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ABSTRACT

Vegetation is thought to be a main source 
of riverbank cohesion, enabling meandering 
and a deposit architecture characterized by 
sandy channel belts isolated in mudstone. 
However, early Earth and Mars had mean-
dering rivers without vegetation, implying 
that other sources of bank strength can allow 
meandering with potentially different deposit 
characteristics. Here we studied the Amar-
gosa River in Death Valley, California, USA, 
as a modern analog of meandering rivers 
without vegetation. We monitored flow and 
erosion at two bends and used radiocarbon 
dating of strandlines to quantify flood fre-
quency. We also sampled cutbank mud and 
constrained an erosion theory using flume 
experiments. Cutbank erosion occurred for 
floods with >2 yr recurrence intervals, and 
18 cm occurred for an ∼6 yr reoccurrence, 
bankfull event. Mud set the rate of meander 
migration: salt crusts rapidly and completely 
dissolved during floods, vegetation was ab-
sent, and mud entrainment theory matched 
observed erosion rates. Flood-frequency 
analysis showed that most bank erosion oc-
curs at flows below bankfull, challenging the 
threshold channel hypothesis. We used me-
ander migration rates to constrain the time 
scale of channel-belt formation and com-
pared it to the time scale of avulsion. These 
calculations, combined with floodplain facies 
mapping and core sedimentology, indicated 
a likely deposit architecture of sandy point 
bar accretion sets intermixed with muddy 
overbank facies. This deposit architecture is 
characteristic of vegetated meandering riv-
ers, but due to muddy banks, occurred for 
the Amargosa River in the absence of plants.

INTRODUCTION

Many rivers can be classified as meander-
ing or braided (Fig.  1; Leopold and Wolman, 
1957; Parker, 1976), and the factors that deter-
mine these fundamental planform geometries 
are debated. Meandering is thought to require 
a bank-strengthening agent that slows cutbank 
erosion and allows point-bar accretion to keep 
pace, maintaining a relatively narrow channel 
width (e.g., Eke et al., 2014). In the absence of 
a bank strengthening agent, cutbank erosion can 
be rapid, forcing river widening and eventually 
braiding (Parker et  al., 2011; Métivier et  al., 
2017). Riverbank strength sufficient to permit 
river meandering is often attributed to vegetation 
or vegetated slump blocks (Millar, 2000; Coren-
blit and Steiger, 2009; Parker et al., 2011). Veg-
etation may strengthen the bank material either 
directly, through root binding (Abernethy and 
Rutherfurd, 2001; Pollen-Bankhead and Simon, 
2009), or indirectly, through promoting mud 
deposition by baffling the flow (Kleinhans et al., 
2018) and organic material-mediated floccula-
tion (Zeichner et al., 2021; Nghiem et al., 2022), 
or by preventing wind erosion of fluvial depos-
its (Sweeney et al., 2019). The rock record also 
records a shift in fluvial deposit architecture with 
the evolution of land plants from predominantly 
amalgamated sandy channel-belt deposits to 
predominantly muddy overbank facies with iso-
lated sandstone bodies (McMahon and Davies, 
2018). This fundamental shift in the nature of 
fluvial deposit architecture likewise has been 
interpreted to reflect a change in dominant river 
planform geometry from sandy braid plains to 
meandering rivers with muddy floodplains tied 
to the colonization of floodplains with plants 
(Fig.  1; Long, 1978; Sweet, 1988; McMahon 
and Davies, 2018), though this interpretation is 
debated (Ganti et al., 2019; Ielpi et al., 2022).

While vegetation may promote meandering 
for many of the world’s rivers, there exist mod-
ern examples of meandering rivers in drylands, 
where vegetation is sparse or absent (Matsubara 

et al., 2015; Li et al., 2015; Ielpi and Lapôtre, 
2019). In addition, there is evidence for mean-
dering rivers in the ancient rock record dating 
to before land plants (Ielpi and Rainbird, 2015; 
Santos and Owen, 2016; Ganti et  al., 2019; 
Valenza et al., 2023), as well as evidence of point 
bar growth and cutoff on ancient Mars (Malin 
and Edgett, 2003; Burr et al., 2009). For these 
rivers, a source of riverbank strength other than 
vegetation would seem to be required (Matsu
bara et al., 2015; Lapôtre et al., 2019). Potential 
sources of bank strength include cohesive mud 
and salt crusts (Millar and Quick, 1998; Mat-
subara et al., 2015; Dong et al., 2019). Mud has 
a high critical shear stress for entrainment and 
can provide strength through its material cohe-
sion (Hanson and Simon, 2001; Julian and Tor-
res, 2006; Dunne and Jerolmack, 2020). Salt 
crusts might provide strength through chemical 
cementation within the bank (Ritter et al., 2022). 
While mud and salt crusts have become favored 
hypotheses for meandering without plants (Mil-
lar, 2005; Matsubara et al., 2015; Lapôtre et al., 
2019), the effectiveness of each mechanism 
is unknown.

Moreover, despite the existence of unveg-
etated meandering rivers with similar morpho-
logic features and width-to-depth ratios as vege-
tated meanders (Ielpi, 2019; Santos et al., 2019), 
it is unclear whether these rivers have different 
properties from their vegetated counterparts. 
For example, the leading theory for river chan-
nel geometry, which is used in paleo-hydraulic 
reconstructions of unvegetated rivers on Earth 
and Mars (e.g., DiBiase et  al., 2013; Lapôtre 
et al., 2019; Ganti et al., 2019; Hayden et al., 
2019), posits that channels evolve to a shape 
where the bank material is at the threshold of 
entrainment when the river is at bankfull (Parker, 
1978). This hypothesis describes gravel-bedded 
rivers well, where channel geometry is set by 
the threshold to move gravel on the banks while 
maintaining a mobile bed (Phillips and Jerol-
mack, 2016; Métivier et  al., 2017). However, 
vegetated sand-bedded rivers require substantial 
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bank strength of ∼10 Pa to conform to thresh-
old channel theory (Dunne and Jerolmack, 
2020), which is far greater than the shear stress 
required to entrain sand. In the absence of veg-
etation as a bank strengthening agent, do rivers 
still follow threshold channel theory? And if so, 
would the value for the threshold bank stress be 
substantially different for a river where the bank 
strength is controlled by mud or salt rather than 
vegetation?

Another major question pertains to the rate 
at which unvegetated rivers meander and how 
this affects deposit architecture. A recent study 
used remote sensing to show that lateral migra-
tion rates of selected dryland rivers are ten times 
faster than migration rates of selected vegetated 
rivers that have similar channel width, despite 
the arid climate of the dryland rivers (Ielpi and 
Lapôtre, 2020). These measurements aver-
aged channel migration over many flood events 
making it difficult to directly test bank erosion 
theory and to separate the relative roles of bank 
strength from flood frequency in driving differ-
ences in meander rates across climatic zones. 
Nonetheless, if these observations are gener-
ally true, they reinforce the controlling role that 
vegetation might have on slowing meander lat-
eral migration rates, which in turn should affect 
deposit architecture (e.g., Hasson et al., 2023). 
In particular, rivers that meander across their 
floodplain rapidly compared to the time scale 

of channel avulsion tend to build deposits that 
consist of amalgamated sandstone with little 
preserved mudstone (Jerolmack and Mohrig, 
2007; Hartley et al., 2015). That is, the hypoth-
esized rapid lateral migration rate of unvegetated 
rivers could potentially explain the change to a 
mudrock-dominated fluvial architecture that 
occurred with the proliferation of land plants in 
the Silurian without necessitating a fundamental 
change in river form from braided to meandering 
(Valenza et al., 2023).

To better understand river dynamics and 
deposit characteristics for unvegetated meander-
ing rivers, we conducted a multi-year field study 
on a meandering reach of the Amargosa River 
on the floor of Death Valley, California, USA 
(Fig. 2). We monitored channel hydraulics and 
used radiocarbon dating of historic flood depos-
its to develop a relation for flood frequency and 
magnitude. In addition, we calibrated a bank ero-
sion model using direct observations of cutbank 
erosion and a novel experimental setup where 
we eroded samples of bank material under con-
trolled conditions. Together these data were 
used to understand whether salt crusts or mud 
were the limiting agent for bank erosion in our 
reach. Because our measurements were made on 
the flood time scale rather than averaged over 
years or decades as in previous work, we were 
able to directly link bank erosion rates to mud 
entrainment theory and parse the relative roles 

of flood frequency and flood magnitude on net 
bank erosion. We used our measurements to 
assess whether unvegetated ephemeral chan-
nels follow threshold channel theory, which 
is commonly employed but largely untested 
when reconstructing paleo-hydraulics of ancient 
unvegetated rivers on Earth and Mars. Finally, to 
understand deposit architecture, we used migra-
tion rates along with valley aggradation rates 
from dated cores to constrain the time scale of 
channel migration across the floodplain rela-
tive to the time scale of channel avulsion. These 
rates, combined with floodplain facies mapping 
and core sedimentology, were used to infer the 
likely deposit architecture of the subsurface.

