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Scaling laws for sediment storage and turnover

in river floodplains

Emily C. Geyman1*, Yutian Ke', John S. Magyar1, Jocelyn N. Reahl? Vincent Soldano?,
Nathan D. Brown*, A. Joshua West®, Woodward W. Fischer', Michael P. Lamb'

Nearly 10% of Earth’s continents are covered by river floodplains. These landscapes serve as weathering reactors
whereby particles eroded from mountains undergo chemical and physical alteration before being exported to
oceans. The time a particle spends in floodplain reservoirs regulates the style and extent of continental chemical
weathering and the fate of terrestrial organic carbon. Despite its importance for the global carbon cycle, we still
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lack a quantitative understanding of floodplain storage timescales. Using a combination of geomorphic mapping,
radiocarbon and luminescence dating, and numerical simulations of meander dynamics, we identify well-
conserved scaling laws that describe floodplain storage times. Our results reveal that, to first order, floodplain
storage durations are set by the ratio of river width to migration rate. The fact that most rivers erode about 1% of
their width per year leads to a typical floodplain storage duration of ~5 thousand years.

INTRODUCTION

Rivers are the arteries that transfer water, sediment, nutrients, and
organic carbon from the continents to ocean basins. In the broad,
low-gradient alluvial valleys that cover much of Earth’s surface, riv-
ers act not as stationary canals but as dynamic systems that persis-
tently (i) erode alluvial sediment on their outer banks, (ii) deposit
sediment on their inner banks, and (iii) transport sediment down-
stream (Fig. 1A). These river “reactors” set the timescale of sediment
persistence on the floodplain, which determines processes such as
the aging and degradation of terrestrial organic carbon (1-4), the
style and intensity of continental chemical weathering (5-9), the
persistence and removal of particle-bound contaminants (10-13),
and the degree of buffering and/or shredding of climate signals that
get preserved in sedimentary basins (14-16).

If floodplains were well-mixed reservoirs without net erosion or
accretion, one could describe the timescale for sediment turnover
with a simple one-box model. For example, consider the control vol-
ume of a river floodplain with reach length L, channel depth H, and
floodplain width W; (Fig. 1A). The total volume of sediment in this
control reach is W,LH (L?). A river traversing this floodplain with
average migration rate M,,, and sinuosity S has a volumetric re-

working rate of M,,,SLH (L*> T~!). Thus, the residence time of sedi-

avg

ment in the floodplain, t, would be

W.LH W,
T=——= (1)
M SLH ~ M,,S

For example, a river with migration rate M, , = 5 m/year, sinuos-
ity $ = 1.5, and floodplain width W; =15 km would yield T =2
thousand years (kyr). However, floodplains cannot adequately be
described as uniform, well-mixed reservoirs because their turnover
is controlled by the position of the river channel, which exhibits a
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high degree of autocorrelation across space and time (Fig. 1B)
(4, 17, 18). Previous workers have proposed that, on very long tim-
escales, the position of a meandering channel obeys a sort of “ran-
dom walk” (4, 17, 19). This random-walk framing successfully
explains how portions of the floodplain near the active channel are
repeatedly reworked, whereas pockets of much older terrain can
persist on the edges of the alluvial valley, leading to a heavy-tailed
distribution of floodplain particle ages (Fig. 1B) (4, 17).

However, a limitation of this conceptualization is that, on short
timescales, rivers exhibit a behavior opposite to a random walk;
their position is highly deterministic and controlled by the local
river curvature (Fig. 1C) (20). Two relevant timescales to contextu-
alize this regime of deterministic behavior are (i) the time it takes a
channel to erode a distance equivalent to one channel width (t,,)

w
’L'W=M

avg

)

and (ii) the time required for a single meander to evolve to the point
of cutoff (t,) (4, 17, 18). At timescales on the order of several t,, or
shorter, meander kinematics dictate that newly deposited inner-
bank sediment has high preservation potential because the channel
tends to be migrating away from the point of interest (Fig. 1C). In
contrast, at timescales approaching t_,, meander cutoff events
abruptly change the position of the channel and cause nearby flood-
plain sediments to be preferentially eroded, rather than preferen-
tially protected. Thus, previous models (4, 17), which are predicated
on the notion that rivers preferentially erode younger deposits
(4, 17), only apply for timescales on the order of T, or longer.

How long is this cutoff timescale? Using a combination of nu-
merical simulations and an analysis of historical satellite imagery
(see the Supplementary Materials), we estimate the cutoff time dis-
tribution for three large databases of rivers on Earth (21-23). Figure
2B shows the resulting distribution of _; the mean cutoff timescale
is 3.2 + 1.8 kyr. Thus, to understand how fluvial systems respond to
environmental perturbations on timescales shorter than a few thou-
sand years, which include all anthropogenic perturbations, we need
models that apply to timescales shorter than .

We hypothesize that meander kinematics cause the age distribu-
tion of floodplain sediment to be characterized by distinct scaling
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Fig. 1. River meandering on short to long timescales. (A) An illustration of the
transport of sedimentary particles from an upland source region to a terminal sink.
Between the source and the sink, particles often pass through a low-gradient allu-
vial river system, where they are repeatedly deposited within the floodplain via lateral
river migration, then stored for a duration before the river revisits the same location
and erodes the particle, and then transported downstream before being deposited
again. The duration of each floodplain storage event and the number of storage
events control the total transport time from source to sink (4). We are interested in
quantifying three interrelated quantities: [(A), i] the age distribution of sediment on
the floodplain, [(A), ii] the age distribution of eroded sediment (which represents the
floodplain storage time distribution), and [(A), iii] the age distribution of sediment
transported down the river (where the particles have undergone n sequential stor-
age and release events) (4). (B) Numerical simulations (4, 17, 18, 29, 42, 43) provide an
opportunity to probe the long-timescale behavior of meandering rivers and evalu-
ate the controls on the ages of stored and transported particles. (C) We hypothesize
that river meandering leads to three types of behavior on short to long timescales:
(D On the shortest timescales, river migration follows a predictable pattern gov-
erned by the local channel curvature (20), and sediment deposited in the inner bend
tends to be protected from subsequent erosion because the channel is migrating
away from the point of interest. ) At intermediate timescales (e.g., longer than the
timescale when a meander bend grows to the point of cutoff, ), the river adopts
arandom-walk behavior (4, 17). @ At sufficiently long timescales, the total area vis-
ited by the river is limited by factors such as long-term subsidence and aggradation
and/or the bounding valley geometry.

