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ABSTRACT

The lower Green River episodically nar-
rowed between the mid-1930s and present 
day through deposition of new floodplains 
within a wider channel that had been estab-
lished and/or maintained during the early 
twentieth century pluvial period. Compari-
son of air photos spanning a 74-yr period 
(1940–2014) and covering a 61 km study 
area shows that the channel narrowed by 
12% from 138 ± 3.4 m to 122 ± 2.1 m. Strati-
graphic and sedimentologic analysis and 
tree ring dating of a floodplain trench cor-
roborates the air photo analysis and suggests 
that the initial phase of floodplain formation 
began by the mid-1930s, approximately the 
same time that the flow regime decreased in 
total annual and peak annual flow. Tama-
risk, a nonnative shrub, began to establish in 
the 1930s as well. Narrowing from the 1940s 
to the mid-1980s was insignificant, because 
floodplain formation was approximately 
matched by bank erosion. Air photo analy-
sis demonstrates that the most significant 
episode of narrowing was underway by the 
late 1980s, and analysis of the trench shows 
that floodplain formation had begun in the 
mid-1980s during a multi-year period of low 
peak annual flow. Air photo analysis shows 
that mean channel width decreased by ∼7% 
between 1993 and 2009. A new phase of nar-
rowing may have begun in 2003, based on 
evidence in the trench. Comparison of field 
surveys made in 1998 and 2015 in an 8.5 km 
reach near Fort Bottom suggests that nar-
rowing continues and demonstrates that 
new floodplain formation has been a very 
small proportion of the total annual fine 
sediment flux of the Green River. Vertical ac-
cretion of new floodplains near Fort Bottom 
averaged 2.4 m between 1998 and 2015 but 

only accounted for ∼1.5% of the estimated 
fine sediment flux during that period. Flood 
control by Flaming Gorge Dam after 1962 
significantly influenced flow regime, reduc-
ing the magnitude of the annual snowmelt 
flood and increasing the magnitude of base 
flows. Though narrowing was initiated by 
changes in flow regime, native and nonna-
tive riparian vegetation promoted floodplain 
formation and channel narrowing especially 
through establishment on channel bars and 
incipient floodplains during years of small 
annual floods.

INTRODUCTION

River channels adjust to long-term changes 
in flow regime or sediment supply as well as to 
short-term events such as very large floods or 
upland arroyo incision that episodically deliver 
large amounts of sediment to downstream chan-
nels. Other adjustments in channel form can 
be linked to changes in the density and species 
composition of riparian vegetation, whether as-
sociated with native plant succession or non-
native species invasion. During the last century, 
changes in flow regime and sediment supply 
have been caused by climate change and water 
development, such as the construction and op-
eration of large dams and the diversion of large 
amounts of stream flow. River resource man-
agers seek to distinguish the effects of natural 
fluctuations in flow regime and sediment supply, 
changes in riparian vegetation, and the effects of 
anthropogenic manipulation of rivers and water-
sheds, because managers might seek to reverse 
undesirable aspects of channel change.

Numerous studies have described channel 
narrowing caused by floodplain formation on 
unregulated and regulated streams caused by 
flood control, flow depletion, expansion of ri-
parian vegetation, and/or recovery from unusu-
ally large and geomorphically effective floods. 
Many papers describe the rate, style, processes, 

and sedimentology of floodplain formation on 
the unregulated Powder River in southeast Mon-
tana (Moody et al., 1999; Pizzuto et al., 2008). 
Manners et  al. (2014) found that the channel 
form of the minimally regulated Yampa River 
had simplified due to expansion of riparian veg-
etation. Friedman et al. (2005, 2015) described 
the rate and processes of arroyo filling of the Rio 
Puerco and Chaco Wash in New Mexico. Studies 
of channel response to flow regulation of parts 
of the Missouri River (Skalak et al., 2013), Rio 
Grande (Lagasse, 1981; Everitt, 1993; Richard 
et al., 2005; Dean and Schmidt, 2011), and Colo-
rado River (Lyons et al., 1992; Van Steeter and 
Pitlick, 1998; Allred and Schmidt, 1999; Gaeu-
man et  al., 2003; Grams and Schmidt, 2005; 
Grams et al., 2007) demonstrated that narrow-
ing occurs wherever flood control is significant.

The most downstream 88 km of the lower 
Green River in the Canyonlands region of Utah 
is one river segment where managers seek to dis-
tinguish the relative influence and implications 
of natural and anthropogenic-caused channel 
change leading to narrowing. This river segment 
is within Canyonlands National Park, and the 
National Park Service seeks to manage the river 
corridor for natural processes and native eco-
system landscapes. Approximately 80% of the 
total annual flow of the lower Green River comes 
from two co-equal headwater branches—the up-
per Green River and the Yampa River—and the 
natural flow regime of each branch is dominated 
by spring and early summer snowmelt. However, 
the flow of the upper Green is completely regu-
lated by Flaming Gorge Dam, and some other 
tributaries of the Green River have been exten-
sively diverted. Thus, historical changes in the 
lower Green River’s flow regime and sediment 
supply during the past century integrate natural 
cycles, episodic natural events, and anthropo-
genic influences.

Geomorphologists and ecologists have long 
sought to understand channel change of this 
river segment, especially to resolve the  relative †walker.alex.e@gmail.com.
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influence of changes in flow regime and the 
invasion of non-native tamarisk (Tamarix 
spp.). Graf (1978) summarized historical data, 
matched historical ground-level photos, made 
field observations, and argued that the tama-
risk invasion of the 1940s and 1950s caused 
widespread narrowing. Graf (1978) concluded 
that, thereafter, the channel stabilized to a new 
quasi-equilibrium form. Everitt (1979) offered 
an alternative hypothesis concerning the cause 
of channel change and argued that narrow-
ing had primarily been a geomorphic process 
wherein active bars were transformed into new 
floodplains, because the total annual flow and 
annual flood magnitude had decreased. Everitt 
(1979) argued that tamarisk only played a pas-
sive role in the narrowing process. Graf’s (1978) 
paper and Everitt’s (1979) discussion inspired a 
generation of subsequent studies of the Green 
River and elsewhere concerning the interaction 
between riparian vegetation and channel form. 
Subsequent studies of the Green River focused 
on resolving the magnitude, timing, and rate 
of channel narrowing and on whether channel 
change was caused by natural and/or anthro-
pogenic flow regime change or merely by the 
invasion of tamarisk.

We used multiple techniques to precisely 
resolve the timing and magnitude of channel 
narrowing and floodplain formation of the 
lower Green River during the past century, and 
we linked that history of channel change to the 
history of flow regime change and tamarisk 
invasion. We conclude that channel narrowing 
had begun by the late 1930s at the same time 
tamarisk had begun to establish in the study 
area. In contrast to previous studies, we show 
that the magnitude of narrowing was relatively 
small at that time, because the rate of floodplain 
formation was approximately matched by the 
rate of bank erosion. We show that the highest 
rate of narrowing began in the mid-1980s. This 
recent acceleration in the rate of narrowing has 
not been observed in other studies. The latest 
phase of narrowing began during a multi-year 
period when the annual snowmelt floods were 
small. Our conclusions are based on spatially 
robust measurements of aerial photos over a 
much larger study area than previous studies 
and temporally precise sedimentologic inter-
pretation of a floodplain trench using tree ring 
dating of buried tamarisk. This combination of 
spatially robust and temporally precise methods 
is similar to those used by Allred and Schmidt 
(1999) and Friedman et al. (2015). This study 
provides insights about the roles of flow re-
gime, sediment supply, and riparian ecosystem 
change in narrowing of the lower Green River 
and identifies some of the processes that caused 
narrowing.

STUDY AREA

Powell (1875) distinguished two parts of the 
lower Green River: the upstream part as Laby-
rinth Canyon and the downstream part as Stillwa-
ter Canyon. Our study area was 61 km between 
River Mile (RM) 57.5 in lower Labyrinth Can-
yon and RM 19.5 in upper Stillwater Canyon. 
“River Miles” upstream or downstream from 
well-known places are widely used as a location 
system on the Colorado River. In the case of the 
lower Green River, these locations refer to the 
distance upstream from the confluence with the 

Colorado River (Belknap et al., 2014). The study 
area was centered on Tower Park, also named by 
Powell (1875), at the transition between Laby-
rinth and Stillwater Canyons (Fig. 1).

Although the banks and bed of the lower 
Green River are primarily alluvial, bedrock 
is exposed at the outside of some bends. The 
bed is sand, although Pleistocene gravel ter-
races 12–56 m above river level are present in 
Labyrinth Canyon and in Tower Park (Pederson 
et al., 2013). We use the term floodplain to refer 
to fine-grained, alluvial deposits adjacent to the 
active channel whose surfaces are inundated by 

A B

Figure 1. Map of the lower Green River and study area. Numbers in circles are River Miles, 
measured from the confluence of the Green and Colorado Rivers. (A) General area consid-
ered in this study. Gages are 09315000 Green River at Green River, 09328500 San Rafael 
River near Green River, and 09328920 Green River at Mineral Bottom. (B) The study area 
in the vicinity of Tower Park. The wider, thicker river channel is a 61 km long segment 
where river channel change was measured on aerial photos.
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modern high flows, including rare large mag-
nitude floods. There are two such floodplain 
surfaces. Above the floodplain in many places 
is an alluvial terrace that in places is capped by 
colluvium, and we found no evidence that this 
terrace was ever inundated in the past century. 
When discussing a location on the floodplain, 
landward refers to the direction away from the 
channel and toward the valley margin, and riv-
erward refers to the direction toward the channel 
and away from the valley margin.

HYDROLOGY AND SEDIMENT 
TRANSPORT

The Green River drains ∼124,000 km2 of 
Wyoming, Utah, and Colorado and is the lon-
gest and least disturbed headwater branch of the 
Colorado River (Schmidt, 2007). We refer to the 
most downstream 155 km of the Green River 
between the San Rafael River and the conflu-
ence of the Green and Colorado Rivers as the 
lower Green River. The two headwater branches 
of the Green River join at Echo Park (Fig. 1). 
Between 2000 and 2018, mean annual flow of 
the upper Green River immediately downstream 
from Flaming Gorge Dam near Greendale, 
Utah, (USGS gage 09234500) was 48 m3/s, 
and the mean annual flow of the Yampa River at 
Deerlodge Park (USGS gage 09260050), 72 km 
upstream from Echo Park, was 53 m3/s. During 
the same period, the combined flow of these two 
branches comprised almost 80% of the total 
annual flow at the town of Green River, Utah 
(USGS gage 09315000, Green River at Green 
River, Utah, hereafter referred to as the Green 
River gage), which is located ∼315 km down-
stream from Echo Park. The Green River gage 
operated between 1895 and 1899; since 1905 
the gage has operated continuously (Allred and 
Schmidt, 1999).

The mean annual natural flow—stream flow 
that would exist in the absence of consumptive 
uses and losses—between 2000 and 2017 at the 
Green River gage was estimated by the U.S. 
Bureau of Reclamation (2019) to be 180 m3/s, 
whereas the average annual measured flow 
for the same period was 130 m3/s. The differ-
ence between these two values is the estimated 
consumptive uses and losses caused by evapo-
transpiration of irrigated agriculture, reservoir 
evaporation, and trans-basin export from the 
watershed. Woodhouse et  al. (2006) extended 
the natural flow record using tree-ring data and 
estimated that the long-term mean annual natural 
flow at the Green River gage was 205 m3/s for 
the period 1525–1995. Woodhouse et al. (2006) 
characterized the natural flow between 1874 and 
1883, immediately after the Powell expeditions, 
as “decadal-scale drought,” and the mean annual 

natural flow averaged 160 m3/s during this pe-
riod, more than the mean annual measured flow 
during the twenty-first century.

Within the study area, stream flow of the 
Green River has been measured since March 
2014 at the Mineral Bottom gage (gage 
09328920, Green River at Mineral Bottom near 
Canyonlands National Park), located ∼100 km 
downstream from the Green River gage. For the 
four years of overlapping measurements (water 
years 2015–2018), total stream flow at the Green 
River gage equaled the streamflow measured at 
Mineral Bottom within 0.1%. The flow regime 
and flow duration characteristics measured at 
the Green River and Mineral Bottom gages are 
essentially the same, because the San Rafael 
River is the only large tributary between the two 
gages and contributes little flow (Walker, 2017). 
The mean annual flow of the San Rafael River 
(USGS gage 09328500) was 1.8 m3/s between 
2000 and 2018.

