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15 Abstract

16 Glaciolacustrine sediments in the Clark Fork River valley at Garden Gulch, near 

17 Drummond, Montana, USA record highstand positions of the ice-dammed glacial Lake Missoula 

18 and repeated subaerial exposure. During these highstands the lake was at greater than 65% of its 

19 recognized maximum capacity. The initial lake transgression deposited a basal sand unit. 

20 Subsequent cycles of lake-level fluctuations are recorded by sequences of laminated and cross 

21 laminated silt, sand, and clay deformed by periglacial processes during intervening periods of 

22 lower lake levels. 

23 Optically stimulated luminescence (OSL) dating of quartz sand grains, using single-

24 aliquot regenerative-dose procedures, was carried out on 17 samples. Comparison of infrared 

25 stimulated luminescence (IRSL) from K-rich feldspar to OSL from quartz for all the samples 

26 suggests that they were well bleached prior to deposition and burial. Ages for the basal sand and 

27 overlying glaciolacustrine exposure surfaces are indistinguishable within one standard deviation, 

28 and give a weighted mean age of 20.9 ± 1.3 ka (n=11). Based on sedimentological and 

29 stratigraphic analysis we infer that the initial transgression, and at least six cycles of lake-level 

30 fluctuation, occurred over time scales of decades to ~2 ka. Bioturbated sandy slopewash dated at 

31 10.6 ± 0.9 ka and 11.9 ± 1.2 ka unconformably overlies the upper glaciolacustrine deposits. The 

32 uppermost sediments, above the glaciolacustrine section, are younger than the Glacier Peak 

33 tephra (13.7-13.4 cal. ka B.P.), which was deposited across parts of the drained lake basin, but 

34 has not been found at Garden Gulch.

35  Our study indicates that glacial Lake Missoula reached >65 percent of maximum capacity  

36 by about 20.9 ± 1.3 ka and either partially or completely drained twelve times from this position. 

37 Rapid lowering from the lake’s highstand position due to ice-dam failure likely led to scour in 
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38 the downstream portions of the glacial Lake Missoula basin and megafloods in the Channeled 

39 Scabland.

40 HIGHLIGHTS

41  Glacial Lake Missoula rose and fell near its full-pool volume at 20.9 ± 1.3 ka (n=11)

42  Post-lake sediment ages (n=3) support cessation of lake sedimentation by 13.7-13.4 ka

43  Garden Gulch geochronology is consistent with early Channeled Scabland megafloods 

44 KEYWORDS

45 Quaternary; North America; glacial Lake Missoula; Optical dating methods; Periglacial

46 1.  Introduction

47 Glacial Lake Missoula was an ice-dammed lake that inundated about 9,500 km2 of the 

48 intermontane valleys of western Montana during the latest Pleistocene glaciation (Breckenridge 

49 et al., 1989; Pardee, 1910, 1942). Rapid emptying of glacial Lake Missoula caused giant late 

50 Pleistocene floods, or megafloods, that carved the Channeled Scabland of Washington State. The 

51 age of glacial Lake Missoula and its lake-level history is primarily inferred from the chronology 

52 of downstream flooding in the Channeled Scabland (Atwater, 1987, 1984; Baker and Bunker, 

53 1985; Balbas et al., 2017; Clague et al., 2003; O’Connor and Baker, 1992; Waitt, 1980, 1985; 

54 Waitt et al., 2009), the Columbia River Gorge (Benito and O’Connor, 2003), and recorded in 

55 offshore deposits in the eastern Pacific Ocean (Gombiner et al., 2016; Zuffa et al., 2000). 

56 Recognition of multiple floods in the downstream areas led these workers to propose various 

57 combinations of one or many more complete or partial drainings during the latest Pleistocene 

58 glaciation (~21 to 14 cal. ka B.P.1) (Breckenridge and Phillips, 2010; Carrara et al., 1996; Clague 

59 et al., 2003; Hanson and Clague, 2016; Smith and Hanson, 2014; Waitt, 1985, 1980). Therefore 

1 All radiocarbon ages are reported as cal. ka B.P. or cal. yr B.P., depending on how they were originally published, 
and were calibrated with OxCal 4.2 using the IntCal13 calibration curve (Reimer et al., 2013). Optical ages are 
reported in ka with standard error.
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60 these multiple filling and draining cycles should have created a complex set of deposits within 

61 the basin concurrent with downstream flood deposits. Direct dating of the glacial Lake Missoula 

62 deposits in outcrop has been hindered by the absence of fossils, organic carbon, and volcanic 

63 tephra. 

64 Dating of the lake deposits provides information complementary to the flood history as 

65 inferred from downstream deposits. Although obvious evidence for the lake and for highstand 

66 altitudes are wave-cut shorelines (Pardee, 1910), they are discontinuous erosional features and 

67 difficult to date. They reach altitudes of 1260-1298 m asl in the Missoula area (Pardee, 1910). 

68 Because post-glacial isostatic adjustment has not been estimated from the locally preserved 

69 shorelines, a 1280 m altitude maximum highstand is generally accepted (Alho et al., 2010; 

70 Pardee, 1910). Lake-bottom sediments are preserved along valley floors in the lake basin from 

71 near the former ice dam (at an altitude of 630 m) to ~100 m below the lake highstand of about 

72 1280 m. So far, dating of glacial Lake Missoula has relied on optically stimulated luminescence 

73 (OSL or optical dating) analysis of glaciolacustrine deposits (Hanson et al., 2012). Optical dating 

74 gives an estimate of the time elapsed since quartz and feldspar grains were last exposed to 

75 sunlight, which usually dates deposition and burial; it has proven to be a powerful technique for 

76 dating sedimentary deposits (e.g. Roberts and Lian, 2015). Hanson et al. (2012) used optical 

77 dating of quartz on glaciolacustrine deposits at the Ninemile and Rail line sections (Fig. 1). Their 

78 age for alluvial sand below glaciolacustrine deposits at the Ninemile section was 15.1 ± 0.6 ka 