behavior at three temporal scales (Fig. 1C). At the shortest times-
cales, there is an “excess” of floodplain sediment because alluvial
material is deposited but rarely eroded because it resides in the shel-
tered wake of a meander (although note that the downstream trans-
lation of meander bends tends to clip off a fraction of the newly
deposited inner-bank sediment) (20, 24). At intermediate times-
cales, the channel can be thought of as performing a random walk
(17, 19), revisiting different parts of the floodplain in a manner that
is approximately diffusive in nature (17). Last, because river flood-
plains are not infinitely wide but rather constrained by bounding
topography or else in a state of aggradation, there exists some times-
cale T, at which the probability of encountering a pocket of older
floodplain sediment falls toward zero (Fig. 1C) (4).
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Fig. 2. Estimates of the characteristic timescales t,, and 7 for three global
datasets of meandering rivers on Earth. The datasets include not only single-
threaded meandering but also anabranching and distributary (deltaic) channels.
See Supplementary Text for details on how the analysis was performed. (A) The
characteristic timescale t,, describes the time it takes for a channel to erode a dis-
tance equivalent to one channel width. A t,, value of 100 years means that the
channel erodes 1% of its width per year. Larger t,, denotes slower relative channel
migration. (B) The cutoff timescale T . depends on t,,, as well as the channel width-
to-depth ratio (fig. S1). Weighting the datasets in (27-23) equally, the mean esti-
mated ., for modern rivers on Earth is approximately 3.2 + 1.8 kyr.

Here, we seek quantitative and predictive models that describe
the transitions between these three scaling behaviors and span a
wide range of timescales from ~10°to 10° years. It is now routine to
quantify characteristics such as river width (25) and migration rate
(21, 26, 27) from satellite data. Our motivating question is as fol-
lows: Given a set of easily measurable river characteristics—channel
width, migration rate, and floodplain width—can we determine a
priori the age distribution of the floodplain?

We combine numerical models of river meandering with field
observations to test scaling laws. Because there exist very few obser-
vations of age-area relationships in alluvial floodplains (i.e., those
used to ground-truth simulations similar to the one shown in Fig.
1B) (28), we begin by combining geomorphological mapping with
geochemical age constraints to produce floodplain age maps for
three distinct environments: (i) a gravel-bedded, anastomosing
reach; (ii) a sand-bedded, single-threaded meandering reach; and
(iii) a sand-to-silt-bedded distributary deltaic system (Fig. 3, A to
C). Next, we run numerical meander simulations (29) to explore
how parameters such as the migration rate, the channel width, and
the total floodplain width determine the age distribution of the
floodplain. We find that the behavior across all simulations collapses
to a simple scaling behavior defined by three power-law regimes
(which correspond to the three regimes hypothesized in Fig. 1C).
We show how this empirical relation correctly reproduces the age-
area relationships at our three field sites (Fig. 3) without tuning, and
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Fig. 3. Field sites where we constrain floodplain age-area relationships. (A to C) We study three locations with different alluvial river morphologies: (A) the gravel-
bedded, anastomosing Yukon River near Beaver, Alaska (66.362°N, 147.398°W); (B) the sand-bedded, single-threaded meandering Koyukuk River near Huslia, Alaska
(65.700°N, 156.387°W); and (C) the sand-bedded, tidally influenced channels of the Yukon River Delta near Alakanuk, Alaska (62.685°N, 164.644°W). We use cross-cutting
relationships of fluvial deposits observed in satellite imagery (D to F) to develop an ordinated chronology of the relative floodplain age (G to I). To convert relative ages to
absolute ages, we sampled floodplain material for radiocarbon (**C) and optically stimulated luminescence (OSL) analyses. In (J) to (L), the squares denote the mean and
SD of the n geochemical samples collected from each relative age unit. Note that the temporal ordination of the relative age units imposes an additional constraint that
we can incorporate into our age model (33). Using Markov chain Monte Carlo (MCMC) methods (33), we generate estimates for the age and uncertainty of each mapped
unit. Image credit for (A) to (C): E.C.G,, Caltech.
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how it flexibly applies to both single-threaded and anabranching
meandering systems.

Field observations of floodplain age-area relationships

At each of the sites shown in Fig. 3, we quantified the age distribu-
tion of floodplain sediment through a combination of geomorphic
mapping and geochemical sampling (Fig. 3) (30). Our methodology
involves three steps:

1) Developing relative floodplain age chronologies. Cross-cutting
relationships of lateral accretion sets (LASs) encode the relative ages
of fluvial deposits (31). That is, a deposit must be younger than the
deposits that it cross-cuts and older than any deposits that cross-cut
it (30, 31). Using this principle, we created floodplain relative age
maps, where floodplain deposits are ordinated into bins from 1 (rep-
resenting the youngest deposits next to the active channel) to n (rep-
resenting the oldest floodplain material) (Fig. 3, G to I). Note that
this exercise of mapping cross-cutting relationships is particularly
well suited to Arctic rivers (Fig. 3), both because the floodplain veg-
etation tends to be less dense than in tropical settings, and because
the vegetation correlates strongly with topography on the alternat-
ing levees and swales in scroll bar complexes (30), which amplifies
the visual contrast of the geomorphic patterns.

2) Geochemical age constraints. To convert the relative terrain
ages from step 1 into absolute ages, we sampled floodplain material
for radiocarbon (**C) and optically stimulated luminescence (OSL)
analyses. In total, we measured 175 stratigraphic sections through
the near-surface floodplain stratigraphy: n = 46 in Beaver, n = 43 in
Huslia, and n = 86 in Alakanuk (Fig. 3, A to C). The 4C and OSL
data from Huslia were published in (30); the data from Beaver and
Alakanuk are new to this study (32). Where layers of coarse organic
carbon, particularly woody debris, were present in the primary
floodplain stratigraphy, we collected samples for **C analysis. We
avoided plant roots and other material associated with the modern
floodplain biosphere. Where layers of well-sorted sands were pres-
ent in the fluvial stratigraphy, we collected samples for OSL analysis.
Details of sample collection, processing, and analysis are described
in Materials and Methods and Supplementary Text.

