




level rise, declining from 15 mm y�1 in latest Pleistocene time

(13–10 ka) to 1.5 mm y�1 in latest Holocene time (2–0 ka;

Figure 13). However, channel cut and fill sequences (20–30 m

in depth) as recorded in middle to late Holocene time, locally

reworked the LCRV deposits, locally decreasing the age of

some deposits by 2 to 6 ka. We use the floodplain sediment

level curve to represent initial basin accumulation rates in

the valley fill.

DISCUSSION
In this section, we compare the variables of sediment supply,

salinity intrusion, and basin accommodation space in the

LCRV to textural facies development in the submerged

ancestral valley. We conclude with a general model of basin

accommodation space controlling overall sediment texture and

sediment accumulation rates in the valley fill during early

Holocene to late Holocene time.

Climate Change and Sediment Supply to the LCRV
The incised LCRV provided a conduit for the cataclysmic

Glacial Lake Missoula floods, which scoured the scablands east

of the volcanic arc (Bretz, 1923, 1969) and flooded the

Willamette and Lewis forearc valleys (Figure 1) before draining

through the LCRV narrows to reach the Pacific Ocean (Figure

14). Across-shelf transport via the incised Astoria submarine

canyon yielded megaflood turbidites in deep marine submarine

fans and channels (Brunner et al., 1999; Griggs and Kulm,

1969; Lopes and Mix, 2009; Normark and Reid, 2003; Zuffa et

al., 2000). These cataclysmic floods likely incised the ancestral

valley to much greater depths (120 m below modern sea level;

Figure 12. Stratigraphic sequences in dated paired boreholes WARR1 and SKIP10/30 from the Skipanon–Warrenton borehole traverse (Figure 3). The

relative abundances (point count percent) of heavy mineral provenance indicators are shown for blue–green hornblende (BhH), augite (Aug), and

hypersthene (Hyp) in borehole WARR1 (Baker et al., 2010). The silty sand rhythmites yield the highest SPT values (72–76 blows per 30-cm drive). Data are

from Supplement 2. (Color for this figure is available in the online version of this paper.)
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Figure 2) than other river-incised valleys at current shorelines

around the world (Allen and Posamentier, 1993; Colman and

Mixon, 1988). The last major floods in the LCRV are dated at 15

ka, in the upper reaches of the LCRV, near Portland, Oregon

(Peterson et al., 2011). However, rhythmites were deposited,

and preserved, in the submerged lower axial valley for another

1–2 thousand years. Sand/mud ratios decreased upsection in

the rhythmites (Figure 12) until about 13 ka and then switched

to mud or sandy mud facies after that time. The termination of

rhythmite deposition around 13 ka reflects the end of very high

sediment input rates from glacial outburst floods.

The sediment-laden NE tributaries continued to supply

postglacial sediments to the LCRV from 13 to 11 ka, as shown

by significant blue–green hornblende in the heavy mineral

fractions (Figure 15; Baker et al., 2010). The blue–green

hornblende is diagnostic for metamorphic provenances (Baker,

2002) as locally distributed in foreland thrust belts in NE Idaho

and Montana, United States, and British Columbia, Canada

(Figure 14). However, a decline in blue–green hornblende after

11 ka is consistent with the onset of Holocene warming, drying,

or both in the NE drainage basins, relative to the other

provenances, at the end of the last ice age (Bartlein et al., 1998;

Whitlock and Bartlein, 1997).

After 11 ka, the abundance of hypersthene in the heavy

mineral fraction of sand increases; it then remains constant in

borehole WARR1 (Figure 15). Hypersthene is an indicator for

intermediate volcanics in the Cascade volcanic arc (Scheideg-

ger, Kulm, and Runge, 1971). Though of limited extent, the

volcanic arc provenance played a substantial role in sediment

supply to the LCRV through the middle to late Holocene period

of record. The large basaltic plateaus of the E and SE drainage

basin tributaries (Figure 14) contributed sediment to the LCRV

throughout the duration of transgressive filling, based on the

relatively high abundances of augite in all analyzed intervals

from borehole WARR1. Based on these results, we assume that

sediment input rates to the LCRV remained relatively constant

during the stabilization of regional climate after 9 ka in the

Columbia River drainage basin.

Salinity Intrusion in the LCRV
Finer-grained deposits became increasingly abundant in the

lower and middle reaches of the LCRV during early Holocene

time (Figure 15). For example, the values of the averaged

endmember mud texture in the �50- to �60-m elevation

interval reached 63 and 30% in the lower and middle reaches,

respectively (Table 1). The endmember sand facies in the lower

reaches was also significantly depressed during the early

Holocene. The onset of salinity intrusion or the transgression of

the salinity wedge into the lower reaches of the LCRV during

the early Holocene is demonstrated by the presence of brackish

water diatoms (Baker et al., 2010). However, the salinity wedge

intrusion postdates the peak of mud accumulation. Moreover, it

is still in place in the lower reaches of the LCRV during the late

Holocene period of increasing sand abundance. The salinity

intrusion or transgression of saline gravity flow into the lower

reaches of the LCRV was not directly responsible for the fining

of sediment facies in the early Holocene. Nor did a termination

of the salinity intrusion occur in the lower reaches to cause the

progressive coarsening of sediment textual trends in middle

and late Holocene time.