The total amount of stream flow and the peak 
flow magnitude of the San Rafael River substan-
tially declined during the twentieth century (Fort-
ney, 2015). Nevertheless, individual San Rafael 
floods that occur during the spring snowmelt or 
during the summer and fall have the potential 
to aggrade the Green River floodplain, because 
sediment delivery from flash floods is typically 
large. The potential effects of these flash floods 
were not evaluated in previous studies.

Annual suspended-sediment transport of the 
Green River is large and highly variable. Sev-
eral researchers used the assumption of stable 
suspended sediment rating curves to estimate 
the annual suspended-sediment load. Iorns et al. 
(1965) estimated that the average annual sus-
pended-sediment load at the Green River gage 
between 1930 and 1957 was 18.9 × 106 metric 
tons and varied by more than an order of mag-
nitude within relatively short periods; the lowest 
annual load was measured in 1934 (1.61 × 106 
metric tons), and the largest annual load was 
measured in 1937 (39.4 × 106 metric tons). 
Thompson (1984) estimated that the average an-
nual suspended-sediment load at the Green River 
gage was 12.5 × 106 metric tons between 1949 
and 1961, and he estimated that the total annual 
suspended load decreased to 8.16 × 106 metric 
tons between 1964 and 1979 after completion of 
Flaming Gorge Dam. Andrews (1986) estimat-
ed that the annual suspended load at the Green 
River gage was 15.4 × 106 metric tons between 
1944 and 1962 and decreased to 8.01 × 106 met-
ric tons between 1963 and 1982.

Iorns et al. (1965) estimated that the annual 
suspended-sediment delivery of the San Rafael 
River to the Green River was 0.84 × 106 metric 
tons per year prior to the mid-1960s. Fortney 
(2015) showed that between 1949 and 1957, the 

average suspended sediment concentration of 
the San Rafael River during summer/fall floods 
was an order of magnitude greater than during 
snowmelt floods.

GEOMORPHOLOGY AND CHANNEL 
CHANGE

The earliest measurements of the lower 
Green River were 1:5000-scale maps (Herron, 
1917) and a longitudinal profile (LaRue and 
Work, 1925). Oblique photographs from early 
river expeditions were matched many times in 
the twentieth century and provided ground-level 
documentation of conditions more than a cen-
tury ago (Stephens and Shoemaker, 1987; Webb 
et al., 2004, 2007). River-based explorations in 
the late nineteenth and early twentieth centuries 
described and photographed a river landscape 
that was very different from today. Journals and 
photographs documented a wide channel with 
abundant emergent sand bars that was lined with 
“dense willow and greasewood chaparral” that 
comprised “a dense jungle of rose-bushes, wil-
lows, and other plants” and a few cottonwood 
(Populus fremontii) trees that were “scrubby” 
and “very scarce” (Darrah, 1947). There was 
“willow-bordered meadow” on the inside of 
many meander bends (Dellenbaugh, 1908; Kel-
ly, 1947).

Today, the channel is lined by dense, woody 
riparian vegetation including native coyote wil-
low (Salix exigua), but much of the vegetation 
is non-native tamarisk. Tamarisk was sparsely 
distributed along the lower Green River in the 
late 1930s and was densely distributed by the 
1950s (Clover and Jotter, 1944; Christensen, 
1962; Graf, 1978; Birken and Cooper, 2006). 
Today, cottonwoods are typically mature, gen-
erally located on the highest parts of the flood-
plain or on terraces and are sparse compared to 
other riparian vegetation (Merritt and Cooper, 
2000; Sher et al., 2000; Webb et al., 2007; Scott 
and Miller, 2017). Today’s channel is narrower, 
emergent sand bars at base flow are less exten-
sive, and there are fewer secondary channels 
than a century ago.

Graf (1978) concluded, based primarily on 
matching old photographs and examining the 
field sites in the mid-1970s, that tamarisk had 
quickly stabilized banks and induced vertical ac-
cretion on formerly active bars that narrowed the 
channel in the 1940s and 1950s. He concluded 
that there had been little narrowing thereafter. 
Everitt’s (1979) suggestion that tamarisk had 
played a passive role in the narrowing process 
was based on the observation that narrowing 
began during a period of declining stream flow 
that occurred in the 1930s. Andrews (1986) ana-
lyzed stream-flow and suspended sediment data 
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 collected at the Green River gage and showed 
that the effective discharge of the Green River 
was reduced by operations of Flaming Gorge 
Dam. He argued that the lower Green River 
channel would continue to narrow, because the 
channel in the mid-1980s—at the time of his 
study—was wider than the channel predicted 
from hydraulic geometry relations.

Allred and Schmidt (1999) analyzed channel 
change in a 26 km study area near the Green 
River gage using discharge measurement notes 
available as early as 1912, aerial photographs 
beginning in 1938, and the stratigraphy of one 
excavated bank. They concluded that narrowing 
had been caused by the combined effects of a 
decreased flow regime and bank stabilization 
associated with tamarisk invasion. Allred and 
Schmidt (1999) identified two phases of narrow-
ing, one related to the decrease in annual stream 
flow that occurred in the 1930s and a newer 
phase of narrowing that began in 1963, related 
to flood control and increased base flows due to 
operations of Flaming Gorge Dam.

Birken and Cooper (2006) discounted the 
importance of flow regime change and con-
cluded that most narrowing of the lower Green 
River occurred in the 1940s and 1950s in re-
sponse to tamarisk invasion and that there had 
been little channel change thereafter. They dat-
ed 40 tamarisk and three cottonwoods in short 
study reaches of 1.25 km at Mineral Bottom 
(∼RM 53) and 2.0 km at Potato Bottom (∼RM 
37.5). They measured channel width on aerial 
photographs taken in 1951, 1976, and 2002 in 
these same reaches. They excavated pits along 
one transect at Potato Bottom and assumed lat-
eral continuity and horizontal orientation of the 
beds exposed in the pits. They identified nine 
cohorts of tamarisk, most of which germinated 
in a year with a small snowmelt flood that fol-
lowed a large flood the previous year. Five of 
these cohorts germinated before construction of 
Flaming Gorge Dam (1938, 1947, 1952, 1958, 
1962) and four after dam construction (1968, 
1984, 1986, and 1995). They estimated that the 
channel narrowed by 32% and 23% at Mineral 
Bottom and Potato Bottom, respectively, after 
tamarisk invasion and before 1951, but their 
estimate was based on the untested assumption 
that the width of the channel before tamarisk 
invasion could be estimated from the present 
distribution of cottonwood trees. They esti-
mated that the channel narrowed an additional 
2%–3% between 1951 and 1976 and an addi-
tional 1%–2% between 1976 and 2002 based 
on air photo analysis. At Potato Bottom, they 
found 1.5–2.0 m of vertical aggradation above 
the surface at which tamarisk had germinated in 
1938, and they found little evidence of vertical 
aggradation after 1968.

Previous studies did not demonstrate any 
long-term change in bed elevation of the Green 
River. Allred and Schmidt (1999) showed that 
there was no long-term change in average bed 
elevation at the Green River gage after 1930. In 
2015, Walker (2017) resurveyed the channel in 
the study area near Hell Roaring Canyon where 
the channel had been initially surveyed in 1995 
(Guensch and Schmidt, 1996). The difference 
in bed elevation between these two surveys was 
less than the 0–2 m of annual scour and fill docu-
mented by Guensch and Schmidt (1996).

METHODS

Hydrology

We estimated historic flows in the study area 
prior to establishment of the Mineral Bottom 
gage by adding the daily mean discharge mea-
sured at the San Rafael gage since October 1909 
(except between October 1918 and October 
1945 when gaging was discontinued) and the 
flow measured at the Green River gage. These 
estimates were used to calculate the recurrence 
of floods in different seasons, including during 
the summer and fall when flooding from the San 
Rafael River has the potential to be a large frac-
tion of the total Green River flow.

We identified abrupt and gradual changes 
of the flow regime at the Green River gage so 
that we might link those changes to periods of 
measured channel change. We applied the non-
parametric Pettitt (1979) test to detect abrupt 
changes, because this test is less sensitive to 
outliers than other change point analyses (Vil-
larini et  al., 2009). We used a nonparametric 
Mann-Kendall trend test (Mann, 1945; Kendall, 
1975) to identify gradual changes in flow that oc-
curred between change points. This test is supe-
rior to similar parametric tests for skewed data, 
missing values, and seasonality, all of which are 
encountered in natural hydroclimatic time se-
ries (Blythe and Schmidt, 2018). We analyzed 
temporal trends in the annual volumes of natural 
flow (1905–2017), measured flow (1895–1900, 
1905–2018), annual minimum flow (1895–1900, 
1905–2018), and annual peak flow (1895–1900, 
1905–2018).

Modern Sediment Transport

Suspended sediment transport has been con-
tinuously measured at Mineral Bottom since 
March 2014 (U.S. Geological Survey, 2018). 
Measurements of suspended-sediment con-
centration and median grain size are made us-
ing a multi-frequency array of side-looking 
acoustic-Doppler profilers that are calibrated by 
depth-integrated, equal-width-increment (EWI) 

samples and by pump samples (Topping and 
Wright, 2016). Samples of the bed sediment 
at the gage are collected concurrent with the 
suspended-sediment samples. These continuous 
measurements allow calculations of suspended-
sediment load that do not require the assump-
tion of stationarity of suspended sediment rating 
relations. Calculations of load do not depend on 
applying discharge-concentration rating rela-
tions that typically have large scatter caused by 
hysteresis in these relations (Edwards and Glys-
son, 1999). We summarized suspended-sediment 
load and concentration data for each year, de-
scribed transport characteristics during different 
seasons, and calculated the median grain sizes 
of the suspended sand. Following Topping et al. 
(2000), we defined a sediment year as running 
from the beginning of the period of summer/fall 
tributary floods to the end of the period of the 
snowmelt flood that occurs in the next calendar 
year. In the case of the lower Green River, this 
period is July 15 of one year through July 14 of 
the following year. All suspended sediment and 
bed sediment data at the Mineral Bottom gage 
can be accessed at https://www.gcmrc.gov/dis-
charge_qw_sediment/station/CL/09328920#. 
We also analyzed the grain size of bed sediment 
of emergent bars near Fort Bottom.

Aerial Imagery Analysis

As described above, previous studies of chan-
nel change of the lower Green River were based 
on analysis of historical oblique photos (Graf, 
1978) or on analysis of three aerial image se-
ries, the earliest of which were taken in 1951, of 
very short reaches (Birken and Cooper, 2006). 
We analyzed channel change in a 61 km study 
area for a 74-yr period and with greater temporal 
precision by mapping the channel on nine aeri-
al image series taken between 1940 and 2014 
(Table 1). Five series covered the entire study 
area, and two others, 1940 and 1951, covered 
90% and 79% of the study area, respectively. 
The other two sets (1976 and 1988) covered 
15 km centered on Fort Bottom (hereafter called 
the Fort Bottom reach). Five of the orthorectified 
image sets (1966, 1993, 2002, 2009, 2014) were 
available from public sources. The other sets 
(1940, 1951, 1976, 1988) were orthorectified in 
ERDAS IMAGINE Photogrammetry 2015 us-
ing photogrammetric block calibration (Walker 
et al., 2020). The root mean square (RMS) error 
of the rectified images ranged between 0.2 m and 
1.5 m, depending on scale of the photo series.