3) Probabilistic conversion from relative to absolute ages. The
geochemical sampling led to n = 19,1 = 44, and n = 25 '*C and OSL
age constraints at the Beaver, Huslia, and Alakanuk field sites, re-
spectively (Fig. 3). Next, we used these observations to establish our
best estimate for the age and uncertainty of each relative age unit.
Note that the temporal ordination of the relative age units imposes
an additional constraint that we can incorporate into our age model.
For example, the relative age unit 3 must be older than unit 2 and
younger than unit 4. Using Markov chain Monte Carlo (MCMC)
methods (33), we generate estimates for the age and uncertainty of
each mapped unit (Fig. 3, ] to L).

Governing equations linking the age of floodplain deposits
and the age of exported river sediments

We are interested in quantifying three interrelated quantities: (i) the
age of sediment observed on the floodplain (which represents our
ground-truth observables in Fig. 3), (ii) the age of sediment eroded
from the floodplain (which represents the floodplain storage time
distribution), and (iii) the age of sediment exported by the river
(which represents the age of particles that have undergone n sequen-
tial storage and release events) (Fig. 1A). As summarized in (17),
mass balance quantitatively links (i) and (ii); at steady state, the age

Geyman et al., Sci. Adv. 11, eadu8574 (2025) 11 April 2025

distribution of particles being eroded by the river must exactly
match the distribution of sediments achieving that same age on the
floodplain (via aging). This condition requires that the probability
density function (PDF) of the age of particles residing on the flood-
plain, g(#), is linked to the cumulative distribution function (CDF)
of the age of particles being eroded by the river, F(t), as

Q&
gt = g N=F)]

3)
where M, (M) is the total mass of floodplain sediment and Q
(M T7Y) is the sediment exchange resulting from lateral migra-
tion of the river (17). Equation 3 provides a way to translate obser-
vations of floodplain terrain ages (Fig. 3) into estimates of the ages
of eroded sediment.

Note that F(¢) reflects the distribution of storage times for a sin-
gle storage event in the floodplain. In the total transport journey
from source to sink (Fig. 1A), a particle will be repeatedly stored in
floodplain deposits, then eroded and liberated in the channel to be
transported downstream some distance x,,,,, and then deposited in
the floodplain again. Because the transit time is dominated by the
intervals when the particle is stored in floodplain deposits, rather
than in transit along the river channel (4), the age of the particles
transported by the river can be approximated as

h(t) =f(®)™" (4)

where f(t) is the PDF of storage times for a single storage event, n is
the number of storage events, and the symbol * denotes convolution
(4). Note that n scales linearly with the river length, L

L

n= )

xtran

where x,,,, is the characteristic transport length between storage
events. A key to implementing Egs. 4 and 5 in practice is constrain-
ing the transport lengthscale, x,,,,. We can estimate x,,,, using mass
balance to link Q, with the channel migration rate

Ql = prangxtran (6)

where p, is the sediment bulk density (M L73), M, is the reach-

averaged channel migration rate (L T™!), and H is the channel depth
(L). Q, represents the component of the downstream sediment dis-
charge that is tied up with the downriver lateral migration of the
river, not the total sediment discharge of the river (Q,). As a simple
starting point, we follow (4) and hypothesize that Q; and Q, are pro-
portional to each other

Q x Q (7)

where we expect the coefficient of proportionality to be sensitive to
factors such as the distribution of particle grain sizes that constitute
the floodplain versus the riverine sediment load. For example, a
river’s downstream sediment discharge could be dominated by mud,
whereas the sediment in the floodplain reservoir may be predomi-
nantly composed of sand (34, 35). In this case, the muddy “wash-
load” component of Q; largely may not participate in the sediment
exchange associated with lateral migration of the river and therefore
should be excluded from Q; [but cf. (36)]. Volumetric observations
of sediment exchange into and out of the riverbanks [e.g., from
time-lapse light detection and ranging (LiDAR) surveys (37, 38) or
subpixel measurements of satellite imagery (27)], in concert with
measurements of the through-going riverine sediment fluxes (34),
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allow one to constrain the relative scaling between Q, and Q (39).
Here, we proceed with a generic proportionality. Rearranging Egs. 6
and 7 gives an expression for x,,,,, (L), expressed here as a lengthscale
that is normalized by the channel width

Q
pr avg WH

xtran

W (8)

The term on the right-hand side can be simplified through the
definition of the sediment transport rate, g, (L T~

= QS 9
&= ©)
which makes the normalized transit lengthscale simplify to
Xtran & s
W My, (10)

Empirical observations of sediment transport in natural rivers
suggest that the channel migration rate (M,,,) scales quasi-linearly
with the total sediment transport rate (g,) (39-41), suggesting that
the normalized transit lengthscale X‘”Wa" could be well conserved across
channels with a broad array of sizes and migration rates (4). For ex-
ample, Fig. 4A shows data for modern rivers in the Amazon basin
(39), illustrating an approximately linear scaling g, & M,,,. For the

Xtran

data in Fig. 4A, the normalized transit lengthscale( ) is relatively

narrowly distributed around a mean of 320 (channel widths) or ~32
meander bends (Fig. 4B). In summary, using Eqgs. 3 to 10, one can
translate observations of the age distribution of floodplain sediments
(Fig. 3) to quantitative estimates of the floodplain storage time and
the age distributions of sediment transported downriver.

