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Quantitative bounds on morphodynamics and
implications for reading the sedimentary record

Vamsi Ganti', Michael P. Lamb' & Brandon McElroy?

Sedimentary rocks are the archives of environmental conditions and ancient planetary surface
processes that led to their formation. Reconstructions of Earth’s past surface behaviour from
the physical sedimentary record remain controversial, however, in part because we lack a
quantitative framework to deconvolve internal dynamics of sediment-transport systems from
environmental signal preservation. Internal dynamics of landscapes—a consequence of the
coupling between bed topography, sediment transport and flow dynamics (morphody-
namics)—result in regular and quasiperiodic landforms that abound on the Earth and other
planets. Here, using theory and a data compilation of morphodynamic landforms that span a
wide range of terrestrial, marine and planetary depositional systems, we show that the
advection length for settling sediment sets bounds on the scales over which internal land-
scape dynamics operate. These bounds provide a universal palaeohydraulic reconstruction
tool on planetary surfaces and allow for quantitative identification of depositional systems
that may preserve tectonic, climatic and anthropogenic signals.
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climate, tectonics and sea level as their ultimate boundary

conditions. Sedimentary strata contain a powerful record
of this interplay and house information of planetary history!?
including the origin and evolution of life>, oxygenation
of the Earth’s atmosphere?, global climate change® and the
great wetting and drying of Mars®. Quantitative reconstructions
of environmental conditions from the sedimentary record
are vital, especially under present climatic changes, as they
provide a pre-anthropogenic baseline to guide future landscape
and climate management. Reconstructions of Earth’s past
surface behaviour from the sedimentary record remain
controversial’~%, however, in part because we lack a quantitative
framework to deconvolve internal dynamics of sediment-
transport systems from environmental signal preservation!%-12,
Although sedimentary deposits have been shown to contain
a rich archive of environmental (allogenic) conditions and their
changes”"13 (that is, tectonics, climatic, sea level, anthropogenic),
there is increasing recognition of the role of self-organized
(autogenic) dynamics of sediment-transport systems in
obscuring or even obliterating the record of externally forced
environmental  signals'®12!* Numerical and  physical
experiments'91214-18 and  field investigations®!® indicate
that the primary signal in physical stratigraphy can in
cases be the record of the nonlinear sediment-transport
dynamics, played out through geologic time. Detangling
autogenic dynamics from allogenic forcing in the sedimentary
record is difficult, because we lack quantitative metrics to

I andscapes are shaped by sediment-transport systems with

assess where environmental conditions may be preserved in
depositional archives.

Crucial to solving this fundamental problem is the need to
quantify the spatiotemporal scales over which autogenic
dynamics manifest in fluctuations (or noise) in sediment
fluxes and topography. Most autogenic dynamics in depositional
landscapes are caused by coupled feedbacks between sediment-
bed topography, fluid flow and sediment transport (that is,
morphodynamics). The timescales of morphodynamic feedbacks
can range from minutes (for example, sand ripples) to thousands
of years (for example, channel avulsion on deltas) (Fig. 1).
The latter far exceeds historical records of sediment flux (and
its variability), and therefore our understanding of the role of
morphodynamic feedbacks in environmental si%nal preservation
is based largely on small-scale physical models!®!'> and numerical
experiments!>1>718 Nonetheless, upscaling results from
analogue models to natural depositional systems incorporates
uncertainties, and consequently, reconstructions of the
sedimentary archives on both the Earth and the Mars routinely
neglect any morphodynamic filtering (for example, Zhang et al.”).
The spatial scales of morphodynamics, on the other hand,
are readily apparent in regular and periodic landforms that
abound on planetary surfaces! (Fig. 1). These landforms have yet
to be synthesized in a framework that allows quantitative
assessment of environmental signal preservation in the
sedimentary record.

Here we first use continuity to derive an advection length
scale for sediment in depositional systems and show that it

» -

Figure 1 | Example morphodynamic and flow features. The advection length scale (I,) increases from top to bottom with decreasing grain size (D) and left
to right with increasing flow strength. (a) Step pools (1m), (b) megaripples (Google Earth image; 500 m), (¢) aeolian ripples across a larger dune (0.5m),
(d) river dunes (5m), (e) plunging plume (0.1m) and (f) cyclic steps (modified after Fildani et al.3%; 10 km). The numbers in the parentheses denote the

scale bar dimensions.
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Figure 2 | Schematic sediment concentration profiles. These profiles were
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computed using the Rouse profile % = [m , where c({) is the

suspended-sediment concentration at a nondimensional height of {=z/h
from the bed, h is the water depth, u- is the shear velocity, k = 0.41 is the
von Karman constant and ¢, is the near-bed sediment concentration as
measured at some nondimensional height {;, above the bed (dashed line),
equivalent to the bedload layer height. Three cases are shown for different
values of the parameter ro = ¢, /¢, which partially determines the advection
length scale.