79 and ages for two horizons within glaciolacustrine deposits at the Rail line exposure were 14.8 ± 

80 0.7 and 12.6 ± 0.6 ka (Hanson et al., 2012). A pine needle recovered from near the top of lake 

81 deposits, but below the Glacier Peak G tephra, in a core from Flathead Lake, ~100 km north of 

82 the Ninemile and Rail line sites (Fig. 1), gave a radiocarbon age of 12,330 ± 50 yr BP (Beta-
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83 183416) (M.H. Hofmann pers. comm. 14 February 2017), or 14327 - 13965 cal yr B.P. (at two 

84 sigma), which was reported as 14,150 ± 50 cal yr BP by Hofmann and Hendrix (2010). These 

85 previous published ages were for sediments deposited below 980 m altitudes, which may 

86 represent <20% of the full-pool volume of the lake (Fig. 1). The development of a full history of 

87 lake-lowering and lake-filling cycles of sedimentation requires dating deposits at multiple 

88 altitudes in the lake basin.

89 The purpose of the present work is to propose a glacial Lake Missoula history from the 

90 Garden Gulch area along the Clark Fork River, Montana. These outcrops are topographically 

91 higher than those previously dated and therefore may record water-level fluctuations of deeper 

92 lake stands. We present optical ages on alluvium and periglacially modified surfaces of subaerial 

93 exposures in three glaciolacustrine sections. 

94 2.  Stratigraphic and geomorphic setting

95 Glaciolacustrine silt and clay of the former lake bottom locally blanket the Clark Fork 

96 River and Flathead River valleys (Figs. 1, 2). Glaciolacustrine sediments near Garden Gulch 

97 along the Clark Fork River, about 10 km northwest of Drummond, Montana, are among the 

98 highest elevation deposits recognized in the lake basin (Berg, 2005, 2006, Lonn et al., 2007, 

99 2010). The site is 75 km upstream of the Missoula and Ninemile valleys and 350 km upstream of 

100 the Purcell Trench ice dam, at altitudes of 1173–1186 m. The deposits were excavated to depths 

101 of >13 m across a meander loop of the Clark Fork River (Figs. 1, 2). This excavation occurred 

102 during straightening of the railbed between 1883 and 1915 (Campbell et al., 1915). The deposits 

103 were apparently not eroded due to protection by a bedrock outcrop along the upstream (eastern) 

104 margin. The sediments record lake levels above elevations of ~1200 m and water volumes of ≥65 

105 percent of the maximum recognized size of glacial Lake Missoula (Fig. 1). The location, 
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106 sedimentology, and periglacial features of two of the three measured sections (Fig. 3, sections I 

107 and II) at the site were described previously (Smith, 2017; Smith and Hanson, 2014).

108 Stratigraphic sections were measured along the top of the talus using standard field 

109 techniques (Figs. 3, 4). Section II is a composite of eight sections correlated by distinctive beds 

110 (Smith, 2017). The other sections were measured in continuous excavations. Loose, dried 

111 sediment was removed to depths of 0.2–1 m in 1–4 m-wide vertical swaths along the outcrop and 

112 then the exposed section faces were scraped with sharpened tools. The exposed deposits in the 

113 Garden Gulch area include, from the bottom to top, (1) a fining-upward sequence of paleo-Clark 

114 Fork River alluvium over bedrock; (2) transgressive basal sand; (3) rhythmically bedded 

115 glaciolacustrine deposits, and (4) capping slopewash with pedogenic alteration (Fig. 3). These 

116 units are described in detail in the following.

117 2.1  Paleo-Clark Fork alluvium

118 The lower portion of two outcrops at sections I and II (Fig. 3) are cobble and boulder-

119 sized gravel with a coarse-grained sand matrix with west-directed (downstream) paleocurrent 

120 indicators. These deposits are interpreted as alluvium deposited by the Clark Fork River prior to 

121 inundation by glacial Lake Missoula (Smith, 2017). The gravel is overlain by locally derived 

122 colluvium and alluvium at section I, which is cross cut by medium-grained fluvial sand that 

123 overlies gravel at section II. 

124 2.2  Deposits of the glacial Lake Missoula transgression (basal sand)

125 Sand with minor gravel was deposited across an inclined surface near section I and over 

126 paleo-Clark Fork River alluvium at section II. The unit ranges in thickness from about 5–100 cm. 

127 It contains moderately sorted cross-stratified sand and poorly sorted sandy angular and 

128 subangular gravel of locally derived Jurassic and Cretaceous sedimentary rocks (Fig. 2). At the 
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129 top of the sandy gravel, rhythmically laminated beds of coarse and medium-grained silt are 

130 interbedded with gravelly sand, and intraclasts of laminated glaciolacustrine sediment; these 

131 fragments indicate that dried or frozen lake-bottom sediments were incorporated into the basal 

132 sand (Figs. 4B, C). Interlayering of this unit with overlying glaciolacustrine sediment indicates 

133 deposition during a transition from fluvial to glaciolacustrine sedimentation as glacial Lake 

134 Missoula transgressed eastward to this location (Smith, 2017). At section III the transgressive 

135 deposits consist of 3-5 cm of silty sand with minor gravel deposited over fractured bedrock (Fig. 

136 3). 

137 2.3  Periglacially modified glaciolacustrine deposits and silty gravel

138 Most of the exposure shown in Figure 4 is made up of cycles of rhythmically bedded 

139 glaciolacustrine silt and clay with intervening beds of silty gravel. Each of the 12 sequences 

140 shown in Figure 3, section II, contains glaciolacustrine deposits of glacial Lake Missoula that 

141 fine-upward from ripple-cross laminated very fine- to fine-grained silty sand to rhythmically 

142 bedded silt, and less common clay, couplets. All but the upper two cycles, “k” and “l”, are 

143 capped by silty gravel deposits that are then overlain by the basal sand or silt of the overlying 

144 fining-upward sequence. The number of rhythmically laminated couplets in the 12 

145 glaciolacustrine cyclic sequences range from >7 to >110; however, interpreting these as varves is 

146 speculative (Smith, 2017). The uppermost sequence of laminated glaciolacustrine sediment (Fig. 