STUDY SITE

We studied the lower reaches of the Amar-
gosa river as it traverses Death Valley National 
Park to Badwater Basin, the lowest point in 
North America at 86 m below sea level that has 
the highest recorded air temperature of 57 °C 
(Fig. 2). In this area, the Amargosa River con-
tains multiple distributary channels, some with 
meandering reaches, and little to no vegetation 
(Baldridge et al., 2004; Ielpi, 2019). By analyz-
ing aerial imagery (4–6 m resolution) from 1977 
to 2007, the Amargosa meanders were previ-
ously reported to actively migrate at decadal 
rates up to 1.5 m/yr (Ielpi, 2019), higher than 

Figure 1. Contrasting river 
planform morphologies and 
stratigraphic architectures. 
(A) A meandering reach of the 
Koyukuk River near Huslia, 
Alaska, USA. The aerial im-
age was taken in summer 2018, 
and the river is ∼300 m wide 
in the image. (B) The braided 
Kaskawulsh River, Yukon Ter-
ritory, Canada. Photo taken 
from small aircraft by Madison 
Douglas. (C) Aerial image of an 
unvegetated, meandering reach 
of the Amargosa River, Death 
Valley, California, USA. The 
river cutbank is ∼1 m high. 
(D) Cartoon showing one hy-
pothesis for braided and me-
andering river stratigraphic 
architecture. Coarser sandy 
deposits are shown in speck-
led light brown, finer muddy 
deposits are dark brown with 
short lines, and active channels 
are shown at bankfull stage in 
light blue.

A B
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width-normalized migration rates for most veg-
etated meandering rivers (Ielpi and Lapôtre, 
2020; Langhorst and Pavelsky, 2023). This result 
is surprising given the strongly ephemeral nature 
of these desert rivers.

The Amargosa River originates in the Amar
gosa Valley, Nevada, USA, and flows south 
before turning and flowing north to Badwa-
ter Basin, California (Fig. 2). Its watershed is 
largely protected from anthropogenic altera-
tion due to land conservation efforts. The study 
reach is bounded on the west by Panamint Range 
and east by the Black Mountains, which supply 
water and sediment to the Amargosa via alluvial 
fans. The Amargosa’s bedload contains gravel 
when it enters Death Valley, but the sediment 
supply to our study reach consists of fine sand 
and smaller material (Ielpi, 2019). Death Valley 
is subsiding along faults striking north to south 
along the eastern and western edges of the val-
ley. The eastern fault has a slip rate greater than 
the western bounding fault, causing tilting of 
∼0.016°/k.y. at present (Hooke, 1972).

During the last glacial period, Death Valley 
was filled by Lake Manly, a perennial saline lake 
in which 10.3 m of sediment was deposited con-
taining ostracods and subaqueous halite crystal 
structures from 35 ka to 10 ka. Results from a 
185 m core extracted from Badwater Basin and 
dated using U-series chronologic methods indi-
cate that Lake Manly dried up at 10 ka (Li et al., 
1996; Ku et al., 1998; Lowenstein et al., 1999). 

Death Valley has since remained a “salt pan and 
saline mud flat” where 7.7 m of mud with a cap-
ping layer of primary halite have accumulated 
(Lowenstein et al., 1999). Shorter cores (3–30 m) 
extracted using a hand auger in transects across 
the valley primarily sampled deposits containing 
brown silt and clay with ∼1- to 2-m-thick sand 
bodies (Hooke, 1972).

METHODS

Our investigation of the Amargosa River, as 
detailed below, consisted of first mapping chan-
nel geometries, measuring erosion rates, and cal-
culating active channel hydraulics based on data 
from field monitoring. We then used radiocarbon 
dating of strandline materials and compared cali-
brated dates to U.S. Geological Survey (USGS) 
gage data to constrain historic flood frequency 
and magnitude. Finally, we measured bank grain 
size using laser diffraction and developed novel 
laboratory experiments to assess the threshold 
and rate of bank material erosion during floods.

Channel Mapping, Erosion, and Hydraulics

We selected two bends on the same distribu-
tary channel for focused monitoring to observe 
whether salt crusts dissolved during floods 
and measure channel geometry changes, ero-
sion rates, and aggradation rates. Monitoring 
occurred from November 2018 through July 

2020, and again in March 2023 after large 
floods that water year. The primary study site, 
Bend 1, was located ∼1 km north (downstream) 
of Bend 2, the second site (Fig. 3). Bend 2 had 
been previously reported to migrate at 1.5 m/yr 
(Ielpi, 2019).

We directly measured cutbank erosion rates 
using 51-cm-long erosion pins (Table S1 in the 
Supplemental Material1). We visited sites and 
measured the exposure of pins installed at two 
locations with high curvature in Bend 1 and 
three locations in Bend 2 (Table S1). The pins 
were pounded flush with the bank upon instal-
lation. We measured the length of pin exposed 
by fluvial erosion on the top and the bottom to 
milllimeter precision and took the mean of these 
two values to determine erosion between visits 
before using a hammer to pound the pin flush 
again with the bank.

Cameras, pressure sensors, and a conductiv-
ity sensor collected images and measurements 
of water stage and conductivity between our site 
visits. The game cameras took photographs dur-
ing daytime with a 5 min or 10 min interval. The 
Onset HOBOware U24-002-C logger measured 
fluid conductivity and temperature at 10 min 

1Supplemental Material. Supplemental Texts 
S1–S2.2, Figures S1–S3, Movies S1–S3, and Tables 
S1–S4. Please visit https://doi​.org​/10​.1130​/GSAB​
.S.26090536 to access the supplemental material; 
contact editing@geosociety​.org with any questions.

A B C

Figure 2. Context of Amargosa River and study bends. (A) The Amargosa watershed is shaded gray on the state outlines. (B) The Amar-
gosa runs from the Amargosa Valley, Nevada, USA, to Badwater Basin in California (square), past a U.S. Geological Survey stream gage in 
Tecopa, California, USA (circle). The area of the catchment at our monitoring site (star) receives water from upstream as well as alluvial 
fans coming off the Black (east) and Panamint (west) ranges. (C) Aerial image taken looking north toward Badwater Basin overlooking the 
Bend 1 monitoring site (image taken January 2021).
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Figure 3. Overview of study bends along active reaches of Amargosa River (Death Valley, California, USA) with downstream flow di-
rection indicated by blue arrows. (A) Lidar hillshade of study areas with measured cross sections (thin line), HOBOware pressure and 
conductivity sensors (star), erosion pins (circles), game cameras (angle), and measured stratigraphic columns (rectangles) marked. (B) 
Photo of a shallow, incised channel draining from floodplain into Bend 1 and asymmetric ripples on the channel bed. (C) Aerial image of 
Bend 1 taken looking south (upstream). (D) Strandline of woody debris and dead vegetation on point bar of Bend 2 that were sampled for 
radiocarbon dating. (E) Aerial image of Bend 2 looking to the north (downstream). (F) Sampling dead vegetation on point bar of Bend 2. 
(G) During our visit in January 2019, we observed footprints and mud cracks in a puddle of standing water left by the most recent flood. 
(Photo taken by Alex Beer.)
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intervals to 5 mS/cm and 0.1 °C resolution. Two 
Onset HOBOware U20L-02 loggers measured 
water and air pressure (to 1.2 kPa resolution) and 
temperature (to 0.44 °C resolution). One sensor 
was attached to a game camera to record air 
pressure (Pair; Pa), and another used to measure 
water pressure (Pwater; Pa) was mounted ∼5 cm 
above the channel thalweg to avoid the sensor 
becoming buried by sediment deposits. We cal-
culated local flow depth (H; m) as

	 H
P P

g
Hwater air

sens= − +
ρ

,	 (1)

which depended on the height above the bed of 
the pressure sensor at the sensor location (Hsens; 
m), fluid density (ρ; kg/m3), and acceleration due 
to gravity (g = 9.81 m/s2). We assumed a con-
stant fluid density of 1000 kg/m3, which intro-
duced less than 1% uncertainty given the range 
of salinities we measured. We did not monitor 
in the summer.

To calculate channel hydraulics, we mea-
sured channel cross-sectional geometry for each 
bend with a Trimble R12 Real-Time Kinematic 
Global Positioning System (RTK GPS) to 1 cm 
precision. The cross section in Bend 1 included 
the location where the pressure and conductiv-
ity sensors were mounted. From these cross-sec-
tional geometry and water stage measurements, 
we calculated the wetted top width (B; m), wet-
ted cross-sectional area (Axs; m2), wetted perim-
eter (Pw; m), and hydraulic radius (HR = Axs/Pw) 
by projecting a given water surface elevation 
across the cross section and using trapezoidal 
Riemann sums. We then calculated water dis-
charge using Manning’s equation:

	 Q
n

A H Sw xs R= 1 2 3/ ,	 (2)

where S is channel bed slope. To find bed slope, 
we traced channel centerlines and fit a line to 
elevations from 0.5 m resolution lidar collected 
in 2020 (National Center for Airborne Laser 
Mapping; OpenTopography, 2020). We used 
Manning’s n = 0.026 that we calculated from 
field measurements during a rare flow event in a 
very similar nearby channel where we happened 
to be on site and were able to measure flow dis-
charge directly (Fig. 4; Table S2).

To calculate fluid shear stress on the cutbank, 
we assumed normal flow conditions and that the 
stresses on the channel bed and outer bank were 
similar, such that channel bank stress (τbank; Pa) 
was a function of hydraulic radius (Vanoni and 
Brooks, 1957):

	 τ ρbank RgH S= . 	 (3)

This assumption is justified by similar grain 
size and cm-scale morphological roughness ele-

ments (e.g., ripples, mud scours) visible on the 
channel bed, cutbank, and point bar (see figures 
cited in “Results”). We defined the shear velocity 
for the eroding cutbank as

	 ubank bank
* = τ ρ/ , 	 (4)

and used ubank
*  in our calibrated sediment 

entrainment relation (see “Bank Mate-
rial Characterization and Erodibility”) to 
calculate cutbank erosion rates along our 
study reach.

