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ABSTRACT

Hydraulic gold mining in the Sierra Ne
vada, California, produced such a large
volume of sediment from 1853 to 1884 that
channels could not carry a substantial pro
portion of the delivered sediment. The lower
Bear River aggraded as much as 5 m and
underwent a major avulsion during the 1870s.
Channel morphology continues to respond to
these changes more than 100 years after the
cessation of most hydraulic mining. Textures
of mine tailings and older alluvium are con
trasted, and channel incision and channel
shape changes from 1930 to 1985 are
documented.

Unlike the Yuba and Sacramento Rivers,
the lower Bear River had not returned to pre
mining base levels by 1950 as sediment loads
decreased. Nor were incision rates or mor
phological change governed by reduced sed
iment loads below dams built in 1928 and in
the mid-I960s. Channel stability was due to
resistance of a cohesive stratum on the chan
nel bed. An episode of channel down-cutting
was instigated by a moderately large flood in
December 1955 that pierced the cohesive
layer and was sustained through the 1970s by
moderate-magnitude floods. The 1955 flood
did not directly erode large volumes of sedi
ment, but it destabilized the channel, allowing
smaller floods to erode the channel at an ac
celerated rate.

Episodic channel-bed incision is contrasted
to progressive morphologic changes. Cross
section shape narrowed and deepened stead
ily from 1930 through the mid-1970s as the
channel was superimposed onto cohesive
older alluvium. Progressive deepening set up
a positive feedback that ensured the ultimate
penetration of the paved bed. Channel mor
phologic readjustment from the avulsion thus
was both progressive and episodic.

INTRODUCTION

The Bear River flows out of deep narrow val
leys of the northern Sierra Nevada foothills be-

tween the Yuba and American Rivers onto a
broad alluvial plain that merges with the Sacra
mento Valley (Fig. 1). The channel continues to
readjust to an avulsion that occurred in the
1870s as a result of episodic delivery of sediment
produced by hydraulic gold-mining (Mendell,
1880; Kelley, 1959). Most of the unconsolidated
mine tailings have been eroded from low-flow
channels in the lower basin, exposing older,
cohesive alluvium in the channel bed, although
large volumes of tailings remain stored on flood
plains.

This paper examines channel morphologic ef
fects of contrasting sediment types at the alluvial
boundary and the complex history of sedimenta
tion at a cross section on the lower Bear River.
Stream-flow measurement records from 1929 to
1985 from a gaging station and cableway near
Wheatland (Fig. 2) are analyzed to determine
the magnitude and frequency of flooding and the
timing and character of changes in channel
morphology and bed elevation. Cableway data
ensure that measurements were repeated at the
same location and provide an opportunity to
reconstruct long-term morphological changes in
a channel recovering from severe aggradation
and avulsion.

Fluvial-channel erosion has historically been
an important concern of geomorphologists,
geologists, hydrologists, and engineers. Channel
incision can destroy valuable land and structures
(Lane, 1937; Wolman, 1959), determines longi
tudinal-profile development (Mackin, 1948), in
fluences sediment budgets (Lane and Borland,
1954; Williams, 1982), complicates paleohydro
logic reconstructions (Costa, 1983; Kochel and
Baker, 1982), and has great bearing upon levee
and bridge maintenance, stream-flow gaging,
and flood prediction. Field evidence of 20th
century channel erosion in the lower Bear River
includes scoured bridge pilings, over-steepened
levee bases, and abandoned irrigation intakes
perched above the present water surface. Three
hypotheses of the cause of this channel incision
are tested by this study: (l) rates of scour in
creased in response to trapping of sediment by
reservoirs, (2) incision was progressive and was
completed by 1950 (such as incision of the Sac-

ramento and Yuba Rivers) presumably due to
decreased sediment storage and reworking
(Graves and Eliab, 1977; see also Gilbert, 1917),
and (3) rates of incision and morphologic
change were dominated by the resistance of
cohesive alluvium in the bed and bank. The
timing of floods and channel incision, and the
character of bed and bank materials are docu
mented and used to evaluate these competing
hypotheses.

A test is also made of the hypothesis that
the Bear River narrowed as it incised through
noncohesive tailings into the clay-cemented,
pre-mining alluvium. The morphology of many
mid-latitude channels has evolved toward
deeper, narrower shapes due to progressive
decreases in sediment caliber during post-Pleis
tocene, valley-bottom aggradation (Fisk, 1944;
Schumm, 1963). The possibility of a similar
change in the lower Bear River is examined
through analysis of channel cross-section shapes.