147 3, section II “l”) transitions upward to fine-grained sand due to being mixed by meniscate 

148 burrows that extend downward from the overlying deposit.

149 The upper portions of the lower 11 cycles (“a” to “k”) are characteristically deformed by 

150 cracks, minor faults, and upturned and downturned deformational structures, with locally 

151 homogenized bedding (Fig. 3, section II; Figs. 4E, F). Downward-tapering wedges at the tops of 
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152 cycles “a” to “j” are filled by gravel, silt, and sand separated by massive silt and clay with locally 

153 preserved laminations. Gravel clasts are angular, fine-grained and metamorphosed siltstone and 

154 sandstone identical to those found in nearby outcrops of Jurassic-Cretaceous sandstone and 

155 siltstone (Fig. 3). Gravel clasts have vertical orientations and other features characteristic of 

156 cryoturbation (Smith, 2017). 

157 The deformational features at the tops of each of the 12 cycles represent subaerial 

158 exposure of glacial Lake Missoula sediment during drops in lake level. Transport of the locally 

159 derived, angular gravel onto an exposed lake floor is interpreted to have been by entrainment of 

160 hillslope debris during water-level lowering, as more completely described in Smith (2017). The 

161 sediment-filled wedges and deformed bedding in the silty sediment horizons are interpreted as 

162 seasonal frost cracks and active-layer deformation features that formed in seasonally cold 

163 climate. Arkosic sand mixed with the gravel at the tops of cycles “a” to “f” was derived from 

164 granitic terrain upstream of the site and became mixed with the gravel by cryoturbation. The 

165 abrupt contacts where disturbed bedding is overlain by laminated light gray silt or very fine-

166 grained sand, such as at the top of cycles “b” and “c” (Fig. 4E, F), show that subaerial exposure 

167 surfaces were buried during the next glacial-lake transgression, representing reestablishment of 

168 glacial Lake Missoula. The final retreat of glacial Lake Missoula from this site was marked by 

169 bioturbation of glaciolacustrine deposits near the top of cycle “l”.

170 2.4  Post-lake sediment

171 Rhythmically laminated glaciolacustrine sediments are overlain by massive bioturbated 

172 sandy silt, silty sand, and intraclast conglomerate, between 0.7 to >2 m in thickness along the 

173 outcrop (Figs. 3, 4G). Burrowing at the lower contact of the post-lake sediment continues 

174 downward into laminated glaciolacustrine silt and clay (Fig. 3, section II; Fig. 4G). Massive 
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175 bedding, carbonate nodules, and carbonized rootlets suggest weak pedogenic modification of the 

176 silty unit, which likely includes reworked glaciolacustrine sediment. Brecciation and erosion of 

177 the uppermost portion is attributed to human excavation for realignment of the Clark Fork River.

178 3. Sampling for optical dating

179 Sedimentary units with visible sand-sized quartz grains were selected for sampling for 

180 optical dating. Sampling was done in the field by pounding 25 to 30-cm long, 4-cm internal 

181 diameter opaque aluminum or plastic tubes into the outcrop (making sure to pack the sediment 

182 tightly to avoid mixing). Tubes were then excavated and tightly secured at the ends to preserve 

183 water content and prevent mixing during transport. Due to cm-scale layering in much of the 

184 strata, sediment within 30 cm of the tubes was also sampled during excavation for additional 

185 environmental dose-rate determinations.

186 A total number of 17 samples were collected for optical dating; four samples from the 

187 basal sand, 10 samples from the glaciolacustrine deposits and three samples from the bioturbated 

188 slopewash post-lake sediments near the top of section II (Fig. 3).  The basal sand samples were 

189 collected from each of the exposed alluvial units directly below the glaciolacustrine sediment at 

190 sections I and II (Fig. 3). At section I the unit was sampled from alluvial cross-stratified sand 

191 (JD-01; Fig. 4B). The two samples in the fluvial sediments at section II were collected 10 and 66 

192 cm below the glaciolacustrine sediments (167502 and 167521; Fig. 4A). The silty sand over 

193 bedrock sample at section III (167525; Fig. 3) included gravel-sized clasts from the underlying 

194 bedrock (Figs. 2, 3).

195 The glaciolacustrine samples were taken from seven stratigraphic positions. Sediment 

196 within eight downward-tapering wedges was sampled at six stratigraphic levels; one sample was 

197 from rippled silt within glaciolacustrine silt and clay (JD-02; Fig. 4A) and two from rippled sand 
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198 overlying periglacially modified silty gravel  (167504, 167505; Fig. 3). Periglacial wedges at the 

199 tops of the upper six cycles contain little visually identifiable sand and were therefore not 

200 sampled. One sample (167520) is from a massive sand bed that overlies cycle “a”; the sand 

201 shows soft-sediment deformation structures where it intrudes, and contains pillows of overlying 

202 glaciolacustrine silt (Fig. 4D). We infer that this sand body was fluidized during a lake-level fall 

203 (Smith, 2017). One sample (JD-02) was taken from a 0.2 m-thick unit displaying climbing 

204 ripples about 65 cm above the base of the glaciolacustrine unit (Figs. 3, 4A). 

205 The bioturbated sediment near the top of section II was sampled above and below a 

206 weakly developed soil horizon at the top of the glaciolacustrine section (Figure 4 G, H; 167511, 

207 167512). An additional sample is from a massive silty unit at the highest stratigraphic level of 

208 exposure (Fig. 3; JD-03).

209 4.  Sample preparation, instrumentation, and analysis

210 The samples were prepared and analyzed at two different laboratories, three at the 

211 Luminescence Dating Laboratory at University of Fraser Valley (UFV), British Columbia, 

212 Canada, and 14 at the Nordic Centre for Luminescence Research, DTU Risø Campus (NCLR); 

213 slight differences in procedures used at these laboratories are detailed below. Two samples 

214 processed at UFV are from equivalent stratigraphic horizons as those processed at NCLR in 

215 order to provide independent duplicate ages on these horizons.