We manually digitized lines along the banks 
of the active channel in ArcGIS at 1:3000 scale 
for each photo series (Walker et al., 2020). We 
defined the active channel as the area inundated 
by water at the time of each photo, as well as the 
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area of emergent bars free of vegetation. We cal-
culated active channel width (m) of 1 km reaches 
by dividing active channel area (m2) by reach 
length (m) (Hughes et al., 2006). Error, E (m), of 
these measurements was estimated using a qua-
dratic sum of two independent error estimates 
(Taylor, 1982). Errors associated with bank line 
digitization (p, m) and distortion (θ, m) within 
images were calculated as

 
E p= +2 2θ

 

(1)

where p is the error associated with digitizing 
bank lines as a function of the mean width be-
tween repeated digitized bank lines. For each 
aerial imagery series, we calculated p by repeat-
edly digitizing bank lines for three 5 km reaches, 
deriving a centerline from each repeated bank 
line in ArcGIS and taking the mean distance 
between centerlines as p for that series. Image 
distortion error measurements, θ, were derived 
by calculating RMS error for each year at 10 
valley floor locations that could be identified ac-
curately on all photo series and comparing those 
positions to the same locations on a set of ortho-
rectified images from 2011 that were not used 
for mapping the active channel (Table 2). For 
each year of aerial imagery, we determined the 

average width of all 1 km reaches in the study 
area, the 1 km reach with the narrowest chan-
nel width, and the 1 km reach with the widest 
channel width. We calculated the magnitude of 
channel erosion and deposition between aerial 
imagery sets in each 1 km reach (Gaeuman 
et al., 2005). We considered deposition to have 
occurred in cases where a polygon had been ac-
tive channel in the older photo and floodplain in 
the newer photo; we considered erosion to have 
occurred in polygons that had been floodplain in 
the older photo and channel in the newer photo.

To evaluate recent changes in bed and flood-
plain elevation and to estimate the mass of fine 
sediment associated with floodplain formation 
and aggradation, we resurveyed an 8.5 km reach 
initially surveyed August 11, 1998, near Fort 
Bottom (Gessler and Moser, 2001). The resur-
vey was made during high flow in May 2015 us-
ing a single beam echo sounder, and emergent 
bars and banks were surveyed with a real time 
kinematic–global positioning system (RTK–
GPS). Positioning was by RTK global naviga-
tion satellite system (GNSS) survey with a local 
base station set to the coordinate system UTM 
Zone 12N, North American Datum of 1983 
(EPSG 26912). Channel bathymetry data were 
processed to create a digital elevation model 

(DEM) of the channel bed. Bathymetric data 
were merged with RTK–GPS and LiDaR data 
collected in October 2015 by the state of Utah 
to produce a combined DEM of the channel and 
floodplain (Walker et al., 2020). We inferred the 
1998 active channel from the 1998 bathymetric 
survey tracks and 2002 aerial imagery. We dis-
tinguished areas that were floodplain in 1998, 
new areas of floodplain formed between 1998 
and 2015, and areas that remained active channel 
between 1998 and 2015. For each of these three 
categories, we compared the elevation in the two 
surveys to determine the magnitude of elevation 
change in the 17 years between surveys. We used 
these values of elevation change multiplied by 
the area of newly constructed floodplain to de-
termine the volume of new floodplain formed. 
We assumed a grain density of 2650 kg/m3 and 
a porosity of 35% and estimated the mass of 
newly formed floodplain. We normalized this 
value per unit distance along the channel and 
compared these data with the measured flux of 
fine sediment.

Stratigraphic, Sedimentologic, and 
Dendrochronologic Analysis of Floodplain 
Deposits

In August 2015, a 50 m long, 3 m maximum 
depth trench extending across the entire flood-
plain was excavated at Hardscrabble Bottom 
(38°27′13.7″N, 110°00′36.0″W), 2 km upstream 
from Fort Bottom. Stratigraphic units exposed 
in the trench were interpreted and mapped in the 
field. Fifty-three sediment samples throughout 
the trench were collected, and grain size analyses 
were determined using a laser in-situ scattering 
and transmissometry (LISST)–portable particle 
analyzer. Seven samples of active channel bars 
were obtained and manually sieved.

We analyzed the oldest sediments exposed in 
the trench using the regenerative dose procedure 
for single grain optically stimulated luminesce 
(OSL) dating. Single grain analysis was used in 
anticipation of partial-bleaching issues common 
of Holocene alluvium and deposits from rivers 
with high turbidity (Rittenour, 2008).

We developed a stage-discharge rating re-
lation at the trench based on surveying water 
surface elevations at the trench and assuming 
that discharge measured at the Mineral Bottom 
gage, 22 km upstream, was the same as at the 
trench at the time of each survey. We consid-
ered this assumption reasonable because there 
are no significant tributaries between the gage 
and the study site. A total of 14 measurements 
were made when the discharge of the Green 
River was between 74 m3/s and 623 m3/s. These 
measurements all occurred during periods of 
steady flow.

TABLE 1. AERIAL IMAGERY COVERING THE LOWER GREEN RIVER

Year Date Agency* Film type† Approximate 
scale

Pixel resolution 
(m)

Discharge 
(m3/s)§

Study area 
coverage 

(%)

1940 8/30 NARA B/W 31,680 1 110 90
1951 9/19 USGS B/W 20,000 0.5 70 79
1966 N.D.# BLM B/W 15,840 1 N.D. 100
1976 8/31 NPS Color 12,000 0.15 90 28
1988 8/27 BOR CIR 6000 0.15 50 25
1993 6/14 USGS B/W 40,000 1 390 100
2002 6/18–19 NPS Color 12,000 1 70 99
2009 8/7 USDA-APFO DC N.D. 1 90 100
2011 6/22 USDA-APFO DC N.D. 1 1200 100
2014 9/11 USDA-APFO DC N.D. 1 110 100

*Available from the following agencies: NARA—National Archives and Records Administration; USGS—U.S. 
Geological Survey; BLM—Bureau of Land Management; NPS—National Park Service; BOR—Bureau of 
Reclamation; USDA-AFPO—U.S. Department of Agriculture-Aerial Photography Field Office.

†B/W—black and white, CIR—color infrared, DC—digital color.
§Mean daily discharge on the date of imagery at Green River, Utah.
#N.D.—not determined.

TABLE 2. AERIAL IMAGERY ERROR ANALYSIS AND WIDTHS

Year Channel widths Width error

All Fort bottom Feature Image Total

Mean 
width

Minimum 
width†

Maximum 
width§

Mean 
width

Minimum 
width†

Maximum 
width§

identification 
error 
(p)

distortion 
error 
(θ)

width 
error 
(Ew)

1940 138 89 237 146 97 237 1.9 2.9 3.4
1951 138 91 239 146 100 234 1.7 4.0 4.3
1966 136 90 251 143 94 227 1.5 1.4 2.0
1976 N.A.* N.A. N.A. 146 97 234 1.4 2.7 3.1
1988 N.A. N.A. N.A. 146 92 231 1.5 1.6 2.2
1993 131 87 189 134 87 167 2.3 3.2 4.0
2002 127 85 183 129 85 167 1.5 1.4 2.0
2009 122 87 171 125 87 158 1.7 1.2 2.1
2014 122 83 169 124 85 154 1.6 1.4 2.1

Note: All values are in meters.
*N.A.—Not applicable.
†The 1 km reach with the lowest active channel width.
§The 1 km reach with the highest active channel width.
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Dendrochronologic Analyses

We excavated buried tamarisk stems exposed 
on the edges of the trench to reconstruct the his-
tory of sedimentation and channel dynamics. We 
used the techniques developed by Friedman et al. 
(2005, 2015), Dean et al. (2011), Ghinassi et al. 
(2019), and Metzger et al. (2019) that have been 
used to date a wide range of floodplain depos-
its. These techniques not only allow the dating 
of sediment since the original germination of a 
plant but also the dating of sediment since burial 
and since subaerial exposure caused by floods.

Each tree was excavated by hand using 
shovels, trowels, and brushes. We marked each 
stem with a nail where a stratigraphic contact 
crossed the stem. Each individual plant was 
removed from the trench and analyzed at the 
USGS Fort Collins Science Center, where 
each stem was cut into slabs and sanded with 
progressively finer sandpaper, finishing with 
1200 grit. Sanded slabs were analyzed under 
a microscope; for each slab, we counted tree 
rings and visually determined the anatomical 
changes associated with burial (Friedman et al., 
2005). We determined the germination year of 
each plant by analyzing slabs until no pith was 
observed, signifying the transition from above 
ground stem wood to below ground root wood 
(see Walker, 2017, for more details of the den-
drochronologic analysis). Ages of stratigraphic 
units were determined from the year of burial/
erosion at each contact, and the germination 
year identified the oldest possible sediments in 
the trench. By using these analyses, we were 
able to describe a detailed chronology of events 
forming the stratigraphic sequence exposed in 
the trench.

RESULTS

Hydrology

We identified one breakpoint in the record of 
estimated total natural flows at the Green River 
gage (Fig.  2A). The Mann-Kendall trend test 
indicated no significant temporal trends within 
either of the defined periods (p = 0.05). Between 
1906 and 1929, the mean annual natural flow was 
250 m3/s (7.9 × 109 m3/yr), which is 20% greater 
than the long-term mean estimated by Wood-
house et al. (2006). This period included five of 
the wettest 30 years of annual total flow during 
the entire estimated 470 year record and is some-
times referred to as the twentieth century plu-
vial period. Mean annual natural flow between 
1930 and 2016 was 200 m3/s (6.3 × 109 m3/yr) 
(Table 3, Fig. 2A); this period included the high 
flow years of 1983, 1984, 1986, and 2011, which 
were among the 30 largest total annual flows of 

the entire 470 year record estimated by Wood-
house et al. (2006).

We distinguished two periods of different 
mean annual measured flow (Table 3; Fig. 2B); 
there were no temporal trends within either pe-
riod. The mean annual measured flow between 
1895 and 1930 was 210 m3/s (6.7 × 109 m3/yr) 
and was 150 m3/s (4.6 × 109 m3/yr) between 
1931 and 2018.

Annual minimum flow (Fig. 2C) in the late 
twentieth century increased due to reservoir 
operations at Flaming Gorge (Andrews, 1986; 
Allred and Schmidt, 1999; Walker, 2017). 
There was a small difference in the mean an-
nual minimum flow between the three periods 
prior to 1964: 1895–1927, 1928–1941, and 
1942–1963. The 10% decrease in minimum an-
nual flow between 1895–1927 and 1942–1963 
likely reflected increasing influence of upstream 
consumptive water use. After 1963 and the flow 
regulation provided at Flaming Gorge, minimum 
flow increased 52%. Despite a 29% decline in 
annual minimum flow after 1988, recent annual 
minimum flow was still 19% greater than dur-
ing the 1895–1927 period, even though annual 
measured runoff and annual peak flood mag-
nitude are less today (Table 3, Fig. 2C). This 
shift reflects the influence of flood control and 
reduced flow regime variability caused by Flam-
ing Gorge operations. Mean September–Febru-
ary discharge, the time of the year unaffected 
by snowmelt floods, increased by 22%, from 
59 m3/s in the years 1942–1963 to 76 m3/s in 
the years 1989–2018 (Walker, 2017).

Three different periods of annual peak flow 
were distinguished (Fig. 2D): 1895–1923, 1924–
1958, and 1959–2018. The 2-yr recurrence flood, 
which approximates the mean annual flood, was 
1170 m3/s during the early twentieth century, 
declined to 810 m3/s and 620 m3/s, respectively, 
in the mid- and late twentieth century (Table 3). 
We presume that the 1920s breakpoint in annual 
peak flows was related to the decline in mea-
sured total annual flow that occurred at approxi-
mately the same time. The additional decrease 
in annual peak flow that occurred after 1958 was 
caused by flood control at Flaming Gorge. The 
break point in 1958 is a statistical artifact due 
to this being the year of the last large, unregu-
lated flood prior to closure of the dam. The larg-
est floods since 1958 occurred in 1983, 1984, 
and 2011, but the magnitude of those floods was 
less than the magnitude of the 5-yr recurrence 
flood (1550 m3/s) of the early twentieth century 
(Fig. 2D, Table 3). In the late 1980s, ∼13-yr cy-
cles of high and low flow developed in all of the 
metrics (Fig. 2). These cycles were a basin-wide 
phenomenon and were not substantially affected 
by operations of Flaming Gorge Dam (Manners 
et al., 2014; Topping et al., 2018).