In order to evaluate the magnitude of lateral 
migration across the entire channel network, we 
determined how many channels were active dur-
ing the measured floods and if erosion was read-
ily detectable from satellite imagery. We used 

Planetlabs Planetscope 3 m imagery (Planet 
Labs, https://www​.planet​.com/ [accessed 2018]), 
Landsat 5 30 m imagery from 2009, National 
Aerial Photography Program (NAPP) 1:40,000 
scale imagery from 1995, and National Agricul-
ture Imagery Program (NAIP) 1 m imagery from 
2005 to 2020 to map channel cutbanks and cen-
terlines by hand and determine which channels 
were active during flood events. Active channels 
had significant color changes due to dissolution 
and reforming of salt crusts. We drew transects 
perpendicular to the lower 30 km of the valley 
centerline and tabulated the number of active 
versus inactive channels that crossed each tran-
sect. We also used Google Earth Pro to replicate 
the migration rates reported in Ielpi (2019; see 
Fig. S1; Table S3).

A

B

Figure 4. (A) Location of Manning’s n channel measurement (36.11371203°N, 116.826681°W) 
in comparison to Bend 1 (Amargosa River, Death Valley, California, USA). Basemap is 0.5 m 
lidar with channel centerlines used to calculate slope shown in green. (B) Field photo of 
measurement reach for channel hydraulics used to calculate Manning’s n.
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Historic Flood Frequency

To constrain the flood frequency of the Amar-
gosa prior to our monitoring, we collected sam-
ples of plants and woody debris from a strand-
line on a point bar for radiocarbon analyses. The 
floodplain of the Amargosa contained sparse 
deposits of woody debris but almost no plants 
growing in situ, so this wood originated from 
vegetation growing many kilometers upstream 
in the catchment. We selected wood from a 
continuous strandline at ∼1/2 bankfull depth in 
2021, prior to the bankfull flood that occurred 
in 2022. We collected the samples in whirlpaks 
and rinsed them with MilliQ water before stor-
ing them in combusted glass vials and shipping 
them to the National Ocean Sciences Accelera-
tor Mass Spectrometry Facility at Woods Hole 
Oceanographic Institution for analysis. To con-
vert from radiocarbon years (BP) to calendar 
years, we used CaliBomb with IntCal20 and 
a calibration for Northern Hemisphere Zone 
1 to extend the radiocarbon record up to 2020 
(Reimer et al., 2013; Hua et al., 2022; Reimer 
and Reimer, 2023).

We used long-term hydrologic datasets for the 
lower Amargosa to calculate flood magnitude 
and frequency over decadal time scales. The 
closest upstream river gage with a long period 
of record was located 60 km to the southwest 
at Tecopa, California (USGS 10251300), with 
a discontinuous record beginning in 1962 and 
a continuous record from 1998 to present. The 
closest rain gage was located 39 km north in 
Furnace Creek, California (National Weather 
Service Global Historical Climatology Network 
Daily USC00042319), with continuous records 
from 1961 to present. Both gages were far from 
our study site but provided an opportunity to cal-
ibrate a relation between the gages and discharge 
in our study reach.

Bank Material Characterization and 
Erodibility

To characterize floodplain material at Bend 1, 
we dug two trenches (2.2 m and 6.5 m long) in 
the point bar perpendicular to flow direction and 
measured ten stratigraphic columns, as well as 
recorded seven cutbank stratigraphic columns 
and two for pits dug into the channel thalweg. 
At Bend 2, we measured two stratigraphic col-
umns on the cutbank, one on the point bar, and 
recorded five along other reaches of the river. All 
stratigraphic columns had 1 cm resolution, and 
we measured sediment grain size using a grain 
size card and a hand lens. We also collected 
samples for grainsize analysis and analyzed 
them using laser diffraction in a Malvern Mas-
tersizer 3000 following a standard, previously 

described protocol (Gee and Or, 2002; Douglas 
et al., 2022).

To test whether mud entrainment alone was 
the rate limiting step to cutbank erosion, we used 
sampled bank material in a physical experiment 
to measure its erodibility (Figs.  5A and 5B). 
The setup was based on previous experimental 
work in abrasion mills (Sklar and Dietrich, 2001; 
Scheingross et al., 2014; Trower et al., 2017). To 
avoid unnecessary disturbance of the bank sam-
ple, we detached the 20-cm-diameter cylindri-
cal portion of the mill and brought it to the field 
site to directly sample the base of the cutbank 
(Fig. 5A). We removed salt crusts from the bank 

to expose the underlying muddy sediment and 
used a sledgehammer to pound the cylinder into 
the base of the bank and collect a 10-cm-deep 
sample of intact riverbank.

In the lab, the mill was filled to 40 cm depth 
with saline solution produced by dissolving salt 
crusts from the sampling site in tap water to a 
conductivity of ∼30,000 μS/cm, which was rep-
resentative for floods in the Amargosa. We ran 
the experiment by setting the spin rate of the 
flat plate driving fluid flow at the top of the mill 
using a variable frequency drive, which was cali-
brated in terms of shear velocity (Supplemental 
Text S1; Fig. S2; Table S4). The experiment pro-

A B

C D

Figure 5. Sampling and experimental setup and results from abrasion mill tests on Amargosa 
River (Death Valley, California, USA) bank sediment. (A) Digging out a PVC pipe that was 
pounded into the bank of the Amargosa River to collect intact riverbank sediment. (B) Photo 
of experimental setup, where spotlights are shown through acrylic windows installed in the 
side of the PVC pipe and the setup is covered by a light-blocking curtain. (C) Cartoon cross 
section of experimental setup, where a variable frequency drive sets the speed of a motor that 
turns a spinning plate. This exerts shear on the bank sediment (sed.), picking up sediment 
that obscures light shining in through an acrylic window. Measurements of sediment concen-
tration were made indirectly using a light sensor and directly by siphoning fluid into a glass 
jar. (D) Cartoon time series of expected measured sediment concentration (g/L) data during 
the entrainment, equilibrium, and settling phases of an experimental run, displaying times 
when fluid samples were collected and the sediment settling velocity calculated.
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gressed through a series of stages that consisted 
of stepwise increases in shear velocity (Table 1). 
For a given stage, the sediment concentration 
first increased (entrainment phase) and eventu-
ally stabilized (equilibrium phase) as the entrain-
ment and settling fluxes balanced (e.g., Garcia 
and Parker, 1991). During the equilibrium phase 
for each stage, we measured fluid conductiv-
ity with a handheld probe and collected ∼1 L 
of turbid water via the spigot and siphon tube 
in the side of the mill (Figs. 5B and 5C). We 
replaced the saline solution after each sample 
before proceeding to the next stage. In the final 
stage (settling phase), we set u* = 0 m/s and let 
the suspension settle in still water. At the end 
of the experiment, we took a water sample to 
determine the salt concentration. We sampled the 
bed at the beginning and end of the experiment 
for grainsize analysis.

During the experiment, we measured turbidity 
as a proxy for sediment concentration every 10 
seconds using a light sensor (Onset HOBOware 
MX Temp/Light Pendant with HOBOconnect 
application) mounted to the inside of the mill 
at 10 cm above the sediment bed. Two windows 
at 90° and 270° from the light sensor flooded 
the mill with light (Figs. 5B and 5C). The light 
sensor was calibrated to suspended sediment 
concentration measured to 0.1 g/L precision 
from the water samples taken at the end of each 
equilibrium phase (see Supplemental Text S2.1; 
Fig. S3). Samples taken during the experiment 
were weighed and dried to measure the salt and 
sediment concentrations. We confirmed that 
the grain size of suspended sediment was not 
changed throughout the experiment by measur-
ing siphoned samples on the Malvern Master-
sizer 3000.

To calculate the sediment entrainment 
fluxes, we analyzed the measured sediment 
concentrations from the calibrated light sen-
sor. From conservation of mass, the change 
in the total sediment concentration, c (g/L), 
was equal to the vertical sediment entrain-
ment flux minus the settling flux (Garcia and 
Parker, 1991),

	
d

dt
c z t dz E c wb s

Hm

, ,( ) = −∫0
	 (5)

where Hm (m) is the depth of water in the mill, E 
(g × m/L/s) is the sediment entrainment rate from 
the bed, cb (g/L) is the near-bed sediment con-
centration, and ws (m/s) is the sediment settling 
velocity. We assumed a dilute suspension of sedi-
ment, flat channel bed, constant settling velocity, 
and that the suspended sediment was well-mixed, 

such that 
1

0H
c z t dz c c

m
b

Hm

,( ) = =∫ , where 

c  (g/L) is the average sediment concentration. 
The well-mixed assumption was justified by the 
very small Rouse number ratio of ws/κu* < 0.02 
(Supplemental Text S2; Rouse, 1937), where κ is 
the von Kármán constant. From Equation 5, the 
equilibrium phase of each experiment stage was 
used to measure the entrainment rate of sediment 
from the bed, i.e.,

	
E cws= ,

	
(6)

where we measured c  at steady-state as cm,ss, the 
steady-state value of the well-mixed concentra-
tion measured by the light sensor.

