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[1] Reservoirs provide the opportunity to link watershed history with its stratigraphic

record. We analyze sediment cores from a northern California reservoir in the context of
hydrologic history, watershed management, and depositional processes. Observations of
recent depositional patterns, sediment-transport calculations, and 137Cs geochronology
support a conceptual model in which the reservoir delta progrades during floods of short
duration (days) and is modified during prolonged (weeks to months) drawdowns that
rework topset beds and transport sand from topsets to foresets. Sediment coarser than
0.25–0.5 mm deposits in foresets and topsets, and finer material falls out of suspension as
bottomset beds. Simple hydraulic calculations indicate that fine sand (0.063–0.5 mm) is
transported into the distal bottomset area only during floods. The overall stratigraphy
suggests that two phases of delta building occurred in the reservoir. The first, from dam
construction in 1940 to 1970, was heavily influenced by annual, prolonged >20 m
drawdowns of the water level. The second, built on top of the first, reflects sedimentation
from 1970 to 2002 when the influence of drawdowns was less. Sedimentation rates in the
central part of the reservoir have declined 25% since 1970, likely reflecting a
combination of fewer large floods, changes in watershed management, and winnowing of
stored hydraulic mining sediment.
Citation: Snyder, N. P., S. A. Wright, C. N. Alpers, L. E. Flint, C. W. Holmes, and D. M. Rubin (2006), Reconstructing depositional
processes and history from reservoir stratigraphy: Englebright Lake, Yuba River, northern California, J. Geophys. Res., 111, F04003,
doi:10.1029/2005JF000451.

1. Introduction
[2] The proliferation and impact of dams on the world’s
rivers has been well documented by recent studies [e.g.,
Graf, 1999; Nilsson et al., 2005; Syvitski et al., 2005]. At
the same time, a growing number of scientists are using the
sediment trapped behind dams as ‘‘natural’’ laboratories to
understand sediment transport and depositional processes in
a controlled setting [e.g., Ambers, 2001; Kostic et al., 2002;
Twichell et al., 2005]. Reservoirs have the inherent advantage of known boundary conditions: maps of the predam
river are often available, and inflows and outflows are
generally well monitored. Moreover, improvements in
bathymetric mapping techniques makes obtaining highresolution snapshots of lacustrine sedimentary surfaces
easier [e.g., Gardner et al., 2000]. However, these relatively
controlled depositional systems are not without complications. Wide fluctuations in water level over daily to annual
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timescales are common in reservoirs managed for flood
control, water supply or hydroelectric power generation,
and these changes in base level can complicate the stratigraphy and hamper interpretations of reservoir sediments in
terms of flood history [Ambers, 2001]. High sedimentation
rates and decomposition of trapped organic material can
limit the effectiveness of geophysical subbottom imaging
techniques in reservoirs [Childs et al., 2003; Snyder et al.,
2004c; Twichell et al., 2005]. In spite of these complications, reservoirs provide excellent opportunities to improve
our ability to model sediment transport and deposition,
quantify watershed sediment budgets and biogeochemical
cycling, and use science to inform river restoration projects.
[3] In this study, we build on previous work on Englebright Lake, a medium-sized (original volume 8.6  107 m3)
impoundment on the Yuba River in the Sierra Nevada foothills of northern California, to connect reservoir stratigraphy
measured through coring with watershed flood and management history. The Yuba watershed has been studied extensively. First, because it was the site of intensive hydraulic gold
mining in the late 19th century [Gilbert, 1917]. More recently,
it has been the focus of the California Bay-Delta Authority
(CBDA) Upper Yuba River Studies Program (UYRSP), an
investigation of the feasibility of introducing anadromous fish
species to the Yuba River system upstream of Englebright
Dam [Snyder et al., 2004c; James, 2005]. Decommissioning
of the dam is one management solution under consider-
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Figure 1. Map of the Yuba River watershed showing the location of dams and gauging stations
mentioned in the text and tables. Abbreviations for gauging station labeling are MYSJ, Middle Yuba
River near North San Juan (U.S. Geological Survey station 11410000); YC, Yuba River below new
Colgate Powerplant (11413700); SYJB, South Yuba River at Jones Bar (11417500); YE, Yuba River
below Englebright Dam (11418000).
ation to accomplish this objective. The goals of this study
are to (1) use a reservoir deposit as a large-scale
opportunity to understand and quantify depositional processes and rates in the context of gauged hydrologic
history and (2) investigate the long-term sedimentary
response of a river system to changes in mining-derived
sediment load and watershed management. Through this
work, we hope to aid future studies concerned with
sediment management both into reservoirs and after
dam removal.

2. Yuba River Watershed
[4] The Yuba River is located in the foothills of the Sierra
Nevada in northern California (Figure 1). Its watershed
encompasses 3468 km2 and ranges in elevation from over
3000 m to 27 m at the confluence with the Feather River.
The area has a Mediterranean climate with hot, dry summers, and cool, wet winters. Orographic lifting of air masses
causes an elevation-driven gradient in mean annual precipitation from 55 cm in Marysville to more than 170 cm near
the Sierra Nevada crest on the eastern edge of the water-

shed. Approximately 80% of the annual precipitation falls
between November and March.
[5] Two phases characterize the history of water and
sediment movement in the watershed since European settlement in the 19th century. The first was the period of Gold
Rush mining when a large quantity of sediment was moved
into channels. This phase began with the discovery of gold
in northern California in 1848, and started to end with the
Sawyer Decision banning most hydraulic mining in 1884.
The second phase was 20th century dam building and water
management, in which reservoirs were created in the
watershed for the purposes of mining sediment impoundment, water storage for agriculture, intrabasin and interbasin
diversions, hydroelectric power generation, and recreation.
[6] Intensive, unregulated hydraulic gold mining during
the late 19th century placed a vast quantity of sediment in
Sierra Nevada rivers. The branches of the Yuba River were
particularly impacted; Gilbert [1917] estimated that 6.4 
107, 7.1  107, and 10.7  107 m3 of material was
mobilized in the North Yuba, Middle Yuba, and South Yuba
rivers, respectively. The resulting dramatic increase in
sediment flux raised riverbed elevations as much as 40 m
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Table 1. Selected Dams on the Yuba River and Tributaries that Affect Sediment Load Estimatesa
Dam

Branch

Drainage
Area, km2

Width, m

Height, m

Capacity,
106 m3

Year
Completed

New Bullards Bar
Bullards Bar
Jackson Meadows
Milton Diversion
Our House
Log Cabin
Lake Spaulding
Englebright
Daguerre Point

north
north
middle
middle
middle
middle
south
main stem
main stem

1269
1269
97
103
376
75
306
2870
3400

708
na
497
87
112
91
247
348
175

197
na
60
11
20
13
84
79
7

1191.67
38.85
85.36
0.36
0.36
0.11
92.26
86.34
0.07

1969
1924
1965
1928
1969
1969
1913
1940
1906

Notes
inundated by New Bullards Bar Reservoir

on Oregon Creek

a

All dams are shown on Figure 1.