216 All samples were prepared using standard procedures under laboratory darkroom 

217 conditions. The outer 5-7 cm of sediment was removed from each end of the tubes to avoid 

218 possible contamination with sediments exposed to light and for environmental dose-rate 

219 measurements. The interior sample was wet-sieved to 180-250 µm diameter grains and treated 

220 with 10% H2O2 (1 h) to remove any organics, and then with 10% HCl acid for at least 1 h to 
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221 remove carbonates. HCl treatments were completed to the point of no visible reaction. At NCLR 

222 the grains were pre-etched with 10% HF acid for 20 minutes. Heavy-liquid separation (2.58 

223 g/cm3) was used to separate quartz from K-rich feldspar. The quartz extracts were then etched for 

224 1 h using 40% HF (40 min. with 48% HF at UFV) to remove any remaining feldspar 

225 contamination and the outer alpha-irradiated layer of the quartz grains. The grains were then 

226 treated with 10% HCl for at least 40 minutes and rinsed in deionized water to remove any 

227 fluoride precipitates. The absence of feldspar contamination was tested using infrared (IR) 

228 stimulation, through an OSL IR depletion test (Duller, 2003); samples that had OSL IR depletion 

229 ratios greater than 10% of unity were treated a second time with 40% HF at NCLR. The overall 

230 OSL IR depletion ratio was 0.97 ± 0.01 (n=254), indicating that any feldspar contamination of 

231 the quartz signals was negligible. No further treatment was done on K-rich fractions after 

232 separation. Insufficient fine to medium-grained quartz sand was recovered from sample JD-02 so 

233 this sample was abandoned.

234 Luminescence measurements were made using multiple Risø TL/OSL DA-20 readers. 

235 Quartz was stimulated using blue (470 ± 30 nm, ~80 mWcm-2) LEDs and detected through a 7.5 

236 mm-thick Hoya U-340 glass filter.  K-feldspar was measured using IR stimulation (870 ± 40 nm, 

237 ~135 mW cm-2) with photon detection through a combination of Schott BG39 and Corning 7-59 

238 glass filters. Laboratory beta irradiations employed 90Sr/90Y beta sources mounted on the readers 

239 that delivered calibrated doses between 0.07 and 0.22 Gy per second of beta exposure to 180-250 

240 µm grains mounted on holders using silicon oil (Silkospray) fixing agent. Loose grains were 

241 removed from holders before measurement. At UFV, aluminum disks were used for small 

242 aliquots containing 50-100 grains. Stainless steel cups were used at NCLR for large aliquots (~8 

243 mm) containing hundreds of grains.
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244 The single-aliquot regenerative-dose (SAR) procedure was used for both quartz (Wintle 

245 and Murray, 2006) and feldspar (Wallinga et al., 2000) measurements. Quartz aliquots were 

246 stimulated at 125°C for 40 s. At NCLR signals for quartz were derived using an early 

247 background subtraction (signal: 0–0.32 s; background: 0.32–1.12 s) to isolate the fast 

248 components of the luminescence signal (e.g. Cunningham and Wallinga, 2010).  Measurements 

249 made at UFV used the late background subtraction technique (signal 0–0.4 s; background 80–

250 100 s). K-feldspar fractions were measured at 50°C with a thermal treatment (preheat) of 250°C 

251 for 60 s following both the regenerative and test doses. Aliquots were accepted or rejected on the 

252 basis of standard quality control tests (Wintle and Murray, 2006). Aliquots with De values greater 

253 than three standard deviations of the average for that sample were rejected as outliers.

254 5.  Environmental dose rates 

255 Environmental dose rates for samples analyzed at NCLR were found using high-

256 resolution gamma spectroscopy (Murray et al., 1987). Each sample at NCLR included two dose 

257 rate measurements, one from the sample tube and one from sediment surrounding the tube. 

258 About 200 g (106-260 g) of sample from sample tube ends, or from the separate samples, were 

259 ashed (24 h at 450°C) and then ground and cast with melted wax in a fixed cup geometry. After 3 

260 weeks of storage to let 222Rn reach equilibrium with its parent 226 Ra, the cups were counted for 8 

261 to >24 h using a gamma spectrometer. Dose rate samples run at UFV were calculated on sample 

262 splits using concentrations of 40K, 238U, and 232Th found by neutron-activation analysis (NAA). 

263 Pore water in the sediment matrix attenuates dose rate to mineral grains; therefore the 

264 average pore-water content of each sample needs to be estimated for dose-rate calculations. 

265 Sediment with natural moisture contents were collected in film canisters or from the sample 
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266 tubes. The as-collected (in situ) and saturated water contents of samples at both NCLR and UFV 

267 were measured by oven-drying at ~40°C.  

268 The geomorphic position, approximate water-holding capacity, water-table history, and 

269 excavation history of the outcrops were considered in the estimation of the time-averaged water 

270 contents for samples. During deposition of lacustrine deposits the pores must have been 

271 saturated. After withdrawal of the lake and upon alluvial downcutting, the sediments were 

272 partially drained. The resulting time-averaged pore-water percentage depends on the sediment’s 

273 water-holding capacity and its height above local base level, the Clark Fork River. Because all of 

274 the samples were taken from artificial excavations of a fluvial meander loop, in-situ water 

275 content measurements are considered too low, especially for those samples from the deepest part 

276 of the excavation. Average depths to the water table in thin (3–10 m) alluvial sediments along 

277 the Clark Fork River valley is about 3.8 m, but varies seasonally by about 3 m (Montana Bureau 

278 of Mines and Geology Ground Water Information Database data mbmggwic.mtech.edu). 

279 Therefore, water contents were estimated by averaging measured in situ values and saturated 

280 values for all but one near-surface sample (JD-03). An uncertainty of ±6% was ascribed to the 

281 water content values to account for uncertainty in these estimates. 