Migration rate scales with sediment load — Narrow distribution of ();"V)

10°

.D"Coﬁstantiﬁe etal. '(26‘14)5 A 10 = Constantine et al.
Amazon basin rivers (2014): Amazon
o[ 7 1000 O B
- Width
:‘G idth (m) % | 0
)
= 10!
E
S W =
S
DA -------- Median:
10° 320 channel widths

R? (linear) = 0.34
g (m yearT)

10' | =32 meander bends
L ]

Fig. 4. Sediment flux, migration rates, and transit lengthscales estimated for
modern rivers. (A) Observations from major rivers in the Amazon basin (39) sup-
port a quasi-linear scaling between the sediment transport rate [g, (meters per
year)] and the average channel migration rate (meters per year). (B) The quasi-linear
relationship in (A) supports a relatively well-conserved sediment transport length-
scale, X,.,, /W, which does not show systematic residual trends with channel size or
migration rate. The distribution in (B) has a mean of 320 (channel widths) and an
interquartile range (25th to 75th percentile) of 210 to 440 channel widths. Observa-
tions of the geometry of modern meandering rivers (see the Supplementary Mate-
rials) indicate that the average length of a meander bend is 10.0 + 1.4 channel
widths. Thus, in the distribution shown in (B), x,.,, has a mean value of 32 bends
(interquartile range: 21 to 44 bends). Note that the x,,, values shown in (B) assume
a proportionality coefficient of 1 in Eqg. 10.
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Numerical simulations of meander evolution

The field observations in Fig. 3 provide three snapshots of floodplain
age distributions from rivers with a diverse set of morphologies and
a range of migration rates. However, to systematically explore how
variables such as the channel width, average migration rate, and to-
tal floodplain width affect the final age distributions, we need more
than n = 3 observations.

We use numerical simulations to explore the long-timescale be-
havior of meandering river systems (4, 17, 42, 43) with a range of
channel sizes and migration rates. We use the convolutional model of
Howard and Knutson (29), which successfully describes the meander
kinematics observed at our field sites (27, 44) (see the Supplementary
Materials), as well as meandering rivers around the world (20, 40).
Note that we focus on floodplain construction through lateral accre-
tion (rather than overbank deposition) because the lateral accretion
deposits dominate the mass of the floodplain reservoir (see Supple-
mentary Text). However, for some applications, the overbank deposits
may play an outsized role due to their abundance of fine grains (and
associated organic carbon, particle-bound contaminants, etc.). We
explore these caveats in the Discussion and Supplementary Text. An
example meander simulation is shown in Fig. 1B. We performn = 600
simulations spanning an array of parameter values including channel
widths (W =50 to 1000 m), migration rates (Mavg = 0.1 to 20 m/
year), friction coeflicients C; [a parameter that affects the meander
kinematics (29)], and model runtimes [t = 10 kyr to 10 million years
(Myr)]. At the end of each simulation, we measure the age distribu-
tion of floodplain sediments (e.g., Fig. 1B). Our goal is to evaluate
whether the resulting age distributions from the n = 600 simulations
can be rescaled to collapse into a simple functional form.

RESULTS

Three distinct scaling regimes revealed by

meander simulations

Across all model experiments, the age of the simulated floodplain col-
lapses to a single distribution (Fig. 5) if we rescale the model time by
T,, (the time it takes the river to migrate a distance of one channel
width). As hypothesized, Fig. 5 reveals three distinct scaling re-
gimes. At the shortest timescales (i.e., those shorter than ~ 5t),
floodplain sediments have the highest probability of being observed
on the floodplain. This is because meander kinematics dictate that, on
these short timescales, the channel tends to be migrating away from
the point of interest. At a timescale of ~5 to 10 7, there is a transi-
tion whereby meander bend expansion and cutoff (18) alter the statis-
tical behavior of the river’s motion from being roughly unidirectional
to behaving similarly to a random walker (17, 19). A consequence of
this random-walk (diffusion-like) behavior is that older sediments
become less probable but in a heavy-tailed manner (i.e., the oldest
sediments are more probable than would be predicted from a model
of exponential decay) (4, 17). Last, at sufficiently long timescales,
tectonic history and regional constraints on the size and shape of the
floodplain (19) require that the abundance of the oldest sediments
falls toward zero (Fig. 5).

A simple scaling equation to describe the age distribution of
alluvial sediments

The simplest functional form that captures the behavior in Fig. 5isa
broken power law (45) with three regimes. According to this model,
the PDF of the age of floodplain sediments can be described as
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Fig. 5. PDF describing the age distribution of the floodplain. Data from n = 600
numerical simulations (Fig. 1C), each run to statistical steady state, collapse to sup-
port a similarly shaped distribution if the model time t is rescaled by a critical
timescale t,, = W/M,,,. See the Supplementary Materials for an illustration of
the empirical PDFs of individual numerical simulations. The observations are fit
with a broken power law (Eq. 11). The best-fit parameters are b, = 5.38, b; = 217,
m, = 0.636, m; =7.92, s, = 0.613, and s; = 0.305. The same distribution shown
here is repeated in Fig. 6A, where it is combined with Egs. 3 to 8 to construct Fig. 6
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where 7 is the dimensionless age of the floodplain material, calcu-
lated as T = t/t,,. The parameters b, and b, represent the positions
of the scaling breaks (Fig. 5). The parameters s, and s; describe how
gradually versus abruptly the function transitions between the dif-
ferent power-law segments. Last, the parameters m, and m; denote
the power-law slopes of segments @ and ) in Fig. 5. The slope of
the first segment, (D, is zero (Fig. 5). In total, there are six indepen-
dent parameters in Eq. 11. The parameter a is simply a normalizing
factor that ensures the integral of g(t) is one.

We find that the parameters describing segments (D and @ of
the broken power law (Fig. 5) are well conserved across the n = 600
simulations. These segments define the internal dynamics of the
meandering river. The parameters defining segment @ (particu-
larly the scale-break parameter b,) reflect the interaction of the
channel with the confining valley geometry (17) or the long-term
subsidence behavior (Fig. 1C). In the no-subsidence end-member,
the position of the scale break b, can be estimated as by =7, /T,
where 7, represents the time it would take the channel to traverse
the full width of the observed floodplain (W;) (see the Supplemen-
tary Materials)

(12)

To summarize, the broken power-law model (Eq. 11) allows one to
predict the three interrelated age distributions of (i) the material
persisting on the floodplain (Fig. 6A), (ii) the material removed
from the floodplain via erosion (Fig. 6B), and (iii) the material ex-
ported downriver (Fig. 6C), as a function of the channel width and
average migration rate, parameters that are readily obtained for any
large river in the world from satellite data (20, 21, 25-27, 39, 44).