may set the minimum scale over which morphodynamic
interactions take place. Second, we test these ideas by comparison
with a new compilation of bedform data across a wide range
of terrestrial and planetary depositional environments. Third,
we discuss how morphodynamic bounds can be used to
divide depositional environments into three fundamental
regimes characterized by different degrees of morphodynamic
filtering. This new phase space has important implications
for quantifying environmental signal preservation in the
sedimentary record.

Results

Theoretical development. To deduce the scales over which
morphodynamics operate, we consider mass balance of dilute
sediment transport above an evolving sediment bed that is not
limited by sediment supply (Supplementary Note 1). Sediment
mass in transport can be treated as a phenomenon of conserva-
tion between the sediment bed, local gradients in sediment flux
and the difference between vertical entrainment and settling rates
of sediment?%-22;

,\d dgs
(1_Ap)dizz_£, (1a)
dg,
aq:ws(efcb). (1b)

Here g, is the volumetric sediment flux per unit width, 4, is the
bed porosity, h is the depth of the fluid column and # is the bed
elevation measured from a fixed datum. The right hand side
of equation (1b) is the difference between the entrainment of
sediment from the bed (ew) and the near-bed settling flux of
sediment (c,w,), where ¢, is the near-bed sediment concentration,
wy is the settling velocity and e is a dimensionless entrainment
parameter?>?4, Subsidence and uplift can be neglected at the
temporal scales of interest, that is, lifespans of bedforms.

Flow velocity, u
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Figure 3 | Definition sketch of the advection length scale. The advection
length scale is defined as the average horizontal distance travelled by a
sediment particle before it settles to the bed (Methods, Fig. 2).

The local sediment flux per unit width can be written as
gs = cq, where q is the fluid discharge per unit width and ¢ is the
depth-averaged sediment concentration, and assuming that the
sediment travels at approximately the same velocity as the fluid.
The sediment transport capacity per unit width can be written as
Gsc = Ccq, where ¢, is the depth-averaged sediment concentration
at capacity. If we define ry = ¢, /¢ (Parker et al. 2% Fig. 2), then
gsc = eq/ry because, where at capacity, the net deposition rate is
zero and e = ¢, (equation (1b)). Substituting these definitions into
equation (1b) and rearranging results in

Ly % = qsc — 4s- (2)

The advection length scale, I, =uhy/w, (Fig. 3), where u
is the flow velocity and hg is the average settling height
(Supplementary Table 1), emerges as an important parameter in
the sediment continuity equation. The advection length scale is
the horizontal length over which an average particle is
transported in the flow before falling to the bed (Fig. 3). For
example, if sediment is well mixed, ro=1 (Fig. 2) and I, is the
average distance travelled by a sediment particle before it settles
from top of the fluid column to the bed, that is, I, = uh/w,, where
h is the water depth and u is the mean horizontal velocity. For
larger values of ry, the sediment concentration is weighted
towards the bed, the effective fall height decreases (that is,
hs=h/r,), and therefore I, correspondingly decreases (Figs 2,3).
Although particle motions are more varied in turbulent flow
than that depicted in Fig. 3, boundary layer turbulence tends to
be sufficiently isotropic such that w, remains the relevant
vertical sediment velocity?®. The above derivation is for a single
sediment size, nonetheless, the concept of an advection length
scale should hold in dilute depositional systems with mixed
sediment sizes with each size class having a distinct advection
length (for example, Lamb et al??y.