To find the settling velocity needed in Equation 
6, and since flocculation may have occurred, we 
took advantage of the settling phase of the exper-
iment. During this phase, the suspended sedi-
ment settled at the settling flux cm,ssws, forming a 
settling interface with turbid water of concentra-
tion cm,ss below and clear water with negligible 
suspended sediment above. As this settling inter-
face moved through the light sensor measure-
ment volume, the sensor measured this change 
as an average over the measurement volume 

of height D; so that c
D
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z D
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where zD = 10 cm was the height of the sensor. 
Thus, by mass balance
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during the time interval when the settling inter-
face passed through the measurement volume. 
Integration of Equation 7 yielded

	
c t c

w t

D
m m ss

s( ) = −



, 1

	

(8)

after applying the boundary condition 
cm(t = 0) = cm,ss where t = 0 was when the set-
tling front is located at height zD + D/2. We set 
D equal to the diameter of the windows (8.6 cm) 
that let light into the mill. We fit Equation 8 to 
our data of cm(t) during the settling phase to find 
ws = 1.51 × 10−4 m/s. We substituted the mea-
sured ws and cm,ss into Equation 6 and solved 
for the sediment entrainment rate E during each 
equilibrium phase. The model was validated 
against the data during the entrainment phase, 
which was not used in model calibration, by 
inserting E and ws into Equation 5 to solve for 
cm(t) throughout the entrainment, equilibrium, 
and settling phases.

RESULTS

Channel and Planform Morphology

As it traverses the floor of Death Valley, 
the Amargosa River divides into a network of 
distributary channels (Fig. 6). Changes in salt 
extent visible in satellite imagery indicate that 
most channels across the floodplain are active 
(Figs. 6A and 6B). Both the number of chan-
nels and proportion of active channels decreased 
approaching Badwater Basin (Fig. 6C). Inactive 
channels tended to cluster near the center of the 
valley, farthest from the bounding faults on its 
east and west edges.

Numerous shallow channels run parallel or 
radiate from deep, active river bends (Figs. 6D–
6H). For example, Bend 2 had a shallow chan-
nel connecting the bend across its point bar 
and another shallow channel radiating from 
the upstream portion of the bend that appeared 
to flow into a floodplain secondary channel 
(Fig.  6E). Here, we inferred the river might 
decelerate as flow turned up-valley, causing the 
river to overtop its bank and begin to form a 
chute cutoff as well as overbank flow to a previ-
ously abandoned floodplain channel.

The floodplain surrounding Bend 1 had simi-
lar characteristics to that near Bend 2: a shallow 

TABLE 1. ABRASION MILL EXPERIMENTAL PARAMETERS AND GRAIN SIZES FROM SIPHONED SAMPLES AT THE END OF EACH STAGE

Stage Sediment 
concentration

(g/L)

Water 
conductivity

(mS/cm)

Suspended 
sediment D10

(μm)

Suspended 
sediment D50

(μm)

Suspended 
sediment D90

(μm)

Rotations 
per minute 

(RPM)

Shear velocity
(m/s)

Initial bed N.D. N.D. 0.832 8.608 35.659 0 0
1 0.75 30.4 0.643 4.901 19.747 124.5 0.016
2 1.05 29.7 0.433 4.386 20.312 152.1 0.017
3 0.69 30.6 0.664 5.890 23.198 177.9 0.018
4 2.45 31.6 0.717 5.676 22.668 199.5 0.019
5 9.38 33.0 0.557 5.058 21.867 227.8 0.020
Final bed N.D. 33.2 2.448 9.977 430.921 0 0

 Note: N.D.—no data.
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Figure 6. Active channels show changes in salt crust patterns during floods (Amargosa River, Death Valley, California, USA). Between (A) 
8 August 2022 and (B) 13 March 2023, active channels became covered in white salt while inactive channels experienced no visible changes. 
(C) The fraction of active channels intersecting each transect (orange triangles) and number of channels per km distance (blue squares) 
along each transect. (D) Planetlabs 3 m satellite imagery of Death Valley in August 2022 overlain with traces of active (teal) and inactive 
(purple) channels traced by hand from lidar imagery (Image ©2023 Planet Labs PBC). Active channels showed significant change in ground 
color and salt crust distributions between the start and end of August 2022, when a significant flood event occurred. Transects where chan-
nel statistics were measured are shown as numbered black lines and the locations for panels (E) through (H) are indicated with the panel 
letter. Lidar hillshade topography of characteristic floodplain features along the Amargosa River for our two study sites. (E) Bend 2 (map 
lower right corner at 36.103°N, 116.813°W), and (F) Bend 1 (map lower right corner at 36.110°N, 116.812°W) with channel flow directions 
shown by a blue arrow. (G) Example of shallow channels on the floodplain with secondary channels incising their banks (map lower right 
corner at 36.060°N, 116.803°W) with channel flow directions shown by a blue arrow. (H) Secondary channels flowed preferentially to the 
northeast (map lower right corner at 36.032°N, 116.785°W) with channel flow directions shown by a blue arrow.
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channel flowing parallel downstream to the east, 
a neck cutoff that left a shallow and presumably 
infilled channel reach, and shallow channels radi-
ating from locations where flow turns perpen-
dicular or up the valley axis. From these observa-
tions, we inferred a multi-stage history for Bend 1 
(Fig. 6F). First, the channel avulsed at an upstream 
location, abandoning the eastern meanders, which 
subsequently were filled in by floodplain material. 
Then, the active channel increased its sinuosity, 
producing scroll bars. When the channel became 
sufficiently sinuous that the river decelerated 
and overtopped its bank, the overbank flow was 
directed back into the active channel. This formed 
a cutoff and abandoned channel bend, which was 
then slowly infilled. At the time of the lidar sur-
vey, the bend downstream of the cutoff (Bend 1) 
was highly sinuous and had begun overtopping 
its bank during high flows and incising a channel 
that could grow to form a distributary channel or 
trigger an avulsion eastward.

In Figure 6G, the western channel was shal-
low, with a symmetric, flat bed and numerous 
short gullies along its edge. We interpreted this 
feature as an abandoned channel that was slowly 
being infilled by floodplain sediment and erosion 
of its banks by direct rainfall. The channel to the 
east had a similar morphology but with a narrow 
inner channel with steep banks (Fig. 6G). This 
channel might have been abandoned, infilled, 
and subsequently re-occupied and incised. Field 
observations show these shallow, active channels 
on the floodplain appeared to grow via head-
ward incision, providing a mechanism for these 
shallow channels to capture a larger fraction of 
stream discharge and eventually abandon the 
original channel, completing an avulsion cycle.

In general, avulsions and overbank floods 
preferentially produced new channels flowing 
to the northeast. In some locations, numerous 
shallow channels radiated from the eastern bank 
of an active channel, joined, and then incised a 
deeper flow path (Fig. 6H). The eastern bound-
ing fault of Death Valley is slipping more rap-
idly than the western fault, causing the valley to 
slowly tilt to the east (Hooke, 1972). Thus, the 
preferential flow direction was likely caused by 
the Amargosa avulsing toward the axis of maxi-
mum subsidence, then migrating back toward 
the center of the valley due to the sediment sup-
plied by alluvial fans along the Black Mountains 
(Kim et al., 2011; Kopp and Kim, 2015).

Our study reach contained actively meander-
ing channels that produced similar landforms 
as perennial meandering rivers. Bends 1 and 
2 formed asymmetrical channels with steep 
erosional cutbanks that expose floodplain stra-
tigraphy and low-gradient sandy point bars 
(Figs. 6E and 6F). The channels had scroll bar 
patterns, sinuosities, and width-to-depth ratios 

similar to vegetated meandering channels (Ielpi, 
2019). Similar to vegetated meandering rivers, 
channel slope was low (S = 3.25 × 10−4) and 
varied along the longitudinal profile (Fig. 7A). 
The channel thalweg was deepest at the apex 
of each bend, where it was located close to the 
cutbank and the point bar had a shallow slope 
(Figs. 7B and 7C), while the channel had a sym-
metric cross section and shallow thalweg at the 
inflection point between bends. These observa-
tions coupled with erosion rates measured from 
satellite imagery following Ielpi (2019) indi-
cate that reaches of the Amargosa are actively 
meandering.

Floodplain and Channel Sedimentology

Cutbanks contained sedimentary beds 
∼10 cm thick composed primarily of silt with 
stringers of clay and cross-bedded very fine 
sand (Fig. 8A). The cutbank slightly coarsened 
upward from silt with clay stringers to laminated 
silt and very fine sand, and the uppermost layer 
of the bank consisted of a 10-cm-thick salt crust, 

which also coated the eroding face of the riv-
erbank (Fig. 8). These deposits were generally 
finer-grained than material being deposited on 
point bars (Figs. 8B–8D).

The upper 5 cm of the thalweg bed material 
consisted of thin beds of alternating silt and 
very cohesive clay that overlay sandy depos-
its. We attributed the fine capping deposits to 
water ponding in the channel thalweg as it dried 
between floods, causing clay typically trans-
ported as washload to be deposited in these 
locations. These thin clay layers may armor the 
channel bed and prevent sediment motion dur-
ing low flows, since we observed a footprint 
and mud cracks in January 2019 left from a pre-
vious trip that survived flow through the chan-
nel in the meantime (Fig. 3G). Between floods, 
the channel bed and point bar developed a sur-
ficial layer of crystallized salt that formed hum-
mocky textures or a thin crust on mud cracks 
but did not form thick salt crusts like those pres-
ent on the cutbank. Point bars were primarily 
composed of very fine sand with centimeter-
scale climbing ripple cross-stratification, char-

A

B C

Figure 7. (A) Lidar elevation of channel centerline from Bends 1 and 2 (Amargosa River, 
Death Valley, California, USA) in our study reach, and the linear least squares regression 
used to calculate channel slope as a function of distance along the centerline (red dashed 
line). (B) Channel cross section at Bend 1 surveyed using RTK GPS, 1SD measurement un-
certainty (1 cm) within line thickness. (C) Cross section of Bend 2 surveyed using RTK GPS, 
1SD measurement uncertainty within line thickness.
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acteristic of active point bars. Salt crusts were 
not visible below the surficial layer of point bar 
and thalweg deposits.