Sedimentation and Erosion History

Evolution of the Drainage Basin. A full un
derstanding of recent channel morphologic re
sponses depends on knowledge of the history
and stratigraphy of the channel. The Bear River
heads in structurally deformed Paleozoic and
Mesozoic rocks of the Sierra Nevada belt (Clark,
1976; Schweickert and Cowan, 1975) and flows
out onto relatively flat-lying Mesozoic and Ce
nozoic strata underlying the Sacramento Valley
(Davis and Olmsted, 1952). The present east
west drainage of most Sierra valleys developed
during periods of Miocene-Pliocene volcanism
that filled earlier, north-striking Tertiary channel
systems (Lindgren, 1911; Durrell, 1959; Mar
chand and Allwardt, 1981). Between 3.6 and
1.8 Ma, westward-flowing consequent channels
deposited sediment at the edge of the Sacra
mento Valley in a broad plain comprising the
Laguna Formation (Piper and others, 1939;
Marchand and Allwardt, 1981; Busacca, 1982).
Uplift of the Sierra block to the east led to
trenching and extension of Laguna fans through
the Quaternary, causing the steepened channels
to incise along the Sacramento Valley margin
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Figure 1. Regional geologic map showing channels Dowing
through granitic and other (undifferentiated) basement series
rocks in the Sierra Nevada and Dowing out onto alluvial plains of
the Sacramento Valley. Note ridges capped by extrusive rocks of
the superjacent series and glacial deposits terminating near the
Bear River capture site. Cities: AU = Auburn, GV = Grass Valley,
NC = Nevada City, MV = Marysville, WT = Wheatland, YC =

Yuba City. (Base maps by Lorens, 1978; and Burnett and Jen
nings, 1962.)
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and aggrade near their mouths (Lindgren, 1911;
Piper and others, I 939; Axelrod, 1962; Chris
tiansen, 1966). This dissected alIuvial-fan sur
face forms the modem highlands known as the
"Red Lands" (Bryan, 1923).

Most Sierra channels aggraded in response to
Quaternary glacial and periglacial sediment
production, and subsequent incision left alluvial
terraces along most foothill channels where they
enter the Central ValIey (Bryan, 1923; Davis and
Hall, 1959; Marchand and Allwardt, 1981).
Glacial striae, geomorphic surfaces, and strati
graphic evidence indicate that the Bear River
headed near the Sierra crest prior to late Qua
ternary capture by the South Yuba River (Fig.
1) (James, 1990). Quaternary terraces along the
lower Bear River are inset between the higher
Laguna surface and were buried by hydraulic
mining sediment. This older alIuvium has
resisted erosion by the modern channel that was
superposed upon them.

Historical Sedimentation. Hydraulic gold
mining from 1853 to 1884 generated high sedi
ment loads and caused severe aggradation of
many Sierra Nevada channels (Gilbert, 1917).
As much as 270'106m3 of sediment was pro
duced by mining in the Bear Basin, second only
to the volume generated in the much larger
Yuba Basin (Gilbert, 1917; James, 1989). Tail
ings were deepest in the mining districts where
they attained depths up to 40 m in the late 1870s
(Whitney, 1880). Very little sediment was
stored at intermediate elevations of the Bear
Basin due to steep slopes and narrow gorges
(Fig. 2). Extensive deposition in low gradient
reaches of the lower basin began in 1862 when
an extreme flood filled low-flow channels with
sand and gravel (Keyes, 1878; MendelI, 1881).

Sedimentation rates in the lower basin in
creased through the 1870s, when an avulsion

shifted much of the channel up to 1 km (Fig. 3)
(HalI, 1880; Mendell, 1881). Contemporary ac
counts indicate that the avulsion took place over
a period of several years in the late 1870s, and
that channel positions were influenced by
sloughs and levees (Keyes, 1878; James, 1988).
Between 1880 and 1882, a 1.8-m-high brush
and rock sediment detention dam impounded
-735,000 m3 of sediment (Mendell, 1881,
1882). By 1883, the railroad bridge near
the Wheatland gage site had been raised three
times, a total of more than 5 m (Von Geldern,
1891). Coring of deposits reveals that tailings
deposited during the 19th century remain up to
5.3 m deep and extend 2 to 3 km across valley
bottoms (Fig. 4) (James, 1989).

Channel Incision. Hydraulic mining was en
joined in 1884, and subsequent decreases in sed
iment loads resulted in incision by most



TABLE I. MAJOR DAMS AND RESERVOIRS ON THE BEAR RIVER

Source: California !)(panment of Water Resources.. 1988.
tCalifomia Water Resources Board. 1955,

Dam

Camp Far West 1
Camp Far West 2
Van Geisen (Combie)
Rollins

Drainage
area (km2)

738
738
337
269

Yw
completed

1928
19631
1928
1965

*Includes dead storage.
§Enlarged, 1963.

Reservoir
capaci,y' (m3 . loJ)

6,2001
127.050

6.852
81.411
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Figure 2. Location map of Bear Basin.
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Figure 3. Map of lower Bear River 1879 survey of hydraulic mining sediment deposits by Wm. H. Hall (Mendell, 1880). Highway 70 Bridge
survey site is downstream of the Pleasant Grove Bridge site.

I; Fig. 2). Trapping of sediment behind these
dams lowered sediment loads and presumably
encouraged channel incision in the lower Bear.
Some incision has continued to the present, al
though most tailings along the lower Bear River
remain stored in an extensive flood plain pro-

channels draining hydraulic mines (Gilbert,
1917). The channel at the Wheatland gage site
had begun to degrade by 1890, although con
current overbank deposition probably continued
(Von Geldern, 1891). By 1908, low terraces had
formed in the Bear "piedmont," suggesting that
channel incision continued to dominate along
the lower Bear (Gilbert, 1917, p. 28).