Basin Accommodation Space in the LCRV
The textural trends of peak mud accumulation and depressed

sand accumulation in the middle and lower reaches (Table 1

and Figure 15) correspond to maximum increases in basin

accommodation space between�60- and�40-m elevation. Due

to ancestral valley geometry and rates of sea level rise in the

LCRV (Figure 16), the estimated rates of increasing basin

accommodation space (Table 3) show maximum increases

during the 12- to 10-ka period (Figures 13 and 15). Rates of

increasing valley accommodation space peaked between 4.95

million to 5.66 million m3 y�1 in the lower reaches and 4.22

million to 5.00 million m3 y�1 in the middle reaches. Both

bedload trapping in the middle reaches and high sedimentation

rates in the lower reaches favored the deposition and

preservation of muddy facies in the lower reaches during early

Holocene time (Figure 17). Such was not the case in the upper

reaches.

Figure 13. Several data sets are combined to produce sediment level curves

(Supplement 2) and regional paleo–sea level (Peterson et al., 2010) for the

LCRV. One rooted floodplain mud from�95-m depth in the LCRV is used to

approximate an older sea level curve (solid line) back to 13,154 to 13,887 y BP

in the LCRV (Table 2). Sediment level curves for floodplains (black squares)

and channel sand deposits (black large circles) are based on samples from the

LCRV (Table 2 and Baker et al., 2010). Tephra layer ages in the LCRV,

corresponding to either Mount Mazama eruptions at 7.7 ka or Mount St.

Helens eruptions from 3.5 to 4.0 ka (black stars), are from Peterson et al.

(2012).
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Transgressive submergence of the upper reaches of the

LCRV produced only modest increases in valley accommoda-

tion space due to the narrow width of the relatively shallow

ancestral valley (Figure 16). The increasing valley accommo-

dation space peaked at only 2.88 million m3 y�1 (Table 3) and

averaged less than 2.0 million m3 y�1 during the early and

middle Holocene. There was little to no accommodation space

for sediment retention above the upper reaches. The upper

reaches were overfilled with sediment, leading to constant

channel reworking and winnowing of fine sediments. With the

exception of the south side of the I-5 CRC borehole traverse

(Figure 4), the deposition, preservation, or both of the

endmember mud facies was generally prohibited in the upper

reaches of the LCRV during early and middle Holocene time

due to a lack of sufficient accommodation space. The slightly

increased values of mud in the uppermost contour interval (0 to

�10 m) in the upper reaches (Table 1) likely reflect silt overbank

deposits in the late Holocene floodplains. Channel migration

would be expected to rework such deposits and replace them

with sandier facies over millennial timescales.

Basin Sediment Accumulation Rates and Bypassing
Rates in the LCRV

Values of bedload bypassing through the LCRV to the marine

side are estimated on the bases of an assumed constant rate of

sediment input and declining rates of sediment accumulation

after middle Holocene time. Sediment accumulation rates are

taken from the floodplain sediment level curve (Figure 13),

which overlaps the paleo–sea level curve in the LCRV. For this

analysis, we use rates of sediment accumulation from two

periods at the 0- to�10-m interval (0–6.7 ka) and the �20- to

�30-m interval (8.0–9.0 ka; Table 3). The component of bedload

Figure 14. Simplified map of Columbia River Basin provenances, Glacial Lake Missoula, and the Bretz Flood scablands. The antecedent Columbia River main

stem provided a conduit for Glacial Lake Missoula cataclysmic floods to reach the Pacific Ocean during low stand conditions. Geologic provenances are interpreted

from the Geologic Map of North America (Geological Society of America, 2005). (Color for this figure is available in the online version of this paper.)
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or sand size sediment is also computed for each of the elevation

intervals (Table 1) to adjust the total sediment accumulation

rates to bedload accumulation rates (Table 4). The difference in

bedload accumulation rates between the middle Holocene (7.6

3 106 m3 y�1) and the late Holocene (1.5 3 106 m3 y�1) for the

entire LCRV is estimated to be 6.1 3 106 m3 y�1. To verify this

estimate, a second interval of middle Holocene basin accumu-

lation (�10 to�20 m at 6.7–8.0 ka) is used to compare with the

late Holocene interval (0 to�10 m). These two intervals yield a

difference of 5.03106 m3 y�1. The bypassing rate or throughput

rate of bedload from the LCRV to the beaches and inner shelf

during late Holocene time is at least 5.0 to 6.1 3 106 m3 y�1.