Both bends had very sparse vegetation on 
their point bars, few roots were visible in point 
bar stratigraphy, and no plants or roots were vis-

ible in cutbanks (Fig.  8). Radiocarbon dating 
indicated the plants likely grew following high 
flows in 2015 (Table 2). Wood was also present 
in a strandline, but radiocarbon ages ranged over 
hundreds of years, implying the wood had been 
stored in the catchment before being transported 
downstream.

Flood Monitoring

Our monitoring documented three flow 
events, which were uncorrelated with rainfall at 
Furnace Creek (Fig. 9A) but all coincided with 
peaks in the discharge measurements at Tecopa 
(Figs. 9B and 9C). River discharge (calculated 
using Equations 2–4) decreased between Tecopa 
and our study site by approximately a factor of 
five, likely because water infiltrated and evapo-
rated as it flowed downstream and because a 
portion of flow was routed through other chan-
nels on the floor of Death Valley (Fig. 9C). We 
measured high river water electrolytic conduc-
tivity that varied between and throughout floods 
(Fig.  9D). Calculated bank shear velocities 
increased with flow discharge (Fig. 9E).

We directly measured ∼8 cm of erosion at 
the cutbank in Bend 1 below the high water-
line using erosion pins. The erosion primarily 
occurred 12–15 March based on game camera 
footage (Fig. 10). The flood began at night, with 
muddy water visible in the channel at dawn 

TABLE 2. RADIOCARBON DATING RESULTS AND CONVERSION TO CALENDAR AGES

Fraction modern
(Fm)

Calibrated dates (% probability) Most probable dates
(AD)

DEVA-Plant1
1.0162 ± 0.0021 2016.82–2018.11 (85.1%) 2015–2018

2018.54–2018.70 (9.0%)
2016.24–2016.32 (4.3%)
1955.45–1955.48 (1.6%)

DEVA-Plant2
1.0184 ± 0.0022 2016.06–2017.01 (64.3%) 2015–2018

2017.43–2018.05 (24.8%)
1955.46–1955.66 (10.9%)

DEVA-Plant3
1.0156 ± 0.0025 1989.88–1990.29 (76.4%) 2015–2018

2018.49–2018.77 (15.7%)
1955.39–1955.50 (5.3%)

DEVA-Strandline1
1.1596 ± 0.0022 1989.88–1990.29 (76.4%) 1989–1990

1958.64–1958.84 (23.6%)

DEVA-Strandline2
0.9762 ± 0.0020 1763.73–1785.21 (35.7%) 1664–1668

1663.78–1679.02 (24.8%)
1740.98–1751.68 (16.4%)
1794.09–1799.00 (8.6%)
1944.67–1949.60 (7.3%)
1942.21–1944.29 (3.1%)
1950.03–1951.79 (2.4%)
1952.28–1953.07 (1.2%)

DEVA-Strandline3
1.3811 ± 0.0027 1975.07–1975.30 (72.0%) 1974–1975

1975.80–1975.88 (20.5%)
1962.40–1962.43 (7.5%)

Note: Calibrated dates were calculated using 1SD uncertainty on the measured radiocarbon fraction 
modern. We report all calibrated dates with >1% probability.

Figure 8. Field photographs 
of stratigraphic columns from 
cutbank (A) and point bar (B) 
(Amargosa River, Death Val-
ley, California, USA). Loca-
tion of stratigraphic columns 
is marked on Figure  3. (C) 
Grain size measured using 
laser diffraction for two cut-
bank samples (magenta lines), 
two thalweg samples (black 
lines), and 11 point bar samples 
(thin blue lines) in Bend 1. (D) 
Grain size measured using la-
ser diffraction for two cutbank 
samples (magenta lines), one 
thalweg sample (black line), 
and two point bar samples 
(blue lines) from Bend 2.

A B

C D
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(Fig. 10B). As the water receded, it left a niche 
where salt crust dissolution and bank erosion 
occurred (Fig. 10C). We measured little erosion 
on the upper portions of the riverbank, though 
we observed slump blocks neighboring the ero-
sion pins with diameter ∼10 cm failing in game-
camera timelapse footage (Movie S1). As the 
flood receded, water stagnated in the pool at the 
apex of the bend and surficial salt crusts crys-
talized (Figs. 10A and 10 D). Erosion pin mea-
surements documented that these sub-bankfull 
flows exceeded the threshold for bank sediment 
entrainment and caused cutbank erosion.

A larger, bankfull flood occurred in Septem-
ber 2022, which we captured using erosion pins, 
though we had ceased using game cameras and 
HOBO loggers at that time (Fig. 11A). Lacking 
water stage measurements, we determined that 
the maximum flow depth reached bankfull con-
ditions from a strandline of woody debris present 
at the top of the cutbank and high on the point 
bar, as well as overhanging salt crusts extend-
ing immediately above the strandline (Fig. 11). 
The strandline provided a lower bound on the 
high-water line and the overhanging salt crusts 
were not inundated, so these markers bracketed 
the maximum flood stage. This flood caused 
significant bank erosion, on average 18.5 cm 

from the 10 erosion pins, and completely eroded 
one 51-cm-long erosion pin from the bank 
(Fig.  11C). Repeat RTK GPS cross-sectional 
surveys indicate that the river widened slightly, 
experiencing 7 ± 3 cm (±1SD) of aggradation 
on the point bar and channel bed (Fig.  11B), 
supported by measurements of 7.5 cm deep 
mud cracks formed around plants buried by 
mud (Fig. 11D). We also observed mud rip-up 
clasts that had been transported as bedload in 
the river, implying that cohesive mud limits ero-
sion of channel bed and point bars as well as the 
cutbank (Fig. 11C). Aggradation of the channel 
bed may have accounted for lower erosion rates 
measured from erosion pins at the lower part of 
the bank (Table S2).

After the flood, previously inundated portions 
of the floodplain were coated with a fresh thin 
layer of bright white salt highlighting where 
the Amargosa overtopped its banks at Bends 1 
and 2 (Fig. 11). Much of the upper layer of salt 
crusts had been dissolved across the floodplain, 
presumably by overbank flow or direct rainfall. 
Banks were typically overhung, with the strand-
line below bankfull, when flow in the bend 
was directed downvalley. As the bends curved 
to flow across or up the valley, the strandline 
approached the top of the bank, the series of 

overhangs ended, and eventually the strandline 
disappeared, and fresh salt was visible extending 
from the channel onto the floodplain, signifying 
overbank flow (Fig. 11F).

The banks of the Amargosa were coated with 
decimeter-scale thick salt crusts, which covered 
the underlying muddy sediment (Fig.  12A). 
However, we observed that the salt crusts com-
pletely dissolved during flow events in chan-
nels near Bend 1 (Fig. 12C). At the base of the 
bank, the salt crusts fully dissolved and ero-
sion pins protruded through fine sediment with 
mud cracks coated in a thin veneer of fresh salt 
(Fig. 12B). This indicated that the river was able 
to directly mobilize mud. Conductivity sensor 
measurements supported that salt was com-
pletely dissolved during flow events because 
water conductivity varied significantly within 
each event (Fig. 12D). We would have expected 
conductivity to remain relatively constant if the 
water instead became saturated with salt and 
was not able to dissolve the crusts on its banks. 
From these lines of evidence, we inferred that 
salt crusts fully dissolved during floods and did 
not supply the primary cohesive force to enable 
channel meandering.

Cutbank Entrainment Measurements

We analyzed data from the equilibrium and 
settling phases of the mill experiment to deter-
mine sediment entrainment rates and the thresh-
old of entrainment. In each entrainment phase, 
the sediment concentration began to increase 
immediately after shear velocity was increased 
and the experiment entered the equilibrium 
phase when sediment concentration stabilized 
after ∼2 h (Equation 6; Fig. 13A). Higher shear 
velocity caused a nonlinear increase in equilib-
rium sediment concentration—with large jumps 
between u* = 0.018, 0.019, and 0.020 m/s—as 
well as an increase in the time required for the 
concentration to stabilize. For u* = 0.020, the 
concentration curve became discretized as it 
approached the resolution of the light sensor. 
In the settling phase, sediment concentration 
remained constant for a short period after we set 
u* = 0 m/s, then abruptly declined to less than 
1 g/L, before slowly declining to 0 g/L after 
2 h (Fig. 13B). This trend in concentration sup-
ported our assumption that particles had roughly 
the same ws so that sediment settled as a uni-
form front, with the rapid decline occurring as 
the front passes the acrylic window where light 
shined through to the sensor. The subsequent 
slow decline was then from any remaining fine 
sediment settling from the column, which had a 
very slow settling velocity.

Differences in the measured settling veloc-
ity from the theoretical Stokes settling velocity 

A

B

C

D

E

Figure 9. Time series of hydraulic measurements from November 2018 to July 2021. (A) Rain 
gage at Furnace Creek, California, USA. (B) Water discharge measured by U.S. Geological 
Survey stream gage 10251300 in Tecopa, California. (C) Water discharge calculated using Man-
ning’s equation and measured flow depths and cross-sectional geometry for our study reach. 
(D) Fluid conductivity measured with at same location as stage height. (E) Fluid shear velocity 
time series on the channel banks at our study reach (solid line), with critical shear stress for en-
trainment determined from experiments (τc, dotted line) and the channel bankfull shear stress 
(τbf, dashed line) shown for comparison.
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indicated that suspended sediment was slightly 
flocculated during the experiments (Zeichner 
et  al., 2021). We found ws = 1.51 × 10−4 m/s 
(Equation 9), which corresponded to an effective 
siliciclastic grain diameter of 13.9 μm (Dietrich, 
1982). For comparison, the final experimental 
bed had median grain size D50 = 9.98 μm, giv-
ing a predicted settling velocity of 7.39 × 10−5 
m/s (Table 1; Dietrich, 1982)—approximately 
two times faster than the experimental settling 
velocity, though these differences could be due 
to grain shape. Therefore, we used the mea-
sured ws to calculate sediment entrainment rates 
(Equation 6).