We argue that morphodynamic feedbacks can only occur if
the length scale of interest (L), which may be the system size for
example, is larger than the advection length scale and therefore
I, is herein defined as the morphodynamic microscale. The
specific implication is that if [, >> L, sediment will be advected
through the system before it is able to respond to topographic
perturbations and local flow dynamics. This can readily be seen
in the end-member limits. For example, if [, -0, the sediment
flux follows the local transport capacity (equation 2) and the
deposition rate follows the local gradient in transport capacity
(equation 1a)?%2%, a state typical of many morphodynamic
bedforms. On the other hand, if [, » o0, equation (2) reduces to
dqy/dx =0 or g,=qs on integration (where g is the sediment
flux per unit width at some location upstream) and is insensitive
to changes in local transport capacity. Within the
aforementioned end-member limits, both advection and
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Figure 4 | Comparison of the advection length scale to the length scale of phenomenon of interest for a variety of systems. Morphodynamic and

non-morphodynamic landforms are indicated using blue and red markers, r
from the bedform stability diagram®® (see methods; Supplementary Table 1

espectively. Dashed boxes indicate bounds on the advection length scale (/,)
). Because of the lack of a periodic length scale for floodplains, we chose the

length scale of phenomenon of interest (L) to be negligibly small for floodplains in this plot.

settling may be pertinent; however, if the length scale of the
phenomenon of interest (L) is small compared with the
advection length scale (I,), morphodynamic feedbacks do not
occur and sediment flux is highly non-local (g~ g). Previous
workers have recognized the importance of the advection length
scale in a variety of settings including bedform stability>%!,
long-term landscape evolution?, turbidity currents?”-3334 to
sediment transport in turbulent flows*>3¢, for example.
However, the novelty of our approach lies in extending its
utility in placing bounds on morphodynamics, which in turn has
implications for environmental signal preservation in the
sedimentary record.

Bounds on morphodynamics. To test whether the advection
length scale bounds morphodynamic interactions, we compiled a
representative dataset (Supplementary Table 1) on landforms and
transport systems spanning a wide range in scales (10 ~2-10°m),
sediment sizes (10~ 6-10%m), depositional environments
(aeolian, fluvial, marine) and planets1 (Earth, Mars, Venus)
(Figs 1,4). The advection length scale sets the minimum scale at
which perturbations in fluid flow can affect bed topography due
to the lag associated with settling sediment (Fig. 3). Results show,
across the entire dataset, that most morphodynamic landforms
(blue markers in Fig. 4) do not exist at scales smaller than the
advection length scale, thereby confirming our hypothesis that
advection lengths set a minimum scale over which bedforms
form. The maximum size of morphodynamic landforms also

4

appears to scale with the advection length scale (L~ 10%],), which
may ultimately be set by the size of the depositional system!?
since large systems tend to transport fine sediment and
consequently have large advection length scales. For example,
the dominant scale of river deltas is set by morphodznamic
feedbacks that force river avulsion at a certain spatial node’”; thus
the largest morphodynamic feedbacks occur at the size of the
delta itself (Fig. 4).

Classically, the Rouse parameter (wy/Ku,, where u, is the shear
velocity and « is the von Karman constant of ~0.41), rather than
an advection length scale, is used to determine the state of the
bed with high-transport stage plane bed typically associated
with substantial suspended-sediment transport®®, The Rouse
parameter scales with the advection length scale and hence,
broadly, the two metrics provide similar bed-state classifications.
However, anomalies highlight the important differences between
these two scale parameters. For example, turbidity currents
can form depositional cyclic steps on the seafloor where fine
sediment is transported in suspension®® (w,/ku.<1) (Fig. 1;
Supplementary Table 1). Suspended sediment, however, is not
held in the flow indefinitely; like bedload sediment, it too interacts
with the bed albeit over very large length scales*’. Therefore, bed
waves formed in upper plane bed regime and cyclic steps formed
in fluvial and marine settings with dominantly suspended
sediment are important bedforms, whereby morphodynamic
feedbacks can occur, but only over kilometre scales owing to the
fine sediment and large advection length scales (Fig. 4). As
another example, morphodynamic feedbacks in some of the
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largest known flows on the Earth, the Missoula outburst floods,
created megaripples*! (Figs 1,4). Despite the coarse grains in
these landforms (cobbles, boulders) that typically participate in
morphodynamic feedbacks at the grain scale in most rivers (for
example, gravel clusters, step pools), the flow velocities
(u~20ms~1) and depths (h~300m; see Supplementary
Table 1) of the floods were so large that morphodynamic
feedbacks were limited to relatively large scales of hundreds of
metres (Fig. 4).