Recent Measurements of Suspended 
Sediment Transport and Bed Material

Total annual fine suspended load calculated 
from measurements at Mineral Bottom was 
between 5.3 and 6.2 × 106 metric tons/yr in 
the three sediment years with complete data 
( Table  4). These amounts are 23%–35% less 
than the previously published average annual 
loads at the Green River gage (Thompson, 1984; 
Andrews, 1986) for the first decades of operation 
of Flaming Gorge reservoir but were within the 
entire range of annual loads reported by those 
earlier studies.

Annual suspended silt-and-clay load exceeded 
the annual suspended sand load in each year, but 
the proportion of the annual load that was silt and 
clay varied greatly among years. Suspended silt-
and-clay load was more than 400% greater than 
suspended sand load in sediment year 2014/2015 
but was only 70% greater than the suspended 
sand load in sediment year 2016/2017 (Table 4). 
The snowmelt flood transported a large part of 
each year’s total sand load (43%–87%), because 
discharge and sand concentration were both high. 
Only a small part of the annual sand load (2%–
12%) was transported during the warm season 
of tributary flash floods. In contrast, a larger part 
of the annual silt-and-clay load (27%–44%) was 
transported during the warm season when silt-
and-clay concentration was sometimes very high. 
Nevertheless, a large part of the total annual silt-
and clay load (42%–61%) was transported during 
the snowmelt flood.

Flow strength and flood duration were sig-
nificant controls on sand transport. The total 
suspended sand load during the snowmelt flood 
was greatest during the two years (2016, 2017) 
when the magnitude and duration of the flood 
was the largest. During snowmelt floods, there 
was a linear relationship between discharge and 
suspended sand concentration, and the largest 
suspended sand concentrations occurred dur-
ing the largest discharges (Fig. 3A). However, 
there was not a linear relationship between 
discharge and the median grain size of the sus-
pended sand (Fig. 3B). The median grain size 
of the suspended sand fined with increasing 
discharge up to ∼450 m3/s (based on the more 
accurate equal-width-increment measurements) 
but coarsened at higher discharges. The initial 
fining with increasing discharge is likely caused 
by the scour and winnowing of fine sediment 
from the channel bed that occurs at the Mineral 
Bottom gage at high flow or because increasing 
flows access finer sediment on top of bars and 
along the banks. Subsequent coarsening of the 
suspended sand occurs for discharges greater 
than ∼450 m3/s because the supply of sand is 
depleted at the highest flows.
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In contrast, total suspended transport of silt 
and clay was less during the two largest snow-
melt floods than during the smaller snowmelt 
floods of 2014 and 2015, and silt-and-clay con-
centrations were typically lower during the re-
cession of the snowmelt flood than during flood 

rise (Fig. 3A). These patterns indicate that silt 
and clay transport was primarily controlled by 
supply. Decreases in suspended silt-and-clay 
concentration during the snowmelt flood gen-
erally began at ∼500 m3/s, which was approxi-
mately the discharge required to inundate the 

floodplain within the study area. Deposition of 
silt and clay onto the floodplain during snowmelt 
floods may be partially responsible for depleting 
the supply of silt and clay during the recession of 
the snowmelt flood. Total silt and clay transport 
during the season of tributary flash floods varied 

Figure 2. Stream flow 
of the Green River at 
Green River, Utah (gage 
09315000) showing (A) 
total natural flow esti-
mated by the U.S. Bu-
reau of Reclamation 
(2019), (B) measured 
total annual flow, (C) 
annual minimum mean 
daily flow, and (D) in-
stantaneous annual peak 
flow. Periods of flow were 
identified using a Pettitt 
test to detect shifts in 
the mean, as described 
in the text. Solid lines 
represent the mean for 
each period except in D, 
where a solid line is the 
2-yr recurrence flood 
for that period and the 
dashed line is the 5-yr re-
currence flood. The star 
marks 1962, the year of 
construction for Flaming 
Gorge Dam. The trend 
line in each plot is the 
3-yr running average.
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by an order of magnitude, but these flows rarely 
reached a stage sufficient to inundate the flood-
plain, as described below.

Changes to Channel Width

Over the large study area, we did not find 
evidence in aerial photographs of significant 
narrowing in the mid-twentieth century, but 
we found that significant narrowing began in 
the late 1980s. In the 15 km Fort Bottom reach 
where we have the highest temporal resolution, 
mean channel width was 146 ± 3.4 m in 1940, 
and this width was approximately maintained 
until 1988, when significant narrowing began 
(Fig. 4A, Table 2). Thereafter, the channel nar-
rowed by 12 m between 1988 and 1993. The 
channel further narrowed 9 m from 1993 to 
2009 and was stable from 2009 to 2014. The 
temporal pattern of channel change in the entire 
61 km study area was similar to that of the Fort 
Bottom reach, but the absence of aerial photos 
taken in the 1970s and 1980s made it impos-
sible to precisely distinguish the onset of sig-

nificant narrowing. In the entire study area, the 
channel narrowed by 12% from a mean width 
of 138 ± 3.4 m in 1940 to 122 ± 2.1 m in 2014 
(Fig. 4A, Table 2).

Narrowing occurred because the rate of 
floodplain formation exceeded the relatively 
constant bank erosion rate of between 0.1 m/
yr and 0.4 m/yr (Fig. 5). Bank erosion occurred 
in all time periods, even during periods when 
the channel substantially narrowed. Floodplain 
formation rates were ∼3 m/yr between 1988 
and 1993 but were less than 0.25 m/yr between 
1940 and 1988. Floodplain formation rates were 
between 1.0 m/yr and 1.5 m/yr between 1993 
and 2014.

As the channel narrowed, the variability of 
channel width throughout the study area also 
decreased (Fig. 4B, Table 2). Homogenization 
of channel width occurred because the widest 
parts of the channel narrowed the most. The 
widest parts of the channel in 1940 narrowed 
as much as 68 m, but other reaches only nar-
rowed by 6 m. Much of the narrowing occurred 
where bank-attached and mid-channel bars be-

came part of the floodplain (Fig. 6). Secondary 
channels also narrowed because the adjacent 
vegetated floodplain expanded in area. Sig-
nificant loci of floodplain growth were on the 
inside of bends. Little floodplain accretion oc-
curred where the bank of the river was origi-
nally bedrock.

Evidence of Recent Floodplain Aggradation 
near Fort Bottom

In the 8.5 km reach near Fort Bottom where 
we repeated channel bathymetric and flood-
plain topographic surveys, we estimated that 
mean channel width decreased by 5.0 ± 2.9 m 
between the 1998 width that was inferred from 
bathymetric surveys and the 2014 width mea-
sured on aerial photos. The availability of survey 
data in 1998 and 2015 allowed calculation of the 
mass of fine sediment accumulated as new flood-
plains during this period. Active channel bars 
that became floodplains in this reach vertically 
aggraded an average of 2.4 m. We estimated that 
∼1.03 × 105 m3 of sediment accumulated as new 
floodplains during the 17-yr period, and there 
was no significant vertical aggradation of other 
floodplain areas (Fig. 7).

We estimated the proportion of the fine 
sediment flux deposited on the newly formed 
floodplains during these 17 years. There is 
large uncertainty extrapolating topographic 
measurements in a short study reach to the en-
tire study area, and there is large uncertainty 
in extrapolating measured fine sediment flux of 
the lower Green River between 2014 and 2018 
to the 17 years between surveys. Although the 
comparison of the two values is imprecise, the 
difference in values is very large and demon-
strates that floodplain aggradation constituted 
a tiny proportion of the total fine sediment flux 
of the river. Sediment accumulation averaged 

TABLE 3. FLOW REGIME PERIODS IDENTIFIED FROM PETTITT TESTS

Period Years Total annual flow 
(109 m³)

Discharge 
(m³/s)

2-yr flood 
(m³/s)

Mean annual flow 
(m³/s)

5-yr flood 
(m³/s)

p-value of 
break point

Estimated total natural annual flow
1906–1929 23 7.9 250 N.A.†
1930–2017 87 6.3 200 0.03
Observed total annual flow
1895–1930 31* 6.7 210 N.A.†
1931–2018 87 4.6 150 1.0 × 10–3

Annual minimum flow
1895–1927 28* 30 N.A.†
1928–1941 13 21 0.04
1942–1963 21 27 0.03
1964–1988 24 52 6.3 × 10–9

1989–2018 29 37 4.2 × 10–3

Annual peak flow
1895–1923 23* 1170 1550 N.A.†
1924–1958 34 810 1050 0.03
1959–2018 58 620 820 1.92 × 10–6

†N.A.—not applicable.
*—The Green River gage did not collect data from 1900 to 1905.

TABLE 4. SUSPENDED SEDIMENT CHARACTERISTICS AT MINERAL BOTTOM

Year Hydrology Silt and clay Sand

Peak 
flow 

(m³/s)

Discharge equaled or 
exceeded in indicated 

percent of time 
(m³/s)

Total 
load* 

(106 Mg)

Concentration equaled 
or exceeded in indicated 

percent of time* 
(mg/l)

Total 
load* 

(106 Mg)

Concentration equaled 
or exceeded in indicated 

percent of time* 
(mg/l)

Median 
grain size in 
suspension† 

(mm)

Average 
median size 
of bed sand† 

(mm)

10% 50% 90% 25% 50% 75% 25% 50% 75%

Sediment Year (July 15–July 14)
2014/2015 439 317 105 86 5.20 1242 260 95 0.99 153 95 73 0.11 0.29
2015/2016 691 399 97 64 3.59 641 316 74 1.67 198 122 49 0.11 0.29
2016/2017 660 479 93 62 3.66 629 277 109 2.16 279 104 50 0.14 0.26
Annual Snowmelt Flood (April 1–June 30)
2014 592 544 261 75 2.17 1250 795 323 0.86 441 269 138 0.12 0.30
2015 439 393 217 115 2.19 1280 619 274 0.71 448 164 93 0.12 0.28
2016 691 616 348 84 1.77 879 539 328 1.36 590 387 180 0.12 0.27
2017 660 606 445 363 1.52 570 357 276 1.82 603 479 380 0.14 0.25
Warm Season Tributary Flash Floods (August 1–October 31)
2014 181 130 93 84 2.28 3430 1704 645 0.12 165 71 52 0.11 0.34
2015 188 97 68 59 1.02 1057 475 265 0.05 78 43 19 0.13 0.30
2016 236 99 66 58 1.37 1300 487 235 0.04 57 44 25 0.14 0.29
2017 111 102 85 75 0.21 343 120 76 0.03 52 37 26 0.18 0.31

*Determined from continuous acoustic data.
†Determined from physical samples.
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∼710 m3/km/yr, assuming standard mineral 
density and porosity of alluvial sediment de-
scribed above. Applying the calculated average 
accumulation rate to the entire 61 km study 
area for the 17-yr period, total accumulation of 
fine sediment in newly formed floodplains was 
∼7.4 × 105 m3. In contrast, total yearly sediment 
flux measured at the Mineral Bottom gage was 
∼3.0 × 106 m3/yr. Thus, the total fine sediment 
storage in the newly formed floodplains of the 
study area was ∼1.5% of the total annual flux; 
this is calculated by multiplying the annual flux 
times 17 years.

Stratigraphy of Floodplain Deposits at 
Hardscrabble Bottom

There are two laterally extensive floodplain 
surfaces at Hardscrabble Bottom (Fig. 8). The 
higher surface (F1) is densely covered by large 
tamarisk, and the lower surface (F2) is covered 
by a mixture of tamarisk and coyote willow. 
F1 and F2 extend upstream from the trench at 
least 500 m as distinct topographic surfaces and 
downstream from the trench ∼200 m to where 
the channel banks are either terrace or bed-
rock. Cottonwoods are scattered on F2 ∼230 m 

Figure 4. (A) Time series show-
ing mean channel width for 
all years of aerial imagery in 
the 61 km study area (black 
squares) and the 15 km Fort 
Bottom reach (gray triangles) 
for each year with error bars 
showing spatial uncertainty 
(Ew) as defined in the text. (B) 
Boxplots of channel width, ex-
cluding outliers, showing the 
range of channel widths for 
each year of aerial imagery 
in the study area (white) and 
the Fort Bottom reach (gray). 
Black lines are the medians. 
Mean values are shown in A. 
Interquartile range is defined 
by each box; whiskers extend 
to 10% and 90%. The channel 
widths shown in A illustrate the 
declines in mean channel width 
during the study period. The de-
clines in median width are diffi-
cult to see in B, but the decrease 
in width variability is apparent.
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Figure 3. Characteristics of physical suspended sediment samples collected at Mineral Bottom from 2014 to 2018. Filled symbols are 
equal-width-increment, depth-integrated samples, open symbols are calibrated pump samples. (A) The relationship between discharge 
and suspended silt and clay concentration (circles) and suspended sand concentrations (diamonds). Arrows show the direction of 
hysteresis for silt and clay concentrations. Note that there is no definitive relationship between discharge and silt and clay concentration 
because of hysteresis that occurs due to sediment enrichment/depletion. There is a much tighter relationship between discharge and 
suspended sand concentration. (B) The relationship between discharge and the median grain size of suspended sand. Error bars in (A) 
and (B) represent 95% confidence intervals for combined field and laboratory errors.
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upstream from the trench. The topography 
of each floodplain surface includes a levee on 
each surface (Fig. 8B, Stations 3 and 26) and 
a trough landward from each levee (Stations 8 
and 36). The banks of the modern channel are 
the riverward edge of F2, where a low natural 
levee separates the floodplain from the active 
channel bank.