Next, we used experimental data to calibrate 
an erosion relation for bank sediment in the 
meandering section of the Amargosa River. 
Standard erosion relations pose that Eexpt (mm/
hr) is linear function of excess shear stress 
(Partheniades, 1965), where Eexpt is a function 
of entrainment rate E (g × m/L/s) divided by 
sediment density (2650 kg/m3 = 2650 g/L). 
We observed some sediment entrainment 

at very low shear velocities and then a rapid 
increase in sediment entrainment past an appar-
ent threshold shear velocity around ∼0.018 m/s 
(Fig.  13C). Therefore, we fit different linear 
functions for the nearly flat and steeply increas-
ing portions of the sediment entrainment curve, 
such that
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where the linear coefficients and intercepts have 
units of mm/hr. We identified the threshold shear 
velocity for significant entrainment as the inter-
section of these two lines, which occurred at 
τc = 0.35 Pa, and set the entrainment function 
to zero for τ < 0.58τc. The nonzero entrain-
ment rate for 0.58τc < τ < τc was likely due to 
disturbed mud aggregates at the surface of the 
mill with grains that did not completely settle or 
compact, similar to the experiments of Parthe-
niades (1965).

ANALYSIS

In this section we first use field surveys, ero-
sion pin measurements, and laboratory measure-
ments of bank erosion rates to validate our bank 
erosion equation (Equation 9). We then develop a 
discharge relation between our study site and the 
USGS Tecopa gage (Equation 10) and use this 
relation to calculate flood frequencies and ero-
sion rates over decadal time scales. Finally, we 
use these erosion rates and published aggradation 
rates to calculate a channel mobility number and 
determine the floodplain stratigraphic architecture.

Comparing Erosion between Laboratory 
and Field

We used the experimental model for bank ero-
sion and surveys of channel geometry to calculate 
expected erosion rates and compared them to field 
measurements of erosion rate to evaluate if mud 
was the dominant bank strengthening agent. We 
applied our experimental sediment entrainment 

Figure 10. Game camera 
timelapse images of Bend 1 
before (A), during (B, C), and 
after (D) a flood from 12 to 15 
March 2020 (Amargosa River, 
Death Valley, California, USA). 
HOBO—data loggers used in 
study.

A

B

C

D

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/137/1-2/522/7082593/b37315.1.pdf by California Institute of Technology  user on 11 February 2026



Douglas et al.

534	 Geological Society of America Bulletin, v. 137, no. 1/2

rate (Equation 9) to the floods that occurred when 
we had river stage records. We set τbank = 0 for 
cases when the fluid shear velocity (calculated 
using Equations 4 and 5) was below τc or the 
water depth was shallower than the height of the 
erosion pins above the bed. We used these water 
stage measurements and surveyed channel cross-
sectional geometries and bed slopes to evalu-
ate Equations 2–4 and calculate near-bank fluid 
shear velocities throughout the floods. Modeled 
entrainment from two discrete floods agreed with 
erosion pin measurements over the same interval 
(Fig. 14A), indicating that our laboratory calibra-

tion of bank sediment entrainment rates produced 
accurate bank erosion rates under field conditions.

We used flood stage markers from the strand-
lines and overhangs to determine the peak flood 
stage and estimate bankfull shear velocities for 
the 2022 bankfull flood. We found that bankfull 
flows had τbank = 1.24 Pa, above the threshold 
of significant mud erosion (from experiments, 
τc = 0.35 Pa) by a factor of 1.6, with predicted 
bankfull erosion rates of 30 mm/hr (Fig.  5F). 
During the bankfull flood, we observed a maxi-
mum of >51 cm of erosion for one pin located 
20 cm below the top of the cutbank, likely 

due to a slump block collapse at this location. 
Excluding this maximum erosion measurement, 
the other erosion pins averaged 18.2 ± 6.1 cm 
(mean ± standard deviation) of erosion during 
the bankfull flood. This amount of erosion is 
equivalent to 6.1 h at bankfull conditions, which 
seems reasonable given the flashy nature of 
floods in the Amargosa River.

River Migration over Decadal Time Scales

We conducted analysis on long-term precipi-
tation and stream gage records to evaluate the 

A F

B

C D E

Figure 11. Field photos and remote observations following summer 2022 bankfull flood (Amargosa River, Death Valley, California, USA). 
(A) U.S. Geological Survey gage at Tecopa (California) records of 15 min average discharge for 2022. (B) RTK GPS measurements of chan-
nel cross section at Bend 1 along the same transect from 2021 (black line) and 2023 (red line). (C) Erosion pins (outlined in red) and woody 
debris strandline at cutbank in Bend 1. (D) Plant buried by 7.5 cm of mud on point bar of Bend 1. (E) High-water line marked by woody 
debris and mud clasts being eroded out of Bend 2. (F) Satellite imagery (2 m/pixel) taken on 13 March 2023 (Image ©2023 Planet Labs 
PBC). The study reach is drawn in blue, and overbank deposits are visible as white salt deposits on the brown floodplain.
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frequency of erosive floods and compare the 
Amargosa to threshold channel theory. First, 
we scaled the peak water discharge observed at 
the USGS Tecopa gage to our field observations 
and predicted bank erosion rates along our study 
reach using our calibrated entrainment function 
(Equation 9). Then, we used the Amargosa’s 
flood frequency distribution to evaluate the flood 

magnitude responsible for most geomorphic 
work from bank erosion.

To develop a scaling relation between peak 
water discharge at the Tecopa stream gage 
(QTecopa; m3/s) and our study site (QDEVA; m3/s), 
we assumed that the magnitude of peak water 
discharge at each location follows linear rela-
tionship and fit the equation:

	 Q QDEVA Tecopa= −0 0371 0 1180. . . 	 (10)

This linear relationship will be true if dis-
charge follows a power-law relation with drain-
age area (Leopold et al., 1964), since the coef-
ficient 0.0371 represents a ratio of drainage 
areas at each measuring site raised to a power. 
We fit this relationship using discharge records 

A B C

Figure 13. (A) Measured sediment concentration through time (hours) for each shear velocity (u*; m/s) during the entrainment and equilib-
rium phases, smoothed using a 2 min moving mean filter. Modeled sediment concentrations are shown as dashed black lines. (B) Sediment 
concentration through time (hours, measured in red and modeled in black dashed line) during the settling phase, smoothed using a 2 min 
moving mean filter. (C) Measured sediment entrainment rates as a function of shear stress (τ; Pa) divided by critical shear stress (τc; Pa) 
shown as white circles. We fit a piecewise function for entrainments rates as a function of fluid shear stress (Equation 9, blue solid line) and 
calculated the threshold of entrainment (black dotted line) as their intersection.

Figure 12. Amargosa River, 
Death Valley, California, USA. 
Salt crusts cover the channel 
bed and banks when the river 
is dry but dissolve completely 
when water flows through 
the channel. (A) Salt crusts 
on the river cutbank in Bend 
1, with freshly exposed sedi-
ment appearing dark brown. 
(B) Erosion pin in Bend 1 ex-
posed by flow event sticking 
out of apron of mud cracks. 
(C) Water ponded in the chan-
nels dissolved the surrounding 
salt crusts. Photo taken along 
the channel where Manning’s 
n was measured (36.1137°N, 
116.8267°W). (D) Water con-
ductivity (mS/cm) varied 
throughout a single flow event.

A B

C D
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at Tecopa, discharges from the three smaller 
floods we observed, plus the 14C dates from 
strandline woody debris. The radiocarbon dates 
matched well with a large flood that occurred 
in 2017, indicating the maximum flow depth 
for this event (Table 2), which we used to cal-
culate discharge (Equations 2–4). Using these 
constraints, we calculated a ratio between the 
water discharge at Tecopa and our observation 
site (Fig. 14B). Although there is considerable 
uncertainty in this linear fit (see 95% confi-
dence intervals on Fig. 14B), it indicates that 
the discharge at our study side is typically less 
than 10% of the discharge measured by the 
Tecopa gage.

To understand which flood magnitude played 
the most significant role in shaping the lower 
Amargosa River network, we calculated the 
bank erosion accomplished by a range of flood 
magnitudes. First, we used peak annual dis-
charge at Tecopa to calculate recurrence interval 
of observed and bankfull floods (Fig. 14C). The 
frequency of each flood was calculated as the 

inverse of recurrence interval (f = 1/RI; 1/yr). 
We fit a logarithmic frequency distribution for 
flood frequencies, which tends to overestimate 
the magnitude of floods with RI < 20 yr and 
underestimate the magnitude of two recorded 
floods with RI > 20 yr.