Specific knowledge of the advection length scale and its
correlation with the bounds on morphodynamic bedforms has
implications for understanding planetary surface history. For
example, given observations of sediment sizes and bedform
lengths from deposits, constraints on palaeodischarge can be
calculated by determining the morphodynamic microscale.
Alternatively, for aeolian landforms on Mars and Titan, for
example, the morphodynamic microscale can be used to predict
the minimum grain sizes given information of the wind fluxes
(for example, from general circulation models) and the length
scales of the landforms (for example, from orbital data). Such
sediment size estimates have important implications for planetary
exploration, for example, on Mars where rover mobility depends
on grain size of the substrate?, Our analysis (Fig. 4) also reveals
that landscape evolution and stratigraphic architecture may be
substantially different in analogue experiments with advection
length scales that differ from natural systems. In morphodynamic
modelling, the advection length scale is ultimately the smallest
scale at which coupling between the flow field and bed
morphology needs to be resolved.

Discussion

Beyond placing bounds on morphodynamic interactions, the scaling
relationship between size of bedforms and the advection length scale
may have important implications for environmental signal
preservation in the sedimentary record. Perturbations in fluid-flow
velocity, sediment supply and land subsidence occur due to changes
in land use, climate and tectonics, which create perturbations that
propagate through depositional landscapes over diverse scales. We
hypothesize that, in addition to sufficient accommodation and other
factors recognized for long-term preservation of the sedimentary
record!®!4, identification of the characteristic length scales of
morphodynamic feedbacks (Fig. 4) allows for quantitative bounds
on depositional systems that have the potential to preserve
environmental perturbations of a certain scale. Here we draw on
multiple examples from diverse environments to show the potential
broad utility of this new framework.

In the morphodynamic regime (l,<L< 10%,), internal
dynamics of the depositional system are convolved with any
boundary condition perturbations that manifest over the length
scale L, such that the sedimentary record of these environmental
signals is likely obscured or destroyed!’. Our analysis shows that
for large systems with fine sediment, morphodynamic fluctuations
may span from kilometres to hundreds of kilometres, whereas in
smaller systems with coarse sediment these fluctuations occur over
scales ranging from centimetres to metres.

Previous workers have suggested that environmental changes
may only be preserved in strata if they occur at scales much larger
than the scale of morphodynamics'®. The largest morpho-
dynamic fluctuations set the scale beyond which averaging may
recover environmental signals in the depositional record; this is
referred to as the saturation regime (Fig. 4). For example, the
deposition rate as measured from the sedimentary record in
deltaic deposits is biased by stratigraphic incompleteness® over
river-avulsion time scales*>, which is on the order of thousands
of years for large fluvial systems like the Mississippi. Thus,

deltaic deposits likely record only environmental perturbations
that manifest over large length scales. As another example,
sedimentation rates from the Bengal fan, India, the largest
submarine fan in the world, show no apparent record of the Asian
monsoon intensification that lasted for ~1Myr in the late
Miocene (~ 8 Myr ago), but they do record changes in Himalayan
tectonism that might have persisted over longer timescales®*.
Using sediment-transport velocity estimates of 1-10myr ~ ! from
fan dimensions, sediment flux and sediment mass continuity
(Methods), we estimate a minimum timescale associated with the
saturation regime of ~0.3-3 Myr (or equivalently a saturation
length of 3,000 km) for the Bengal fan. This calculation suggests
that the depositional archive did not record the monsoon
intensification (with equivalent length scale L ~1,000km)
because of sufficiently long morphodynamic feedbacks, which
destroyed the signal (Fig. 4). Although deltas and fans are often
the focus of palaecoenvironmental reconstructions, our results
suggest that, in the saturation regime, smaller, coarse-grained
systems are likely to record allogenic forcing over a wider range in
scales, potentially including anthropogenic changes.

Perhaps most important is the finding of a significant range of
scales in which morphodynamic fluctuations do not occur. At
scales smaller than the advection length for settling sediment,
referred to as the advection regime, the non-linearity associated
with morphodynamic fluctuations does not exist such that we
expect direct preservation of environmental signals in sedimen-
tary strata (see equation 2), again given proper accommodation
space. Thus, non-local sediment flux is a potential indicator for
signal preservation in depositional systems. Figure 4 shows
examples in the advection regime where morphodynamics did
not develop and where the sedimentary strata faithfully recorded
allogenic forcing. In the advection regime (unlike the saturation
regime), it is large systems that transport fine sediment that likely
record environmental signals over the largest range in scales,
potentially including 5preservations of signals that manifest over
kilometres in length®> (Fig. 4).