Geyman et al., Sci. Adv. 11, eadu8574 (2025) 11 April 2025

Here, we test whether the broken power-law model in Fig. 5 suc-
cessfully reproduces the observed age distributions at our field sites
(Fig. 3). To apply the model to all three field examples, we need a
framework for extending the model from single-threaded to anasto-
mosing and distributary meandering systems. A simple approach
for doing so is to decompose a multichannel meandering system
into its set of constituent channels, each with different width, length,
and average migration rate (and therefore a different floodplain age
PDF in Fig. 5). We hypothesize that one can estimate the overall age
distribution of the floodplain as an average of the individual PDFs,
weighted by the amount of geomorphic work (floodplain area or
volume processing rate) done by each channel (Fig. 7). Note that we
pose this methodology as a hypothesis because it is possible that
interactions (attraction, capture, etc.) between the different threads
of an anastomosing or distributary meandering system could affect
the resulting floodplain age distributions. In addition, an implicit
assumption of this approach is that the number and size of channels
in a multichannel system have remained statistically similar to the
present day over the life of the floodplain. This assumption may be
violated in scenarios in which the floodplain is undergoing major
change. Also note in Fig. 7 that we can define the geomorphic work
in terms of either area or volume. The total area reworking rate
(L* T) from all i strands of a multichannel system is },L; M, ;
where L and M, are the length and average migration rate, respec-
tively. Meanwhile, the total volumetric reworking rate (L* T~!) from
i strands of a multichannel system is }’,L;M,,,;H;, where H is the
channel depth. One would use the area-based weighting for predict-
ing mapped floodplain age distributions similar to those in Fig. 3,
but volume-based weighting for predicting the age distribution of
sediment transported and exported by the river (Fig. 8, B and C). If
no in situ observations are available, then channel depth (H) can be
estimated from channel width (fig. S2). See Supplementary Text for
a graphical illustration of this workflow and a step-by-step guide for
implementing it. Keeping all of the aforementioned caveats in mind,
this simple workflow implies that if we measure the length, width,
and average migration rate of each channel, as well as the total width
of the floodplain, Wi, then we can predict the overall age distribu-
tion of the alluvial deposits. We test this hypothesis by predicting
the age distributions of the sites in Fig. 3.

Without tuning, the model correctly predicts the floodplain age
distributions from all three sites. At Beaver, AK, the observed flood-
plain age CDF is y = (0.36 & 0.05)x(*33+009, and the predicted
floodplain age CDF is y = (0.32 % 0.02)x(*37£09%) (where x repre-
sents the age in kyr) (Fig. 7D). The observed and predicted age mod-
els are within error of each other. The same is true for the other
two sites. At Huslia, AK, the observed floodplain age CDF is
¥ = (0.24 + 0.02)x*47£009) and the predicted floodplain age CDF is
y = (0.27 £ 0.01)x47£092) (Fig_ 7E). Last, at Alakanuk, AK, the ob-
served floodplain age CDF is y = (0.51 + 0.07)x®81£016) anq the
predicted floodplain age CDFis y = (0.49 + 0.01)x(0-78+0.02) (Fig. 7F).

DISCUSSION

Implications for floodplain storage timescales

The scaling laws in Fig. 6 suggest that the typical time a particle spends
trapped in a floodplain reservoir does not depend on the absolute size
(i.e., width) of the channel or on the absolute rate of channel migration,

but rather on the ratio of those two quantities (t,, = W /M,,). For
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Fig. 6. Interrelated age distributions of stored, eroded, and exported alluvial particles. (A) Floodplain age PDF, repeated from Fig. 5. (B and C) PDFs of the (B) stor-
age time distribution and (C) age of the exported material. As described in the main text, mass balance quantitatively links the distributions in (A) and (B) (see Eq. 3).
Recall, however, that this linkage between the distribution of floodplain sediment ages with its corresponding distribution of eroded sediment is based on an assump-
tion of steady state. The distribution in (C) represents the convolution of the distribution in (B) with itself n times, where n is the number of sequential storage and
transport events (see Eq. 4) (4). On the x axis, the time is rescaled by the critical timescale t,,, which represents the time it takes a channel to erode the distance equiva-
lent to one channel width.

Evaluation on field sites: Single- and multithreaded systems are correctly predicted without tuning
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Fig. 7. A test to evaluate whether the broken power-law model can correctly predict the floodplain age distributions at our three field sites (Fig. 3). (A to C) To
generate the model predictions, we decompose each river system into a series of threads and then measure the length, width, and average migration rate (44) of each
thread. Following the workflow outlined in Supplementary Text, we calculate the floodplain age distribution that would result from each thread and then sum the distri-
butions according to their geomorphic work (floodplain area processing rate). Last, we convert the resulting PDF to a CDF. We fit the CDF with a simple low-parameter
function of the form y = ax®. The legends in (D) to (F) compare the observed and predicted floodplain age-area relationships. The observed age-area relationships are
based on fitting a y = ax® function to the cumulative age-area data from the age maps in Fig. 3. In all three cases, the model predicts the observed age-area relationships
within uncertainty. Note that there are no tunable parameters in the model; the parameter values from Fig. 5 are used directly (except for b;, which is calculated as the
ratio of the total study-area width to the channel migration rate—see Eq. 12). In Fig. 8 (A to C) and Supplementary Text, we describe how one can convert the age distribu-
tion of sediments on the floodplain (i.e., the observed quantity from Fig. 3) to estimates of the age distribution of eroded sediments (which represents the floodplain
storage time distribution) and the age distribution of transported/exported sediments. In [(D) to (F)], the colors of the squares denote the floodplain age unit, following
the legend shown in Fig. 3 (J to L).
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Fig. 8. An illustration of how the ratio of the channel width to the migration rate
(z,,) controls the age of stored, eroded, and exported alluvial particles. In (A) to (C),
we apply the distributions in Fig. 6 [which are constructed from the broken power-law
model in Fig. 5, using an upper scale break of b; = t,,,,, = 200] to compute the particle
age distributions as a function of t,,. We compute the mean and median ages of the (A)
material on the floodplain, (B) material eroded from the floodplain, and (C) material
exported by the river after n sequential storage and transport events. The shaded distri-
bution on the x axis shows the global compilation from (23) (vegetated rivers), which
suggests that rivers tend to erode between 10 and 0.1% of their width per year, corre-
sponding to characteristic timescales (t,,) of 10 and 1000 years, respectively. In (A), the
curve representing the mean age is described by the equation y = 84t,, and the curve
representing the median age is described by the equation y = 48t,,. In (B), the curve
representing the mean age is described by the equation y = 39t,,, and the curve rep-
resenting the median age is described by the equation y = 127,