To quantify bank erosion potential in a man-
ner similar to geomorphic work (Wolman and 
Miller, 1960), we multiplied the event frequency 
distribution by the bank erosion rate at that dis-
charge (Ebank; L/T). Assuming that bank erosion 
rates are equal to the experimental sediment 
entrainment rates (Ebank = Eexpt; L/T), we calcu-
late bank erosion potential (β; L/T2) as

	 β = E

RI
bank . 	 (11)

Since the floodplain is very wide, we set 
all bank erosion potential for H > Hbf equal 
to βbf. We found that the highest bank erosion 
potential occurs at ∼2/3 of bankfull discharge 
(Fig. 14D). Flood frequencies decrease expo-
nentially, while the erosion rate gradually rises 

to a peak value of ∼2.7 cm/hr at QDEVA ∼1.3 
m3/s before gradually decreasing to a bankfull 
erosion rate of ∼0.006 mm/s. The maximum 
in β occurs at the same discharge as the peak 
in erosion rate, and both Ebank and β peak at 
low discharges due to the channel geometry. 
The narrow inner channel focuses flow near 
the cutbank at low QDEVA, while water spreads 
out over the shallowly sloping point bar during 
high QDEVA, decreasing HR and therefore τbank, 
u*bank, and Ebank despite the maximum flow 
depth continuing to increase.

Floodplain Stratigraphic Architecture

To quantify the relative importance of channel 
lateral migration versus avulsion for the lower 
Amargosa, we estimated the dimensionless 
channel mobility number (M) (Jerolmack and 
Mohrig, 2007):

	
M

hv

C Bv
c

a a

= ,
	

(12)

Figure 14. (A) Erosion pin mea-
surements (black triangles) and 
cumulative bank erosion (black 
line) calculated using entrain-
ment fluxes derived from mill 
experiments. (B) Combining 
our discharge measurements 
from the pressure sensor (blue 
diamonds) with 14C dating 
of woody debris in a channel 
strandline (orange diamond) 
and the 2022 flood strandline 
(purple diamond), we found a 
linear relationship (red line; 
95% confidence interval in 
dashed lines) between dis-
charge at Tecopa, California, 
USA, and our monitoring site. 
(C) Comparison of our mea-
surements with the long-term 
U.S. Geological Survey (USGS) 
stream gage record at Tecopa 
to evaluate the frequency and 
amount of bank erosion caused 
by different flood magnitudes. 
We fit a semi-logarithmic rela-
tion (blue line) between peak 
annual discharge and recur-
rence interval (RI) for the 
USGS gage (black circles) to 

calculate an event frequency model as 1/RI. The recurrence interval for a bankfull flood (5.5 years) is shown as a yellow dashed line. (D) We 
multiplied the flood frequency (f; blue dashed line) by the function for bank erosion calculated from excess shear stress (E; red dashed line) 
to calculate the bank erosion potential that occurs in Death Valley, California (β; solid black line). The discharge which accomplishes most 
bank erosion (βmax) is shown as a dashed teal line and the bank erosion potential for a bankfull flood (βbf) is shown by the magenta dashed 
line. DEVA—our Death Valley study site; HOBO—data loggers used in study.

A B

C D
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where h  is the average channel depth (m), vc 
is the channel lateral migration rate (m/yr), Ca 
is the number of active channels in the valley 
transect, B is the channel width (m), and va is 
the vertical aggradation rate (m/yr). When M > 1 
the channel migrates rapidly across its floodplain 
relative to aggradation rates, forming amalgam-
ated sandy channel bodies (e.g., Fig. 1D). For 
M < 1 the river migrates relatively slowly and 
forms narrow channel belts that aggrade to 
become superelevated, triggering avulsions and 
creating isolated sand bodies in mudstone. It has 
been argued that rivers changed from M > 1 to 
M < 1 with the proliferation of land plants (e.g., 
Valenza et al., 2023).

We calculated an upper bound for M along 
the Amargosa based on migration rates from 
Bends 1 and 2. We used Ca = 6 ± 4 from the 
transect through Bend 1 (number of active chan-
nels along transect 8 with 1 standard deviation 
for the number of active channels per transect) 
and estimated long-term aggradation rates of 
va = 7.7 × 10−4 m/yr from the Badwater core 
(Lowenstein et al., 1999). We used the average 
migration rate measured over the 4-year study 
interval of vc = 0.05 ± 0.02 m/yr (mean ± 1SD) 
as well as the maximum migration rate of vc 
∼1.5 m/yr reported by Ielpi (2019). These val-
ues should represent some of the highest chan-
nel lateral migration rates, since Bends 1 and 
2 were some of the most sinuous bends on the 
floodplain and therefore should be migrating 
more rapidly than most other channels (Ielpi, 
2019; Sylvester et  al., 2019). Substituting 
these values of va and vc with RTK GPS sur-
vey measurements of HR = 0.38 ± 0.02 m and 
B = 6.86 ± 0.02 m into Equation 12 produced 
M = 0.60 ± 0.49 using our vc measurement and 
M ∼18 using vc from Ielpi (2019). This calcu-
lation suggests that only the highest sinuosity 
and most rapidly migrating channels of the 
Amargosa can keep up with valley aggradation 
rates, while most channels cannot. Therefore, 
the stratigraphy likely consists of amalgamated 
sandstones intermixed with isolated sandstone 
bodies in a muddy matrix.

A channel mobility number near one matches 
our observations of channel network morphol-
ogy and previously published basin stratigraphy. 
There were a few visible cutoff bends on the 
floodplain intermixed with numerous abandoned 
channels and incipient avulsions that were grow-
ing by headward retreat of floodplains second-
ary channels (Fig. 6). River cutbanks contained 
structures, such as climbing ripple cross-strata, 
that indicated the Amargosa was eroding into 
fluvial deposits and not lacustrine deposits from 
Paleolake Manly (Fig. 8). High-resolution topog-
raphy and field observations also did not reveal 
floodplain terraces, as would be expected if the 

Amargosa was incising into deposits from Lake 
Manly instead of constructing its own floodplain 
(Fig.  6). Sediment in cutbanks was generally 
finer-grained than in point bars, indicating that 
most cutbanks were eroding muddy floodplain 
deposits. Our observations agree with previous 
studies, where short cores taken in a transect 
across the floodplain by Hooke (1972) con-
tained sandy deposits ∼1–2 m thick embedded 
in mud, which is consistent with a stratigraphy 
of sandy channel bodies within predominantly 
muddy overbank material. The longer Badwater 
Basin core also supports this idea, as it shows a 
7.7-m-thick accumulation of muddy floodplain 
deposits with a capping layer of primary halite 
(see “Study Site” section; Lowenstein et  al., 
1999). Together, these lines of evidence sup-
port that the Amargosa reworks its floodplain 
by both channel lateral migration and avulsion. 
This resulted in basin deposits characterized by 
isolated sandy channel-belt lenses within pre-
dominantly muddy overbank deposits.

DISCUSSION

The lower Amargosa River is a modern 
example of a meandering river with a muddy, 
self-formed, largely unvegetated floodplain. 
Vegetation cannot be a significant source of bank 
cohesion here since there are no plant roots in 
cutbanks (Fig. 8). Nonetheless, the Amargosa is 
meandering despite its lack of plants, with point 
bars keeping pace with cutbank erosion rates to 
maintain a narrow channel width. We observed 
point bars with lateral accretion surfaces that 
contained ripple cross-strata and had active 
ripples migrating across their surfaces (Fig. 8). 
Cutbank erosion occurred via collapse of sub-
aerial slump blocks (on game camera timelapse; 
Fig. 10) and bank sediment entrainment (from 
erosion pins; Fig. 14B), as well as accretion of 
the channel bed and point bars during a bankfull 
flood event (Fig. 11). Lidar topography revealed 
that the Amargosa has maintained a narrow 
channel geometry over multiple flood events, 
allowing it to form cutoffs and abandoned chan-
nel loops (Fig. 6F). Therefore, our study reach 
of the Amargosa is actively meandering in the 
absence of vegetation.

Our field and experimental results supported 
that mud, and not salt, supplies the bank strength 
controlling the rate of lateral cutbank erosion. 
We found that water electrolytic conductiv-
ity changed throughout a single flood event, 
implying that the river water did not reach salt 
saturation during floods. In channels where we 
observed flowing water, all salt crusts were dis-
solved from the submerged channel bed and 
banks (Fig.  12C). We also observed pooled, 
stagnant water in Bend 1 that remained follow-

ing a flood that had dissolved salt crusts on the 
bank and beds but left footprints and mud cracks 
intact. Therefore, a low flow event, which did 
not exceed the threshold of entrainment for bed 
sediment, managed to completely dissolve the 
salt crusts on the channel bed. Salt crusts might 
decrease the impact of small or short duration 
floods, which would not have time to dissolve 
all the salt and erode underlying mud, but we 
observed that salt crusts dissolved before the 
threshold for fluvial erosion was reached during 
longer floods. Importantly, our mud entrainment 
model, calibrated with experiments, accurately 
reproduced observed erosion pin rates showing 
that mud alone set the erodibility of the bank 
material.

While salt and vegetation did not limit cut-
bank erosion rates, they might play other roles 
to help retain mud in floodplain deposits. Salt 
crusts may help prevent mud from being eroded 
by wind, based on our observations that no sedi-
ment on the floodplain was mobilized by sus-
tained 40 km/h winds except where salt crusts 
were broken or disrupted. In addition, trace 
organics may contribute to mud flocculation, 
increasing the settling velocity of sediment and 
promoting mud deposition across the floodplain 
(Zeichner et  al., 2021; Nghiem et  al., 2022). 
Flocculation can also be enhanced by high 
salinity (Mietta et al., 2009), and we observed 
flocs in our experiments and in reaches of the 
channel with water (see Movie S2). In addition, 
we inferred the presence of algae and microbial 
communities living on the floodplain from the 
production of foam on the flowing river visible 
in game camera timelapses, which may influ-
ence sediment transport (see Movie S3).