in parts of the Yuba watershed. Licensed hydraulic mining
continued until 1950 [James, 2005]. Curtis et al. [2005]
estimated that less than 10% of the sediment deposited in
Englebright Lake could be attributed to this small-scale
hydraulic mining. Gilbert [1917] hypothesized that the
remaining mining-derived bed sediment would migrate
downstream as a wave over a timescale of approximately
50 years. Working three quarters of a century after Gilbert,
James [1993, 2005] and Curtis et al. [2005] found that
elevated sediment loads persisted in Sierra Nevada rivers
because large quantities of mining-derived sediment
remained stored in channels and tributaries, and behind
small dams. James [1993, 2005] predicted an asymptotic
decline in bedload sediment transport rate in hydraulicmining-impacted rivers over the 20th century and beyond.
[7] In the first half of the 20th century, two dams were
built on the main stem Yuba River to trap sediment derived
from hydraulic mining operations (reviewed by James
[2005]), so deposition would not increase flood risk downstream. The first, Daguerre Point Dam, was completed in
1906 and quickly filled with sediment [Hunerlach et al.,
2004]. The second, Englebright Dam, was completed in
December 1940 and is the focus of this study. Englebright
Dam was initially built in anticipation of a rejuvenated
hydraulic mining industry in the Yuba watershed, although
licensed hydraulic mining only occurred until about 1950
[James, 2005]. It impounds a reservoir, Englebright Lake,
which presently provides modest hydroelectric power generation (two power plants totaling 30 MW) and recreation.
[8] Small- to medium-size dams on the North Yuba,
Middle Yuba, and South Yuba rivers, Bullards Bar (now
New Bullards Bar), Milton, and Lake Spaulding, respectively, probably trap most sediment delivered to them,
reducing the effective drainage area for sediment delivery
to Englebright Lake to 1192 km2 (Table 1 and Figure 1)
[Snyder et al., 2004c]. The hydrology of the upper Yuba
River system changed substantially with the completion of
New Bullards Bar Dam (NBB) in 1970. This dam is the
second tallest in California, and it inundated Bullards Bar
Dam. This project impounded a reservoir managed to
maintain 2.1  108 m3 of flood storage from November
to March, resulting in significant changes to the Yuba River
annual hydrograph (discussed below). Several other dams
(Our House, Log Cabin; Table 1) and associated tunnels
were also built at this time to divert water from the Middle
Yuba River to NBB. The 315-MW New Colgate Power
Plant (NCPP), located on the main stem Yuba River (Figure 1),
uses the hydraulic head created by NBB. Englebright Lake

presently acts as a reregulation facility (afterbay) for the
Yuba River, allowing the NCPP to generate power to meet
peak demand periods. As a result, the water level in the
reservoir often fluctuates 1–2 m within a day and has a
weekly fluctuation cycle in summer because of reduced
demand during weekends.
2.1. Englebright Lake Hydrologic History
[9] Discharge (Q) of the Yuba River just below Englebright Dam (U.S. Geological Survey gauging station
11418000) has been monitored continuously since 1 October
1941 (Figures 1 and 2a). In addition, long records exist for the
South Yuba River at Jones Bar (11417500; Figure 2a) and
the Middle Yuba River near North San Juan (11410000).
Prior to the completion of NBB in 1970, almost every
winter included at least one flood with mean daily discharge (Qd) of approximately 800 m3/s or more (Figure 2a).
After 1970, this nearly annual high-flow event was absent
from most winters. Occasional, large-magnitude events
persist throughout the record. The nine largest floods (all
with maximum Qd > 1500 m3/s) in the 62-year record are
compiled in Table 2. The three biggest events occurred in
1955, 1964, and 1997, all with maximum Qd greater than
3400 m3/s, and peak discharge (Qp) greater than 3800 m3/s,
and all at nearly the same time of the year (late December
to earliest January).
[10] Water surface elevation measurements at the Englebright Dam spillway (elevation 160.6 m) are available starting on 1 October 1954. Since that time, the mean elevation
was 157.7 m (Figure 2b). The influence of NBB is even more
apparent in this time series. Prior to 1970, Englebright Lake
was managed as a storage facility for irrigation water. Almost
every year starting in late summer, the lake level was reduced
to as low as 137 m, the approximate elevation of the intakes
for the power plants. We define a ‘‘drawdown’’ as a period of
time that the reservoir water surface was reduced to below
150.6 m (>10 m below the dam spillway; Table 3). Typically,
the pre-1970 drawdowns persisted for months. Presumably,
these annual drawdowns also occurred during the period
from 1941 to 1953 for which data are not available. The
reservoir generally filled back up during the first runoff
events of the winter (Table 3 and Figure 2c). These drawdowns of greater than 20 m ceased with the completion of
NBB, which has much greater irrigation water storage
capacity. Since 1970, the reservoir has been drawn down
10– 15 m only rarely and for shorter periods, usually for dam
maintenance (Table 3). The high-frequency fluctuations in
water surface elevation after 1970 are the result of the
reservoir’s role as an afterbay for the NCPP.
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Figure 2. Englebright Lake discharge and water-surface elevation history. (a) Daily mean discharge
(Qd) at the Yuba River below Englebright Dam gauge (USGS station 11418000), 1 October 1941 to
30 September 2002. Also included are data from the South Yuba River at Jones Bar gauge (no data
available for water years 1949– 1959). (b) Daily observations of water surface elevation at Englebright
Dam, water years 1955 – 2002. Prior to the completion of New Bullards Bar Dam in 1970, Englebright
Lake was lowered every fall for irrigation water supply. The minimum elevation (137 m) of these
drawdowns was set by the elevation of the dam power plant intake pipes. Drawdowns since 1970 have
been primarily for dam maintenance. Dashed lines are the dam spillway elevation (top) and mean water
surface elevation (bottom). (c) Detail version of Figure 2b showing water surface elevation data from the
period of deep drawdowns for which data are available (1955 – 1970).
[11] During high flows, Englebright Lake discharges water
over its spillway. This occurred for much of each winter prior
to 1970, but with much less frequency afterward due to
storage in New Bullards Bar Reservoir. Water surface elevation can be more than 5 m above the top of the spillway
during large floods (Figure 2b and Table 2). The maximum
nonspilling Q (through the intakes of the two power plants at

the dam) is approximately 150 m3/s. Therefore this record of
reservoir outflow is a reasonable representation of total
reservoir inflow, particularly during high flows when the
reservoir is managed as a run-of-the-river facility (sustained
Q > 150 m3/s must be discharged over the dam). However,
differences between inflow and outflow might exist as the
reservoir fills at the end of drawdowns. In summary, large
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Table 2. Floods at the Yuba River Below Englebright Dam With Mean Daily Discharge (Qd) Greater Than 1500 m3/s, Graphed
in Figure 2a

Start Date

End Date

Maximum
Qd, m3/s

Days Qd
>1000 m3/s

Peak Date

Qp, m3/s

SYJB Qp,
m3/s

Minimum
Lake
Elevation,
m

11/19/50
12/22/55
2/8/60
10/13/62
1/31/63
12/22/64
1/21/70
2/17/86
12/31/96

11/21/50
12/24/55
2/8/60
10/14/62
2/1/63
12/27/64
1/24/70
2/20/86
1/4/97

1852
3455
1770
1903
2801
3511
2163
2469
3794

3
3
1
2
2
6
4
4
5

11/21/50
12/23/55
2/8/60
10/13/62
2/1/63
12/22/64
1/21/70
2/19/86
1/2/97

3085
4188
2434
na
4245
4839
2663
2830
3821

na
na
323
na
1132
1517
515
654
1407

na
163.5
164.1
163.6
162.4
162.2
162.4
161.8
163.0

Maximum
Lake
Elevation,
m
na
165.4
164.1
164.1
165.6
166.1
164.5
164.2
165.7

a
Also included are instantaneous peak discharges (Qp) for each event at the South Yuba River at Jones Bar gauging station (SYJB, station 11417500).
Englebright Dam is U.S. Geological Survey gauging station 11418000. Read 11/19/50 as 19 November 1950.