example, a 1000-m-wide river migrating 10 m/year and a 10-m-wide
river migrating 0.1 m/year tend to produce floodplains with the same
age distributions. Figure 2A shows typical values of T, for modern rivers
on Earth (21-23). The distributions in Fig. 2A are centered around a
peak of 7, & 100 years. This peak value is equivalent to the so-called
“1% rule;” a long-standing rule of thumb in geomorphology that allu-
vial rivers tend to erode about 1% of their width per year (46, 47).

Geyman et al., Sci. Adv. 11, eadu8574 (2025) 11 April 2025

Figure 8 summarizes the relationship between t,, and the average
ages of alluvial particles. Rivers obeying the 1% rule produce flood-
plains with mean and median ages of 8.4 and 4.8 kyr, respectively (Fig.
8A), and mean and median eroded sediment ages of 3.9 and 1.2 kyr,
respectively (Fig. 8B). Rivers obeying a 2% rule (t,, = 50years) produce
floodplains with mean and median ages of 4.2 and 2.4 kyr, respectively,
and mean and median eroded sediment ages of 1.9 and 0.6 kyr (Fig. 8).
Our three field sites lie near the center of the distribution for global
rivers, with mean floodplain ages of 2.8, 6.0, and 1.1 kyr, at Beaver,
Huslia, and Alakanuk, respectively (Fig. 7).

Implications for contaminant remediation and removal

One implication of Fig. 8 is the unexpected conclusion that large
and small rivers—for example, the large Sacramento River storing
Hg-contaminated sediments from historical gold mining in the
Sierra (13) and the small Little Wind River reworking U-contaminated
sediments at the Department of Energy site at Riverton, Wyoming
(48)—may trap and store contaminants in their floodplains for sim-
ilar lengths of time (10-13). The scaling equations in this study pro-
vide a framework for calculating the characteristic storage and
transport timescales for a particular site or system of interest.

The application of contaminant remediation raises a number of
potentially important caveats that should be considered when inter-
preting the results in Fig. 8. The first has to do with the distinction
of how the floodplain construction proceeds via lateral accretion
versus overbank deposition (49). In both the numerical meander
simulations (Fig. 1B) and the field mapping (Fig. 3), we define the
age of the floodplain based on the age of the LASs (fig. S8). We do
this for two reasons. The first is that, at our three field sites, the lat-
eral accretion deposits represent most of the mass of the floodplain
reservoir (constituting an estimated ~80 to 90% of the total mass—
see Supplementary Text). The second reason is that we observe the
most rapid rates of overbank deposition in the time interval imme-
diately following when the river migrates away from a point of inter-
est. For example, at our three field sites (Fig. 3), an estimated
two-thirds of the total observed overbank deposition occurs within
one T, of the age of the LAS, meaning that the age distribution of the
LASs (Fig. 6) may also capture (to first order) the age distribution of
the overbank deposits.

Another caveat to our model is that we assume that the subsid-
ence rate and river avulsion frequency are low enough that the river
can rework the recent floodplain deposits (49). If avulsions are fre-
quent, then the river may jump into an area of the floodplain that
has a very old terrain (49). Thus, on large distributary systems such
as megafans or coastal plains, the analysis presented here may only
apply to the active lobe (50); older abandoned lobes or channel belts
would age in place.

Implications for Earth history

A final implication of the scaling relations in Fig. 8 is that perturba-
tions that cause an increase in relative channel migration rates
(23,27, 39, 51-53) may invoke a concomitant decrease in floodplain
storage durations. This inverse correlation between migration rates
and storage durations may have important ramifications for under-
standing sedimentological, chemical weathering, and carbon cycle
changes in Earth’s history (54). For example, the Paleocene-Eocene
Thermal Maximum (PETM), a greenhouse event that occurred
~56 Myr ago, is thought to have radically altered fluvial systems (55)
and the intensity of chemical weathering on river floodplains (54).
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Specifically, higher discharge seasonality (53) and/or increased sedi-
ment production from mountain catchments (55) appears to have
driven more rapid fluvial reworking during the PETM. All else be-
ing equal, Fig. 8 predicts that when migration rates increase, parti-
cles have less time to undergo chemical weathering in floodplain
reservoirs (5-8). This negative feedback should act to mute the in-
crease in floodplain chemical weathering expected from the high
Pco, and temperature during the PETM. This prediction is consis-
tent with geological/geochemical observations (54) that the weath-
ering response during the PETM was muted in proximal fluvial
facies (i.e., floodplain sediments that are frequently reworked by the
active channel) relative to distal cumulative soils (54).

Drawing upon another example from Earths history, we note
that Fig. 8 points to a positive feedback loop that may have helped
establish the change in river floodplain architecture that occurred
during the greening of the continents roughly 400 Myr ago (51, 56).
The Paleozoic evolution of land plants, which has been hypothesized
to stabilize river channels and slow migration rates (23, 51), is coeval
with an unparalleled and unidirectional upsurge in the proportion
of mudrock preserved in the geological record (56). A slowdown in
river migration associated with land plants—either due to direct riv-
erbank stabilization from rooting (23, 51) or from indirect effects
such as increased floodplain retention of fine-grained sediment due
to plant-derived organics (57)—causes the floodplain storage times-
cale to increase. Particles persisting on the floodplain for longer
timespans can undergo further physical and chemical weathering
(including clay formation) (5-8), promoting a positive feedback
with muddier floodplains and yet slower channel migration rates
(58, 59), perhaps enabling the stabilization of a new type of flood-
plain architecture roughly 400 Myr ago (51, 56).