Prior to 1928, sediment was transported to

the lower Bear by reworking oflarge deposits in
the upper basin, but this sediment is now de
tained by dams. Both Camp Far West and Van
Giesen (Combie) dams were built in 1928; in
the mid-1960s, Camp Far West was greatly en
larged, and Rollins Dam was constructed (Table

Sand Probe Site & Depth

Gravel mrrrrmm Paleosol Surface

• Scoured Paleosol
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Figure 4. Valley cross section about 200 m downstream of the Wheatland gage. Depths of mining sediment, determined by coring, are about
3 m at this site but reach as much as 5.3 m downstream (see Fig. 7a). Note deep, narrow pre-mining channel about 0.7 km north of present
channel.
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tected from channel erosion by levees (Fig. 4).
Portions of the channel between the Wheatland
gage and Camp Far West Dam were actively
migrating during the 1980s.

DATA AND ANALYTICAL
METHODS

Channel-incision rates may have responded
to (I) dam construction, (2) decreasing sediment
loads, or (3) resistance of channel boundary
materials. To identify the controls on channel
incision, the magnitude and frequency of historic
floods are examined, the timing of incision is
compared with dam construction dates, and tex
tures of tailings and underlying alluvial strata are
contrasted. Finally, the timing of changes in
channel cross-section shape is examined and
compared with the timing of channel incision.

Flood Frequency Analysis

The annual maximum flood series at the
Wheatland gage (U.S. Geol. Survey Station
#11424000, 1929-1986) was analyzed to char
acterize the frequency and variability of large
flows at the cross-section site. Statistical analysis
was conducted with Consolidated Frequency
Analysis, a Fortran computer program (Pilon
and others, 1985). Data were tested for nonran
dom trends to ensure that assumptions of flood
frequency analysis were not violated (Water
Resources Council, 1981). The annual series
was split at 1965 and a Mann-Whitney differ
ence of means test was used to test the null
hypothesis that there is no difference between
floods occurring in the two periods before and
after dams were closed upstream of the gage.
This test was performed both with and without
the record 1986 flood.

Spearmans rank-order serial correlation coef
ficient was calculated to test for serial (lag one)
autocorrelation in the flood series and to ensure
that the assumption of independence between
events is not violated. A Mann-Whitney differ
ence of means test based on month of annual
flood occurrence was used to test for significant
differences in floods occurring in different sea
sons. The flood series was divided into two
groups: floods occurring from November to
March, and those occurring from April to July.
Finally, flood frequencies were calculated using
the entire annual maximum series with a three
parameter lognormal frequency distribution
(Pilon and others, 1985).

Sediment Textures

Mining sediment in the lower Bear Basin can
be seen in the field to be texturally distinct and
less cohesive than the older alluvium upon
which it rests. To demonstrate these distinctions,
29 samples were collected from 2 sites (Fig. 3).

By coring a 5-m-thick deposit at a site 4 km
downstream of the gage, 15 tailings samples and
3 buried soil samples were collected. In addition,
11 pre-mining soil samples were collected at 10
em vertical intervals below the A horizon of a
soil exposed in a stream bank about 6 km up
stream of the gage.

Mechanical particle-size analysis was per
formed by standard methods (Day, 1965).
Sample preparation included removal of gravel
by wet sieving through a 2-mm sieve, oxidation
of organic matter with 30% H20 2, and disaggre
gation with sodium hexametaphosphate. Sands
were sieved to I-phi intervals with a sonic sifter,
and silt-clay percentages were determined by
hydrometer analysis. Sand-silt and silt-clay divi
sions are defined at 4.0 and 8.0 phi (62 and 4
microns), respectively (Wentworth, 1922).
Graphic inclusive moments were calculated for
particle-size distributions using equations given
by Folk and Ward (1957).

Channel Incision

Channel incision from 1930 to 1985 is docu
mented through graphical and statistical analysis
of U.S. Geological Survey stream-flow and
sounding data at the Wheatland gage (hydro
graphers' notes, U.S. Geol. Survey Archives).
The channel at this site is relatively straight
(sinuosity =1.07), although pool and gravel-bar
formation in recent decades has resulted in in
creased sinuosity of the low-flow channel.
Cross-section, flow-stage, and thalweg eleva
tions are expressed relative to a zero value
equivalent to the local gage datum at 21.92 m
above mean sea level. Vertical control has been
well maintained on these sections, and longitu
dinal position is fixed by the cableway which has
been maintained at the same cross section since
its establishment in 1930 (Thomas Hankins,
U.S. Geol. Survey, Sacramento). Effects of
downstream drift of current meters during the
gaging of high flows is minimal due to the U.S.
Geological Survey practice of using weights and
correction factors if necessary (Rantz and others,
1982). To ensure that the entire channel bound
ary is represented, flow data were sampled by
choosing the largest flood measurement for most
years plus a random sampling of smaller events.
The selection of samples is biased toward large
floods, therefore, but constitutes a random sam
ple of flows in all other respects.