282 Dose-rate conversion factors of Guérin et al. (2011), moisture content, and cosmic ray 

283 contributions based on present burial depths (Prescott and Hutton, 1994) were used to calculate 

284 environmental dose rates for all of the samples, and these are presented in Table 1. 

285 6.  Quartz luminescence characteristics

286 We first addressed the luminescence and dosimetry characteristics of the sampled quartz 

287 grains. A representative dose response curve and natural OSL decay curve for quartz extracted 

288 from sample 167501 is shown in Figure 5a together with the OSL curve from Risø calibration 
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289 quartz (Hansen et al., 2015). The similarity in luminescence responses shows that the OSL of the 

290 quartz samples is dominated by the desired thermally-stable fast component (Jain et al., 2003; 

291 Singarayer and Bailey, 2003). 

292 To determine the appropriate preheat treatment, a preheat-plateau test was carried out on 

293 sample 167502 (Fig. 5b). The average value is shown as a dashed line and although the data are 

294 scattered, there is no apparent systematic dependence of equivalent dose (De) on preheat 

295 temperature in the range of 160 to 300 °C. A dose-recovery preheat-plateau test from 160 to 300 

296 ºC of 167502 was undertaken by exposing 24 aliquots, respectively, to blue light at room 

297 temperature for 100 s, storing them for 10 ks, and then exposing them again to blue light to 

298 remove effects of thermal transfer, before giving them a dose that was then recovered (Wintle 

299 and Murray, 2000, 2006). Although there may be a weak systematic dependence of dose- 

300 recovery ratio on temperature, all results up to 280°C are within 10% of unity (Fig. 5c).

301 From these data, we adopted a preheat temperature of ≤ 260°C (with a cut-heat 40°C 

302 lower than preheat) for all De measurements ; most De estimates were based on a preheat of 

303 260°C, while 3% of the estimates were from aliquots used for the preheat-plateau tests with 

304 lower preheat temperatures. Further dose-recovery measurements were undertaken for at least 

305 three aliquots per sample for samples measured at NCLR, with a preheat and cut-heat 

306 temperature of 260 and 220°C, respectively. These data are summarized as a histogram in Figure 

307 5d with a mean of 1.01 ± 0.02 (n=58), showing that our chosen measurement protocol is able to 

308 accurately recover a known dose given before any thermal treatment. 

309 7.  Quartz optical ages and reliability 

310 Quartz luminescence ages (Table 2) are based on the dose rates from Table 1 and the De 

311 estimates in Table 2. The two ages from UFV, JD-01 on basal sand and JD-03 on post-lake 
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312 deposits, are indistinguishable from the ages for stratigraphically equivalent samples run at 

313 NCLR.  Ages range from 46.6 ± 4.5 ka to 18.7 ± 1.7 ka for samples from below and within the 

314 glaciolacustrine deposits, and 11.9 ± 1.2 ka to 10.6 ± 0.9 ka for sediments overlying the 

315 glaciolacustrine deposits. However, the reliability of these ages must be discussed before 

316 considering the geological implications.

317 7.1  Were the quartz grains well bleached before deposition?

318 In water-borne sediments the most frequently considered source of potential inaccuracy is 

319 incomplete resetting of the quartz OSL signal before deposition and burial. One method for 

320 testing the assumption of quartz signal resetting relies on the observation that the IRSL signals 

321 from feldspar are significantly more difficult to reset by daylight than the OSL from quartz (e.g. 

322 Godfrey-Smith et al., 1988; Murray et al., 2012). Thus, in principle, if quartz and feldspar ages 

323 agree, one can infer that the quartz grains must have been fully reset at deposition (Murray et al., 

324 2012). Feldspar IRSL signals, however, are usually unstable (e.g., Huntley and Lamothe, 2001) 

325 and apparent ages derived from well-bleached feldspar will systematically underestimate ages 

326 based on well bleached quartz, unless the former are corrected for this fading (Huntley and 

327 Lamothe, 2001). But by considering the differential bleaching and fading rates between quartz 

328 and feldspar, Murray et al. (2012) concluded that if a feldspar IRSL age is consistent with or less 

329 than the corresponding quartz age, the quartz is very likely to have been sufficiently reset prior to 

330 deposition, an approach now widely used to identify well-bleached quartz in various depositional 

331 environments (e.g. Buylaert et al., 2012; Colarossi et al., 2015; Reimann et al., 2015; Sohbati et 

332 al., 2016). 

333 In this study, the De of K-feldspar fraction was measured using at least 3 aliquots of all 

334 samples. K-feldspar dose rates are derived by adding the internal beta dose rate arising from an 
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335 assumed 12.5 % K content (Huntley and Baril, 1997) to the quartz dose rates. The resulting 

336 feldspar apparent ages are summarized in Table 2 and plotted against the quartz ages in Figure 6. 

337 All the feldspar ages (n= 15) lie below the line of unit slope, with an average ratio of 0.53 

338 (feldspar to quartz age). The only exception to this is the result from sample 167520 which lies 

339 above the unity line. We conclude from this that there is no evidence to suggest that our quartz 

340 ages are significantly affected by incomplete bleaching prior to burial.

341 8. Discussion

342 Optical dating of transgressive basal sand below glaciolacustrine silt and clay at Garden 

343 Gulch provides direct age control on initial establishment of glacial Lake Missoula at a deep-lake 

344 elevation of at least 1185 m, or >65 percent of the maximum lake capacity. The lake reached this 

345 level between 18.7 ± 1.7 to 23.1 ± 1.6 ka, or at a weighted average age of 21.1 ± 1.5 ka (n = 4) 

346 (Table 2, Fig. 7). Seven optical ages for periglacially modified glaciolacustrine deposits range 

347 from 18.1 ± 1.3 to 23.6 ± 1.8 ka. At one standard error, the seven ages are equivalent, and equal 

348 to the basal sand ages (Figs. 7, 8). A weighted average age for the 11 samples is 20.9 ± 1.3 ka, as 

349 shown on Figures 7 and 8.