Landward from F1 (Fig. 8B) is a colluvium-
mantled, fine sandy terrace with scattered gravel 
on the surface deposited by overland flow from 
surrounding hill slopes. The riverward edge 
of the terrace is colonized by a narrow strip 
of mature desert olive (Forestiera pubescens). 
The most significant attributes of the stratigra-
phy revealed in the trench were three steeply 

Figure 5. Time series of change 
in active channel width in the 
Fort Bottom reach caused by 
floodplain formation (white 
boxes) and bank erosion (gray 
boxes). Net narrowing over the 
Fort Bottom reach includes 
floodplain deposition in every 
single year, but deposition ex-
ceeded erosion in most periods. 
Error bars represent uncer-
tainty associated with channel 
width analysis from Table  2. 
Widths of boxes are scaled by 
the length of periods between 
air photos.
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Figure 6. Channel conversions at Potato Bottom, RM 37, 9.7 km downstream from the trench site and within the 15 km Fort Bottom reach. 
Flow is from top to bottom, and white dashed lines show active channel boundaries for each year. (A) A wide channel with multiple bare 
mid-channel bars exists in 1951 (discharge = 65 m3/s). (B) This channel is maintained in 1966 (discharge = unknown), but vegetation estab-
lishment began in the farthest downstream bar (black arrow). (C) In 1993 (discharge = 388 m3/s), the mid-channel bars are not present, 
and a large vegetated floodplain has formed on the right bank. (D) In 2014 (discharge = 108 m3/s), the floodplain is densely vegetated, the 
channel is narrower, and a vegetated island is present in the location of the former mid-channel bars.
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1GSA Data Repository item 2020147, 
supplemental aerial photography of Hardscrabble 
Bottom, showing floodplain deposition and erosion 
in the immediate vicinity of the floodplain trench, and 
additional figures showing grain-size measurement, 
channel width for each 1-km reach, and rating 
relation used to estimate inundation frequency of 
the Hardscrabble Bottom floodplain, is available 
at http://www.geosociety.org/datarepository/2020 or 
by request to editing@geosociety.org.

dipping truncation surfaces (hereafter, angular 
unconformities) that define a riverward succes-
sion of progressively younger deposits (Stations 
41, 22, 12, Fig. 8D). A smaller fourth uncon-
formity occurred at the riverward end of the 
trench (Station 1). We interpreted each angular 
unconformity as a former channel bank, and the 
sedimentology of the riverward package of fine 
sediment reflects the processes of vertical and 
oblique accretion of floodplain sediments on top 
of active bars. We use the term oblique accre-
tion to describe deposits that had both a lateral 
and vertical component in their aggradation. 
Here, we describe these deposits and interpret 
their formative processes from the oldest to the 
youngest (landward to riverward) deposits, in-
cluding their ages based on OSL and tree ring 
dating. For each excavated tamarisk, we used 
dates of germination and the dates of burial to 
estimate ages of the various beds and uncon-
formities.

Pre-Mid Nineteenth Century Sediments 
beneath the Terrace

Exposed in the landward end of the trench, 
the oldest sediments underlay the terrace land-
ward from the oldest angular unconformity 
(Station 41). This angular unconformity sepa-
rated the beds beneath the terrace and those be-
neath floodplain F1 (Fig. 8B). The sedimentary 
unit beneath the terrace was dominantly mas-

sive to indistinctly bedded, gray-brown mud 
with discontinuous mud and sand layers. Root 
casts and bioturbation occurred near the mod-
ern surface. Erosional surfaces and small chan-
nels a few centimeters thick and from 0.5 m to 
1 m long within the mud beds were filled with 
red mud. The sediments beneath the terrace 
formed dominantly from vertical accretion of 
suspended sediment from the main Green River 
channel (gray-tan mud, sandy mud, and sand) 
with occasional scouring and filling with red 
mud sourced from local lithology and delivered 
by local tributary floods. OSL dating of sand 
within the unit yielded ages of 300 ± 150 yr B.P. 
and 440 ± 250 yr B.P. (Table 5). Considering the 
uncertainty, the age of deposition of the terrace 
sediment is somewhere between 150 yr B.P. 
and 690 yr B.P./ ∼1870–1260 CE, or pre mid-
nineteenth century.

The contact between these pre mid-nineteenth 
century sediments with the adjacent and river-
ward sedimentary sequence beneath floodplain 
F1 was a complex of several low to steeply dip-
ping (<10–80°) erosional surfaces that were 
collectively designated as the landward most 
angular unconformity (AU) in the trench cross 
section (located at Station 41 and labeled AU-
41 in Fig. 8D). Disturbed areas occurred within 
this truncation complex, presumably caused by 
bioturbation or root hollow collapse (hereafter, 
informally called bioturbated zones), and there 

were also gray/brownish-gray and red mud/san-
dy-mud and sand lenses of steeply dipping cross 
lamina. Some units were similar to those found 
in the terrace sediments and appeared to have 
slumped into the adjacent F1 sediments from an 
eroding channel bank. Steep cross-laminae were 
formed by small bars scouring/depositing sand 
along the channel bank as older sediment was 
caving into the channel.

The earliest ground level photographs were 
taken in nearby parts of the study area in 1871, 
1889, 1911, and 1914 (Webb et al., 2004, 2007). 
These photographs depict a wide channel with 
abundant, large bare sand bars. Photos and notes 
of the late 1800s and early 1900s indicate that ri-
parian vegetation was widespread but probably 
not dense, and desert olive prominently lined 
the banks of Stillwater Canyon in old photos 
(Webb et al., 2004, 2007). It is reasonable to 
assume that today’s mature desert olive plants at 
the riverward edge of the terrace may have been 
near the banks of the channel in the late 1800s 
and early 1900s. We therefore interpret AU-41 
between the terrace deposits and floodplain F1 
as a former channel bank that existed prior to 
1939, when the adjacent sediment riverward 
from AU-41 was first deposited. This interpre-
tation is supported by aerial photos of the Green 
River at the trench site in 1940 and 1951. In 
each of these photos, the riverward edge of the 
terrace is clearly delineated at the eastern side 
of a seemingly low-lying floodplain (Figs. DR1 
and DR21),

Sediments beneath Floodplain F1
Riverward from AU-41, two additional angu-

lar unconformities (AU-22, AU-12 on Fig. 8D) 
demarcated three packages of sedimentary sub-
units with distinct depositional facies beneath 
floodplain F1. AU-22 was different from the 
two bounding unconformities, AU-41 and AU-
12, because it transformed from an angular 
 unconformity lower in the sequence to a par-
allel unconformity (hereafter called a paracon-
formity) higher in the sequence. We defined the 
 subunits by the following geometry (Fig. 8D): 
Subunit F1-A, a lower sequence between AU-41 
and AU-22 ranging in age from ca. 1939–1982 
CE; Subunit F1-B, a lower sequence between 
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Figure 7. Change in floodplain elevation for the 8.5 km reach centered on Fort Bottom, 
which was surveyed in 1998 and 2015. The density distributions show deposition in the ar-
eas of new floodplain (thick dark gray line), minimal change in the portions that remained 
floodplain (thin gray line), and a small amount of deposition within the channel (thin black 
dashed line). Change in channel elevation is likely related to differences in discharge rather 
than evidence of progressive bed aggradation. Positive increases in channel bed elevation 
are likely due to differences in scour, because the bathymetric surveys were conducted at 
different discharges. The 2015 survey was conducted on the rising limb of the annual snow-
melt flood, and the 1998 survey was conducted on the falling limb.
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AU-22 and AU-12 ranging in age from ca. 
1957–1982; Subunit F1-C, a sequence overly-
ing subunits F1-A and F1-B between AU-41 
and AU-12 ranging in age from ca. 1982–2015 
(Fig. 8D).

F1-A. The most characteristic feature of this 
subunit was laterally continuous, laminated, 
conformable beds. These beds were composed 
of dark gray to gray-brown mud and sandy 
muds, laminated (1–3 mm) to very thinly bed-
ded (1–2 cm), in packages ∼30–40 cm thick. 
Some beds coarsened upwards, from muddier at 
the base to sandier at the top. Contacts ranged 
from sharp to indistinct and were locally slight-
ly convoluted, probably deformed by  loading. 
Many units were continuous over several to 
20 m. Conformably interbedded with the gray 
beds were red to grayish-red mud/sandy mud 

beds, 2–10 cm thick (Fig. 9A). These beds had 
sharp bases and extended over 25 m, parallel to 
the overall bedding. They commonly fined up-
wards from sandy mud to mud and locally had 
deformed lower surfaces, suggesting rapid de-
position onto soft sediment and rip-up clasts of 
mud from underlying sediments. Stronger cur-
rents across the floodplain presumably scoured 
and deposited the sandier units as well as rip-up 
clasts from the underlying mud. This subunit 
was conformable with subunit F1-C above, 
from AU-41 to Station 35, then was separated 
by a paraconformity until the F1-A termination 
at AU-22. The bulk of the sediment probably 
originated from the Green River because this 
sediment had similar texture and color to modern 
in-channel sediment. However, we interpreted 
the red mud layers as single flood events from 

nearby local tributaries or overland flow whose 
watersheds were dominated by red Mesozoic 
sedimentary rocks. These continuous red mud 
beds represent “timelines” through the package, 
and these beds were parallel to the main bedding 
and support our interpretation of dominantly ver-
tical accretion.

F1-B. This unit extended between AU-22 and 
AU-12 and showed a very different  stratigraphy 
than all other subunits exposed in the trench. 
Beds were generally lens-shaped and truncated 
by sharp erosional or distinct depositional surfac-
es. Isolated cross-laminated lenses with trough 
cross-laminated sand with climbing ripples were 
common, indicating landward and downstream 
transport. Distinct trough cross-laminated, very 
fine-grained sand units dipped offshore. Soft 
sediment deformation, including flame struc-
tures, was present in some muddy sand beds 
(Fig. 10A). The subunit generally coarsened up-
wards, with muddy sand beds near the base and 
sand beds in the upper sections. More red-colored 
mud to muddy sand occurred near the base. The 
sequence was bounded sharply on top by subunit 
F1-C and truncated on the riverward side by AU-
12. We interpreted these textures and structures 
as oblique accretion on a bank-attached channel 
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TABLE 5. OPTICALLY STIMULATED LUMINESCENCE (OSL) AGE INFORMATION

Sample Depth below 
ground surface 

(m)

Grain size 
(mm)

Number 
of grains*

Dose rate 
(Gy/ka)

Equivalent dose 
(DE) (Gy)

OSL age 
(ka)

HRD-OSL-1 1.67 0.150–0.200 65 (2000) 2.32 ± 0.10 0.69 ± 0.33 0.30 ± 0.15
HRD-OSL-2 1.76 0.150–0.200 63 (1900) 2.05 ± 0.09 0.91 ± 0.50 0.44 ± 0.25

Note: Error on dose rate, equivalent dose, and age is 2 standard deviations.
*Number of grains used in age determination, total grains measured in parentheses.
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bar where migrating channel bed forms and small 
channels/scour fronts formed complex cross-
laminated structures.