fluctuations in water surface elevation, from 8 m above the
mean to >20 m below the mean, have important implications
to the emplacement of reservoir sediments in Englebright
Lake.
2.2. Previous Work in Englebright Lake
[12] A series of previous studies quantified the volume
and mass of sediment deposited behind Englebright Dam.
Below, we give a brief summary of these results. Childs et
al. [2003] compared a predam topographic map of the Yuba
River in the present location of Englebright Lake (from the
U.S. Army Corps of Engineers) with an acoustic survey in
May 2001, to find that the reservoir accumulated 2.2 
107 m3 of material during the interval, or 26% of the original
capacity. A deep coring campaign in 2002 collected 335 m of
sediment from 30 boreholes at 7 sites on the reservoir [Snyder
et al., 2004b]. Cores from multiple boreholes allowed Snyder

et al. [2004b] to obtain composite series of nearly continuous
subsamples at 6 of the 7 sites. Another report [Snyder et al.,
2004a] presents grain size and organic content analyses of
these subsamples. Snyder et al. [2004c] synthesized these
data to estimate the mass (2.6  107 metric tons, t) and grain
size distribution (65% sand and gravel) of the material
deposited in the reservoir using two different methods for
extrapolating from one-dimensional boreholes to the entire,
three-dimensional reservoir deposit. One method assumed
that the layers in the composite borehole sections have
constant thickness and lie parallel to the reservoir floor, which
is essentially an assumption that the reservoir fills from the
bottom up. The other method varied the thickness of each unit
within the cores in proportion to the total thickness of the
reservoir deposit at each point along a transverse cross
section. In this study, we interpret these stratigraphic data to

Table 3. Drawdowns of Englebright Lake From 1 October 1954 to 30 September 2002a

Start Date

End Date

Total
Days

10/1/54
8/15/55
9/14/56
9/5/57
9/24/58
8/27/59
9/10/60
9/2/61
9/26/62
10/8/63
10/2/64
10/28/65
10/3/66
8/29/67
8/24/68
9/24/69
9/14/70
12/29/70
10/2/74
1/10/81
9/29/82
11/2/93
11/11/97

12/8/54
12/9/55
2/10/57
12/16/57
1/10/59
1/28/60
11/29/60
1/19/62
10/12/62
11/5/63
12/1/64
10/28/65
11/20/66
1/10/68
11/15/68
12/21/69
9/23/70
12/29/70
11/17/74
1/26/81
10/16/82
12/19/93
12/15/97

69
117
150
103
109
155
81
140
17
29
61
1
49
135
84
89
10
1
47
17
18
48
35

Minimum
Elevation,
m

Mean
Elevation,
m

Days to
Refill to
157.7 m

YE
Min. Qd,
m3/s

YE
Max. Qd,
m3/s

YE
Mean Qd,
m3/s

SYJB
Min. Qd,
m3/s

SYJB
Max. Qd,
m3/s

SYJB
Mean Qd,
m3/s

137.3
137.0
137.2
137.0
137.1
137.0
137.6
138.2
146.9
145.8
143.1
150.4
139.6
137.0
142.3
139.2
144.1
150.5
146.0
146.8
144.4
150.1
149.5

139.5
139.4
144.9
143.9
142.2
141.3
143.3
145.6
148.6
148.0
146.8
150.4
145.1
140.9
147.5
146.4
146.2
150.5
147.5
147.7
145.4
150.6
151.0

18
11
13
4
3
7
68
23
2
11
12
29
6
7
32
3
9
23
5
7
9
196
29

3.11
3.68
8.69
4.19
1.42
0.17
1.13
2.21
9.91
10.78
10.75
18.11
6.93
8.77
1.42
7.78
6.34
106.69
9.31
16.70
33.11
36.22
27.93

18.40
18.25
18.48
17.69
17.69
17.26
17.26
18.68
31.41
15.57
17.69
18.11
16.98
30.00
18.54
16.56
86.88
106.69
21.37
32.26
104.43
42.73
39.34

10.46
10.21
16.34
14.71
12.98
8.04
8.74
11.94
12.92
12.86
14.43
18.11
9.73
14.93
11.10
10.14
59.08
106.69
16.86
22.84
60.18
39.99
36.59

nd
nd
nd
nd
nd
0.22
0.25
0.12
0.37
1.10
0.42
8.41
0.45
1.33
1.02
1.36
1.30
22.61
1.19
1.75
1.73
1.16
1.36

nd
nd
nd
nd
nd
29.43
11.89
13.92
130.75
11.32
15.57
8.41
31.13
18.42
13.39
89.15
1.36
22.61
3.51
8.43
2.26
25.61
22.72

nd
nd
nd
nd
nd
1.54
1.29
1.69
8.76
2.36
2.46
8.41
2.06
2.59
2.01
3.93
1.35
22.61
1.61
2.82
1.87
3.45
4.14

a

Included are all periods of time when the water surface elevation of Englebright Lake at Englebright Dam was >10 m below the spillway elevation
(160.6 m above sea level) and the number of days after the drawdown ended before the reservoir refilled to the mean water surface elevation (157.7 m).
Lake level data are from the U.S. Army Corps of Engineers. Also included are minimum (min.), maximum (max.), and mean daily discharge (Qd) at two
gauging stations (YE, Yuba River at Englebright Lake; SYJB, South Yuba River at Jones Bar) during the intervals.
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Figure 3. (a) Longitudinal profiles of Englebright Lake with deep coring borehole locations.
Prereservoir Yuba River topographic profile is from 1939 topographic maps, and 2001 reservoir
bathymetry is from an acoustic survey [Childs et al., 2003]. Inset shows a map of Englebright Lake. Blue
dashed lines indicate various important reservoir surface elevations. (b) Comparison of longitudinal
trends in median grain size (D50). Data from and information on the various sampling campaigns are
available from Snyder et al. [2004a]. (c) Sedimentation rates at each of the downstream boreholes. Data
are from Table 4. Black solid data points are normalized mass flux rates calculated using the constant
layer thickness method of Snyder et al. [2004c] (left axis). Blue open data points are vertical borehole
sedimentation rates (right axis). Note that for site 1, rates are plotted for 1940– 1964 and 1964– 2002
because the 1970 surface could not be identified at this site.
investigate the processes and history of sedimentation in
Englebright Lake.