Statistical analysis is conducted on the mor
phological variables to identify long-term trends.
Discharge explains much of the variance in flow
width, depth, velocity, or stage at a station (Leo
pold and Maddock, 1953; Brush, 1961), and this
variation due to discharge must be isolated be
fore temporal changes in the other parameters
can be identified. Discharge is standardized,
therefore, by regressing morphological variables
on flow magnitude and analyzing the regression

residuals (difference between observed and pre
dicted values of the dependent variable). The
integrity of this method is constrained by the
validity of the regression model used. Power
functions have been defended on practical and
theoretical grounds (Leopold and Maddock,
1953; Williams, 1978) but have been criticized
elsewhere (Richards, 1976). Power functions are
employed because (1) they are simple, practical,
and conventional; (2) alternative polynomial
models are less robust; and (3) Bear River mor
phologic changes are so pronounced that differ
ences between power function and polynomial
models have little bearing on results. Power
functions were derived with univariate regres
sions of natural log values of hydraulic parame
ters and discharge (Leopold and others, 1964).
Regression residuals thus represent the observed
minus the predicted natural logs of dependent
variables.

Cross Sections. More than 30 cross sections
were plotted from soundings made at the cable
way between 1931 and 1984 to depict explicit
morphological changes through time. Horizontal
distances are constrained by a 1984 topographic
survey conducted with rod and level for this
study.

Stage-Discharge Relationships. Stage-dis
charge data pairs (N =103), determined by con
current flow measurements and stage observa
tions (U.S. Geol. Survey Water-Supply Papers),
provide an independent means of assessing
changes in channel morphology. Plots of flow
stage versus discharge (rating curves) may iden
tify periods ofchannel aggradation and degrada
tion. Stage depends not only on discharge and
bed elevation, however, but integrates the effects
of several hydraulic variables over the entire
channel boundary, including channel slope,
roughness, cross-section area, and flow velocity
(Leopold and others, 1964; Hey, 1978; Hey and
Thorne, 1986). Nevertheless, long-term changes
in the stage of a given discharge can reveal
channel scouring or filling trends when used in
conjunction with other observations such as
cross sections.

Thalweg Elevations. Elevations of the deep
est point on each channel cross section (thalweg)
were determined from sounding data at the ca
bleway (1931-1984). Observations are primar
ily from large floods, but several measured
low-flows were included to test for channel re
filling during low-water periods. Thalweg eleva
tions (relative to the gage datum) augment
information from cross-section or stage-dis
charge relationships by revealing depths of scour
and fill.

Bridge Resurveys. Extrapolations of conclu
sions about channel morphologic change to
other locations are complicated by local idio
syncratic responses such as shifting pools, rimes,
and bedforms, or knickpoint retreat (Colby,
1964, p. 2; Schumm, 1977). Cross-section sur-
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Sediment Textures

Mining sediment in the lower Bear River is
much less cohesive or pebbly than older allu-

ging), (3) reservoir operating policies, or (4) in
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CoulJcil, 1981, p. 16), but the Bear River heads
at too Iowan elevation for SubslaDtiaJ snow
melt oontributions to runoff

Figure 5. Annual maxi
mum flood series at Wheat
land gage. 1929-1986.
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veys were made downstream of the Wheatland
gage by the CaJifornia Highway Department
(DITrans) at the Highway 70 Bridge in 1961
and at the Pleasant Grove Bridge in 1972 (Cal·
Trans unpub. data) (Fig. 3). As a cli(ck of the
ubiquity of cbannel cross-section changes at the
Whealland gage, these surveys were repeated by
lowering a weight on the end of a tape to meas
ure depth below a specified vertical datwn on
the bridgeS.

Channel Shape. Changes in channel shape at
the cableway were examined by analysis of hy
draulic geometry and width/depth ratios. One
hundred field measuremeDts of channel-lop
widlh, mean velocity, cross-section area, and
discharge were made at the cable site from 1930
10 1984 (hydrographers' nOles in the U.S. Goo!.
Survey Archives). Chaooe! widths, mean veloci
ties, and mean depths (ratio of (low cross-section
area to top width) were expressed a3 power
functions of discharge (Leopold and others,
1%4), and regression residuals were plotted as
time series to reveal temporal changes in chan
nel morphology (Knighton, 1974). Width-depth
(W10) ratios were calculated using top widths
and mean depths of flows. This ratio can be
aJ.lculaled for non-equilibrium channels, be
cause it requires no identification of the bankfull
channel. The ratio varies with discharge, bow
ever, and so variations in shape with discharge
were removed by regression and analysis of
residuals.
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a return period of only about 36 yr (Table 2).
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Figure 7. Sediment textures from two vertical sections. (a) Core
downstream of Wheatland gage through tailings into A horizon of
pre-mining soil at 5-m depth. Mining sediment is siltier and less
clayey than pre-mining soil but contains no pebbles or gravel at
this site. (b) Samples of pre-mining alluvium from a bank exposure
upstream of the Wheatland gage have relatively uniform sand, silt,
and clay, and as much as 55% by weight coarser than 2 mm (peb
bles and gravel).