350 Each of the 12 cycles of glaciolacustrine deposits, “a” to “l”, formed during 

351 transgressing, deepening, and retreating glacial Lake Missoula cycles, and resulted in exposed 

352 lake floors. Complex disruption of the sediments in the upper portions of cycles “d”, “e”, and “j” 

353 (section II, Fig. 3) may represent sediment accumulating during lake-level fluctuation and 

354 cryoturbation, forming syngenetic sand wedges. The time represented by the glaciolacustrine 

355 section is difficult to assess between the basal sand and the uppermost dated glaciolacustrine 

356 sequence at the top of cycle “f” (samples 167504 and 167505), as interpretation of varves is 

357 problematic and much of the sediment is deformed (Smith, 2017). The 11 fining-upward 
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358 sedimentary sequences capped by cryoturbation must represent at least one year of freezing and 

359 thawing to create the wedge structures, but they could have taken a few to a few tens of years to 

360 form. Because little sand was observed in exposures of the upper cycles “g, h, i, j, and k”, they 

361 were not sampled, and the ages for the latest fluctuations in lake levels at the site are unknown. 

362 Of the nine ages from the glaciolacustrine section, two (167516 and 167520) are unreasonably 

363 old, likely due to remobilization and fluidization of a sand body as a subaqueous deposit.

364 The optical ages of 10.6 ± 0.9 ka (JD-03) to 12.6 ± 0.8 ka (167522) are consistent with 

365 the ages of post-glacial deposits. Although the lowest sample (167522) is from glaciolacustrine 

366 sediments of cycle “l”, sand in the deposit was brought down from overlying slopewash in 

367 burrows, so the age is of the slopewash. A significant regional marker for the minimum age of 

368 glacial Lake Missoula sedimentation is the Glacier Peak “G” tephra. The tephra is within fluvial 

369 deposits on terraces ~2 m above the Flathead River, and inset ~100 m below the top of 

370 glaciolacustrine deposits in the Flathead River valley (Fig. 1; Levish, 1997; Hendrix, 2011; 

371 Hofmann and Hendrix, 2010). Thus, the final draining of the lake was prior to eruption of 

372 Glacier Peak “G” tephra at 13.7-13.4 cal. ka B.P. (Kuehn et al., 2009; Fig. 8).

373 In previous studies, glacial Lake Missoula was constrained by few numerical ages (Fig. 

374 8). Previously published ages from glaciolacustrine sediments include one 14C age (Hofmann and 

375 Hendrix, 2010) and three optical ages on quartz (Hanson et al., 2012). Hofmann and Hendrix 

376 (2010) report a 14,150 ± 50 cal. yr B.P. age for a pine needle collected from near the top of a 

377 core in the southern part of Flathead Lake, but below the Glacier Peak “G” tephra (Figs. 1, 8). 

378 This age shows that the glaciolacustrine deposits below the Glacier Peak “G” tephra represent 

379 deposition after retreat of the Flathead Lobe of the Cordilleran ice sheet (Hofmann and Hendrix, 

380 2010). The lake was either glacial Lake Missoula, dammed by the Purcell Lobe, or in the locally 
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381 dammed proglacial Lake Flathead (Konizeski et al., 1968; Smith, 2004; Hofmann and Hendrix, 

382 2010).

383 Hanson et al. (2012) reported an optical age on quartz from alluvium below glacial Lake 

384 Missoula deposits at the Ninemile section (15.1 ± 0.6 ka) and two on sand beds within the Rail 

385 Line section (Figs. 1, 8; 12.6 ± 0.6 ka and 14.8 ± 0.7 ka). The lower age from the Rail Line 

386 section is out of stratigraphic order and younger than the Glacier Peak “G” tephra. Discounting 

387 the younger age, this suggests that these lower elevation glaciolacustrine deposits may represent 

388 a late-lake history. Earlier glaciolacustrine deposits correlative with the Garden Gulch section 

389 may have been eroded by drainage of large, deeper lakes represented by the higher elevation 

390 deposits at Garden Gulch. Such erosion of low-elevation sediments in downstream reaches is 

391 consistent with modeling of glacial Lake Missoula outflows resulting from sudden releases 

392 during lake highstands  (Alho et al., 2010).  High magnitude draining of glacial Lake Missoula 

393 formed giant gravel bedforms that underlie the glaciolacustrine sediments in the canyon reaches 

394 of the lower Clark Fork River (Smith, 2006). Without additional geochronological data and 

395 correlations with other sections, it is unclear how many complete lake-filling and -draining 

396 cycles or only partial draining cycles are recorded in any of the glaciolacustrine silt and clay 

397 sections.

398 Optical ages for initial transgression of the glacial lake at the Garden Gulch location are 

399 consistent with the sparse chronology of advance of the Purcell Lobe of the Cordilleran Ice sheet. 

400 The age of advance of the Purcell Lobe into the ice dam region is constrained by a 14C age of 

401 <22.8 cal. ka B.P for pre-glacial deposits that were later overridden during the advance (Fig. 8) 

402 (Clague et al., 1980). Retreat of the glacier from its maximum extent was dated at 15.7 ± 1.3 ka 
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403 (Breckenridge and Phillips, 2010) after recalculation of the five 10Be ages on boulders on a 

404 lateral moraine (Balbas et al., 2017) (Fig. 8). 

405 Sedimentological correlation, essentially event correlation, with dated strata in the 

406 Channeled Scabland of Washington and Oregon states has been the main method of inferring 

407 ages for lake-level changes in the Lake Missoula basin. The ages at Garden Gulch are consistent 

408 with the earliest ages of ~19 cal. ka B.P for last-glacial flooding in the Channeled Scabland  (Fig. 

409 8; Benito and O’Connor, 2003; O’Connor and Benito, 2009; Waitt, 2016) and with the 18.2 ± 1.5 

410 ka age for one of the largest floods documented in the Channeled Scabland (Balbas et al., 2017).