Threshold channel theory posits that the criti-
cal stress to erode the base of the riverbank sets 
the bankfull hydraulic geometry (Parker, 1978; 
Dunne and Jerolmack, 2020). We found that 
the Amargosa forms a channel cross-sectional 
geometry where bankfull flows far exceeded the 
threshold of erosion of the bank material. Bank-
full flow occurred at 0.42 m average flow depth 
and 1.9 m3/s water discharge, exerting ∼1.6 
times the critical shear stress to erode bank sedi-
ment. In contrast, the threshold to entrain bank 
sediment is surpassed for average flow depths 
of 0.26 m, so sub-bankfull flows can shape the 
river channel. Our measured critical shear stress, 
τc = 0.35 Pa, falls on the lower range of values 
commonly reported for cohesive sediment of 
0.1 Pa < τc < 5 Pa (Winterwerp et al., 2012), and 
much lower than the 10 Pa required to fit a global 
data compilation of vegetated rivers (Dunne and 
Jerolmack, 2020). Thus, the Amargosa has much 
weaker banks than most vegetated rivers, but still 
is able to maintain stable meandering channels 
within a self-formed floodplain.
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Our field measurements of bank erosion rates 
were slower than those of Ielpi (2019). We mea-
sured up to 7.1 cm of cutbank erosion from 2019 
to 2023 using erosion pins on Bend 2, the bend 
shown in Figure 11B of Ielpi (2019). To address 
this discrepancy, we traced the top of cutbanks 
along Bend 2 by eye using the same images in 
Google Earth as Ielpi (2019) and used NAIP 
imagery from 2005 to 2020 in QGIS open-
source software (see Fig. S1). Both methods 
reproduced results from Ielpi (2019), yielding 
erosion rates of 0.4–0.5 m/yr where we placed 
erosion pins and a maximum rate of ∼1.5 m/yr 
upstream of the erosion pins. Most of the erosion 
occurred between 1995 and 2005, while erosion 
rates appear to have slowed from 2005 to 2020. 
This implies that cutbank erosion rates along 
the Amargosa vary significantly over decadal 
time scales, posing a challenge for measuring 
long-term channel migration rates. Specifically, 
most cutbanks erode <1 m/yr on average, so 
resolving bank erosion rates requires either short 
sequences of high-resolution imagery (such as 
NAIP) or long sequences of imagery with low or 
varying spatial resolution (the approach taken by 
Ielpi, 2019). Both approaches make it difficult to 
distinguish autogenic variability of river migra-
tion from changes in long-term migration rates, 
particularly since channel migration rates might 
vary throughout avulsion cycles. Unraveling the 
temporal variability in cutbank erosion rates is 
important because rapid migration of the Amar
gosa has been used to argue that unvegetated 
meandering rivers migrate more rapidly than veg-
etated meanders (e.g., Ielpi and Lapôtre, 2020).

Modern ephemeral rivers such as the Amar
gosa likely have migration rates set by the 
occurrence of large, infrequent storms, which 
complicates using these modern analogs to infer 
flood frequencies for channels on early Earth or 
Mars. While the Amargosa experiences flows 
that exceed the threshold of sediment transport 
with a similar frequency as perennial rivers 
(approximately every 2 years), these are gener-
ally low flows, and bankfull flows are rarer in 
this dryland river (5.5 years). The rarity of flow 
events is likely responsible for the highly inter-
mittent channel migration, despite the Amargosa 
having much weaker banks than most vegetated 
rivers. For example, we recorded negligible cut-
bank erosion (<2 cm) over 3 years of observa-
tions and a maximum of 30.5 cm from the 2022 
bankfull flood in our Bend 2, though sections of 
Bend 2 migrate at up to 1.5 m/yr over decadal 
time scales (Ielpi, 2019; Fig. 11B; Fig. S1). Our 
findings agree with the assessment of Wolman 
and Miller (1960), who found that dryland riv-
ers have hydraulic geometries such that bankfull 
floods occur less frequently than rivers in wetter 
climates.

The Amargosa constructed its floodplain 
predominantly out of mud with isolated sandy 
channel belts implying that such a stratigraphic 
architecture can occur in the absence of vegeta-
tion. Our observations of mud cobbles, floccula-
tion, and extensive networks of infilled channels 
that lack significant levees match those found in 
dryland rivers across the Great Basin (Hasson 
et al., 2023). Like many catchments in the Great 
Basin, Death Valley is a closed basin, which 
drives channel and floodplain aggradation and 
likely dictates a high fraction of mud in the 
Amargosa’s deposits. In an open basin, cohesive 
sediment could instead be transported through 
the river to the coasts, decreasing bank cohesion 
and increasing migration rates while decreasing 
aggradation rates. In addition, the ephemeral 
Amargosa has a channel geometry adjusted 
to infrequent bankfull floods, while perennial 
streams appear to require a higher bank cohe-
sion to maintain similar geometries (Dunne 
and Jerolmack, 2020). Therefore, while plants 
are not needed, an appropriate basin geometry, 
hydraulic regime, and sediment supply might be 
required to develop a stratigraphic architecture 
of channel-belt sandstones isolated within mud-
rich floodplain deposits.

Vegetation-free dryland rivers have been used 
as potential analogs for Mars and early Earth 
(Matsubara et  al., 2015). For the Amargosa, 
although muddy cutbanks are weaker than bank 
strengths inferred for vegetated rivers (Dunne 
and Jerolmack, 2020), mud slows cutbank 
erosion rates such that point bar aggradation 
can keep pace and the river can meander. Fur-
thermore, the combination of muddy cutbanks 
and infrequent floods means that the Amar-
gosa meanders slowly compared to long-term 
accretion rates, so avulsion rather than lateral 
migration is the dominant process that distrib-
utes sediment across Death Valley. Thus, mud 
alone (even in the absence of salt and vegetation) 
seems to be sufficient to permit river meandering 
(Lapôtre et al., 2019) and produce fluvial depos-
its with isolated sandstone bodies surrounded 
by mudstone. Although fluvial deposits of this 
type are typically thought to be characteristic of 
vegetated environments (Gibling and Davies, 
2012), our results indicate early Earth and Mars 
could have hosted rivers with morphologies and 
deposit architectures similar to those present in 
modern terrestrial environments. In support of 
this argument, Mars has many examples of land-
forms called fluvial ridges, which likely formed 
by differential wind deflation of fluvial basin 
stratigraphy: mudstones are more easily eroded 
by the wind leaving sandy channel-belt deposits 
in positive relief (Matsubara et al., 2015; Dick-
son et al., 2021; Cardenas et al., 2022). Given the 
narrow widths of sinuous nature of many fluvial 

ridges, they most likely formed from strata that 
contained relatively narrow sandy channel belts 
within a basin otherwise dominated by mudstone 
(Hayden et al., 2019, 2021). Thus, these land-
forms and deposits on Mars appear similar to the 
Amargosa River in Death Valley.

CONCLUSIONS

We studied an unvegetated, sinuous reach of 
the Amargosa River on the floor of Death Valley 
to determine if it shared similar morphology and 
migration rates to vegetated meandering rivers. 
We found that the Amargosa was slowly mean-
dering, with cutbank erosion pin measurements 
at two bends recording an average of 5.2 cm/yr 
from 2019 to 2023. The greatest cutbank ero-
sion occurred during one bankfull flood, which 
caused an average of 18.5 cm of erosion, though 
rates of up to 1.5 m/yr were observed over two 
decades using satellite imagery. Sandy climb-
ing ripples visible in both point bar and cut-
bank stratigraphy supported that the Amargosa 
was migrating through its own fluvial deposits, 
and not lacustrine deposits from Lake Manly. 
Besides its fine grain size and the prevalence of 
salt crusts, the Amargosa had a low slope and 
similar hydraulic geometry to meandering rivers 
in vegetated environments.

Lidar topography of the floodplain surfaces 
revealed many abandoned and infilled channels, 
including reaches that appear similar to oxbow 
lakes. Preferential flow routing during overbank 
floods formed channels via headward erosion, 
which we interpreted to record the initiation of 
frequent avulsions and subsequent channel aban-
donment by the Amargosa. The predominance of 
avulsion rather than migration as a mechanism to 
fill in Death Valley was supported by a moder-
ate channel mobility number for the most rapidly 
migrating bends, which implied that a combina-
tion of avulsions and lateral migration resurfaced 
the floodplain. These processes were expected to 
produce basin stratigraphy consisting of isolated 
sandy bar deposits in muddy floodplain deposits, 
similar to those observed in previously published 
cores from Death Valley.

Threshold channel theory posits that a source 
of bank cohesion such as plant roots, mud, or salt 
is required to form deep, meandering channels 
and that the threshold flood required to erode 
the banks coincides with a bankfull flood. The 
Amargosa lacks plants on its cutbanks, and we 
determined that salt could not supply bank cohe-
sion because we observed that it dissolved com-
pletely during flow events. To evaluate whether 
mud cohesion alone could account for bank 
erosion rates, we designed novel experiments 
to directly measure Amargosa bank sediment 
entrainment rates under different fluid shear 
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stress conditions. These experiments calibrated 
an entrainment relation that successfully repli-
cated erosion pin data, indicating that mud pro-
vided bank cohesion sufficient for meandering 
in the absence of plants. Combining this entrain-
ment relation with field measurements of flow 
depth and roughness, we were able to correlate 
flow and erosional events at our monitoring site 
to the USGS stream gage at Tecopa, California. 
Based on this decadal record, we found that ero-
sional events were rare and significant bank ero-
sion occurred at conditions below bankfull, in 
contrast to threshold channel theory.
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