tural frequency distributions are highly variable
in the tailings but uniform in the older alluvium
(Fig. 8b). Differentiation between the two sedi
ment populations may be possible by textural
analysis alone. Tailings samples are relatively
well sorted and both positively and negatively
skewed. Pre-mining alluvium is poorly sorted
and slightly fine skewed due to fine clay in a
sandy matrix. This clay combines with iron to
cement the sediment into a dense, cohesive
mass.

viurn exposed in channel cuts. Tailings occur in
horizontally bedded deposits with abrupt con
tacts between distinct strata (Fig. 6). The older
alluvium is also stratified, but contacts are grada
tional due to pedogenic translocation of clay and
iron. The top 15 tailings samples from a 5.3-m
core have less clay than the 3 samples of the
underlying soil A horizon (Fig. 7a). The bottom
3 m of the tailings at this site fines upward, but
the upper 2 m is relatively sandy. Eleven repre-

(b)

(a) 100%
Clay

sentative samples of pre-mining alluvium from
a bank exposure upstream of the gage site show
less textural variation and a more uniformly
high clay and sand content than the tailings
(Fig.7b).

All pre-mining soil samples from the bank
exposure contained from 6% to 30% gravel by
weight (averaging 18%) in a fining-upward se
quence. Tailings samples contained no pebbles
or gravel. A similar contrast in pebble abun
dance can be seen at the gage site, although
gravel textures in the pre-mining alluvium are
finer. Mining sediment ranges from loam to silt
loam to sandy loam (Fig. 8a). In contrast, the
pre-mining alluvium samples were all loams
with less silt and more clay than the tailings.

Graphic inclusive sorting and skewness of tex-

Channel Incision

Cross Sections. Six representative flood cross
sections at the cableway, superimposed on the
1984 stratigraphic section, reveal relationships
between channel morphology, bed positions,
and alluvial units (Fig. 9). Sparse grass domi
nates the banks with only a few trees and shrubs
nearby, and so erosional resistance is imposed
primarily by boundary materials. Banks are
composite with several strata of varying charac
teristics, but unlike cantilevered banks described
by Thorne and Lewin (1979), the only weak
stratum is a sandy loam at the present base of the
right bank; all other pre-mining strata are
cohesive.

By the time of the earliest available cross
section data in 1931, the channel bed had al
ready eroded through the tailings and was
resting on a resistant layer of iron-cemented,
pebbly clay, over which it remained for the next
25 yr. This resistant layer was partially pene
trated by a moderately large flood in 1943 but
was not severely eroded until the moderately
large December 1955 flood, the largest flow on
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Figure 9. Cross sections and stratigraphy at Wheatland cable (1931-1983), showing more than 3 m of degradation since 1955. Resistant
pebbly clay layer is cemented by pedogenic iron. Section surveyed in 1984. High-water conditions with view downstream (vertical exaggera
tion: 10 x).

record at that time. During the next 14 yr, the
channel down-cut more than 2 m through less
resistant layers of pebbly, silty, and gravelly clay.
Incision continued through 1983 as the channel
thalweg deepened and migrated toward the left
bank, and a gravel bar formed in the channel
center.

Stage-Discharge Relationships. The stage
discharge data independently confirm the mag
nitude of channel incision documented by
channel cross sections and elaborate upon the
timing of these changes. Discharge explains 55%
of the variance in stage at the gage (1930-1985)
when stage- is expressed as a power function of
discharge (Fig. lOa). Stage-discharge regression
residuals reveal a distinct pattern of decreasing
flow stages through time corresponding to the
channel degradation documented by cross sec-

tions (Fig. lOb). Residuals for the 3 smallest
discharges sampled (Q < 5 m3's-1) are not
shown due to poor fit of the power-function
model on the low tail of the distribution. The
channel bed was relatively stable from 1930 to
1955 as it rested above the resistant stratum, and
there is no indication of channel incision follow
ing the 1928 closure of Camp Far West dam.
Following the 1955 flood, however, the channel
began to degrade at an approximately constant
rate. Incision persisted into the mid-19708, when
stage-discharge relationships became highly var
iable. There is no indication that reservoir con
struction or enlargement in the mid-1960s
affected flow stages. Hydrographers' descrip
tions from 1964 to 1967 (U.S. Geo!. Survey
Archives) included "mud" along with the gravel,
sand, and "hardpan" noted in most years, but

dam closure apparently did not cause an accel
eration in channel incision.

Thalweg Elevations. The timing of thalweg
lowering reinforces conclusions drawn from the
cross-section and stage-discharge data that chan
nel incision began during the 19508, continued
until the 1970s, and did not respond to dam
ming in 1928 or the mid-1960s. Thalweg eleva
tions were stable from 1931 to the mid-1950s,
incised progressively into the mid-19708, and
fluctuated thereafter (Fig. 11).