3. Conceptual Model of Reservoir Sedimentary
Processes
[13] The overall morphology of the Englebright Lake
deposit is that of a classic lacustrine delta (Figure 3a) that
arises when sediment-laden river water enters a lake or
reservoir. The dam can be viewed as a step in the river and
the reservoir as the backwater. In this section, we first

review the construction of a deltaic deposit, and then
consider the importance of discharge and water level events
relevant to the specific case of Englebright Lake.
[14] Deltas are common in the geologic record, with a
vast body of literature devoted to understanding the processes responsible for their emplacement. The classic process-oriented portrait of lacustrine deltas comes from the
work of Gilbert [1890], who studied sediments deposited on
the margins of pluvial Lake Bonneville. According to
Gilbert’s model, river sediment that cannot remain in
suspension in the lake (typically sand and gravel) is depos-
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ited as a prograding foreset wedge. The model predicts a
foreset slope at or near the angle of repose, because the
clinoform advances by oversteepening and avalanching. In
practice this situation is rare, with modification of the
foreset slope, position and morphology by water level
changes, plunging turbidity currents, slumping, and waveinduced erosion [Smith et al., 1960; Davis, 1983; Kostic et
al., 2002].
[15] The branches of the Yuba just above Englebright
Lake are single-channel, gravel bedded rivers. The median
grain size (D50) of bed material on the main stem Yuba
River is 90.5 mm (99% gravel, 1% sand) and on the South
Yuba River it is 22.6 mm (72% gravel, 28% sand) [Snyder
et al., 2004c; Curtis et al., 2006]. Therefore bed material
load in this system is gravel and sand, and washload is silt
and clay. The bed material load divides roughly into bedload (gravel and some coarse sand) and suspended load
(sand).
[16] We hypothesize the following simple portrait of
deposition in Englebright Lake: gravel deposits in the topset
region; the prograding foreset wedge receives the bulk of
the sand; and clay, silt, and fine sand settle out of suspension in the bottomset region. The fine-grained material may
travel as either surface plumes or hyperpycnal turbidity
currents [Gould, 1953; Weirich, 1984; Mulder and Syvitski,
1995]. This conceptual model for downstream deposition is
then controlled by floods and drawdowns, which are likely
the events responsible for the emplacement of the stratigraphy that we observe. During floods, water discharge (Q),
total sediment transport rate (Qs), and the water level are all
high. To some extent, these factors act in opposing ways.
The high, turbid flow transports more and coarser sediment
farther into the reservoir, both in suspension and along the
bed, but the high water level shifts the upstream limit of the
backwater farther upstream, which might inhibit downstream transport. During drawdowns, Q and the water level
are low, but the low water level exposes previously deposited material in the topset region making it susceptible to
erosion by the river flow, thereby making Qs high from
scavenged topset sediment. In section 4 we evaluate the
observed stratigraphy of Englebright Lake in the context of
the history of floods and drawdowns (Figure 2). In section 5
we use simple process-based calculations to explore the
relative sediment transport capacities of floods and drawdowns.

4. Reservoir Stratigraphy and Geochronology
4.1. Recent Depositional Patterns in Englebright Lake
[17] The top 1 m of the reservoir deposit in 2002,
sampled with grab samplers, deep cores, box cores, and
gravity cores [Snyder et al., 2004a, 2004b, 2004c] provides
a means to analyze longitudinal changes in sedimentation
patterns in the context of the well-constrained recent hydrologic history of the reservoir. The uppermost sediments
(5 – 15 cm thick) were sampled best by gravity and box
cores collected in October 2002, and grab samples collected
in April 2002 (blue data points on Figure 3b). These
samples are most likely representative of sedimentation
patterns during the years from 1998 to 2002, which included
no significant floods or drawdowns (Figure 2). During
quiescent periods, the upstream end of the reservoir back-
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water is around the confluence of the main stem Yuba and
South Yuba rivers, 10.8 km upstream from the dam (deep
coring site 2; Figure 3a). The surficial deposits include clay,
silt and fine sand particles throughout. Particles coarser than
0.25 mm deposit only in the upstream part of the
reservoir. The downstream-fining trend is steep and variable
in the upstream section: in the interval from 11 km to
7.5 km from the dam, median grain size (D50) declines
from >1 mm to 0.03 mm (Figure 3b). In contrast, D50
varies relatively little in the downstream section (0.008 –
0.05 mm), with no obvious scaling break at the delta front
(Figure 3b). We interpret this pattern to be representative of
nonevent sedimentation, with two dominant modes of
transport active on two different sediment size populations:
particles coarser than approximately 0.25– 0.5 mm roll or
saltate along the bed and once delivered by the river are
deposited rapidly in the topset backwater area, and fines
(<0.25 mm) settle out from suspension throughout the
reservoir.
[18] The most recent major depositional event sampled in
the reservoir was the major flood in January 1997 and
subsequent drawdown to 149.5 m elevation that exposed the
topset part of the reservoir deposit (Tables 2 and 3 and
Figures 2 and 3a). Gravity cores collected near borehole
sites 4 and 9 sampled a sandy layer underlying the surficial
mud, and we interpret these along with samples from the top
1 m of the deep cores to represent deposition during the
1997 events (red data points on Figure 3b). In these
samples, the transition from sand (D50 > 0.14 mm) to silt
(D50 < 0.018 mm) occurs downstream of the present delta
front (<5000 m from the dam). Medium sand particles
(>0.25 mm) are found only upstream of this transition.
[19] Floods are clearly capable of transporting sand in
suspension throughout the delta topset and foreset region.
This is indicated by fine- to medium-sand beaches deposited
above the dam spillway elevation in the topset part of the
reservoir (>7000 m from the dam). This sand could only get
to this elevation during floods, because waves generated in
the narrow reservoir are too small to transport sand meters
above the normal water surface. The elevation of the
reservoir floor at the present-day delta front (146 m)
suggests that the drawdown to 149.5 m in 1997 may also
have modified the deposit topset considerably (Figure 3a
and Table 3). The prominent scour holes in the reservoir
longitudinal profile at a left bend just downstream from
deep coring site 9 (7 km upstream from the dam; Figure 3a)
suggest that active fluvial processes modified the reservoir
floor through this area, most likely during the drawdown
when this area would have been essentially at the upstream
end of the reservoir backwater.
[20] Figure 3b also shows the long-term average grain
size pattern (1940 – 2002, from a weighted average of the
deep cores; black data points) and it is intermediate between
the post-1997 low-energy and 1997 event patterns. These
grain size distributions indicate that no material coarser than
0.25– 0.5 mm deposits in the bottomset region, suggesting
that no flows are capable moving these grain sizes in
suspension. We used the constant layer thickness method
of Snyder et al. [2004c] to extrapolate from the deep cores
to the entire reservoir and assumed that the poorly characterized upstream part of the reservoir (above site 8, Figure 3)
has the same grain size distribution within the sand fraction
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Table 4. Sedimentary Packages From Englebright Lake Boreholesa

Borehole

Package Name

Sample Numbers
(Top to Bottom)

1
1
1
6
4
4
4
4
4
4
7
7
7
7
7
7
7
9
9
9
9
9
8
8
8
8
8
2

post-1964
pre-1964
entire borehole
entire borehole
upper
early 1960s
lower
post-1970
pre-1970
entire borehole
upper-B
upper-A
middle
lower
post-1970
pre-1970
entire borehole
upper
middle
lower
pre-1970
entire borehole
upper
middle
lower
pre-1970
entire borehole
upper

1Y-1 to 1Y-10
1Y-11 to 1Y-22
1Y-1 to 1Y-22
6Y-1 to 6Y-15
4Y-1 to 4Y-15
4Y-16 to 4Y-20
4Y-21 to 4Y-34
4Y-1 to 4Y-9
4Y-9 to 4Y-34
4Y-1 to 4Y-34
7Y-1 to 7Y-9
7Y-10 to 7Y-17
7Y-18 to 7Y-45
7Y-46 to 7Y-67
7Y-1 to 7Y-17
7Y-18 to 7Y-67
7Y-1 to 7Y-67
9Y-1 to 9Y-13
9Y-14 to 9Y-24
9Y-25 to 9Y-38
9Y-14 to 9Y-38
9Y-1 to 9Y-38
8Y-1 to 8Y-14
8Y-15 to 8Y-30
8Y-31 to 8Y-40
8Y-15 to 8Y-40
8Y-1 to 8Y-40
2Y-1 to 2Y-2