411 From sedimentation events recognized in glacial Lake Columbia, Atwater (1986, 1987) 

412 argued that glacial Lake Missoula discharged 89 times into central Washington beginning about 

413 17 cal. ka B.P. (from maximum ages on detrital wood; Fig. 8) and decreased in magnitude over 

414 time. Balbas et al. (2017) concluded that glacial Lake Missoula floods continued until 14.7 ± 1.2 

415 ka. Benito and O’Connor (2003) summarized that most, if not all, of the last-glacial flood 

416 deposits along the Columbia River valley were emplaced after 22,870 ± 316 cal. yr B.P., that 

417 floods continued through 14,612 ± 165 cal. yr B.P., and that flood magnitude generally 

418 decreased over time. 

419 Low-salinity anomalies in the north Pacific, dated at 24–17 cal. ka B.P. (Lopes and Mix, 

420 2009) and correlations of offshore sands in core at ∼19.3–~14.9 cal. ka B.P. (Gombiner et al., 

421 2016), and with a major deposit in the Escanaba Trough (Zuffa et al., 2000) have been ascribed 

422 to floods from glacial Lake Missoula (Hendy, 2009; Lopes and Mix, 2009; Baker et al., 2016; 

423 Gombiner et al., 2016). The optical ages for initial transgression at Garden Gulch, the maximum 

424 age for late-glacial catastrophic flooding  in the Columbia River Gorge of  <22 cal. ka B.P. of 

425 Benito and O’Connor (2003), and the date for the large 18.2 ± 1.5 ka flood are consistent with 
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426 the ages of the lower six fluctuations in lake level expressed in the Garden Gulch section. The 

427 Garden Gulch section represents the earliest filling and draining cycles in the last-glacial episode 

428 of flooding in the Channeled Scabland (Fig. 8). 

429 9.  Conclusions 

430 Glaciolacustrine sediments preserved at high elevations within the ~9,500 km2 glacial 

431 Lake Missoula impoundment record initial late Pleistocene transgression, deepening, lake 

432 lowering, and lake draining. Twelve sedimentary cycles were deposited at the Garden Gulch 

433 section during periods of lake deepening and lake-level lowering. Each of the lake-level 

434 lowerings below an altitude of about 1185 m permitted periglacial features to develop, which 

435 trapped sand grains of quartz and feldspar in the lower six cycles.

436 Seventeen samples for optical dating were collected at eight stratigraphic levels in order 

437 to provide a chronology for the lower six, of the twelve, lake-level cycles at Garden Gulch. Four 

438 ages on the basal sand and seven ages from the glaciolacustrine section suggest that these units 

439 are essentially contemporaneous with an age of 20.9 ± 1.3 ka (n=11). The sedimentological 

440 considerations together with chronology suggest that the time represented by the lower six cycles 

441 in the section may range between decades to ~2 ka. Additional chronology of the upper six 

442 cycles is needed.

443 The uppermost glaciolacustrine cycle is burrowed and pedogenically modified and 

444 capped by the post-lake sediment. Three ages from the slopewash and underlying disturbed 

445 glaciolacustrine sediment range from 10.6 ± 0.9 to 12.6 ± 0.8 ka. These ages are consistent with 

446 the cessation of glaciolacustrine deposition before eruption of the Glacier Peak “G” tephra (13.7-

447 13.4 cal. ka B.P.).
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448 The stratigraphy and dating of the Garden Gulch section provides a record of glacial Lake 

449 Missoula repeatedly attaining high elevation and deep lake levels in the late Pleistocene. 

450 Sediments were deposited in <100 m of water at an elevation that would have contained >65 

451 percent of the maximum water volume of glacial Lake Missoula. The timing and stratigraphy are 

452 consistent with the available chronology of the damming by the Cordilleran ice sheet and 

453 downstream megaflood deposits formed by repeated cataclysmic ice-dam breaching and drainage 

454 of glacial Lake Missoula. One or more catastrophic drainings from lake-level stands that 

455 deposited the sediments at Garden Gulch could be responsible for eroding glaciolacustrine 

456 deposits downstream, thus the glaciolacustrine sediments in the lake basin are likely time-

457 transgressive. Still uncertain are the number of full versus partial lake drainages represented in 

458 any of the glaciolacustrine sections.
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658  FIGURE CAPTIONS

659 Figure 1. (A) Location map of glacial Lake Missoula, key stratigraphic sections, maximum 

660 extent of late Pleistocene glacial ice, approximate outline of Purcell Trench lobe ice dam, and the 

661 present study area along the Clark Fork River; Flathead Lake core location of Hofmann and 

662 Hendrix (2010) shown; dashed line shows possible retreat position of ice when glacial Lake 

663 Missoula extended farther north. (B) Relationship between of volume and altitude of the lake 

664 calculated at six discrete lake elevations from present topography (modified from Smith, 2006); 

665 m asl – meters above sea level.

666 Figure 2. Geologic map of study area; numbers I, II, and III show locations of measured sections 

667 where samples for optical dating were collected; topographic contour interval of 50 m; geologic 

668 contacts modified from Berg (2005).