Physical experiments provide a unique means to test signal
preservation in the advection regime because, unlike field cases,
both allogenic forcing and autogenic dynamics are known. For
example, comparison of the advection length scale of settling
sediment with plun%e—point translation length from hyperpycnal
plume experiments?’ (Fig. 1) indicates that [,>L and the
thickness and grain size of hyperpycnal-flow deposits in these
experiments recorded the time history of river discharge (that is,
allogenic forcing), rather than local plume dynamics. Another
example is the experiments on hydraulic jumps in turbidity
currents near a canyon—fan transition®. The computed advection
length scales for the turbidity currents range from 5.5 to 165m
(Supplementary Table 1), much larger than the length scale of the
hydraulic jump (<1 m), which is consistent with the observation
of no marked change in deposition rate in the vicinity of the
hydraulic jump and consequently no record of local flow
dynamics in the strata.

The advection regime is dominated by landforms with planar
beds and large sediment advection lengths (Fig. 4), indicating that
depositional environments that produce planar beds (except
perhaps lower-plane bed where morphodynamic interactions at
the grain scale are possible?”) are most likely to contain a direct
record of environmental forcing—such as deep-marine basins,
river floodplains and air fall. River floodplain deposits, for
example, have a large advection length scale (Fig. 4;
Supplementary Table 1) and have been shown to record
metrics for flood discharge on annual to decadal timescales in
the absence of morphodynamic filtering®>. The connection
between signal preservation and planar beds also lends support
for the often-used assumption of a direct, linear connection
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between orbital forcing and bed-thickness patterns in horizontally
laminated strata on Mars*3,

These examples across a wide range of environments and
planets demonstrate the utility of the advection length scale to
define a phase space for the occurrence of morphodynamic
feedbacks, which in turn helps delineate regimes where allogenic
and autogenic signals can be preserved in the sedimentary record.

Methods

Computation of advection length scale. The advection length scale I, was
computed for a variety of landforms, sediment sizes and flows from previous
experimental and field studies (Figs 1,2,3; Supplementary Table 1). This dataset is
representative of a wide range of phenomena from marine to fluvial to aeolian
environments on the Earth and other planets, but it is not meant to be an
exhaustive compilation. The advection length scale (I,) was calculated using the
experimental and/or field observations of the median grain size (Ds,) and values of
flow velocity (u), flow depth (h) and vertical sediment concentration profile where
reported (see Supplementary Table 1). Settling velocity (w,) was computed from
grain size using the method of Dietrich?®. In studies that did not have
measurements of the vertical sediment concentration profiles, we calculated the
vertical sediment concentration by assuming a Rouse profile®® and followed the
method of Smith and McLean?? where the bedload layer height was set to 5% of the
flow depth (Fig. 2).

Sediment velocity and advection length scale for Bengal fan. The Bengal fan is
the largest submarine fan on the Earth, which is about 3,000 km long and 1,000 km
in width®!. We estimated the sediment velocity scale for the Bengal fan system
using sediment continuity. The modern sediment load from the Ganges—
Brahmaputra river system is ~1 x 10'2kgyr ~! (Milliman and Syvitski®2), of
which approximately one-third is delivered to the submarine canyon-fan>.
Assuming the bulk density of sediment (2,650 kgm’S) yields a sediment volume
feed rate of ~1 x 10%m?®yr ~ ! for the canyon—fan system. The width of the Bengal
fan is about 1,000 km and to estimate the cross-sectional area we need a depth scale
of sediment transport. We used the depth of the submarine canyon®, Swatch of No
Ground (~1km), as an upper bound on the depth scale of sediment transport
through the system. Assuming depth scales of 10-100 m yields a sediment velocity
scale of 1-10myr ~ L. Sediment is transported in these deep, submarine canyon-
fan systems by turbidity currents and our assumed depth scale agrees well with the
inferred depths of turbidity currents from seismic sections in the Bengal fan®. The
estimated sediment velocity scale, together with the length of the Bengal fan
(3,000 km), yields a saturation timescale of ~0.3-3 Myr.

We estimated the advection length scale (I,) for the Bengal fan using the
modern estimates of the water discharge from the Ganges-Brahmaputra river
system and the measured grain sizes accumulating on the shelf. The combined
maximum annual water discharge from the Ganges-Brahmaputra river system is
~1x10°m3s 1! (ref. 56). Dividing this water discharge by the width of the
submarine canyon® (~20km) yields a unit water discharge of g=50m?s~ ..
The estimated median grain size (Dso = 62.5-250 im) on the inner shelf*” yields
sediment-settling velocity of 0.005-0.04ms ~ L. Since turbidity currents are the
primary mode of sediment transport in the Bengal fan, we assumed a well-mixed
sediment-water column (7o~ 1), which yield an advection length scale of
1.3-10.4 km.

