentrations within analytical uncertainty, except for site 

Ir0.4c. While both Ir0.4c and Ir0.4b were sampled at the confluence with Rio Iriri, 0.4 km from 

the left bank (Wittmann et al., 2011), sample Ir0.4c shows higher measured 10Be and 26Al 

concentrations compared to the rest of the Amazon samples. Similarly, at the Branco River, four 

out of the five sampling locations showed similar measured concentrations except for Br5b 

sampled at the exact location as Br5c but separated for a different grain-size fraction (250-500 µm 

and 500-800 µm, accordingly). All three sites at the Po River and only four out of the six sites at 

the Lower Colorado River reached the measured 10Be and 26Al concentrations.  
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Cases where the model has failed to simulate the measured 10Be and 26Al concentrations 

(0% success rate), can be the result of different physical conditions at the sampling site that are 

not represented by the model parameters chosen for the river (mean burial depth and time). 

Alternatively, low success rates can be the result of sediments at the sampling sites not being part 

of the dynamic transport processes (i.e., abandoned terraces or locations that are controlled by 

localized erosional processes). Both of these scenarios are part of the natural variability within 

large-scale fluvial systems. The success rate at each river, calculated as a simple mean of the 

simulations for all samples including unsuccessful samples, is ≥65%, with the highest success rates 

at the Po River and the lowest at the Branco River (Table 1). Including the unsuccessful runs in 

the reported success rate, allows us to include the synthetic histories for all the sediments sampled 

in each of the rivers and demonstrates that the modeling approach presented here is viable and can 

be used to calculate sediment residence time in the examined rivers. 

For most of the examined rivers, success rates, as well as residence times, show high 

sensitivity to mean burial depths and low sensitivity to mean burial times <500 years, except for 

the Po River which only shows sensitivity to mean burial times (see figs. S3-S6 in the 

Supplementary Information). Therefore, the mean minimum burial depth was determined per river 

and ranges between a minimum of two meters in the Branco River and a maximum of 20 m in the 

Amazon River, while the mean burial time chosen is 20 years for all rivers. Mean burial depth also 

appears to correlate with the flux of suspended sediments in the rivers (Kettner & Syvitski, 2008; 

Meade, 1994; Milliman & Meade, 1983). Our model shows little sensitivity to timescales shorter 

than 500 years, as these are fast compared to cosmogenic nuclide production rates. An average of 

20 years for burial time-steps is short compared to burial times measured and estimated for 

sedimentary units in fluvial systems (e.g., Torres et al., 2017; Jerolmack and Mohrig, 2007; 

Repasch et al., 2020). However, the average time-step presented here represents smaller-scale 

fluvial processes reflected by changes in burial depth of a single grain of sand and therefore are 

expected to be shorter compared to burial time of a sedimentary unit. 

The residence times of the successful runs at each of the examined rivers are presented as 

box plot distributions with a residence time median for each sampling site (Fig. 3). Within each of 

the four studied rivers, residence times mostly agree between the different sampling locations, 

except for site Par0.9a at the Amazon River that shows shorter residence times ranging between 0 

years (i.e., faster than ~1000 years given the uncertainty range of cosmogenic nuclide 

concentrations) and ~650 kyr and a median of ~300 kyr. However, residence times vary 

significantly between the different rivers with the longest median residence times medians 

calculated at the Amazon River ranging ~300-600 kyr and the shortest median residence times at 

the Po River ranging from ~20 to 35 kyr. The Branco and Colorado rivers show similar ranges of 

median residence times of ~200-250 kyr at the Branco River, and 200-400 kyr at the Colorado 

River, except for site PD which shows a median residence time of ~800 kyr. The median residence 

times at the different rivers appear to agree with the basin size and length of the rivers. Even though 

the model is not spatially constrained, this trend agrees with the basic concept of the model, as 

longer rivers would allow for more events of intermittent burial that would result in longer 

residence times overall.  

Overall, for all rivers, the high degree of freedom of the model, the relatively small range 

of residence times for each river together with high model success rates (≥65%), versus the large 

deviation of residence times among the different rivers, strengthen the validity of the model results. 