669 Figure 3. Graphical logs of measured sections and stratigraphic positions of samples for optical 

670 dating shown by black arrows (locations in Fig. 2). (I) Section I of the lower unconsolidated 

671 units at Garden Gulch measured at the location of optical dating sample JD-01; modified from 

672 Smith (2017). (II) Section II is a composite section through the entire outcrop of glaciolacustrine 

673 deposits; white arrows indicate exposure-surface horizons, dashed arrows point to aggradational 

674 surfaces at the top of cycles “d”,  “e”, and “j”; modified from Smith (2017). (III) Section III 

675 measured in glaciolacustrine sediments above weathered bedrock in the westernmost railroad cut 

676 outcrop.
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677 Figure 4. Examples of sedimentary facies in measured sections and locations of samples; vertical 

678 measurements correspond to height above base of measured sections in Figure 3. (A) Laminated 

679 and cross laminated sand and silt at 0.5-1.0 m in section II; sample JD-2 was from the climbing 

680 rippled unit at 65 cm. (B) Overview of alluvium of the paleo-Clark Fork River, deposits of the 

681 initial glacial Lake Missoula transgression, and overlying glaciolacustrine deposits at section I, 

682 looking north; black arrow points to bedded silt interlayered with sandy gravel; the JD-1 sample 

683 for optical dating was collected in the sandy unit at the point of the trowel (handle is 13 cm 

684 long). (C) Laminated glaciolacustrine silt and clay overlie transgressing lake alluvium above 

685 paleo-Clark Fork River alluvium; black arrow as above, white arrow points to intraclast of 

686 laminated silt within alluvium. (D) Overview of the lower part of section II (Fig. 3) showing 

687 locations of three photographs and samples for optical dating. (E) Sampling tube for 167501 

688 before excavation of gravelly silt and sand in downward-tapering wedge at the top of cycle “b” 

689 section 2 (Fig. 3). (F) Location of sample 167503 at the top of cycle “c” (Fig. 3). (G) The 

690 uppermost samples collected for optical dating were taken from massive post-lake sediment 

691 above and below a paleosol horizon. (H) Overview of the upper part of section II showing the 

692 locations of seven samples and the location of Figure 4G.

693 Figure 5. (A) Representative dose-response and ‘natural’ OSL (inset) curves for sample 167501. 

694 The main graph shows data for an aliquot accepted for dating; the dose-response curve consists 

695 of sensitivity-corrected luminescence intensity (Lx/Tx) plotted as a function of laboratory beta 

696 dose. The equivalent dose (De) value for an individual aliquot is found by interpolating the 

697 luminescence intensity arising from the natural signal, shown by the horizontal line, onto the 

698 dose response curve. The inset compares the ‘natural’ OSL curve with that of Risø calibration 

699 quartz (Hansen et al., 2015), confirming  a dominant fast component in our samples. (B) The 
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700 equivalent dose (De) and (C) dose-recovery preheat plateaus for sample 167502. Each data point 

701 is an average of at least three aliquots. The error bars represent one standard error. The dashed 

702 line in (B) represents the average De. The dashed lines in (C) show 10% of unity. (D) Histogram 

703 of dose recovery ratios of samples analyzed at NCLR. 

704 Figure 6. Comparison of quartz OSL and K-feldspar IRSL ages; the inset shows all data (dashed 

705 line represents 1:1 relationship); see text for discussion. 

706 Figure 7. Graphical summary of optical ages (error bars represent 1 standard error) and the 

707 stratigraphic context of section II (Figure 3); JD-01 and 167525 are projected onto the section 

708 relative to their position below glaciolacustrine deposits. The gray triangle near the top of the 

709 section represents possible ages of the upper glaciolacustrine cycles. The outlier age of 46.6 ± 

710 4.5 ka for 167520 is not included in the plot and 167516 was contaminated by older sand (see 

711 text for explanation).  The vertical gray line shows the weighted mean age of 20.9 ± 1.3 ka for 

712 the 11 ages. The age of the Glacier Peak “G” tephra from Kuehn et al. (2009) is shown by a 

713 vertical arrow. 

714 Figure 8. Summary of a selection of relevant geochronologic data compared to approximate ages 

715 for advance and retreat of the Cordilleran Ice Sheet, shown by black and white bars (modified 

716 from Baker et al., 2016). (A) Times of glaciation (younger two 14C ages suggesting active 

717 glaciers in southern British Columbia); the lower 14C age indicates ice-free conditions in 

718 southeastern British Columbia (after Clague et al., 1980); the youngest age for corresponds to the 

719 age for beginning retreat of the Purcell lobe at the ice dam (Balbas et al., 2017). (B) 10Be age on 

720 a late-glacial lateral moraine in the Purcell Trench at Lake Pend Oreille (Breckenridge and 

721 Phillips, 2010), recalculated by Balbas et al. (2017). (C) Age of a pine needle in the upper part of 

722 a glaciolacustrine section of Flathead Lake core (Fig. 1; Hofmann and Hendrix, 2010). 



33

723 (D) Two ages from the glacial Lake Missoula deposits at the Ninemile and Rail Line sections 

724 (Hanson et al., 2012); see text for discussion. (E) Weighted average age (n=11) from this study 

725 on basal sand and glaciolacustrine sediments at Garden Gulch, and three ages of post-lake 

726 sediments. (F) Radiocarbon ages for organics below (lower one) or within megaflood deposits in 

727 the Colombia River gorge; vertical line suggest continuity of section (Benito and O’Connor, 

728 2003). (G) Age of the Glacier Peak “G” tephra (Kuehn et al., 2009) is shown by the horizontal 

729 gray bar; it represents the minimum age for glacial Lake Missoula. (H) Radiocarbon ages and 

730 interpreted duration for the Manila Creek section of glacial Lake Columbia; vertical lines suggest 

731 continuity of section (Atwater, 1986). (I) Glacial Lake Missoula flood record in central 

732 Washington from 10Be ages on boulders, a – age for early megaflood; b – age for last flood from 

733 glacial Lake Missoula (Balbas et al., 2017). (J) Glacial Lake Missoula flood record from offshore 

734 Vancouver Island, British Columbia (Gombiner et al., 2016). (K) Curve of practical salinity units 

735 (PSU) in the northeast Pacific, salinity decreases to the left (from Lopes and Mix, 2009). 

736

737 TABLES

738 Table 1. Sample depths, radionuclide concentrations, water content, and total dose rates for 

739 gamma spectroscopy (GS) and Neutron Activation Analyses (NAA) analyses. Radionuclide 

740 concentrations were converted to dry infinite matrix dose rates using the conversion factors of 

741 Guérin et al. (2011).

742 Table 2. Dose rates, equivalent doses, and optical ages.

743
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