References

1. Grotzinger, J. P., Hayes, A. G, Lamb, M. P. & McLennan, S. M. in Comparative
climatology of terrestrial planets. (eds Mackwall, S., Bullock, M. & Harder, J.)
(University of Arizona Press, 2013).

2. Rosing, M. T., Rose, N. M., Bridgewater, D. & Thomsen, H. S. Earliest part of
Earth’s stratigraphic record: a reappraisal of the >3.7 Ga Isua (Greenland)
supracrustal sequence. Geology 24, 43-46 (1996).

3. Allwood, A. C. et al. Controls on development and diversity of Early Archean
stromatolites. Proc. Natl Acad. Sci. USA 106, 9548-9555 (2009).

4. Bekker, A. et al. Dating the rise of atmospheric oxygen. Nature 427, 117-120
(2004).

5. Hoffman, P. F,, Kaufman, A. J., Halverson, G. P. & Schrag, D. P. A
Neoproterozoic snowball Earth. Science 281, 1342-1346 (1998).

6. Squyres, S. W. et al. In situ evidence for an ancient aqueous environment at
Meridiani Planum, Mars. Science 306, 1709-1714 (2004).

7. Zhang, P., Molnar, P. & Downs, W. R. Increased sedimentation rates and grain
sizes 2-4 Myr ago due to the influence of climate change on erosion rates.
Nature 410, 891-897 (2001).

8. Sadler, P. M. Sediment accumulation rates and completeness of stratigraphic
section. J. Geol. 89, 569-584 (1981).

9. Willenbring, J. K. & von Blanckenburg, F. Long-term stability of global erosion
rates and weathering during late-Cenozoic cooling. Nature 465, 211-214
(2010).

10. Jerolmack, D. J. & Paola, C. Shredding of the environmental signal by sediment
transport. Geophys. Res. Lett. 37, L19401 (2010).

. Castelltort, S. & Van Den Driessche, J. How plausible are high-frequency
sediment supply driven-cycles in the stratigraphic record? Sediment. Geol. 157,
3-13 (2003).

12. Métivier, F. & Gaudemer, Y. Stability of output fluxes of large rivers in South
and East Asia during the last 2 million years: implications on floodplain
processes. Basin Res. 11, 293-303 (1999).

. Armitage, J. ., Duller, R. A., Whittaker, A. C. & Allen, P. A. Transformation of
tectonic and climatic signals from source to sedimentary archive. Nat. Geosci. 4,
231-235 (2011).

14. Paola, C,, Heller, P. L. & Angevine, C. L. The large-scale dynamics of grain-size

variation in alluvial basins: I. Theory. Basin Res. 4, 73-90 (1992).

15. Paola, C,, Straub, K. M., Mohrig, D. & Reinhardt, L. The ‘unreasonable
effectiveness’ of stratigraphic and geomorphic experiments. Earth Sci. Rev.
97, 1-43 (2009).

16. Van De Wiel, M. J. & Coulthard, T. J. Self-organized criticality in river basins:
challenging sedimentary records of environmental change. Geology 30, 87-90
(2010).

17. Simpson, G. D. H. & Castelltort, S. Model shows that rivers transmit
high-frequency cycles to the sedimentary record. Geology 40, 1131-1134
(2012).

. Coulthard, T. J. & Van de Wiel, M. J. Climate, tectonics or morphology:
what signals can we see in drainage basin sediment yields? Earth Surf. Dynam.
1, 67-91 (2013).

19. Hajek, E. A., Heller, P. L. & Schur, E. L. Field test of autogenic control on
alluvial stratigraphy (Ferris Formation, Upper Cretaceous—Paleogene,
Wyoming). Geol. Soc. Am. Bull. 124, 1898-1912 (2012).

. Einstein, H. A. The bed-load function for sediment transport in open
channel flow. Tech. Bull. 1026 (U.S. Dep. of Agric., Washington, D. C.).

. Parker, G. Self-formed straight rivers with equilibrium banks and mobile bed.
Part 1: the sand-silt river. J. Fluid Mech. 89, 109-126 (1978).

22. Paola, C. & Voller, V. R. A generalized Exner equation for sediment mass

balance. J. Geophys. Res. 110, F04014 (2005).

23. Smith, J. D. & McLean, S. R. Spatially averaged flow over a wavy surface.
J. Geophys. Res. 82, 1735-1746 (1977).

24. Garcia, M. & Parker, G. Entrainment of bed sediment into suspension.

J. Hydraul. Eng. 117, 414-435 (1991).

25. Parker, G., Garcia, M., Fukushima, Y. & Yu, W. Experiments on turbidity
currents over an erodible bed. J. Hydraul. Res. 25, 123-147 (1987).