Additionally, the calculated ranges agree with previous evaluations of inorganic sediment storage 

from Himalayan Rivers (Blöthe & Korup, 2013) and, to some degree, with lag-times from the 
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Murray-Darling basin in Australia (Fülöp et al., 2020). These results lead us to ascertain that 

overall residence times of 104-105 yr reached by our model are indeed a reliable quantification. 

4 Discussion 

4.1 Model viability 

A recent analysis of cosmogenic nuclides from over 50 large rivers shows that in 65% of 

the examined rivers, 26Al/10Be ratios are within the uncertainty of the surface-production-rate ratio. 

In contrast, for the other 35%, ratios were significantly lower (Wittmann et al., 2020). However, 

attempting to resolve sediment residence times in the fluvial system cannot be achieved using 
26Al/10Be ratios since these analyses are not sensitive enough to record the periodic and prolonged 

burial of sediment at shallow depths that occurs frequently within the low relief section of the 

transport zone. Thus, sediment residence times in large rivers cannot be directly evaluated using 

measured concentrations based on a single cosmogenic nuclide nor the calculated 26Al/10Be burial 

ages separately. Both the concentrations and their ratio must be considered simultaneously. 

Because nuclide production rates at or near the surface are much faster than decay rates, the overall 
26Al and 10Be concentrations increase with residence time during shallow burial, while their 
26Al/10Be ratio will show little change.  

Our model differs from previous applications of cosmogenic nuclides in fluvial systems as 

it simulates sediment transport and storage in the low relief section of the transport zone of large 

rivers by accounting for stochastic intermittent erosion and deposition at shallow depths and brief 

time intervals. The model results show that even small variations in the 26Al/10Be ratio may 

represent long residence times of sediments within rivers at shallow burial depths (see an example 

from the Amazon River in Fig. S2 in the Supporting Information). Using two separate cosmogenic 

nuclides with different production rates and decay rates, the model can account for production with 

varying sediment cover and sedimentary processes, resulting in longer timescales that are more 

representative than simple exposure age calculations. Constraining model simulations of sediment 

transport dynamics with measured concentrations of cosmogenic nuclides produces a realistic 

determination of residence times of silicate sand in large rivers.  

A potential source for variations in the cosmogenic nuclide production rates that should be 

considered are changes to the intensity and orientation of the Earth's geomagnetic field over 103-

104 yr timescales (Pigati & Lifton, 2004). These changes may affect the calculated residence time 

in the model. For three out of the four studied fluvial systems, timescales of sediment transport are 

one to two orders of magnitude longer, so these variations are averaged during transport. This is 

not the case for the Po River, where transport is at the 104 yr timescale (Table 1). Yet, considering 

the geographical location of the Po River, changes in production rates of 10Be resulting from 

changes in the geomagnetic field over time are smaller than 5% (Pigati & Lifton, 2004). 

We, therefore, propose that the presented model provides an accurate and more realistic 

"age" for the sediment than the more common exposure or burial age applications of cosmogenic 

nuclides. We use this calculated "age" to quantify the residence time of sand-sized quartz sediment 

transported by large rivers. 
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4.2 Geologic implications 

The timescales of sediment transport in large rivers dictate how upstream perturbations to 

continental weathering are communicated downstream. To distinguish signal perturbations at the 

outlet of a river, the intrinsic response time of the river, recorded in sediment residence times, must 

be significantly shorter compared to the perturbations themselves. Otherwise, transport in the 

fluvial systems will buffer the signal by the time it reaches the outlet of the river (Straub et al., 

2020). Therefore, we must consider the timescales of fluvial transport compared to environmental 

forcings that control weathering rates. Climatic cycles, such as glacial-interglacial periods, 

Milankovitch cycles, and other shorter climatic oscillations, trigger large changes in temperature 

and precipitation that affect weathering rates (Lupker et al., 2013). However, these variations 

operate over timescales ranging from decades to tens of thousands of years (Abe-Ouchi et al., 

2013; Fig. 5). The timescales of fluvial transport calculated here are 104-105 yr, within the same 

range or longer compared to climatic variations.  