Age Range
(Bottom to
Top)

Layer
Thickness,
cm

D50,
mm

Vertical
Sedimentation
Rate, cm/yr

Normalized
Mass Flux Rate,
kg/yr/m2

1964 – 2002
1940 – 1964
1940 – 2002
1940 – 2002
1964 – 2002
1960 – 1964
1940 – 1960
1970 – 2002
1940 – 1970
1940 – 2002
1986 – 2002
1970 – 1986
1960 – 1970
1940 – 1960
1970 – 2002
1940 – 1970
1940 – 2002
1970 – 2002
1960 – 1970
1940 – 1960
1940 – 1970
1940 – 2002
1970 – 2002
1960 – 1970
1940 – 1960
1940 – 1970
1940 – 2002
? – 2002

456
195
651
759
669
269
595
443
1090
1533
532
353
1599
785
885
2384
3269
739
871
713
1584
2323
659
909
683
1592
2251
146

0.010
0.011
0.010
0.019
0.031
0.046
0.019
0.041
0.022
0.028
0.225
0.042
0.198
0.030
0.166
0.163
0.164
0.348
0.468
0.024
0.279
0.312
0.461
0.630
0.055
0.301
0.409
0.476

12
8
11
12
18
55
31
14
37
25
33
23
151
41
28
80
53
23
82
37
53
38
21
86
36
54
37
na

40
42
41
52
85
151
72
73
100
86
312
156
701
78
237
300
267
237
635
165
333
283
251
691
119
323
286
na

a
See text for discussion of rate calculations. Grain size data are calculated from Snyder et al. [2004a]. Age ranges are based on at least three of the
following characteristics: stratigraphic position, grain size distribution, 137Cs geochronology, and hydrologic history. Estimated years and rates (in italics)
are based on direct evidence from two of these four categories.

as the downstream part (sites 1, 6, 4, 7, 9 and 8). On the
basis of these methods we estimate that roughly 30% of the
total deposit (by mass) is coarser than 0.5 mm and
therefore only found in the topset and foreset deposits.
The three temporal patterns of sedimentation indicated by
Figure 3b suggest that the delta builds by (1) delivery of
medium sand and coarser sediment to the foreset and topset
area during floods, (2) modification of topset deposits
during drawdowns, and (3) retransport by flood and drawdown events of sediment temporarily stored in the topset
area between events.
4.2. Overall Reservoir Sedimentology
[21] Snyder et al. [2004c] provide a brief, qualitative
description of the overall reservoir stratigraphy. Here we
review and extend this presentation by placing the overall
stratigraphy in the context of the history of floods and
drawdowns (Figure 2).
[22] Near the dam, the most distal part of the deposit is up
to 10 m thick (coring sites 1 and 6; Table 4 and Figures 4,
5a, and 6a). The bottomset region is dominated by silt, and
is relatively homogeneous overall, although individual beds
vary widely from thin (1 mm) laminae to thick (1 m)
massive units. The thinner units are fine (silt and clay). The
thicker units are coarser (silt and fine sand), and usually
show some degree of normal grading, with more clay-rich
sediment near the top. Organic-rich layers (<1 cm thick) are
common, particularly near the base of the thicker units. We
interpret the thicker units containing fine sand as suspended
sediments deposited during large flood events by either
surficial plumes or hyperpycnal flows. The thin, finer beds

are probably associated with settling of suspended sediments during high flows and drawdowns.
[23] In the more proximal part of the deposit (coring sites
9, 8 and 2; Figure 4), the deposit is up to 25 m thick and
coarsens upward. We were able to recover full borehole
sections at sites 9 and 8, but not at site 2 [Snyder et al.,
2004c]. The lower package of sediments is similar to that in
the distal part of the reservoir (Figure 5b and Table 4):
dominated by silt, with thinner clayey beds, and thicker
flood-related silt to fine sand beds (D50 = 0.01 – 0.1 mm),
and comparatively high organic content (4 – 6% loss on
ignition (LOI) [Snyder et al., 2004a]). Where sampled, this
package is about 7 m thick. We interpret this package as
bottomset beds deposited early in the reservoir history when
the delta front was upstream. The basal (<1 m) samples in
boreholes 7, 9 and 8 are well-sorted medium sand [Snyder et
al., 2004a], which we interpret to be one or more of the
following: sediment mobile within the borehole during
coring, sediment deposited during the initial filling of the
reservoir, or a prereservoir fluvial deposit. Because of
uncertainty in the true stratigraphic position of these sediments, we excluded these samples from this analysis
(Figure 4 and Table 4). The lower package coarsens up to
the middle package (Figure 5c), which is dominated by sand
and gravel (D50 generally >0.2 mm, some units >2 mm),
with minor silt. The middle package is 9 m thick, and has
generally low organic content (<4% LOI, with one exception in site 8). We interpret the middle package as topset
sediments overlying foreset sediments emplaced by floods
and reworked by drawdowns. The coarse nature and top
elevation (143 – 145 m) of the upper sediments of this
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package suggests that it is a lag deposit from low-discharge
drawdowns to elevation >137 m that exposed and reworked
the topset region. The uppermost sediments in the proximal
region are about 7 m thick and more variable, ranging from
silt and fine sand to coarse sand and gravel (D50 0.02 to
>2 mm; <1 – 6% LOI). These sediments correspond to
reorganization of depositional system in the post-1970
regime without annual drawdowns.
[24] The present location of the delta front, in the middle
part of the reservoir (sites 4 and 7; Figures 4, 6b, and 6c),
marks the transition between sedimentation styles. The
thickest part of the deposit (33 m) was sampled at site 7.
This location has a similar lower package of sediments to
that in the upstream part of the reservoir (Table 4; 8 m thick,
D50 = 0.01 – 0.4 mm, 1 – 5% LOI). The middle package is
quite thick (16 m) and is dominated by sand (D50 = 0.06 –
0.5 mm). LOI values are generally 1% to 4%, except for a
series of thick organic-rich units near the top of the package
(9 – 27% LOI). At site 7, the upper package is clearly in two
parts: a fine-grained lower unit (3.5 m thick) and a more
sand-rich upper unit (5 m thick). We interpret the lower unit
to be bottomset sediments deposited by a post-1970 delta
front upstream, and the upper unit to be foreset and topset
deposits from progradation of the current delta front. At the
toe of the present-day delta front, site 4 more closely
resembles the downstream, bottomset sections, with D50
from 0.01 mm to 0.06 mm, and relatively high organic
content (3 –8% LOI). This silt dominance is interrupted by a
few massive, sand-rich, beds (D50 = 0.07 – 0.2 mm). These
units often overlie thick (<0.5 m) beds composed nearly
entirely of organic material such as branches and leaves
(18 – 20% LOI; Figure 6b). We interpret the foreset stratigraphic relationship exemplified by Figure 5d as an event
sequence. During the rising limb of the flood hydrograph or
as the reservoir water level drops during a drawdown, lowdensity plant material that has accumulated in the topset
region during the quiescent period since the last event is
mobilized and transported to the toe of the delta, where it
concentrates and deposits. During the peak of the hydrograph (or later in the drawdown), medium sand (<0.5 mm)
is transported and deposited at the delta front.
4.3. The 137Cs Geochronology
[25] Cesium 137 is a radioactive isotope whose presence
in the atmosphere is the result of nuclear weapons testing
and leakage from nuclear power plants. Cesium 137 has a
half-life of 30.1 years, and sorbs easily onto the surfaces of
fine-grained sediment particles. Its atmospheric inventory
has varied widely over the past 50 years, so 137Cs can be
used as a dating technique in rivers and other depositional
settings [e.g., Holmes, 2001; Chillrud et al., 2003]. In
particular, the initial onset of detectable 137Cs in sediments
(1952 – 1954) and the peak concentration (1963, just before
atmospheric testing of nuclear weapons was prohibited) can
be identified if a given depth profile matches a known time
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series of 137Cs concentration [Holmes, 2001]. Such analyses
assume that the residence time of 137Cs in the watershed
prior to deposition in the reservoir is short [Bonniwell et al.,
1999]. We analyzed three of the composite borehole sections (sites 1, 4 and 7) from Englebright Lake [Snyder et al.,
2004b] for 137Cs concentration.
[26] Subsampling of the deep cores for 137Cs analysis was
done over the same intervals of the composite boreholes as
the grain size and loss-on-ignition subsampling [Snyder et
al., 2004a], but with greater frequency for sites 1 and 4. We
chose the sampling interval for each borehole to result in
about 60 analyses, corresponding to the number of years
sampled. Activity level of 137Cs was determined by gamma
spectroscopy. The analyses were made with a Canberra lowenergy germanium detector coupled to a multichannel
analyzer. Detector efficiency was calibrated using a NIST
traceable standard. All activities were decay corrected to the
date of sample collection. The samples were counted until
<10% counting error was obtained.
[27] Figure 6 shows the results of the 137Cs analyses.
Because the pre-1970 flood events in the Englebright record
(Table 2 and Figure 2a) were followed by drawdowns
within the next year (Table 3 and Figures 2b and 2c), in
the interpretations below, layers associated with flood
events could also correspond to next drawdown. In other
words, we assume short temporary storage of sediments in
the topset region prior to reworking by drawdowns. The
137
Cs activity is closely associated with fine sediments (silt
and clay), so the curves are much easier to interpret in the
bottomset part of the reservoir. Figure 6 also includes 137Cs
activity normalized by percent silt and clay (<0.063 mm,
blue data points).
[28] Sites 1 and 4 show a clear peak in 137Cs activity,
which we interpret to correspond to the 1963 atmospheric
peak. In both cases, immediately overlying this peak is a
relatively coarse-grained, massive unit (also with high
137
Cs) that we interpret to be the December 1964 flood
event (and/or the drawdown during the following fall). The
period between the onset of 137Cs in the atmosphere and the
peak (1952 – 1963) includes four large Yuba River floods
(Figure 2 and Table 2). We can match thick silt and finesand deposits to each event below the 137Cs peak in the site
4 composite section because of the greater sedimentation
rate and coarser grain size in the more proximal setting. The
348-cm interval includes 9 grain size and 16 137Cs samples
(Figure 6b). Here, we are able to identify the early 1960s
floods and the December 1955 event. Unfortunately, at site
1, this 106-cm interval corresponds to only 4 grain size and
6 137Cs samples, with a 6-cm sampling gap (Figure 6a),
hampering correlation of stratigraphy with events.
[29] The 137Cs data in the thickest part of the reservoir
deposit (site 7) is more difficult to interpret because of the
correlation of 137Cs activity with proportion of fine-grained
sediment and percent loss on ignition (Figure 6c). The
normalization by percent fines likely overcorrects the data