Thalweg elevations can be used to distinguish
a paved bed from mobile alluvium, because
scour by high flows and redeposition during
waning flows should result in an inverse correla
tion between thalweg elevation and discharge.
Thalweg elevations were not related to dis
charge before 1964 (Fig. 12), which suggests a
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stable bed with negligible storage and remobili
zation of sediment at the gage site during this
period. A weak insignificant correlation be
tween thalweg elevations and discharge began to
emerge in 1965, strengthen1ed in 1972 (p < .05),
and became highly significant (p < .001) after
1978, a period of high valriation in bed eleva
tion. These bed-elevation changes with dis
charge indicate scour during floods, refilling
during low flows, and large volumes of bed
material passing through the reach. The onset of
these bed fluctuations may date the initiation of
severe lateral channel migration observed a few
kilometers upstream between 1983 and 1989.

Refilling of the channel bed in the I 980s may
also signify return to an equilibrium base level.

Probing of the pre-mining channel (Fig. 4)
suggests that the original bed elevation was not
substantially different from the present bed
elevation. This preliminary assessment requires
further substantiation but may indicate that, by
-1l0 yr after its avulsion, the channel had re
turned to its pre-mining base level (Fig. 4).

Bridge Resurveys. Resurveys at two high
way bridges downstream of the gage do not con
flict with the interpretation that the timing of
channel incision at the gage was ubiquitous in
lower basin channels. The resurvey at the High
way 70 Bridge (Figs. 13a, 3) documents about
1.5 m of low-flow channel incision during the
period from 1961 to 1983, which includes most
of the period of rapid incision at the Wheatland

gage site. The small degree of down-cutting
(about 2/3 the depth of incision at the Wheat
land gage during this period) is to be expected,
due to the proximity of the bridge site to base
level controls of the Feather River. The resurvey
at the Pleasant Grove Bridge indicates channel
stability during this later period from 1972 to
1983 which follows the end of rapid incision at
the Wheatland gage (Fig. 13b). These surveys
are not conclusive, but they support a longitudi
nally extensive interpretation of the channel
incision data.

Channel Cross-Section Shapes

Channel cross-section shapes support the hy
pothesis that the channel at the Wheatland gage
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TABLE 3. HYDRAULIC GEOMETRY POWER fUNCTIONS

*p :;: probability of occurring with random data pairs.

500

-lIE- April,1972 --a- July,1983

Distance (m)

Pleasant Grove Bridge

100
Distance (m)

Gilbert (1917) presented an influential model
of sediment transport based upon channel-bed
incision in the Yuba River at Marysville and the
Sacramento River at Sacramento. The Sacra
mento River channel bed returned to its pre
mining base level by 1930 (Graves and Eliab,
1977). The Yuba River, which also incised
down through thick tailings deposits, vigorously
eroded prior to 1940 but has been relatively
stable since that time (Adler, 1980) or certainly
by 1950 (Graves and Eliab, 1977). Although
down-valley sediment influxes were halted by
dams, the record of incision in the lower Bear
River is unlike the Sacramento or lower Yuba
Rivers and indicates that the channel bed was
maintained at a relatively high elevation until
the 1970s (Fig. lOb). This observation calls into
question the practice of using changes in
channel-bed elevation as a surrogate measure of
sediment loads (Gilbert, 1917; Graves and
Eliab, 1977; compare with James, 1989).

Alluvial channel morphology responds to
changes in water and sediment loads (Leopold
and Maddock, 1953; Wolman and Miller,
1960) but is not entirely explained by these
changes, because morphologic adjustments often
vary between sections with similar loads (Colby,
1964, p. 25). Channel morphology also re
sponds to the strength of bed and bank mate
rials, which is influenced by particle size

Highway 70 Bridge
-lIE- Nov., 1961 --a- July, 1983

The timing of channel incision in the Bear
River did not conform to either of the first two
hypotheses: dam construction or gradual decline
in sediment loads. Sediment detention behind
major reservoirs generally lowers sediment con
centrations and causes accelerated channel ero
sion below dams (Lane, 1934; Gessler, 1971)
that typically extends hundreds of kilometers
below dams, progresses downstream for up to
30 yr, and continues for more than 100 yr (Wil
liams and Wolman, 1984). The construction of
two dams in 1928 must have lowered sediment
deliveries to the lower Bear River, because sed
iment production from reworked tailings re
mains very active upstream of the dams, and
storage in steep mid-basin channels has been
negligible (James, 1989). Nevertheless, channel
cross sections, rating curves, and thalweg eleva
tions from 1930 to 1985 do not show acceler
ated degradation rates following dam construc
tion in 1928 or in the mid-1960s.

DISCUSSION

Controls on Bear River Channel Erosion

was evolving long before 1955, promoting
greater depths and shear stresses of a given mag
nitude flood and encouraging bed erosion and
failure of the channel pavement.
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CalTrans highway bridge -10
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nel at the Highway 70
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Equation Sample n ,2

W = 35.6QO.182 100 0,60
D=0.1~.417 100 0.84
V 0 O.l75Q .401 100 0.82

narrowed as it incised into cohesive sediment
and that this narrowing proceeded independ
ently of dam construction or the rapid channel
incision that began in 1955.