Prolonged sediment residence times, together with complex sedimentary dynamics in large 

rivers (Gärtner et al., 2020), lead to downstream signal attenuation. The implication of which is 

the dampening of the signal of climatic cycles (as well as uncommon short-term, <105 yr, tectonic 

events) on rates of weathering recorded in sedimentary archives. Conversely, as tectonic forcings 

primarily operate over timescales that are longer by at least an order of magnitude compared to 

rates of fluvial transport (Nance & Murphy, 2013), the difference in timescales implies that 

variations to weathering rates brought on by tectonic events will mostly be preserved in the 

sedimentary record.  

5 Conclusions 

The intrinsic response time of rivers manifested as sediment residence times cannot be 

measured directly and has been primarily calculated from a mass balance (sediment budget) 

perspective. We simulate sediment transport dynamics and produce reliable residence times for 

sand-sized sediment in large rivers using a stochastic model, constrained with cosmogenic nuclide 

data sampled from the low-relief section of the transport zone of four large rivers worldwide. This 

approach enables us to examine how continuous intermitted burial and erosion cycles during 

transport in large-scale fluvial systems lead to prolonged residence times of 104-105 years.  

Changes in sedimentation rates observed in large river deltas and sedimentary archives are 

considered to represent changes in denudation rates (Allen, 2008). Previous works have linked 

changes in sediment deposition to climatic forcing, concluding that these are the result of 

acceleration in continental erosion rates (e.g., Clift & Giosan, 2014; Goodbred Jr & Kuehl, 2000; 

Peizhen et al., 2001). However, with contradicting evidence for the impact of climate on erosion 

rates (e.g., von Blanckenburg et al., 2015; Willenbring & von Blanckenburg, 2010), the question 

of whether and to what extent do sediments deposited in the deep ocean represent erosion in the 

source regions remains open (Molnar, 2004; Schumer & Jerolmack, 2009). The residence times 

presented in this work agree with previous evaluations that have been shown to buffer the 
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perturbations in the continental erosion signal with timescales <105 yr (Castelltort & Van Den 

Driessche, 2003; e.g., Romans et al., 2016; Straub et al., 2020). This observation denotes that 

variations to erosion rates caused by climatic cycles will be buffered by fluvial transport, 

concluding that climate-induced changes in denudation rates at the source will most likely be 

buffered during transport will not be preserved in sedimentary archives (e.g., Carretier et al., 2013; 

Ferrier et al., 2013; Tofelde et al., 2017). 

The outcomes of the presented research, further illustrate the importance of rivers for 

deciphering how the different forces that impact landscape evolution are recorded in sedimentary 

archives and call for further examination on how climate-induced erosional signals can be 

implicitly deduced from sedimentary archives. 
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Figure and Table Captions 

Figure 1. Schematic diagram of sediment transport in large-scale fluvial systems. Sediment is 

mainly produced in the mountainous region upstream (the Production Zone) and is transported to 

the depositional basin (Deposition Zone). As sediments reach the downstream low-relief section 

of the transport zone, they are intermittently deposited at floodplains and channel bars for varying 

periods and depths represented here by shades of brown. Storage in a specific point in space occurs 

until an erosional process remobilizes and transports the sediment further downstream. These 

continuous cycles of erosion and deposition lead to a complex storage framework of sediment 

within the fluvial system and make it difficult to quantify the transport time of sediments in rivers. 

The graph on the bottom left shows changes in sediment flux as a function of time (after Straub et 

al., 2020). The perturbation in sediment flux due to climate-induced increase in erosion rates at the 
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production zone (red) is buffered when the signal reaches the deposition zone (blue) because of 

the residence times of sediment in the low-relief section of the transport zone. 