F1-C. This subunit extended from AU-41 to 
AU-12, overlaying AU-22 and spanning subunits 
F1-A and F1-B (Fig. 8D). This subunit was com-
posed of a wide range of sediment textures and 
structures that demonstrated a lateral change in 
depositional processes. The landward part of 
the sequence (∼41 m to ∼30 m, Fig.  8B) was 
dominated by interlayered gray-brown and red 
mud and was conformable with subunit F1-A 
below. Some distinct layers were continuous 
over several meters and were well laminated. 
The upper part of the unit was bioturbated and/
or massive (Fig. 9B). Thin, poorly laminated to 

massive sand lenses occurred locally. These tex-
tures and structures characterize vertical accre-
tion in a floodplain environment landward from 
a levee crest.

The central portion of the subunit (∼31 m to 
∼21 m) was composed of interlayered gray to 
tan, thinly laminated to cross-laminated, very 
fine-grained sand, muddy sand, and sandy mud. 
Overall, this sequence coarsened upwards and 
contained lenses with sharp basal contacts with 
rip-up clasts and climbing ripples. Bedding 
surfaces in the higher part of the deposit were 
oriented convex-upward and mimicked the sur-
face topography of the natural levee (Fig. 8B). 
Climbing ripples showed transport directions 
downstream and landward (Fig. 9C). The up-

per part of the sequence was very fine sand with 
substantial bioturbation and organic material 
(Fig. 9D). These textures and structures suggest 
that this subunit was deposited as a low-relief 
levee on the riverward margin of the floodplain 
and that some of the sediment was transported 
across the floodplain as bedload. Deposition 
rates were high, based on the prevalence of su-
per-critically climbing ripple-drift cross-strati-
fication. We observed no significant erosional 
unconformities at the base of this deposit, and 
we concluded that floodplain stripping was not 
significant prior to deposition.

Riverward (∼Station 21 to ∼Station 12), the 
sequence described above graded into a pack-
age of very fine-grained, laminated sand with 
erosional basal surfaces and climbing ripples 
interbedded with mud and sandy mud. Muddy 
beds were generally massive, and sandy beds 
typically fined upward into mud. Near AU-12, 
the basal ∼0.5 m of the subunit was rhythmites, 
or planar laminated fine sands, fining upward 
into mud. Compared to F1-B immediately be-
low, beds were laminated and laterally continu-
ous. The top of this section was bioturbated, 
with layers broken in places. We interpreted this 
subunit to have been deposited dominantly by 
vertical accretion. Erosional surfaces and lens-
es of cross laminae and climbing ripples were 
formed by migrating channel bedforms, such as 
small bars, along the riverward side of F1. Beds 
in F1-C were sharply truncated by AU-12 at the 
riverward edge of F1.

Timing of Deposition within Floodplain F1
The earliest tree-ring-dated sediment beneath 

F1 was near tree T36, which germinated in 1939 
in a floodplain trough, suggesting that a low-ele-
vation floodplain with a low-elevation levee and 
a floodplain trough existed in 1939. The 1940 
air photo shows a narrow, vegetated floodplain 
in this part of the trench that is still present in 
the 1951 air photo (Figs. DR1 and DR2). We 
found no other evidence of narrowing before 
1939, but it is likely that the channel began nar-
rowing earlier in the 1930s, because the flow 
regime throughout the 1930s had lower flows 
and smaller floods than in the 1920s. Tree T36, 
whose lowest portion was recovered from the 
base of the trench (T36, Fig. 8C), germinated on 
thinly bedded dark gray beds of mud. This tree 
was likely a member of the cohort that Birken 
and Cooper (2006) estimated had germinated in 
1938 elsewhere along the lower Green River and 
that was observed in 1938 by Clover and Jotter 
(1944). These findings are consistent with those 
of Allred and Schmidt (1999), who found that 
the channel began to narrow in 1930 at the Green 
River gage. Thus, narrowing between AU-41 and 
AU-22, a distance of 19 m, likely began prior to 

Figure 9. Sedimentological 
characteristics observed in the 
F1 levee and F1 trough. (A) In 
the F1 trough, beds are mud-
dominated and contain few beds 
of sand. Presumably, red sands 
and muds are locally sourced. 
(B) Horizontal beds of sand and 
red sand. (C) Sand beds in the 
F1 levee. In addition to rippled, 
cross-laminated sand migrat-
ing onto the floodplain, super 
critically climbing ripples were 
present, which shows evidence 
of rapid deposition. (D) Trough 
cross-laminated sands at the 
base of the F1 levee transition to 
bioturbated and disturbed sand 
at the top. Layers of organic soil 
horizons are present in F1 near 
Station 25.
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Figure 10. Sedimentological 
characteristics observed in the 
F2 trough and F1 deposits. (A) 
In beds within F1, sharp, un-
conformable truncations are 
shown that we interpreted as 
erosional boundaries and flame 
structures, indicative of rapid 
deposition and soft sediment 
deformation. (B) In the F2 
trough, horizontally laminated 
beds of sand and mud are pres-
ent with distinctive beds of red 
mud. (C) Trough cross-lami-
nated sand and mud within F1 
deposits, transitioning to cross-
laminated sand and muds, 
truncated at the top by mud.
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the first air photo in 1940 and the germination 
of T36 in 1939.

From 1939 to 1982, the tree ring analysis 
showed net vertical accretion of 0.5 m of the 
F1 floodplain trough and 1.0 m of the F1 levee. 
There were periods of deep inundation by floods, 
especially by the 1952 flood (1290 m3/s), which 
was the largest after 1927. We estimated the stage 
of this flood by assuming that the modern stage-
discharge rating relation (Fig. DR13; see footnote 
1) approximated past flood stages. On the levee, 
anatomical tree ring evidence  indicated that tree 
T25 on the levee was deeply buried by sediment 
from the 1952 flood, but evidence at the same tree 
indicated that the roots were subaerially exposed 
between 1975 and 1982 (Fig.  11). This event 
truncated AU-22 and created the paraconformity 
in the stratigraphy between Stations ∼24 to ∼34. 
Floods that caused scouring of the levee during 
this period were never greater than 820 m3/s. 
Landward from the paraconformity, we found 
no anatomical evidence of exposure of tree T36 
on the floodplain trough, and we concluded that 
vertical accretion of the floodplain trough was 
never interrupted by periods of scour.

The angular unconformity AU-22 probably 
marked the location of the channel banks in the 
early to mid-1950s, because the oldest bed riv-
erward from this unconformity was deposited in 
1957. Aerial photograph analysis showed that 
the average channel width in the study area did 
not change between 1940 and 1951 (Table 2) and 

was in approximately the location of this uncon-
formity as can be seen in the 1951 air photo (riv-
erward edge of dark, vegetated floodplain with 
adjacent light sediment/bars in the active chan-
nel, Fig. DR2). The lowermost beds riverward 
from this angular unconformity dipped gently 
toward the river and suggested aggradation on a 
bank-attached channel bar (shown in Fig. DR2 
at the boundary with the floodplain). Continued 
aggradation of ∼10 m between 1957 and 1982, 
based on the dating of tree T20 (also shown in 
Fig. DR3; see footnote 1), created one continu-
ous undulating F1 floodplain surface by 1982 
underlain by F1-A and F1-B. The riverward edge 
of F1 was the approximate bank of the river at 
that time (∼Station 12) (channel margin shown in 
Fig. DR4; see footnote 1). This interpretation is 
consistent with aerial photographs of the trench 
area that showed narrowing and growth of F1 
at the location of the trench between 1951 and 
1966. Aerial photos of the trench site from 1976 
(Fig. DR4) show little change or even a slight 
widening, matching the scour documented at 
T25 within the trench.

The large floods of 1983 and 1984 inundat-
ed all of F1 and deposited at least 1 m of sand 
across most of F1 at Hardscrabble Bottom, com-
pletely infilling around the tamarisk forests and 
forming F1-C. Dendrogeomophic dating could 
only resolve that this thick sand deposit had 
formed during or after 1983, but the only floods 
that reached this stage occurred in 1983, 1984, 

and 2011. There was no evidence of significant 
deposition in 2011 within F1-C anywhere on 
the floodplain surface near the trench, and we 
concluded that the surface sand deposit formed 
entirely in 1983 and 1984. The aerial photograph 
in 1988 (Fig. DR5; see footnote 1) indicated that 
there was little channel widening in the study 
area despite the large magnitude of those floods 
(Fig. DR4).

Sediments beneath Floodplain 2 (F2)
Riverward from AU-12, a set of three subunits 

defined the most recent package of sediments 
exposed in the trench. Subunit F2-A was in the 
lower half of the sequence between AU-12 and 
the end of trench. F2-B overlay this subunit and 
was truncated by AU-1. F2-C was a small se-
quence nested above AU-1 at the riverward end 
of the trench (Fig. 8D).

F2-A. This subunit was a sequence of inter-
bedded, gray to brown mud, sandy mud, muddy 
sand, and sand beds. Beds were continuous 
over the lateral extent of the subunit, some beds 
pinched into lens-shaped beds. Basal contacts 
were sharp to diffuse, but all were relatively 
smooth. Occasionally, sediment just above the 
basal contacts had rip-up clasts showing evi-
dence of local scour. Bedforms within sand units 
were trough-cross laminated, indicating that 
the bedforms had migrated onshore and down-
stream. Sand and sandy mud beds typically fined 
upward, and sandy mud and mud beds were 
commonly massive. Beds in F2-A dipped gently 
(0–10°) riverward and pinched out landward at 
AU-12 against F1. We interpreted this sequence 
to be a channel bar formed from a combination of 
suspended load and highly concentrated bedload 
deposition. Sand bedforms in F2-A had similar 
structures to modern in-channel forms, with con-
temporary active channel deposits located next 
to the channel bank. There was no evidence of 
levee-and-trough topography within F2-A.

F2-B. This subunit was composed of inter-
bedded gray to brown mud, muddy sand, and 
very fine-grained sand, with some red mud 
layers near the base. Some beds graded land-
ward to laminated sand, but the overall propor-
tion of mud in other beds increased landward. 
Locally finer mud layers showed evidence of 
cracks infilled with red muds/sandy muds and 
desiccation surfaces (Fig.  10B). Sand beds 
were a mixture of laminated and climbing-
ripple, cross-laminated sands that would have 
resulted from bedforms migrating landward 
and  downstream (Fig. 10C). The basal contact 
over F2-A was abrupt and smooth. Bioturba-
tion was present near the ground surface and at 
several intervals within the sequence. Multiple 
sequences of horizontal laminations graded 
upward into ripples. Bedding surfaces were 

Figure 11. Evidence of burial 
and re-burial described in 
T25. The arrows in B and C 
point to the same growth year 
in both slabs. (B) Slab 2, near 
the surface, wasn’t buried until 
after 1982, and its center is en-
tirely stem wood. (C) Slab 4, at 
a lower elevation, was initially 
buried in 1956, converting stem 
wood to root wood. The stem of 
the tree was re-exposed (likely 
due to floodplain erosion) in 
1975, and the anatomy of the 
tree responded, adding stem 
wood. The tree was buried 
again in 1983. Black arrows 
show the location of the same 
year in both slabs.
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 oriented convex upward, mimicking the mod-
ern surface of the natural levee at station ∼3 
and the trough at station ∼8. These textures and 
structures are evidence of multiple flood cycles 
of deposition from suspension under very high 
sediment loads and indicative of greater depo-
sition near the channel margin. Vegetation was 
present in this subunit at the time of deposition, 
and all of the tamarisk plants we excavated from 
F2 germinated in F2-A. Compared to F1 units, 
the lower elevation of F2-B, particularly at its 
base, allowed for more frequent inundation of 
deposits. This subunit represents a floodplain 
environment inundated episodically by com-
mon snowmelt floods whose recurrence was 
between 1 and 2 years, based on the modern 
stage-discharge rating relation (Fig. DR13) and 
the elevation of these deposits.