Hydraulic Geometry. The hydraulic geome
try data indicate that long-term changes in
channel shape were gradual. Channel top-width,
mean depth, and mean velocity are each signifi
cantly related to discharge as power functions
(Table 3). Time series of the regression residuals
(Fig. 14) show that width progressively de
creased until stabilizing about 1970. Mean
depths increased as widths were decreasing, until
about 1970. The sudden decrease in depth may
be due to the introduction of bed material in the
early 19708 as indicated by cross sections and
thalweg elevations. Long-term velocity changes
are not pronounced, but an inverse relationship
between depth and velocity residuals is strongly
expressed for most of the record. This high
frequency inverse relationship between depth
and velocity apparently reflects changes in
small-scale bed configurations such as pools,
dunes, and bars. Low-frequency changes, ex
pressed by decreased width and increased depth
over the period of record, reflect fundamental
changes in channel cross-section shape.

Width/Depth Ratios. Bear River W/D ra
tios from 1930 to 1985 decrease at a negative
power of discharge (Fig. 15a) due to contain
ment of large floods by steep banks, and spread
ing out of low-flows over the relatively flat bed,
especially before the thalweg trenched in 1978.
The two largest outliers to this relationship be
tween W/0 and discharge occurred in 1931 in
response to relatively small flows (35 and 25
m3s-1). The next largest outlier represents the
1955 flood (946 m3s-1), which topped the high
terrace and spread out over adjacent fields,

Residuals from the W /0 regression decrease
progressively through time with no break in
slope at 1955 or in the mid-1960s (Fig. ISb).
This uniform rate of channel narrowing corrob
orates the trends revealed by hydraulic geometry
and indicates that changes in overall channel
shape did not respond directly to rapid incision
of the thalweg. These observations display the
importance of bank and bed sediment properties
to channel morphology at this site. Channel
cross-section shapes at the gage changed from
wide and shallow to narrow and deep as the
channel incised through the tailings into rela
tively cohesive alluvium below. Channel shape
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YEARS

.. -......., .... .- ......-..,

(a)

loads due to the cessation of mining in 1884.
Unlike the Yuba or Sacramento Rivers, how
ever, the lower Bear River channel was stabil
ized from 1930 to 1955 by a resistant alluvial
layer in the bed. Not until that unit was
breached did sediment transport capacities have
a substantial bearing on erosion rates. Appar
ently, bed stability was maximized in the pebbly
clay unit. The clay cement enhanced resistance
to particle entrainment, whereas the pebbles en
hanced resistance to abrasion even when the
saturated clay matrix became plastic.

Large Floods as Instigators of
Episodic Response

The dominant discharge of large alluvial riv
ers in humid regions is generally a flood of mod
erate magnitude that occurs, on average, every
few years (Wolman and Miller, 1960). This
principle has been corroborated for large basins
with humid climates by numerous studies
(Jahns, 1947; Costa, 1974; Gupta and Fox,
1974; Dury, 1973, 1977; Harvey, 1977; An
drews, 1980) and is an important assumption to
many paleohydrological methods based on
channel morphology (Knox, 1985). The domi
nant discharge may be large and infrequent,
however, where (1) flows are highly variable so
that moderate reconstructive events are infre
quent, or (2) channel boundaries are stable and

WID = 96.9Q,0235
R2 = 0.398
P < .001
N = 98

(b)
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Figure 14. Hydraulic
geometry power-function
regression residuals at
Wheatland gage. Progres
sive decreases in width
and increases in depth re
veal long-term channel
narrowing and deepening.

1990

Figure 15. Widthldepth
ratios at the Wheatland
gage. (a) WID ratios
(dimensionless) decrease ~

with discharge due to con- .c
~fmement of large floods is

by steep banks. (b) Re- oIi

gression residuals (ob- e.
served Ln WID minus ;:::
predicted Ln WID) indi-

~cate that channel deepen- -<
ing and narrowing began B
prior to 1955 and was Cil

:9gradual in nature. ....

1970

(Schumm, 1960), shape and fabric of coarse bed
material (Day, 1981), and cohesion of fine
material (Hjiilstrom, 1935; Committee on Sed
imentation, 1968; Murray" 1977; Grissinger,
1982; Nanson and Hickin, 1986). Characteris
tics of boundary alluvium should not be inferred
from modern sediment loads, however, if the
bed and banks are composed of older alluvium
that has been altered (for example, by pedo
genesis or diagenesis) or retains a memory
of different conditions in the past (for exam
ple, of former sediment loads or depositional
environments).

This study documents the impact of paleo
strata on morphologic evolution and incision
rates of a channel avulsed by mine tailings.
Channel incision in the lower Bear River was
encouraged by (l) increased gradients due to
channel aggradation and (2) decreased sediment
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do not respond to moderate-magnitude floods
(Wolman and Miller, 1960, p. 72; Schumm and
Lichty, 1963; Stewart and LaMarche, 1967;
Burkham, 1972; Baker, 1977; Wolman and
Gerson, 1978; Knox, 1979; Lisle, 1981; Nolan
and others, 1987). The role of vegetation, coarse
sediment textures, and discharge variability on
the stability of alluvial-ehannel boundaries, and
thus on the dominant discharge, have been
noted by several studies. Much less attention has
been paid to the effects of stability imposed by
bed and bank cohesion, although intermittent
erosion has been associated with highly strati
fied, cohesive alluvium (Thorne and Lewin,
1979; Begin, 1981; Thorne and Tovey, 1981;
Pizzuto, 1984). For example, an 18-em-thick
sand layer in the Rio Puerco, impregnated with
about 50% clay in 1961, armored the channel
bed and lowered sediment production until it
was abruptly eroded by knickpoint retreat
(Nordin, 1963).