Of course, both of the aforementioned examples—the climatic
perturbation in the case of the PETM and the secular state change in
the case of the evolution of land plants—likely invoked adjustments
not only in the average channel migration rates but also in the hy-
draulic geometry (e.g., width, depth, and slope) (35), the planform
style (e.g., single-threaded meandering versus multithreaded braided
or anastomosing) (35), and the avulsion frequency (53, 55). All of
these changes may influence the floodplain storage timescale in
ways that are not well captured by the simplest version of our model
summarized in Fig. 8.

Application of the model

Keeping the assumptions and limitations of the model in mind, we
now turn to its utility and opportunity. Perhaps most importantly,
the model only relies on three characteristics—the channel migra-
tion rate, the channel width, and the floodplain width. These param-
eters are readily obtained for any large river in the world from field
observations (60) or satellite imagery (21, 25). Thus, it may now be
tractable to quantify the timescales for terrestrial sediment storage
and transport at a global scale, with implications for topics such as
(i) the fate of terrestrial organic carbon (I-3) (i.e., how much or-
ganic carbon is oxidized during riverine transit versus delivered to
ocean deltas, where it has a high chance of sequestration on geo-
logical timescales) (61, 62), (ii) the style and efficiency of continen-
tal chemical weathering (5, 6, 8, 9), (iii) the buffering or shredding
of environmental signals preserved in the geological record (14-16),
and (iv) the timescales for contaminant persistence and removal
from floodplain ecosystems (10-13). The efficient description of
meander kinematics presented here provides a scalable basis from

Geyman et al., Sci. Adv. 11, eadu8574 (2025) 11 April 2025

which to quantify sediment, carbon, nutrient, and contaminant cy-
cling in floodplain landscapes on timescales ranging from years to
millions of years.

MATERIALS AND METHODS

Field sampling

We measured 175 stratigraphic sections through the near-surface
floodplain stratigraphy: n = 43 in Huslia (65.700°N, 156.387°W),
n =46 in Beaver (66.362°N, 147.398°W), and n = 86 in Alakanuk
(62.685°N, 164.644°W) (see Fig. 3) over the course of four field cam-
paigns (May to June 2021, September to October 2021, May to June
2022, and September to October 2022). To constrain the ages of the
fluvial deposits, we collected samples for **C and OSL dating. The **C
and OSL data from Huslia were previously published in (30); the
data from Beaver and Alakanuk are new to this study (32). Where
layers of coarse organic carbon, particularly woody debris (e.g., rafts
of small sticks), were present in the primary floodplain stratigraphy,
we collected a sample for '*C analysis. We avoided bulk sediment for
'C measurements because bulk sediment contains a mixture of bio-
spheric organic carbon and petrogenic organic carbon (“'*C dead”
carbon that does not reflect the deposit age and will tend to bias the
age estimates older). We acquired the '*C samples using metal trow-
els or tweezers while wearing latex gloves. Samples were placed in
Whirl-Pak bags and stored frozen until analysis. Where layers of
well-sorted sands (fine sand, medium sand, or coarse sand) were
present in the fluvial stratigraphy, we collected a sample for OSL
analysis. We placed a dark tarp over the “outcrop” (the exposed riv-
erbank) to avoid exposure to sunlight, used a shovel to dig back the
wall of the riverbank, and then used a rubber mallet to pound a 2-
inch (5.1-cm)-wide opaque black polyvinyl chloride or aluminum
pipe into the sand. We covered the ends of the tube with black vinyl
end caps, wrapped in duct tape, and stored in a dark, cool place
until analysis.

4C analysis

Samples were rinsed with Milli-Q water and stored in combusted
glass vials before being sent to the Keck radiocarbon facility at the
University of California, Irvine. "*C ages are reported as fraction
modern and uncalibrated *C years [before present (B.P.)]. We con-
verted the A'C observations to calibrated ages (cal B.P, defined as
years before 1950) using CALIBomb (63). We used the Intcal20
curve for prebomb samples and the Northern Hemisphere Zone 1
curve for postbomb samples (63).

OSL analysis

Samples were analyzed for quartz OSL at the University of Texas at
Arlington (UTA) Luminescence Laboratory. A subset of six samples
was also prepared for K-feldspar post-infrared infrared stimulated
luminescence (post-IR IRSL) analysis at UTA. Laboratory proce-
dures for the OSL data used for Huslia, AK, are described in (30).
See the Supplementary Materials for figures illustrating the single-
grain dose distribution data and the resulting age estimates.

Geomorphic mapping

We develop a chronology of the relative floodplain age by using
cross-cutting relationships, starting at the position of the active
channel and working backward to the oldest deposits in the land-
scape. The result of this cross-cutting analysis is a relative age map,
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with units ordinated from 1 to n, where # is the oldest unit (Fig. 3).
Within individual cross-cut age units, scroll bar sequences provide
an additional (superimposed) age constraint. We annotate these
subdivisions in the terrain maps (Fig. 3) but stick to n ~ 10 terrain
age units so that each unit has geochemical age constraints.

From relative to absolute ages

We use the "*C and OSL ages (32) to convert the relative age units to
absolute ages in units of cal kB.P. [cal kyr before the present (i.e.,
1950); using the standard **C terminology where cal B.P. is defined as
years before 1950]. Our varied '*C and OSL samples within each
relative age unit (typically #n = 1 to 14 samples—see Fig. 3) provide
one representation of the mean age and associated uncertainty of
each relative age unit. However, sometimes we only have n = 1 sam-
ple from a given relative age unit. Moreover, the temporal ordination
constructed from the cross-cutting relationships provides a strong
constraint on the possible age of each unit (which must be bounded
by the ages of the older and younger units). The constraint imposed
by this temporal ordination is often applied in an MCMC framework
to construct stratigraphic age models (33). Here, we apply the same
approach to the age models in Fig. 3. We use the geochemical sam-
ples to define the prior age distributions for each relative age unit and
then use MCMC (33) to find n = 2000 paths through the age model
that satisfy the temporal ordination constraints. The resulting MCMC
age models (median with shaded 25th to 75th and 5th to 95th per-
centiles) are shown in gray in Fig. 3 (G to I).

