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ABSTRACT ous researchers and are central to the debate of
The Channeled Scabland, Washington State, United States, is only partly the result of erosiormultiple versus single floods. These are the
by the catastrophic drainage of Glacial Lake Missoula: there were other sources of meltwater. Ninemile Creek section in the Glacial Lake Mis-
Recent sedimentary investigations of some sites in the Missoula basin, and in the Channeled Scabeula basin; the Sage Trig section in the western
land, support a single large late Wisconsin flood, as opposed to multiple floods proposed for this timeGlacial Lake Columbia basin; the Starbuck sec-
period. Sediment in the Glacial Lake Missoula basin records rapid infill by jokulhlaups draining tion within the Tucannon Valley, east of the main
into Lake Missoula from upstream, punctuating a long period of normal varve sedimentation. This Scabland tract, but proximal to it; and the
was independent of sedimentation in the main Scabland tract, where proximal and distal rhythmic Burlingame Canyon section in the Walla Walla
beds are explained as resulting from multiple pulses, or surges, within a single flood. Geomorphicvalley, to the east of the main Scabland tract, but
and sedimentary evidence supports the conclusion that drainage from the Cordilleran trunk valleys relatively distal to it.
was important, and pulses were probably related to the drainage of these valleys.
Ninemile Creek Section

INTRODUCTION therefore propose that rhythmites in the Glacial Rhythmic sequences at the Ninemile Creek

Current explanations of the Channeled Scath-ake Missoula basin can be correlated with distalection consist of a thick homogeneous silt bed
land of the northwestern United States concluddéythmites in the Channeled Scabland in souttoverlain by a thick clay, alternating with pack-
that it was formed by multiple, discrete outburstern Washington: each bed represents a separages of thin silt and clay varves (Fig. 2). Cham-
from Glacial Lake Missoula (Waitt, 1980, 1984 catastrophic expulsion from Glacial Lake Mis-bers (1984, discussed by Baker and Bunker,
1985a, 1985b; Atwater, 1984, 1987; Clarke et alsoula (e.g., Waitt, 1980, 1984, 1985a). We pret985) argued that thick silt beds represent the
1984; Craig, 1987). Each flood was separated ksent evidence that suggests that only one majafilling of Glacial Lake Missoula after cata-
decades or centuries. Bretz (1969, p. 540) arate Wisconsin flood is recorded in the sedimerstrophic drainage events. Waitt (1980, 1984,
Baker and Bunker (1985) suggested other potetary record, and that sedimentation within thd985a) followed Chambers and suggested that
tial sources of water in the northern Cascades a@lacial Lake Missoula basin was independent d@he varves represent lacustrine sedimentation be-
the Okanagan Valley, and also that a small nunsedimentation in the Channeled Scabland. lmween drainage events and that 40 rhythmic se-
ber of floods created the Scabland. This paper exéldition, geomorphology and sedimentologyjuences represent 40 floods.
pands on these suggestions. strongly support the view that there was more

The multiple flood Glacial Lake Missoula than one source of water for this Scabland floot _
hypothesis is based on two assumptions: (1) Lake
Missoula was the only water source for the ScalsEDIMENTS ASSOCIATED WITH THE
land floods; and (2) the Purcell lobe ice dam colSCABLAND FLOOD
lapsed completely during each drainage event Four exposures, documenting different aspec
and then reestablished, resulting in lake refillingf the Scabland flood, are discussed in this pap |
over decades or even centuries. Some research(ig. 1). The sites are well documented by prev &
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We interpret the thick silt bed to represenstream from Wallula Gap (Baker, 1978). Rhythmiducannon Valley, and then swept back toward
rapid sedimentation causing dish, pillar, and baiequences fine upward, and rhythmites thin upallula Gap. The size and angularity of the clasts
and pillow structures (cf. Lowe and LoPiccolloward (2 m at the base, to ~20 cm near the tophd the relatively poor sorting suggest erosion,
1974; McBride et al., 1975; Rust and RomanelligFig. 3). Each rhythmite has the sequence: (1) uritansport, and deposition of locally derived
1975; Ashley et al., 1982). Turbidity currentsA, poorly sorted angular to subangular, predombasalts by hyperconcentrated flows. Abrupt
generated by jokulhlaups from beneath theantly basaltic, cobbles and boulders, with multichanges in grain size and stratification (unit C)
Rocky Mountain trench glacier to the north besinodal finer components; (2) unit B, moderatelyllustrate rapid flow deceleration (Fig. 3). The
explain these deposits (cf. Shaw and Archesorted, granular cross-bedding with multiple norabsence of clay beds at the top of each sequence
1979). Such drainage events would have punctmal and reverse graded cross-strata (paleoflowaggests that sufficient turbulence maintained
ated normal varve sedimentation. This interpretaecord flow both up and down valley, usuallyclay in suspension. The absence of desiccation
tion is supported by the thick clay bed above eachithin the same rhythmite); and (3) unit C, thincracks, rilling, eolian deposits, and paleosols
silt: the thick clay records extremely high sedi{<40 cm) parallel-bedded fine sand and silt, andhdicates the unlikelihood of subaerial exposure