Figure 4. Longitudinal cross section of Englebright Lake modified from Snyder and Hampton [2003] and Snyder et al.
[2004c], with interpreted stratigraphy and depositional history. See Figure 6 and Table 4 for details of age interpretations.
Tentative ages are italicized. Grain size sections are labeled with deep coring site numbers and are plotted on the profile
relative to the lake floor, consistent with the constant layer thickness extrapolation method used by Snyder et al. [2004c].
Note that the vertical scale varies on the exploded sections. Details of the grain size distribution analysis and results are
available from Snyder et al. [2004a].
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Figure 5. Representative core photographs from Englebright Lake. Each photograph includes 50 cm of
core, with depth interval information at the top. Descriptions and median grain size of sediment samples
(in parentheses, from Snyder et al. [2004a]) are to right of each core photograph. (a) Distal, fine-grained
sediments typical of core sites 1 and 6. (b) Fine, bottomset sediments typical of the lower parts of the
upstream sites (sites 4, 7, 9, and 8). (c) Coarse sediments typical of the topset area (sites 9, 8, and 2).
(d) Thick organic unit with overlying massive sand from near the top of the site 4 section, typical of
sites 4 and 7. This likely represents the onset of foreset deposition at this location during the January 1997
flood event (Figure 4). The medium sand unit is the coarsest layer in the site 4 borehole (Figure 6b).
in very coarse-grained samples. The peak in 137Cs activity
occurs about 2/3 of the way to the top of the middle
depositional package, in the area of high organic content
(LOI = 22% at the peak) and relatively fine-grained sediments. This correspondence may be coincidental, and the
interval may reflect the 1963 peak, but perhaps more likely,
the high 137Cs activity simply results from preferential
storage of the isotope in organic material, or possibly
resuspension of 137Cs-rich material deposited upstream.
Therefore it is difficult to determine the timing of individual
events in the middle, sand-dominated package at site 7.
However, in the fine-grained, lower part of the composite

borehole, the data are clearer. The onset of continuous 137Cs
presence occurs just above the fine-to-medium sand interval
interpreted to be the December 1955 event. A single data
point below the 1955 event also shows a low 137Cs
activity, perhaps corresponding to the 1952 atmospheric
onset (Figure 6c).

5. Sediment Transport Calculations During
Floods and Drawdowns
[30] To analyze the relative importance of floods and
drawdowns in building the deposit, we performed some
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Figure 6. Composite borehole data from deep coring sites 1, 4, and 7 (Figure 4), where 137Cs analyses
were done, with y axis plotted in meters below lake surface (mbls, 160.6 m elevation) [Snyder et al.,
2004a, 2004b, 2004c]. Each coring site includes (left to right) interpretations grain size distributions
(colors as on Figure 4), median grain size (D50), 137Cs activity (in disintegrations per minute per gram of
sediment, dpm/g), and percent loss on ignition (%LOI, red) and dry bulk density (rd, black). Note that for
sites 1 and 4, 137Cs and LOI subsamples were taken at a smaller interval than subsamples analyzed for
grain size distribution. The blue data points on the 137Cs logs are normalized by percent finer than 0.063 mm
(clay and silt). Interpreted dates and sedimentary packages (Table 4), based on stratigraphic position,
sedimentology, hydrologic history, and 137Cs geochronology, of significant floods (or subsequent
drawdowns, see Tables 2 – 4) are shown on the left side. Interpreted dates of the onset of 137Cs in the
atmosphere (1952) and concentration peak (1963) are shown on the 137Cs logs. Tentative interpretations are
italicized.
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Figure 7. Calculations of approximate hydraulic conditions during the 1997 flood and drawdown. Solid
line shows the simplified 2001 reservoir longitudinal profile used for the calculations (left axis). Squares
show the water surface profiles calculated using the backwater equation (left axis). Diamonds show the
calculated shear velocities during each event, compared to dashed lines of settling velocities for
representative particle sizes (right axis). See text for full description of the calculations.
simple calculations of reservoir hydraulics and sediment
transport. The procedure consists of first solving the momentum equation for steady, nonuniform, gradually varied
flow (i.e., the backwater equation [Henderson, 1966]):
dy So  Sf
;
¼
dx 1  Fr2