F2-C. This was a small package of sediment 
located riverward from AU-1 and was composed 
of brown, muddy sand and lenticular-tabular, 
cross-laminated sand beds. The entire package 
was inset against F2-A and overlay F2-B. Cross-
laminated sand beds within F2-C dipped onshore 

and downstream. Sand beds within the trench 
coarsened upward and were separated by thin 
mud layers. Some layers of mud were biotur-
bated, including some below the modern ground 
surface, and there was one layer of well-devel-
oped ripple forms. Contacts were sharp to wavy 
and appeared to be mostly conformable. Beds in 
F2-C dipped gently riverward and pinched out 
landward. This subunit was the most recent (riv-
erward) series of inset beds present within F2. 
Textures and structures showed rapid deposition 
from a mixture of small bedforms and suspended 
sediment under high sediment loads.

Timing of Deposition within Floodplain 2 (F2)
The 1985 germination age of tree T7 shows 

that deposition of F2 began in ∼1984, which is 
consistent with the location of a bank-attached 
bar along the channel margin in the 1993 air 
photo (Fig. DR6; see footnote 1). Dendrochro-
nology of T7, T4.5, and T1 show essentially con-
tinuous deposition from that time to 2015, also 
consistent with the 2002, 2006, 2009, and 2014 
air photos (Figs. DR7–DR10; see footnote 1). 

Aggradation in 1985 and 1986 occurred as 0.5 m 
of oblique accretion on a bank-attached bar. Our 
interpretation that the initial phase of aggrada-
tion occurred on a bar was supported by applica-
tion of the present stage-discharge rating relation 
to the somewhat wider channel that existed in 
1985. The discharge rating indicated that F2-A 
was inundated more than 50% of the time during 
the initial phase of aggradation (Fig. 12). Trees 
T7, T4.5, and T1 all show aggradation of ∼0.6 m 
of fine sediment between 1987 and 1992, which 
transformed the bar to floodplain. These were 
years when the magnitude of annual snowmelt 
flood was less than the 2-yr flood. These small 
floods presumably did not scour vegetation that 
colonized the bar when the surface was emergent 
in summer, exacerbating the rate of aggradation 
of the bar.

We did not find many erosional unconformi-
ties in this part of the trench apart from the large 
angular unconformity bounding the sequence 
on the landward side (AU-12) and the smaller 
unconformity (AU-1) bounding the most recent 
floodplain inset beds. F2 was inundated less 
frequently by larger floods as aggradation con-
tinued, and the bar surface increased in eleva-
tion. By 1993, the levee-trough topography of a 
floodplain had developed in F2-B. Aggradation 
of an additional 0.6 m continued in F2-B until 
2004. During this time period, both the levee and 
trough continued to accrete, with the levee ac-
creting at a faster rate. F2 aggraded more slowly 
after 2004 and aggraded 0.3 m between 2004 
and 2015. At the shoreward edge of F2, F2-C 
formed near station 1 after 2003. Tree T1 shows 
that AU-1 cuts into beds from ca. 1993–2015. 
The oldest inset beds on top of AU-1 were de-
posited in 2003, and deposition continued to 
2015. The inset beds riverward from AU-1 began 
forming in 2003 ∼1.0 m above the active chan-
nel and aggraded 0.8 m until 2015. We found no 
evidence of floodplain stripping caused by the 
2011 flood, even though F2 is lower than F1. 
Today, F2 is inundated by floods that exceed the 
current 2-yr flood of 620 m3/s. The formation of 
F2 caused at least 10 m of channel narrowing at 
the location of the trench.

Sediment Characteristics within the Trench 
Compared to Modern Sediment

Grain sizes in suspension measured at Mineral 
Bottom were much coarser than the channel bar 
and floodplain sediments (Fig. DR11; see foot-
note 1), because suspended sediment samples 
include all grain sizes in suspension and are inte-
grated over the entire flow depth and across the 
entire channel. The finer grain sizes of most of the 
floodplain sediment provided evidence that flow 
velocities along channel margins were much less 
than in the center of the flow, and only fine sand, 

Figure 12. (A) Time series of the 
elevation of the surface of the 
F2 floodplain and the duration 
of inundation of the floodplain 
surface from 1985 to 2015. (B) 
Hydrograph of daily discharge 
at Green River, Utah, and eleva-
tion of the aggrading floodplain 
surface. In A, triangles are de-
posit elevations determined 
from trench stratigraphy, with 
year of deposition identified 
from tree ring dating. We ap-
plied the local stage-discharge 
relation (Fig. DR13 [see foot-
note 1]) to estimate when river 
stage inundated the F2 surface. 
Periods of inundation are rep-
resented by shaded areas. The 
dashed line in A shows the es-
timated elevation over time for 
progressive floodplain deposi-
tion. The dashed line in B shows 
the approximate discharge re-
quired to inundate the aggrad-
ing floodplain. The duration 
of time F2 was inundated de-
creased after 1987, when levee 
trough topography began to 
form. At this point, the flood-
plain was subaerially exposed 
for most of the time. The 1.5- 
and 2-yr flood elevations are 
2.9 m and 3.3 m, respectively.
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very fine sand, and mud were typically delivered 
to the floodplain and available for deposition. As 
the bank attached bars vertically aggraded and 
converted to floodplain, these environments only 
received the finest suspended sediment carried 
near the top of the water column (Rouse, 1937; 
McLean, 1992). Thus, the vertically accreting 
floodplain preferentially extracted very fine sand, 
silt, and clay from the water column.

Stratigraphy-Sedimentology Summary
The stratigraphy, sedimentology, and dat-

ing of the fine sediments exposed in the trench 
demonstrated that two floodplain surfaces were 
constructed at Hardscrabble Bottom beginning 
in the 1930s. Vertical and oblique accretion 
transformed bank-attached bars to floodplains 
whose surface had a levee crest near the chan-
nel banks and a trough landward from the levee. 
Angular unconformities defined the locations 
of former channel banks and demonstrate that, 
at a local scale, narrowing was an episodic 
process wherein part of a bank-attached bar 
aggraded and became a floodplain. Subunits 
within F1 and F2 reflected this vertical transfor-
mation, and the orientation of the higher beds 
and bounding surfaces in both units mimicked 
the modern surface levee and trough topog-
raphy. By 1982, the bank of the Green River 
was near station 12, and the very large floods 
of 1983 and 1984 mantled the entire F1 surface 
with a thick sandy deposit. Air photos at the 
site and throughout the study area do not indi-
cate that those floods caused significant channel 
widening and bank erosion. In the mid-1980s, a 
new phase of narrowing began that constructed 
the F2 floodplain, and vertical accretion of this 
surface continued to the time of our field work. 
The most recent phase of narrowing began in 
2003, when aggradation riverward from AU-1 
began. Application of the local stage-discharge 
rating relation to the flow record since 1985 
shows that summer/fall season floods rarely 
inundated the aggrading floodplain.

DISCUSSION

Channel Narrowing and Floodplain 
Formation

The processes of floodplain formation docu-
mented on the lower Green River are similar to 
those observed on the Powder River in south-
eastern Montana. The Powder River is unregu-
lated, and floodplain formation occurred there in 
the decades following a large flood in 1978 that 
widened the channel (Pizzuto, 1994; Moody and 
Meade, 2008; Meade and Moody, 2013). Sub-
sequent channel surveys demonstrated that the 
channel narrowed during the next ∼40 years, be-

cause the rate of floodplain formation exceeded 
the rate of bank erosion (Pizzuto, 1994; Moody 
et al., 1999; Ghinassi et al., 2019). Similarly, aeri-
al photo analysis of the lower Green River showed 
that narrowing during the past ca. 80 years oc-
curred whenever the rate of floodplain formation 
exceeded the rate of bank erosion (Fig. 5).

The Powder River’s floodplain features have 
been assigned different names by different re-
searchers: “benches” (Pizzuto, 1994), “channel 
expansion floodplains” (Moody et  al., 1999), 
“inset floodplains” (Moody and Meade, 2008), 
or vertically aggraded “point bars” (Ghinassi 
et al., 2019). The floodplain formed by vertical 
accretion, and the source of the aggrading fine 
sediment was the river’s suspended load (Piz-
zuto et  al., 2008). The platform on which fine 
sediment aggradation occurred were the bedload 
deposits of the 1978 flood (Ghinassi et al., 2019). 
The surface of the resulting floodplain included 
near-channel sandy levees and troughs landward 
from each levee. Pizzuto et al. (2008) showed that 
deposition of each flood deposit in the troughs be-
gins when river stage rises to the elevation of the 
sill that typically occurs at the downstream end of 
each trough, thereby creating a pool of standing 
water where silt and clay are deposited. If river 
stage further rises, flow may enter the troughs 
through saddles in the levee crest (Pizzuto et al., 
2008), thereby allowing coarser sediment to be 
delivered to the troughs and by current moving 
across the trough. Some of these sediments may 
be transported across the troughs as bedload and 
result in deposition of some beds with ripple-drift 
cross-stratification, which shows that advection 
and diffusion processes are not the only process-
es responsible for floodplain formation (Pizzuto 
et al., 2008). Powder River levees are typically 
composed of sand and have a higher proportion 
of ripple-drift, cross-stratified beds (Pizzuto et al., 
2008) than was observed in our trench.

A similar process of narrowing was described 
by Dean and Schmidt (2011) and Dean et  al. 
(2011) along the Rio Grande in the Big Bend 
region, where the channel is occasionally wid-
ened by very large floods that occur once every 
10–20 years. Those studies documented vertical 
aggradation of >2 m of fine sediment forming 
mature floodplains on top of former gravel bars 
in less than 20 years. The high rate of floodplain 
formation on the Rio Grande arises from the 
positive feedback between ongoing loss of chan-
nel capacity due to in-channel sedimentation and 
colonization of riparian vegetation that leads to 
overbank flows even as the floodplain rises to 
higher elevations.

The floodplains of the lower Green River dis-
play similar characteristics to those described 
elsewhere. The troughs are finer grained than the 
levees but include evidence of occasional bed-

load transport across those surfaces. Air photos 
and trench sedimentology demonstrate that the 
initial phase of floodplain formation occurred on 
top of active channel bars. As aggradation pro-
gressed, the orientation of beds exposed in the 
trench changed from oblique accretion to verti-
cal accretion, ultimately creating the character-
istic levee-trough topography. The stratigraphy 
and tree ring dating of the F2 floodplain demon-
strated that oblique accretion occurred during the 
initial stage of aggradation during long periods 
of inundation, and the levee-trough topography 
developed only after the vertically accreting sur-
face was sufficiently high to only be inundated 
by the snowmelt floods (Fig. 12).

In contrast to observations of the Powder 
River but similar to parts of the Rio Grande, the 
stratigraphy of the trench at Hardscrabble Bot-
tom included several angular unconformities that 
represent former channel banks. Thus, narrow-
ing was an episodic process at the local channel 
unit scale. This episodic process of floodplain 
formation included periods when channel width 
was maintained because channel bars were ac-
tive and experienced regular scour and fill. There 
were other periods when many meters of nar-
rowing quickly occurred because an aggrading 
platform of fine sediment became emergent. 
Thus, the channel width decreased in ∼10 m 
increments whenever sufficient vertical aggra-
dation elevated the surface beyond the range of 
typical flows. At the cross-sectional or channel-
unit scale, episodic floodplain growth resembled 
a “stair-step,” where a constant floodplain width 
quickly decreased in a short time span (Fig. 13). 
At the larger scale, such as that reported in seg-
ment average channel width (Fig. 4), narrowing 
appears to be an incremental process involving 
small change. On the lower Green River, the ap-
pearance of small incremental change presum-
ably results from episodic aggradation processes 
that do not occur in the same year everywhere 
along the river. Temporal trends of channel width 
determined from aerial photographs taken many 
years apart imply that channel change is a slow 
and progressive process, but the process is actu-
ally episodic at the channel unit scale and driven 
by deposition during discrete floods.

Why Has Large Scale Narrowing Occurred 
on the Lower Green River?