Figure 2. Sensitivity of the model to the number of runs. Probability of the maximal calculated 

residence time from 1-105 model runs for sample CRWB (Colorado River) with burial depth 10 m 

and burial time 100 years. The spread of residence time of 1000 runs (purple) is smaller than the 

natural analytical uncertainty calculated from cosmogenic nuclide concentrations (see Table S1 in 

the Supporting Information), allowing for a reliable calculation of residence times. This test was 

applied for all rivers and produced similar results. 

Figure 3. Boxplots of calculated residence times from the four examined rivers. Each box presents 

all calculated residence times for 1000 runs, with a maximum of 106 steps and a maximal run time 

of 106 yr (see specific river parameters in Table 1). The central red mark is the median, and the 

bottom and top blue edges of the box indicate 25th and 75th percentiles, respectively. The dashed 

whiskers extend to the most extreme data points, which are not considered outliers (the presented 

dataset does not contain outliers). 

Figure 4. The residence time of sand-sized silicate sediments in large rivers. (A) Box plot of 

calculated residence times and percentage of successful runs for each sample in the Branco River. 

(B) Map of the corresponding sampling stations along the Branco River. (C) Map showing the 

locations of the rivers analyzed in this work and the model results. Sediment residence time is 

presented as the range of medians (RM) calculated for each sample in a specific river. n - number 

of samples analyzed, and SI is the averaged success rate from all stations. 

Figure 5. A comparison of timescales of fluvial transport and major tectonic and climatic 

variations. Timescales of fluvial transport represent sediment residence times in large rivers 

reported here as well as published lag times and sediment storage from large rivers across the globe 

(Blöthe & Korup, 2013; Clift & Giosan, 2014; Fülöp et al., 2020). Climatic cycles are after 

Foreman and Straub (2017). ENSO stands for El Niño–Southern Oscillation, and NAO stands for 

North Atlantic Oscillation. Tectonic cycles are after Meade (1994). The timescales of fluvial 

transport are longer or similar to climatic variations and mostly shorter compared to tectonic 

variations, implying that climatic variations and short-term tectonic events will be buffered by the 

fluvial transport system and will not be preserved in the sedimentary record. 

Table 1. Model Variables and Data  
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Table 1. Model Variables and Data 

River 
No. of 
samples Samples names Latitudea Elevationb 

Averaged Scaled 
Production Ratec 

Mean 
Burial 

Depthd 
Mean Burial 

Timee Successful Runsf 
Median 

Residence Timef 

   (°N)  26Al 10Be     

    (m a.s.l) (atoms g-1 yr-1) (m) (year) (%) (103 yr) 

Amazong 
 6 

Man 1.1b, Man 1.1c2, 
Ir0.4b, Ir0.4c, Par0.9a, 

Ama-b 1 5 17.84 2.92 20 20 
72.9 (62.6, 100, 

100, 0, 100, 74.5) 

561.4 (551.8 , 
561.4 , 333.3 , 
612.7 , 612.5) 

Brancoh 5 
Br1a, Br4c, Br5b, Br5c, 

Br8b2 1 50 18.47 3.03 2 20 
64.9 (100, 95.9, 0, 

82.1, 46.5) 

214.4 (216.1 , 
192.3 , 212.7 , 

244.2) 

Poi 3 P1, P3-1, P6-2 45 50 32.32 5.30 6 20 100 (100, 100, 100) 
28.7 (28.7, 33.8, 

21.0) 

Coloradoj 6 
CRWB, CRTC, CRND, 
CRPD, CRER, CRYM 33 100 27.29 4.47 10 20 

67 (100, 100, 0, 0, 
100, 100) 

314.2 (193.3 ,  
380.5 , 831.0 , 

247.8) 

Comments:       
a Mean latitude in sampling region         
b Mean elevation in sampling region         
c Scaled using the scheme presented by Stone (2000)         
d Mean of random distribution determined based on best model results, see sensitivity tests figures in the Supporting Information. 
e Mean of exponential distribution determined based on best model results, see sensitivity tests figures in the  Supporting Information .  

f Mean of modeled samples (result per sample) 
g Wittmann et al. (2011a)         
h Wittmann et al. (2011b) 
i Wittmann et al. (2016).  

j This work (see Supporting Information)         