ð1Þ

where y is flow depth, x is longitudinal distance, So is bed
slope, Sf is friction slope (from a uniform flow resistance
relation such as Manning or Chezy), and Fr is the Froude
number (Fr = U2/gy, where U is average flow velocity and
g is gravitational acceleration). Second, we compute the
shear velocity for two conditions, one representative of flood
conditions and one representative of drawdown conditions.
The shear velocities in the reservoir are then compared with
the settling velocities for a range of grain sizes in order to
determine the approximate extent of suspended transport of
a given grain size, for each condition. A more detailed
picture of the depositional history and the role of floods
versus drawdowns could be obtained through rigorous
numerical modeling of the 60-year history of the reservoir.
However, this type of analysis has some substantial
obstacles, such as specifying the entire time series of
incoming sediment load by grain size, accurate prediction of
transport over mixed gravel-sand-silt beds, and dynamic
transitions from washload to bed material load. Certainly,
this would be a worthwhile future effort, particularly for
testing and improvement of process-based sedimentation

models, but it is not required here to address the basic
question of the approximate relative importance of floods
and drawdowns.
[31] We developed cross sections for the backwater
calculations from the bathymetric map described by Childs
et al. [2003], for the 2001 condition. The backwater
equation was solved by standard methods [e.g., Henderson,
1966]. A Manning roughness coefficient of 0.05 m1/3s was
used for all calculations. Settling velocity was computed by
the method of Dietrich [1982] using the recommended
values for shape factor and roundness. We used two sets of
conditions to represent the 1997 flood and drawdown conditions (Tables 2 and 3): the flood discharge was 3821 m3/s
and reservoir elevation 165.7 m; the drawdown discharge
was 37 m3/s and elevation 151.0 m. We emphasize that
these calculations are strictly for heuristic purposes, not an
attempt to model exact depositional history. In particular,
the boundary conditions are not strictly appropriate for the
1997 flood case, because the subsequent drawdown likely
altered the upstream reservoir bathymetry. Figure 7 shows
the results of the calculations, along with the settling
velocities for various grain sizes.
[32] The computed shear velocity profiles indicate that
both floods and drawdowns have the potential to transport
sand in suspension in the upper reach of the reservoir (the
topset and foreset), with floods somewhat more vigorous.
During floods, the flow in this reach is deep with a gradual
water surface slope. During drawdowns the flow is shallow
with a steeper water surface slope, leading to comparable
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shear velocities. In this upper topset reach, shear velocities
easily exceed the settling velocity for fine sands and indeed
approach the settling velocity for coarse sands; thus both
types of events have the potential to transport and rework
sand in topset and foreset sections of the delta. The short
duration of floods (hours to days; Table 2) compared to
drawdowns (weeks to months; Table 3) suggests that
although floods may initially transport much of the coarse
sediment to the topset and foreset region, significant
reworking and winnowing occurs during drawdowns. The
combination of relatively low discharge (Q, Table 3) and
large quantity of exposed sediment available for transport
means that drawdowns sort topset sediments, with gravel
preferentially left behind, and sand deposited at the upstream end of the backwater. Such reworking may have
been particularly pronounced during higher discharges as
the reservoir filled at the end of deep drawdowns (Figure 2).
[33] The calculations indicate that the effects of floods
and drawdowns differ downstream from the delta front.
During drawdowns, the low discharge results in a gentle
water surface slope over the bottomset region, such that
shear velocities exceed the settling velocity for clay and fine
silt, but not sand. These calculations suggest that reworked
topset sand deposits directly at the delta front (i.e., the riverlake transition) and is not transported into the bottomset
area during drawdowns. Therefore most of the fine sand in
the bottomset deposited during floods (Figure 4). High
discharge during flood events leads to a steeper water
surface profile over the bottomset, and thus higher shear
velocities. Shear velocities exceed the settling velocity for
fine sand throughout the reservoir under the modeled highmagnitude flood condition. Therefore the medium-sand
foreset deposit shown in Figure 5d was probably emplaced
during the January 1997 flood, not the drawdown during the
following fall. This result is also consistent with the
observation that sand coarser than 0.5 mm is not deposited
downstream of the delta front (Figure 3b). Furthermore, this
result suggests that transport of fine sediment through the
reservoir and over Englebright Dam may be important
during floods [Snyder et al., 2004c].