ment input during the jokulhlaup. rarely, clay. Unit C was deposited mainly frombetween depositional events. Load casts formed
suspension, although ripple drift cross-laminatioby loading of unit C by overlying unit A show
Sage Trig Section indicates some bedload transport. Smith (1993) ithat the silts were underconsolidated and had not

Sediments in the Sanpoil arm area (Fig. 1) aterpreted massive silt in unit C as the result of bidseen subaerially exposed prior to the deposition
interpreted as back-flooding deposits related tiurbation (insect and rodent burrows). Hence hef the subsequent rhythmite (Baker, 1973).
drainage events from Glacial Lake Missoulassumed that these beds had been subaerially ex-

(cf. Atwater, 1984, 1986, 1987). Atwater (1984)posed. However, the massive beds gradationaBurlingame Canyon Section

suggested at least 15 Missoula flood events foverlie laminated beds and are as easily explainedAbout 60 m of rhythmically bedded sand and
the Sanpoil arm. He interpreted rhythmic beds ds/ suspension settling. The few burrow casts thailt (Touchet beds of Flint, 1938) at Burlingame
varves and noted sand at the base of mahg noted may be modern, because networkanyon (Figs. 1 and 4) have been explained as
sequences with downvalley paleocurrents, indextending from paleosurfaces are not observeffood surge deposits (Bretz et al., 1956; Baker,
cating discharges from the Sanpoil sublobe to tH2ating organic matter in the burrows would re1973; Carson et al., 1978; Bjornstad, 1980; Baker
north. Basaltic clasts, which should occur in theolve the age. Smith (1993) also observed clastimd Bunker, 1985). Waitt (1985a), however, sug-
Sanpoil arm with flooding from Glacial Lake dikes, composed of relatively well sorted gravelgested that each bed records a separate Glacial
Missoula, are absent. We suggest that powerfatosscutting the section. Although he reported thake Missoula drainage event, followed by
flows from the north were responsible for sandnost of these dikes were filled from above, we otdecades or centuries of subaerial exposure.

and gravel cross-beds, diapiric injections of siltserved dikes extending upward from gravel beds, There are ~40 bedded rhythmic sequences at
and clays into overlying gravelly sands, silt andollowing horizontal bedding planes, and divertingBurlingame Canyon, each ~10 cm to ~2 m thick
clay rip-up clasts, and soft-sediment-deformatioaround large boulders. Banding in the dikes eXFig. 4). Each sequence is composed of: (1) unit

structures at Sage Trig. tends upward from in situ beds. Our interpretatioA, plane-bedded coarse sand and granules; (2)
of the significance of these dikes is discussed fomit B, fining-upward ripple drift cross-lamina-
Starbuck Section the Burlingame Canyon section. tion with low-angle climbing ripples at the base

The Starbuck section (Fig. 1) (Tucannon 3 of Paleoflows from unit B in each rhythmiteincreasing in angle of climb to sinusoidal lamina-
Smith, 1993) is in an area of back-flooding upindicate powerful flows that first surged up theion; and (3) unit C, massive silt (Fig. 5). Theory
and experiment show that the climbing-ripple
drift components accreted in a matter of hours
(Allen, 1982; Ashley et al., 1982).