These minimum estimates are sufficient to account for the

infilling of the inner shelf (Twichell, Cross and Peterson, 2010)

and adjacent beaches (Peterson et al., 2010) in the Columbia

River littoral cell during late Holocene time.

Advantages of Basin Accommodation Space as a
Predictive Measure

Other studies of coastal fluvial systems have relied on

changes in alluvial base profile to account for ancestral valley

depositional response to sea level rise (Quirk, 1996) or changes

in river gradient to account for sediment aggradation or

bypassing (Blum and Törnqvist, 2000). However, those

methods are based on longitudinal valley profiles, so they do

not address changing valley widths. The incised ancestral

valley widths in the antecedent LCRV vary widely, both

upriver and through time (Figures 2 and 16). The use of

accommodation space to predict sediment grain size trends and

bypassing rates in submerged valleys integrates both valley

gradient and valley width, along with sea-level rise. This

approach to understanding sediment dynamics in submerged

ancestral valleys should have wide application to other fluvial–

tidal systems around the world.

CONCLUSIONS
The antecedent LCRV was deeply incised during the last

marine low stand. Cataclysmic glacial outburst flood deposits

line the bottoms and sides of the ancestral valley, but they did

not fill the submerged ancestral valley prior to the isotope stage

1 transgression. The LCRV was filled by fluvial sediment from

basaltic plateaus, foreland thrust belts, and volcanic arc

terrains in its large drainage basin. A shift from NE

provenances to W volcanic arc provenances followed climatic

changes at the end of Cordillera ice sheet melting in the region.

Transgressive filling of the fluvial–tidal valley proceeded

from (1) rapidly advancing flooding surfaces in latest Pleisto-

cene time to (2) sandy rhythmites deposited by terminal

Figure 15. Summary plots of sediment provenance, diatoms, valley

accommodation space, and endmember sand and mud textures in the

lower and upper reaches of the LCRV. Diatom and heavy mineral data

for the lower reaches are from WARR1 (Supplement 2 and Figure 12).

Averaged texture data for the upper and lower reaches are from Table

1. Increasing ancestral valley accommodation space rates are from

Table 3.

Table 4. Holocene fill composition and accumulation rates in the LCRV.a

Reach/Interval (m) Sand (%) Muddy Sand (%) Sandy Mud (%) Mud (%) Total Sand (%)b
Total Accumulation

Rate (3106 m3 y�1)c
Bedload Accumulation

Rate (3106 m3 y�1)d

Upper

0–10 49 10 20 18 62.4 0.57 0.35

10–20 69 13 8 9 81.2 2.16 1.75

20–30 75 10 8 7 84.8 2.53 2.15

30–40 93 2 2 3 95.1 2.4 2.28

Middle

0–10 45 20 18 18 65.4 0.8 0.52

10–20 51 24 10 15 72.2 3.32 2.40

20–30 48 22 13 17 68.6 3.93 2.69

30–40 52 21 14 13 71.9 3.79 2.73

Lower

0–10 53 25 5 17 73.8 0.82 0.60

10–20 42 33 11 14 70.2 3.37 2.37

20–30 42 37 8 13 72.4 3.85 2.79

30–40 44 30 19 7 71.6 3.94 2.82

a Assumed sand fractions in lithology endmembers (Table 1): sand (100% sand), muddy sand (75% sand), sandy mud (25% sand), and mud (5% sand).
b Total interval sand percent is weighted sand fraction in each interval.
c Total interval accumulation rate is from Table 3 (sediment level and paleo–sea level curves overlap in the LCRV).
d Bedload accumulation rate is from total sand percent 3 total accumulation rate.
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cataclysmic flooding in the deepest lower reaches or to (3) sand-

bottomed channel deposition in the shallower upper reaches of

the LCRV. Rapidly increasing ancestral valley accommodation

space in the LCRV increased the abundance of muddy facies in

the lower and middle reaches during latest Pleistocene and

earliest Holocene time.

Slowing rates of sea level rise in middle to late Holocene time

diminished rates of increasing valley accommodation space,

thereby increasing rates of channel migration and deposit

reworking, relative to ancestral valley submergence. Sand and

muddy sand facies dominate the middle Holocene to late

Holocene stratigraphic record throughout the length of the

LCRV. Both coarsening of sediments and diminishing sedi-

mentation accumulation rates in late Holocene time suggest

progressive selective sediment bypassing through the LCRV to

the marine side. Estimates of the sand fraction or bedload

bypassed through the LCRV to the marine side are based on

differences in sediment accumulation rates as measured

between middle and late Holocene periods. Bedload bypassing

through the LCRV was sufficient to drive the infilling of the

adjacent inner shelf and prograded barrier beaches during late

Holocene time.
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