Most studies of dominant discharge analyze
sediment loads directly transported by flows of a
specific magnitude (Wolman and Miller, 1960;
Pickup and Warner, 1976; Andrews, 1980).
This approach can underestimate the impor
tance of large floods that trigger episodes of sed
iment production or channel change by destabi
lizing beds and banks and allowing subsequent
small flows to transport sediment. Large flood
events can instigate major geomorphic episodes,
and their importance should not be overlooked
simply because smaller events perform most of
the work.

Exposure of cohesive materials in the lower
Bear channel boundary stabilized the channel by
decreasing the ability of a given shear stress to
initiate erosion. The moderately large 1955
flood instigated an episode of sediment produc
tion and morphological change. It did not move
extremely large sediment volumes or directly
cause large changes to channel morphology, but
it disrupted stability, allowing subsequent inci
sion and high sediment production rates by rela
tively small flows that had not previously been
competent to erode the channel margin.

Secular Changes in Channel Stability

Geomorphic stability can be disrupted not
only by increasing applied stresses, but also by
decreasing resistant forces (Schumm, 1973,
1977). Prior to the 1955 flood, progressive mor
phological changes by moderate-magnitude
floods were creating conditions of inevitable
failure of the channel pavement at the gage site.
Channel-bed stability decreased through time as
(1) channel incision thinned and weakened the
paved layer and (2) applied bed shear stresses
increased with channel narrowing and deepen-

Bed E .
rOSlOnaJ Resistance Force

TIM E

Figure 16. Conceptual model of increasing
competence of small noods to substantially
erode the Bear River channel bed in 1955.
The strength of bed erosion resistance dimin
ished only slightly as the pavement thinned.
Destabilization was due primarily to progres
sive increases in bed shear stresses, due to
now deepening as the channel narrowed,
added onto randomly varying nood-induced
stresses. (Adapted from Schumm, 1973.)

ing of flows for a given discharge. Failure of the
paved layer would ultimately have occurred
even without a large flood event, due to the
decreased differential between resistant and ap
plied forces (Fig. 16). This model of channel
response implies that progressive morphological
changes may trigger sudden episodic changes.
The difficulty lies in detecting such progressive
changes, determining the destabilizing effects of
these changes, and anticipating sudden extensive
adjustments that they may portend.

CONCLUSIONS

Data from the Wheatland stream-flow gage
on the lower Bear River document changes in
channel cross sections, stage-discharge relation
ships, thalweg elevations, hydraulic geometry,
and W/D ratios in response to floods and to
stratified channel-boundary materials. Channel
avulsion in the 18708 superposed the channel at
a higher position on the pre-mining topographic
surface. Erosional resistance of the older allu
vium prevented a rapid return to pre-mining
base levels. From 1930 to 1955, the channel was
relatively stable. Channel incision began in 1955
and continued into the mid-19708 when bed
elevations began to fluctuate, presumably in re
sponse to the introduction of gravel. Incision
took place much later than in the Sacramento or
Yuba Rivers, which also aggraded severely dur
ing the mining period but had stabilized by
1950.

Channel-bed incision rates in the lower Bear
Basin were controlled largely by boundary
materials. A stratum of pebbly alluvium ce
mented by pedogenic clay and iron prevented
substantial incision for at least 25 yr. In 1955, a
moderately large flood penetrated this stratum
and instigated a period of steady bed incision
that was maintained for about 20 yr by smaller
floods. Decreased sediment influxes to the lower
Bear caused by upstream dam closures in 1928
and in the mid-1960s had little apparent effect
on the channel. Two channel surveys at bridges
downstream of the gage support the interpreta
tion that timing of channel incision is broadly
synchronous throughout the lower Bear River.

The 1970s and early 19808 were marked by
high variability in channel-bed elevations due to
scour by floods and refilling by low flows. These
bed fluctuations signal increased sediment loads
that apparently coincide with the initiation of
severe bank erosion upstream.

Hydraulic geometry and W/D ratios demon
strate progressive changes in channel shape since
1930 that were independent of the onset of rapid
channel incision in 1955 or dam construction in
the 19608. Narrowing and deepening of cross
sections began prior to penetration of the ar
mored layer and continued at a constant rate as
the channel incised through the tailings into the
underlying pebbly clay alluvium. The progres
sive evolution of channel cross-section shapes
ensured the ultimate failure of the resistant stra
tum, which resulted in a step-function change in
channel-incision rates. Slow, progressive evolu
tion of channel cross-section form thus led to an
episodic response in erosion rates and base-level
change.
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