Waitt (1980) argued strongly for subaerial
exposure following deposition of each rhythmite.
In particular, he stressed that the Mount St. Helens

Figure 3. At least 10 fining-upward rhythmites Figure 4. Clastic dike through rhythmites at Figure 5. Rhythmite at Burlingame Canyon
at Starbuck. Bases of some rhythmites are Burlingame Canyon. Light colored sediment showing planar laminated granules that
dominated by angular cobbles (arrow), which in dike is composed of silts, and darker ma- grade into climbing ripple sequence. Photo
give way to thick beds of silt. terial is coarse sand and granules. shows ~60 cm (vertically) of sediment.
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set-S tephra couplet within unit C of one rhythmitélow in sand and gravel toward dikes that carried Benches along the sides of the Okanagan Val-
(Waitt, 1980, Fig. 11) must have been depositedater and sediment to the surface. ley are strongly drumlinized and channelized by
subaerially. By extension, he suggested that all unit Arguments for multiple floods, with long inter- erosion of bedrock and surficial sediment (Toutin,
C beds are eolian. Waitt's (1980) photographs dfides of subaerial exposure, are contradicted Bp93). Drumlins and channels are also cut into the
the ash show dark silt and sand layers intercalatéte sedimentary evidence at this site. high plateau interfluves between anabranching
with the lighter ash, suggesting simultaneous trunk valleys in interior British Columbia (Prest
deposition of the ash and suspension depositdULTIPLE SOURCE ALTERNATIVE etal.,, 1968; Clague, 1985). These drumlins are
Massive silt in unit C certainly resemble loess, yet The source of the Scablands floodwater is evéored by both bedrock and surficial sediment.
gradational relationships with climbing-rippledently crucial to the reservoir volume and flonShaw (1994) explained hairpin furrows that wrap
cross-lamination and their regular position, wittduration. The geographical distribution of Scabaround the stoss end of such drumlins as products
respect to aqueous deposits as part of a finingnd tracts provides the most direct approach tf horseshoe vortices created by obstacles, the
upward sequence, suggest aqueous deposition. Wes question. The Cheney-Palouse Scablandsidual drumlins, submerged in broad flows.
conclude that the ash was deposited from a wafmods were clearly connected to drainage from thEhese high Reynolds number flows were power-
column subsequent to air fall. north and east, including Glacial Lake Missouldul enough to remove boulders contained in tills
Minor scours (maximum 80 cm deep) are conFig. 6). This connection is supported by giant ripand to erode streamlined forms in crystalline ig-
fined to the basal units of the Burlingame Canyoples and sediments within and outside the formeeous rocks (Shaw, 1996). Other explanations of
section, and are noted as evidence of subaerimhits of the lake (e.g., Bretz, 1969). By contraststreamlined forms, e.g., bed deformation (Boul-
exposure (Waitt, 1980). However, similar scourpaleoflow directions and clast provenance in then, 1987; Hart, 1997), fail to account for hairpin
also relate to local erosion by underflows (e.gSanpoil arm indicate flow from the north, which isfurrows or drumlins cut into crystalline bedrock.
Rust and Romanelli, 1975). As for the Starbucklifficult to ascribe to drainage of Glacial Lake Continuing our reasoning, the deep valleys,
section, extensive rilling and channelizationMissoula. It is also difficult to explain the huge disadjacent benches, and extensive plateaus of
desiccation cracks, eolian sediments, and palecharges and the magnitude of erosion along tlierior British Columbia were partly eroded by