26. Sumer, B. M. & Deigaard, R. Particle motions near the bottom in turbulent-flow
in an open channel. Part 2. J. Fluid Mech. 109, 311-337 (1981).

27. Lamb, M. P. et al. Linking river-flood dynamics to hyperpycnal-plume deposits:
experiments, theory, and geological implications. Geol. Soc. Am. Bull. 122,
1389-1400 (2010).

28. Exner, F. M. Zur physik der diinen. Akad. Wiss. Wien Math. Naturwiss. Klasse
129, 929-952 (1920).

29. Exner, F. M. Uber die Wechselwirkung zwischen Wasser und geschiebe in

flissen. Akad. Wiss. Wien Math. Naturwiss. Klasse 134, 165-204 (1925).

. Fredsoe, K. & Deigaard, R. Mechanics of Coastal Sediment Transport, Advanced
Series on Ocean Engineering (World Science, Singapore, 1992).

. Mohrig, D. & Smith, J. D. Predicting the migration rates of subaqueous dunes.
Water Resour. Res. 32, 3207-3217 (1996).

32. Davy, P. & Lague, D. Fluvial erosion/transport equation of landscape evolution

models revisited. J. Geophys. Res. 114, F03007 (2006).

33. Dade, B. W. & Huppert, H. E. Predicting the geometry of channelized deep-sea
turbidites. Geology 22, 645-648 (1994).

34. Straub, K. M. & Mohrig, D. Quantifying the morphology and growth of

levees in aggrading submarine channels. J. Geophys. Res. 113, F03012 (2008).

. Claudin, P., Charru, F. & Andreotti, B. Transport relaxation time and length
scales in turbulent suspensions. J. Fluid Mech. 671, 491-506 (2011).

. Andreotti, B, Claudin, P. & Pouliquen, O. Measurements of aeolian sand
transport saturation length. Geomorphology 123, 343-348 (2010).

37. Chatanantavet, P., Lamb, M. P. & Nittrouer, J. A. Backwater controls of

avulsion location on deltas. Geophys. Res. Lett. 39, L01402 (2012).

38. Bagnold, R. A. An approach to the sediment transport problem from general
physics. US Geol. Surv. Prof. Pap. 422-1, 37 pp (1966).

39. Fildani, A., Normark, W. R,, Kostic, S. & Parker, G. Channel formation by flow
stripping: large-scale scour features along the Monterey east channel and their
relation to sediment waves. Sedimentology 53, 1265-1287 (2006).

. Einstein, H. A. Deposition of suspended particles in a gravel bed. J. Hydraul.
Eng. 94, 1197-1205 (1968).

. Bretz, J. H. Bars of the Channeled Scabland. Geol. Soc. Am. Bull. 39, 643-702
(1928).

42. Arvidson, R. E. et al. Opportunity Mars rover mission: overview and selected

results from Purgatory ripple to traverses to Endeavour crater. J. Geophys. Res.
116, EO0F15 (2011).

1

—

1

W

1

fosd

2l

(=]

2

—

3

o

3

—

3

w

3

[=)}

4

(=]

4

—_

|5:3298 | DOI: 10.1038/ncomms4298 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

43.

44.

45.

46.

47.

48.

4

o

50.

5

—

52.

5

w

54.

55.

Ganti, V., Straub, K. M., Foufoula-Georgiou, E. & Paola, C. Space-time
dynamics of depositional systems: experimental evidence and theoretical
modeling of heavy-tailed statistics. J. Geophys. Res. 116, F02011 (2011).
Burbank, D. W, Derry, L. A. & France-Lanord, C. Reduced Himalayan
sediment production 8 Myr ago despite an intensified monsoon. Nature 364,
48-50 (1993).

Aalto, R. et al. Episodic sediment accumulation on Amazonian flood plains
influenced by El Nino/Southern oscillation. Nature 425, 493-497 (2003).
Garcia, M. & Parker, G. Experiments on hydraulic jumps in turbidity currents
near a canyon-fan transition. Science 245, 393-396 (1989).

Strom, K. B. & Papanicolaou, A. N. Morphological characterization of cluster
micro-forms. Sedimentology 55, 137-153 (2008).

Lewis, K. W. et al. Quasi-periodic bedding in the sedimentary rock record of
Mars. Science 322, 1532-1535 (2008).