6. Discussion
6.1. Deltaic Deposition Patterns Before and After 1970
[34] Figure 4 shows our interpretation of the evolution of
the reservoir deposit, using correlations of borehole chronologies based on hydrologic history, stratigraphic relationships, sedimentology and 137Cs analyses. We now discuss
this history in the context of our understanding of reservoir
depositional processes derived by the sediment transport
calculations presented in the previous section. As mentioned
in section 4.2, we interpret the overall reservoir deposit to
reflect two phases of delta progradation and aggradation.
We focus on these two phases because they are separated by
a well-correlated layer in the stratigraphy in the foresettopset coring sites that corresponds to important changes in
water management in the Yuba River system. The ages of
other surfaces or events are more tentative because of lack
of 137Cs data or lower confidence in the interpretation of
137
Cs in coarse sediments.
[35] During the period from 1940 to 1970, drawdowns of
the reservoir water surface to >137 m elevation during most
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autumns imposed a lower base level on the reservoir system
(Table 3; Figure 2). Initially, during deposition of the lower
package at deep coring sites 7, 9 and 8, the delta front was
upstream of site 8, so distal foreset fine sand only reached
this area during floods (Figure 4), and bottomset-facies silt
dominated this part of the reservoir. During the series of
floods starting in 1955, and then in the early 1960s, the delta
front prograded to site 8, then sites 9 and 7, as indicated by
the onset of sand-dominated deposition (D50 > 0.1 mm;
Figures 4 and 6c [see also Snyder et al., 2004a]). The steep
predam knickpoint on the Yuba River upstream of site 7
meant that this part of the reservoir had more low-elevation
volume to fill with sediment. Therefore, once the delta front
prograded to this location the mode of deposition switched
to aggradation with the emplacement thick middle package
of foreset sand. During this time the topset part of the
aggrading delta began to be exposed subaerially during
drawdowns, causing winnowing of fine sand, silt and clay
and emplacement of the gravel and coarse sand lag deposit
of the middle package. This coarsening upward sequence of
deposits ended with the last deep drawdown (to 144.1 m) in
September 1970, or perhaps the deeper drawdown (to
139.2 m) in 1969 (Table 3).
[36] After 1970, the reservoir effectively had a higher
base level, dictated by less frequent, shorter duration drawdowns (Table 3). As mentioned in section 4.1, the 2001
topset surface morphology likely reflects its exposure during the November – December 1997 drawdown, evidenced
by the scour holes in the longitudinal profile downstream of
site 9 (Figures 3a and 4). Between 1970 and coring in 2002,
a second delta front prograded over the earlier deposits. This
process is best seen in the upper package of the site 7
stratigraphy, where foreset sand-dominated layers overlie
bottomset fine-grained sediments. The bottomset fines in
the upper package reflect a period when construction of a
second delta front confined coarse sand and gravel deposition to a reach upstream of site 7. By perhaps the February
1986 flood, foreset deposition resumed at this site. The
1997 flood and drawdown probably caused foreset sand to
prograde to and reoccupy the relict pre-1970 delta front.
Presumably, subsequent floods will continue this depositional pattern, unless the post-1970 regime of drawdowns to
elevation 145– 150 m every 5 years changes significantly.
[37] We now consider a central question of dam sedimentation studies: is the stratigraphic record provided by reservoir boreholes a faithful recorder of watershed hydrologic
history? If the answer to this question is ‘‘yes’’ for a given
study area, then one has the opportunity to use the stratigraphy to connect sediment transport and deposition with
flood magnitude and frequency relationships, a central goal
in geomorphology [Wolman and Miller, 1960]. In the ideal
case, individual reservoir flood deposits would record
hydrographs, either with a direct functional relationship
between grain size and discharge (fine-coarse-fine sequences corresponding to rising-peak-falling limbs of flood
hydrographs), or perhaps with sediment supply limitation
leading to inverse grading [e.g., Rubin et al., 1998].
However, if we cannot be certain that the reservoir stratigraphy reflects the hydrology, then these correlations are less
likely to be useful. Unfortunately, the history of drawdowns
in many reservoirs (including Englebright Lake) adds complexity to the stratigraphic record, as deposits are reworked
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after initial deposition (Figure 7). In the case of Englebright
Lake, eight of the nine largest floods were followed by a
drawdown within the next year (assuming a 1951 drawdown, 1986 is the exception; Tables 2 and 3). This justifies
our gross correlations of coarse grain size with flood events,
(e.g., December 1964, above the 1963 137Cs peak; Figure 6)
because new coarse material available in the reservoir from
floods would be quickly redeposited during drawdowns.
Correlations based on sedimentology are likely most robust
in the bottomset area, because calculations indicate that fine
sand reaches this region only during floods (Figure 7). We
cannot, however, make the longitudinal correlations between borehole locations necessary to ask questions of the
deposit related to the mass and grain size of sediment
deposited during a given flood event, or of the details of
the sedimentary response to water level fluctuations before,
during, and after a drawdown. Such correlations would be
aided with images of the stratigraphy provided by seismic
reflection or ground-penetrating radar, but applications of
these techniques in Englebright Lake have been unsuccessful [Childs et al., 2003; Snyder et al., 2004c]. In spite of the
limitations mentioned above, the stratigraphic history presented herein can be used in several important ways: (1) to
investigate longer-term trends in watershed sediment transport rates (next section) and (2) to test process-based
numerical models of sedimentation in a complex depositional environment (future work).
6.2. Reservoir Sedimentation Rates
[38] The history of reservoir infilling detailed above
allows us to calculate sedimentation rates during specific
time intervals. The end of annual drawdowns in 1970 can be
identified with confidence in many of the coring sites
studied. In other cases, a combination of stratigraphy,
hydrology, and 137Cs geochronology allows us to date other
layers (Table 4 and Figures 4 and 6). 1970 is the focus of
our investigation of sedimentation rates for two related
reasons (Figure 3c). First, this time is associated with
changes in the pattern of sediment deposition within the
reservoir, because of changes in drawdown frequency and
duration. Second, completion of New Bullards Bar (NBB)
Dam and associated water diversions probably resulted in
changes in sediment flux into the reservoir. For each dated
sedimentary package, we calculate vertical sedimentation
rates (Table 4). These estimates do not account for reservoir
geometry or changes in density in the reservoir, but provide
a rough basis for comparison, corresponding to the variable
layer thickness extrapolation method used by Snyder et al.
[2004c].
[39] To estimate normalized mass flux rates, we use the
constant layer thickness method Snyder et al. [2004c]
because they argued this was more reasonable in the
upstream part of the reservoir. We calculated mass flux
rates by first finding the average dry bulk density of the
material sampled within a given time interval, weighted by
vertical cross-sectional area of the interval. We then divided
this by the total cross-sectional area, and multiplied the
result by the volume of material in the surrounding region to
obtain a mass of sediment deposited within a given time
interval in a region of the reservoir. Finally, we divided each
regional value by the surface area and the number of years
to obtain a normalized mass flux rate (in kg/m2/yr; Table 4).
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[40] Sedimentation rates have been approximately constant in the downstream part of the reservoir (site 1), but
more variable upstream of this site (Figure 3c and Table 4).
In all of the sites affected by deltaic foreset and topset
processes (4, 7, 9, and 8), sedimentation rates declined since
1970. The change is most pronounced in the vertical rates
(average 61% decline); however, because these do not
account for the increasing cross-sectional area available
for deposition as the predam river valley infilled, they
should overestimate the effect. The normalized mass flux
rates show less variation, but in every case sedimentation
rate declined (average 25%).
[41] This decline in sediment delivery to the coarser,
foreset and topset part of the reservoir deposit may reflect
a variety of factors. First, mass flux to Englebright Lake
from the Middle Yuba River watershed may have decreased
around 1970 due to the construction of the Log Cabin and
Our House diversion dams. These structures trap a modest
amount of sediment (Table 1), and they have been dredged
periodically since their construction. More importantly, they
alter the hydrology of the Middle Yuba River by diverting
significant flow to NBB Reservoir for power generation.
However, during floods, the dams clearly have significant
suspended sediment bypass [Curtis et al., 2006]. Second,
NBB likely has greater trap efficiency than the smaller
structure it inundated, thereby decreasing the amount of
sediment delivered from the North Yuba River to Englebright Lake. Third, seven of the nine largest floods in the
history of the reservoir occurred before the 1970 drawdown
(Tables 2 and 3), so the period before 1970 may simply
have had greater mass flux due to greater frequency of
large-magnitude floods. Indeed, the period between 1955
and 1970 (when six floods occurred) appears to have
particularly elevated mass flux, although these estimates
are approximate (Table 4). Preliminary modeling by Flint et
al. [2005] of upper Yuba River watershed flow and sediment transport indicates elevated sediment loads during the
1940– 1970 period because of high peak flows during the
period. This result is independent of changes in sediment
sources (which are not considered in the model), and is in
spite of nearly equal annual precipitation and discharge for
the two periods. Finally, sediment flux in the Yuba River
system may be declining due to the length of time since
large-scale unregulated and small-scale regulated hydraulic
mining activities stopped, as debris stored in channels is
winnowed [Gilbert, 1917; James, 1993; Curtis et al., 2005;
James, 2005]. The observations support James’s model of
an asymptotic decline. Wright and Schoellhamer [2004]
also observed a decline in sediment transport rates on the
Sacramento River (to which the Yuba is a tributary) over
the past 50 years. Most likely, some combination of these
four factors is the cause of the observed decline in Yuba
River sediment load, but further study (e.g., sediment
transport and trapping modeling, geochemical tracers of
mining debris) would be required to identify which are
most important.

7. Conclusions
[42] The record provided by cored sediments from Englebright Lake gives the opportunity to link observations of
reservoir stratigraphy with hydrologic history. We find that
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the reservoir delta progrades by a combination of shortduration flood deposition and reworking during prolonged
low-flow drawdowns. Grain size analyses indicate that sand
and gravel coarser than 0.25 – 0.5 mm is deposited in delta
foreset and topset beds, and finer sediment is deposited in
bottomset beds, a result consistent with simple transport
calculations. Analysis of normalized mass flux rates indicate
that sediment deposition in the middle part of the reservoir
declined approximately 25% between the first and second
30-year periods after the dam was built. We hypothesize
that this decline reflects a combination of flood history,
changes in water management, and ongoing winnowing of
19th century hydraulic mining debris. This apparent decline
in sediment load has important implications for future
watershed and dam management plans, as well as sediment
delivery to the Sacramento River delta system in general.
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