sols are conspicuously absent, making subaeri@rand Coulee and the Columbia River valleypubglacial meltwater that submerged all but the
exposure unlikely. downstream from the Grand Coulee Dam in terntsighest ridges. This inference may be used to
Clastic dikes contain bands of sand and silt thaf outflow from Glacial Lake Missoula aboutaccount for the broader, regional landscape evo-
connect downward and upward to undeforme#&00 km to the east (Fig. 6). No such difficultiedution. Whereas we consider this inference to be a
units in rhythmic sequences. The dikes cut vertarise if the western Scablands were scoured bgasonable assumption based on field and experi-
cally across numerous beds, and many crossauitbursts from the ice sheet in the interior omental evidence, we make no claim that it is an
the entire sedimentary sequence (Fig. 4). THeritish Columbia (Fig. 6). absolute truth. Our reasoning brings us to the
dikes imply the following conditions: (1) pore- Drainage from the interior of British Colum- conclusion that the Scabland floods might have
water pressures at their point of origin must haveia, by way of deeply incised tunnel channels, ipartially originated from an enormous subglacial
been temporarily in excess of lithostatic pressuresipported by drilling and seismic evidencereservoir that extended over much of central
to allow eruption (Allen, 1982); (2) those crossVanderburgh and Roberts (1996) reported coar&itish Columbia (Fig. 6). Using conservative
cutting the entire succession must have formegtavels on bedrock eroded below sea level. Th@gtimates for the depth and area of this reservoir,
after deposition of the entire sequence; and (3uggested that extremely powerful subglacighe total volume is estimated to have been on the
pore-water pressures increase with depth. Suddérainage was responsible for this sequence. Eylesder 16kmg, far exceeding the 2 x 3Rm3 esti-
lake drainage of dammed waters would have det al. (1990) also suggested rapid subaqueonmted volume of Glacial Lake Missoula. The
creased pressure at the lake bed, while the groursgddimentation fed by meltwater in the Okanagageomorphological reasoning for a large reservoir
water head at depth in the sediment remainadhlley. Such high-magnitude drainage must havgupports the geographical arguments for multiple
high. An explosive situation ensued and pressupassed down the Okanagan Valley and extendsedurces. Although meltwater was mainly from
was released as water escaped mainly by lateeaiross the western Scablands (Fig. 6). surface melt, evidence suggests that subglacial
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River mouth probably record multiple floods. p. 1-41. subaqueous outwash deposits near Ottawa, Can-
Bjornstad, B. N., 1980, Sedimentology and deposi- ada,in Jopling, A. V., and McDonald, B. C., eds.,
CONCLUSIONS tional environment of the Touchet beds, Walla Glaciofluvial and glaciolacustrine sedimentation:
. . . . Walla River basin, Washington: Richland, Wash- Society of Economic Paleontologists and Miner-
Our Int.erpretatlor] of some Sgdlments within ington, Rockwell Hanford Operations Report alogists Special Publication 23, p. 177-192.
the Glacial Lake Missoula basin suggests that RHO-BWI-SA-44, 83 p. Shaw, J., 1994, Hairpin erosional marks, horseshoe vor-
they formed independent of sedimentation of thBoulton, G. S., 1987, Theory of drumlin formation by tices and subglacial erosion: Sedimentary Geol-
Touchet beds in southern Washington State. We sutéglacial sedirgent deforlmatidn,Menzies, J., A ogy, v. 91, p. 26S|3—283. el | )
. - - : - and Rose, J., eds., Drumlin symposium: RotterShaw, J., 1996, A meltwater model for Laurentide sub-
believe that deposits at the Ninemile section rep- dam, Netherlands, A. A. Balkema, p. 25-80. glacial landscape# McCann, S. B., and Ford,