Channels narrow under conditions of sedi-
ment mass balance deficit or under conditions 
of mass balance surplus (Schmidt and Wilcock, 
2008). The occurrence of narrowing under 
conditions of deficit (e.g., Grams et al., 2007) 
suggests that adjustment to mass imbalance is 
not the primary determinant of channel size. 
Longstanding attention has been given to the 
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adjustment of channel size to flood magnitude 
(Leopold and Maddock, 1953), and hydraulic 
geometry relations have been used to predict 
the magnitude of channel narrowing in response 
to flood control on the Green River (Andrews, 
1986) and elsewhere. Allred and Schmidt 
(1999) and Grams and Schmidt (2002, 2005) 
showed that channel narrowing on the upper and 
middle Green River was initiated during periods 
of decreased flood magnitude caused by either 
climate change or flood control operations at 
Flaming Gorge Dam, despite differences in the 
nature and magnitude of sediment mass imbal-
ance of different study areas related to proxim-
ity to the dam and major sediment-supplying 
tributaries.

Narrowing of the Powder River occurred 
within a valley that was widened by a very 
large flood. Narrowing of the Rio Grande in 
the Big Bend region occurs during decadal pe-
riods of sediment surplus after each very large 
flood. These large channel-widening floods 
(i.e., “channel-reset” floods) are caused by 
dissipating tropical depressions or hurricanes. 
Each channel-reset flood is followed by decades 
of subsequent narrowing driven by the deposi-

tion of large amounts of sediment supplied by 
ephemeral tributaries. The reduced discharge of 
mainstem floods is generally unable to convey 
these large sediment inputs (Dean and Schmidt, 
2011; Dean et al., 2016).

The channel bank at the Hardscrabble Bot-
tom trench in the late 1800s was at the riverward 
edge of the terrace (AU-41), and the lower Green 
River episodically narrowed thereafter during at 
least the past 80 years. There is no evidence that 
the very large floods of the mid-1980s or 2011 
were channel reset floods in the sense of the 
Rio Grande. AU-12 may have been formed by 
erosion caused by the large floods of 1983 and 
1984; however, no significant reach-averaged 
widening appears to have occurred because of 
those large floods. The large flood of 2011 also 
did not cause large-scale widening of the chan-
nel (Fig. 4). If the F1 and F2 floodplain surfaces 
are to be considered channel expansion flood-
plains (sensu Moody et al., 1999), then the wid-
ened condition within which F1 and F2 formed 
must be the large flows of the early twentieth 
century (Figs. 2B and 2D).

From this perspective, riparian vegetation 
might be viewed as a passive participant in the 

narrowing process, and all episodes of flood-
plain formation and narrowing occurred within 
an over-widened channel and were initiated by 
downward shifts in the flow regime, as stated in 
the theory advanced by Everitt (1979). The co-
incidence of tamarisk invasion with the 1930s 
shift in flow regime complicates such a simple 
interpretation of the cause of channel change, 
however. Clover and Jotter (1944) observed 
tamarisk along the lower Green River in 1938, 
and the 1940 aerial photographs show that the 
F1 floodplain was already moderately vegetated, 
although we cannot distinguish native from non-
native species in that photo. Birken and Cooper 
(2006) identified the earliest cohort of tamarisk 
as having germinated in 1938. The earliest tree 
that we recovered from the trench germinated in 
1939, and this tree germinated in the floodplain 
trough of the F1-A sediments. Thus, transfor-
mation of a bank-attached bar between AU-41 
and AU-22 into a floodplain whose surface was 
colonized by riparian vegetation, some of which 
was tamarisk, must have occurred earlier in the 
1930s. We do not know whether this phase of 
narrowing was accelerated by the incipient in-
vasion of tamarisk, but we are confident that 

Figure 13. Conceptual dia-
gram of inset floodplain forma-
tion and channel change for 
the lower Green River, show-
ing change at the cross-sec-
tion, unit, and reach scale for 
changes in channel width. Left 
column is cross-section view, 
middle column is map view, 
and right column is a concep-
tual graph of time series repre-
senting channel width change 
at an individual cross-section. 
In the left column, lines in the 
floodplain depict general pat-
terns of deposition. In period 1, 
a floodplain is present but at a 
low elevation, and it can still be 
inundated regularly by floods. 
In period 2, vertical accretion 
on the floodplain has decreased 
hydrologic connectivity, but 
channel width remains the 
same at both the unit and reach 
scale. A bank attached bar in 
period 3 represents the begin-
nings of new floodplain forma-
tion, but still width remains 
stable. Vertical accretion on top 
of the emergent bank attached 

bar creates a new floodplain in period 4, narrowing the channel rapidly in a small time period. Generally, the grain size of an individual 
deposit fines in relation to the height of the deposit above the channel.
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 vertical accretion of F1 must have been facili-
tated by the combined effects of native and non-
native vegetation.

Analysis of air photos demonstrates that the 
narrowing that occurred at Hardscrabble Bot-
tom through the formation of F1 was matched 
by bank erosion elsewhere, and there was only 
a small degree of narrowing in the entire study 
area during the mid-twentieth century (Fig. 4). 
We do not find evidence for the widespread and 
substantial narrowing in the 1940s and 1950s 
that was identified by Graf (1978) and Birken 
and Cooper (2006), whose findings were based 
on studies in small study areas and on matched 
ground level photos.

Episodes of floodplain formation from the 
1940s onward occurred in a riparian ecosystem 
where tamarisk was increasingly prevalent. To-
day, tamarisk is the dominant riparian species of 
the river corridor, but coyote willow has expand-
ed greatly since 1976 and occupies a substantial 
part of the F2 floodplain (Mortenson and Weis-
berg, 2009). Many studies of the interactions 
among flow, sediment, and vegetation show that 
vegetation strongly influences channel margin 
hydraulics, thereby promoting deposition and 
causing aggradation (Griffin et al., 2005; Zong 
and Nepf, 2010; Le Bouteiller and Venditti, 
2014; Manners et al., 2015; Diehl et al., 2017, 
Scott and Friedman, 2018). Increases in ripar-
ian vegetation density presumably promoted 
floodplain deposition by decreasing the veloc-
ity of overbank flows and increasing hydraulic 
roughness (Griffin et al., 2005, 2014; Manners 
et al., 2014). Coyote willow stems are flexible 
and typically lie down during overbank flood-
ing, while tamarisk stems are multi-stemmed, 
stiff, and do not move (Manners et  al., 2015; 
Diehl et  al., 2017). Coyote willow promotes 
bank stability with its root networks but owing 
to its flexibility does not have as strong an effect 
on overbank velocity and sediment deposition 
(Scott and Friedman, 2018).

Oblique accretion of F1-B riverward from 
AU-22 had begun by 1957, which is a few years 
prior to completion of Flaming Gorge Dam in 
1962 but concurrent with a break point that we 
calculated in the peak flow record (Fig.  2D). 
Analysis of air photos indicates that the rate of 
bank erosion exceeded the rate of floodplain for-
mation in the 1970s. The rates of erosion and de-
position were approximately equal in the 1980s, 
despite the occurrence of the very large floods 
of 1983 and 1984. At Hardscrabble Bottom, F1 
was blanketed by a thick, sandy deposit during 
those large floods. Clearly, those large floods 
were not of sufficient magnitude and duration 
to cause significant bank erosion and floodplain 
scour, perhaps because those floodplain surfaces 
were densely vegetated.

The stratigraphy and tree ring dates of F2 
well constrain the floodplain formation pro-
cess. Air photos demonstrate that this phase 
of narrowing was widespread and significant 
throughout the study area and began during a 
multi-year period in the late 1980s when the 
annual snowmelt floods were small. Presum-
ably, cohorts of tamarisk and coyote willow 
seedlings that annually cover channel bars af-
ter recession of the snowmelt flood were not 
removed by those small floods. In those years 
when the annual snowmelt flood was small, 
seedlings were not scoured, established deeper 
roots, and were less easily scoured during the 
subsequent larger floods of 1993, 1995, and 
1997 (Fig. 2D). Reduced variability between 
base and flood flows, characteristic of the mod-
ern regulated flow regime, may have raised the 
water table and created better conditions for 
vegetation survival.

Summer and fall floods did not play a signifi-
cant role in formation of F2 despite the very high 
suspended-sediment loads carried by summer/
fall floods, because those floods did not typi-
cally reach a sufficiently high stage to inundate 
the floodplain. Only the flood of September 25, 
1997, inundated F2, and at most, 0.2 m of the 
F2 deposit could have been deposited by the 
1997 flood (Walker, 2017). Otherwise, the only 
floods that regularly inundated the floodplain 
after 1987 were snowmelt floods. Thus, flood-
plain growth and associated channel narrowing 
were primarily caused by changes in the annual 
snowmelt flood.

New floodplain formation continued in the 
lower Green River until at least 2015. Aerial photo 
analysis documents 5.0 ± 2.9 m of narrowing be-
tween 2002 and 2009, and evidence in the trench 
shows that a new phase of floodplain formation 
began in 2003. Comparison of bathymetric and 
floodplain surveys near Fort Bottom showed that 
new floodplains vertically accreted >2 m from 
1998 to 2015, a rate of floodplain formation com-
parable to F2 (Fig. 12). The most recent episode 
of floodplain growth can also be linked to a re-
cent period of lower than average peak flows from 
2000 to 2003 following the initial survey in 1998 
(Fig. 2), similar to conditions in the late 1980s, 
when initial aggradation of F2 began. Other epi-
sodes of channel narrowing may occur if there 
is another multi-year episode of low snowmelt 
flooding that promotes vertical accretion of bank-
attached bars coupled with limited scour of bars, 
which allows for vegetation establishment.

Floodplain inundation frequency in the Green 
River declined with time, and we found no evi-
dence of positive feedback processes related to 
the loss of channel capacity described by Dean 
and Schmidt (2011). Thus, floodplain aggrada-
tion slowed as the elevation of the floodplain 

increased above the active channel. This process 
is similar to floodplain growth on the Powder 
River described by Moody and Troutman (2000) 
and is also similar to the findings of Allred and 
Schmidt (1999), where vertical floodplain accre-
tion resulted in reduced connectivity between the 
active channel and floodplain.

CONCLUSIONS

Channel narrowing of the lower Green River 
was an episodic process, and floodplain forma-
tion primarily occurred through deposition of 
fine sediment transported by the annual snow-
melt flood. The most significant modern changes 
in the flow regime of the lower Green River were 
the decrease in annual flow and annual floods 
that occurred in the 1930s when the early twen-
tieth century pluvial period ended. Although 
there was no change in the total annual flow in 
the mid- or late-twentieth century, flood control 
at Flaming Gorge reduced the magnitude of the 
annual snowmelt flood and increased the mag-
nitude of base flows. Today’s annual minimum 
flow is ∼18% higher than before 1927, and the 
2-yr recurrence flood is ∼47%, less than it was 
in the early twentieth century. Summer and fall 
floods of the San Rafael River constitute an in-
significant contribution to the lower Green Riv-
er’s flood or total flow regime. Multiyear periods 
of very small annual floods occurred in the late 
1980s and the early 2000s, and new episodes of 
floodplain formation were found that could be 
linked to both periods.

Although previous studies concluded that 
channel adjustment to the invasion of tamarisk 
occurred rapidly in the mid-twentieth century, we 
present abundant, mutually consistent evidence 
showing that the most significant phase of nar-
rowing did not begin until the mid-1980s. The 
recent episode of narrowing began in the mid-
1980s, and >2 m of floodplain accretion and 
∼9 m of channel narrowing occurred. Our aerial 
photo analysis shows that the post-1988 narrow-
ing occurred during at least a 21-yr period. A new 
phase of narrowing may have begun in 2003.

Floodplain formation occurred concurrently 
with decreasing flow regime, and new flood-
plain growth took place within the boundary of 
the former wide channel that existed in the early 
1900s. Continued decreases in flow resulted in 
the formation of F2 within the boundaries of F1. 
Channel narrowing by floodplain formation be-
gan during multi-year episodes of low snowmelt 
floods that were promoted by the establishment 
of tamarisk and coyote willow. Floodplain de-
position was primarily suspended load deposi-
tion and comprised a small fraction of the annual 
suspended load. Both native and non-native veg-
etation likely facilitated floodplain formation, 
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and we anticipate that new episodes of narrow-
ing may occur if the flow regime continues to 
decrease.
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S.L. Rathburn, and their extensive comments and sug-
gestions greatly improved the focus and content of this 
paper. Will Graf’s pioneering work concerning the geo-
morphic organization, channel change, and manage-
ment of the Green River inspired this research.
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