. Dietrich, W. E. Settling velocity of natural particles. Water Resour. Res. 18,

1615-1626 (1982).
Rouse, H. In: Proceedings of the Fifth International Congress for Applied
Mechanics 550-554 (Cambridge, MA, 1938).

. Curray, J. R, Emmel, F. J. & Moore, D. G. The Bengal fan: morphology, geometry,

stratigraphy, history and processes. Mar. Petrol. Geol. 19, 1191-1223 (2002).
Milliman, J. D. & Syvitski, J. P. M. Geomorphic/tectonic control of sediment
discharge to the ocean: the importance of small mountainous rivers. J. Geol.
100, 525-544 (1992).

. Goodbred, Jr S. L. & Kuehl, S. A. Holocene and modern sediment budgets for

the Ganges-Brahmaputra river system: evidence for highstand dispersal to
flood-plain, shelf, and deep-sea depocenters. Geology 27, 559-562 (1999).
Normark, W. R. & Carlson, P. R. Giant submarine canyons: is size any clue to
their importance in the rock record? Geol. Soc. Am. Spec. Pap. 370, 175-190
(2003).

Schwenk, T., Spiesz, V., Hubscher, C. & Breizke, M. Frequent channel avulsions
within the active channel-levee system of the middle Bengal fan- an exceptional
channel-levee development derived from parasound and hydrosweep data.
Deep Sea Res. IT 50, 1023-1045 (2003).

56. Coleman, J. M. Brahmaputra river: channel processes and sedimentation.
Sediment. Geol. 3, 129-139 (1969).

57. Kuehl, S. A, Hariu, T. M. & Moore, W. S. Shelf sedimentation off the Ganges-
Brahmaputra river system: evidence for sediment bypassing to the Bengal fan.
Geology 17, 1132-1135 (1989).

58. Southard, J. B. & Boguchwal, L. A. Bed configuration in steady unidirectional
water flows; part 2, synthesis of flume data. J. Sediment. Res. 60, 658-679
(1990).

Acknowledgements

We thank W.W. Fischer, C. Paola, D. Mohrig, R. Ewing and J. Nittrouer for stimulating
discussions. This research was supported by the donors of the American Chemical
Society Petroleum Research Fund and NSF grant OCE-1233685 to M.P.L.

Author contributions
V.G. compiled and analysed the data. M.P.L. and B.Mc. conceived of this study; V.G.,
M.P.L. and B.Mc. developed the theory, interpreted the results and wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Ganti, V. ef al. Quantitative bounds on morphodynamics
and implications for reading the sedimentary record. Nat. Commun. 5:3298
doi: 10.1038/ncomms4298 (2014).

|5:3298 | DOI: 10.1038/ncomms4298 | www.nature.com/naturecommunications 7

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	title_link
	Figure™1Example morphodynamic and flow features.The advection length scale (la) increases from top to bottom with decreasing grain size (D) and left to right with increasing flow strength. (a) Step pools (1thinspm), (b) megaripples (Google Earth image; 50
	Results
	Theoretical development

	Figure™2Schematic sediment concentration profiles.These profiles were computed using the Rouse profile c(  )  c b =[ ( 1  )/   ( 1  b  )/  b  ]^w s / u  , where c(zeta) is the suspended-sediment concentration at a nondimensional height of zeta=zsolh from 
	Figure™3Definition sketch of the advection length scale.The advection length scale is defined as the average horizontal distance travelled by a sediment particle before it settles to the bed (Methods, Fig.™2)
	Bounds on morphodynamics

	Figure™4Comparison of the advection length scale to the length scale of phenomenon of interest for a variety of systems.Morphodynamic and non-morphodynamic landforms are indicated using blue and red markers, respectively. Dashed boxes indicate bounds on t
	Discussion
	Methods
	Computation of advection length scale
	Sediment velocity and advection length scale for Bengal fan

	GrotzingerJ. P.HayesA. G.LambM. P.McLennanS. M.inComparative climatology of terrestrial planetsedsMackwallS.BullockM.HarderJ.University of Arizona Press2013RosingM. T.RoseN. M.BridgewaterD.ThomsenH. S.Earliest part of EarthCloseCurlyQuotes stratigraphic r
	We thank W.W. Fischer, C. Paola, D. Mohrig, R. Ewing and J. Nittrouer for stimulating discussions. This research was supported by the donors of the American Chemical Society Petroleum Research Fund and NSF grant OCE-1233685 to M.P.L
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