resent hundreds of years of normal lake sedimefretz, J. H., 1925, The Spokane flood beyond the  D. C., eds., Geomorphology sans frontiéres:
tation in Glacial Lake Missoula and that the thick ~ Channeled Scabland: Journal of Geology, v. 33,  Chichester, John Wiley and Sons, p. 181-236.
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by sedimentation in backwater deposits duringa  Channeled scabland of Washington; new dataand ~ A. A. Balkema, p. 347-351.

single flood with multiple pulses fed by melt- interpretations: Geological Society of AmericaSmith, G. A., 1993, Missoula flood dynamics and mag-
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abyssal plains of the Pacific Ocean. tiple glacial Lakes Missoulan Montana geo- Vanderburgh, S., and Roberts, M. C., 1996, Deposi-

The total reservoir volume that eventually logical field conference on northwestern Mon- tional systems and seismic stratigraphy of a Qua-
drained through the Scabland is estimated to have tanas:gKaISi)gpell, Montana, Geological Society, tgr?aryb_baséi:n; Nc(jqrth Okanalgafn Vallrtle)g I_3ritish

. p. 189-199. olumbia: Canadian Journal of Earth Sciences,

b_een on the Qrder of 2Rm®. Assuming that the Clague, J. J., 1985, Deglaciation of the Prince Rupert—  v. 33, p. 917-927.
discharge estimates of abouf bi¥/s at Wallula Kitimat area, British Columbia: Canadian JournaWaitt, R. B., Jr., 1980, About 40 last-glacial Lake Mis-
Gap (Baker, 1978; O'Conner and Baker, 1992) are  of Earth Sciences, v. 22, p. 256—265. soula jokulhlaups through southern Washington:
Correct’ this stored volume would have Sustain&lal'ke, G. K. C,, Mathews, W. H., and Pack, R.T., Journal of Geology, V. 88, P. 653-679.

1984, Outburst floods from Glacial Lake Mis- Waitt, R. B., Jr., 1984, Periodic jokulhlaups from

such discharges for a period of about 100 days. soula: Quaternary Research, v. 22, p. 589-599.  Pleistocene Glacial Lake Missoula—New evi-

Craig, R. G., 1987, Dynamics of a Missoula flood, dence from varved sediment in northern Idaho
Acvsgl?hvgrl‘fggg?\gmsith University of Calgary, for Mayer, L. B., and Nash, D., eds., Catastrophic and Washington: Quaternary Research, v. 22,
leading the 8th Annual Alberta Geomorphology Field flooding: Binghamton Symposia in Geomorphol- . 46-58. -
Group trip to the Channeled Scabland, and the members ogy, International Series, v. 18, p. 305-332. Waitt, R. B., Jr., 1985a, Case for periodic, colossal
' yles, N., Mullins, H. T., and Hine, A. C., 1990, Thick jokulhlaups from Pleistocene glacial Lake Mis-

of that group for invaluable discussions. We also than
Victor Baker for his enthusiastic and constructive review
of this paper and an anonymous reviewer for comments.

and fast; sedimentation in a Pleistocene fiord soula: Geological Society of America Bulletin,
lake of British Columbia, Canada: Geology, V. 96, p. 1271-1286.

v. 18, p. 1153-1157. Waitt, R. B., Jr., 1985b, Periodic jokuhlaups from
REFERENCES CITED Flint, R. F., 193?, Orlgm‘of the C_heney-Panu_se Scab-  Pleistocene Gla(:|_al Lake Mlssoula; new evidence
Allen, J. R. L., 1982, Sedimentary structures: Their Iand tract: Geological Society of America Bul- from \_/arved sediments in northern Idaho and
! ' ' letin, v. 49, p. 461-524. Washington: Reply: Quaternary Research, v. 24,

character and physical basis: Volume 2: Amster: . . .
dam, Elsevier, 593 p. Hart, J. K., 1997, The relationship between drumlins p. 357-360.

Ashley, G. M., Southard, J. B., and Boothroyd, J. C., gn}fﬁ othe_r f_orms of subglgcial glac?otectonic . )
1982, Deposition of climbing ripple beds: A flume egcgq?;on. Quaternary Science Reviews, v. 161\/Ian_uscr|pt received October 15, 1998
simulation: Sedimentology, v. 29, p. 67—79. Hick p. C_J M 3 6. calk L. and Metcal PRewsed manuscript rece!ved March 8, 1999
Auwater, B. F., 1984, Periodic floods from Glacial Lake'™" ©*Spde = <1 BORES = B 18 oo SR SET0P, - Manuscript accepted April 1, 1999
Missoula into the Sanpoil arm of Glacial Lake o ,_Clntrag atma vlo Ca.”'Sf’T‘ Idm L et- et SI
Columbia, northeastern Washington: Geology, ray-Learwater voicanic field, east-centra
British Columbia, Canada: Canadian Journal of
V- 12, p. 464-467. Earth Sciences, v. 32, p. 838-851
Atwater, B. F., 1986, Pleistocene glacial lake deposits of WV 95, P :
the Sanpoil River Valley, northeastern Washing
ton: U.S. Geological Survey Bulletin 1661, 39 p.

608 Printed in U.S.A. GEOLOGY, July 1999


http://geology.gsapubs.org/