Linking the ages of particles eroded by the river versus
those persisting on the floodplain

As described in the Introduction, we are interested in quantifying three
interrelated quantities (Fig. 8): (i) the age distribution of sediment resid-
ing on the floodplain; (ii) the age distribution of sediment being eroded
from the floodplain via active river migration; and (iii) the age distribu-
tion of particles transported by the river. These particles have under-
gone n sequential floodplain storage and transport events (4).

Because the timescale of floodplain storage (~10° years) is
much greater than the timescale of downstream riverine transport
(~10! days), the age distribution of (iii) is simply the nth convolu-
tion of the age distribution of (ii) (Eq. 4) (4). Likewise, the age dis-
tributions of (i) and (ii) are linked quantitatively at steady state
through reservoir theory (17), as described below. In the following
section, the values in parentheses denote the dimensions of each
variable, where (M) = mass, (T) = time, and (L) = length.

Following the nomenclature of Bradley and Tucker (17), let M(t)
(M) represent the mass of sediment on the floodplain that has age ¢
or younger. The CDF of the age of particles residing on the flood-
plain, G(¢), is given by

Gty = Pr(T < 1) = 1)
M,

(13)

where Pr() represents the probability, T is a random variable denot-
ing the age of a sedimentary particle on the floodplain, and M, (M)
is the total mass of floodplain sediment (17). The CDF G(t) ap-
proaches 0 in the limitt — Oand 1 in the limit# — oo. The derivative
of G(t) with respect to the particle age, ¢, gives the PDF for the age
distribution of particles residing on the floodplain, g(t)

d 1 d
{0 o (®) M, dt (®) (14)
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Following (17), we define analogous CDF and PDF equations to
describe the age distributions of particles being eroded by the river
(i.e., removed from the floodplain via riverbank erosion). Let Q(¢)
(M T™Y) represent the mass flux of sediment with age ¢ or younger
being eroded by the river. By analogy with Eq. 13, the CDF of this
age distribution of eroded sediment, F(t), is

F(t) = Pr(T <1y = 2D
Q

(15)

where Q (M T~!) is the component of the sediment discharge of the
river that is tied up with lateral channel migration (Eq. 6). Last, the
PDF of the age distribution of eroded sediment, f(t), is

1d
Q dt
At steady state, the age distributions of both the sediment residing
on the floodplain, M(t), and the sediment being eroded by the river,
Q(t), must be constant with time. For this constraint to hold, in each
timestep, the age distribution of sediment being eroded by the river
must exactly be replaced via the aging of sediments on the floodplain

fiy="2Fw = 22 qu) (16)

Q - QT ) = Myg (o (17)

Rearranging Eq. 17 yields a relation for steady state that directly
links the PDF of the age of particles residing on the floodplain, g(t),
with the CDF of the age of particles being eroded by the river, F(t)

Q
t) = —[1—F(t
8(®) M, [1-F(®)]

which is the relation shown in Eq. 3.

(18)

Numerical simulations of river meandering

We implement the curvature-driven meander model of Howard and
Knutson (29), which successfully describes the meander kinematics
at our three field sites (27, 44), as well as rivers around the world
(20, 40). According to this model, the bank migration rate, M(s), is

00 00 -1
M(s) = QM (s) + [F J My (s =0)G(0)d¢ ] “ G(0)d¢ ] (19)
0 0
where s is the along-river coordinate system (longitudinal distance),
€ is the distance upstream from the point of interest, and G() is a
weighting function that decays exponentially upstream from the
point of interest

G =e% (20)

The o term in Eq. 20 describes how the influence of the channel
curvature decays with increasing distance upstream from the point
of interest. This decay term can be parameterized as a function of the
friction factor, C; (dimensionless), and the water depth, H (L) (20, 29)

a=2C/H (21)

The term M, (s) represents what Howard and Knutson (29) refer
to as the “nominal” migration rate; that is, the rate that would be
observed if migration were only a function of local curvature. The
simplest functional dependence for M,(s) is

My(s) = k(%) (22)
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where k (L T7Y) is a migration rate constant, W (L) is the channel
width, and R (L) is the local radius of curvature (29). We refer to the
dimensionless ratio W /R as the “local normalized curvature” In
Eq. 19, Q and I" are constants (—1 and 2.5, respectively) (29).

Quantifying cutoff timescales in modern and

simulated rivers

In fig. S1 and Fig. 2, we present a relationship between 7, and 7
based on the numerical meander simulations (29). To validate this
scaling, we turn to observations of modern meandering rivers. We
use Landsat satellite observations on Google Earth Engine from
1984 to 2022 (a 39-year period) to identify cutoff events for 48 river
reaches across the world. We focus on regions in Alaska, the Amazon,
and Papua New Guinea, where large rivers are relatively unaffected
by dams or erosion-control structures. The premise of this analysis
is that, although the cutoff timescales (t_,,) for an individual mean-
der loop are long [on the order of 10° years (Fig. 2)], a river reach
with n = 100 bends, for example, is likely to have experienced mul-
tiple cutoff events in the past 40 years. In other words, the low prob-
ability of cutoff for a single meander loop can be compensated by
analyzing longer reaches with more consecutive meanders. In total,
we inventory 15,808 km of river length and identify 213 cutoff events
(see the Supplementary Materials). We distinguish neck cutoffs and
chute cutofts in the historical inventory because our numerical me-
ander simulations (Fig. 1) only explicitly represent neck cutoffs.
For each river reach, we also calculate the average channel width
and channel migration rate, using the Riverbank Erosion and Accre-
tion from Landsat database of (21). The channel width and migration
rate, in turn, are used to calculate 7, (Eq. 2). We plot the empirical
observations of T, versus 7, for each river reach and find that
the observations are consistent with the scaling produced by our
numerical simulations of river meandering (see the Supplemen-
tary Materials).

Applying the scaling laws to estimate the storage time
distributions of other rivers

In the Supplementary Materials, we provide a step-by-step guide on
how to estimate the floodplain age and storage time distributions for
any meandering river of interest. The methodology requires the

specification of the channel width (W), average migration rate (M,,,),

and total floodplain width (W). The step-by-step guide also explains
how to handle multithreaded rivers.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S22

Tables S1to S14
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