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ABSTRACT

The Quaternary history of the Channeled Scabland (CS) and its primary
floodwater sources during marine isotope stage (MIS) 2 are well documented
and understood. However, putative floodwaters from glacial lakes in British
Columbia are poorly understood; these lakes may have supplied floodwaters to

the CS in late MIS 2 during northward retreat of the Cordilleran Ice Sheet.

This study combines geomorphology, sedimentology, stratigraphy, aerial
photograph interpretation, ground penetrating radar, and geographic information
science to reconstruct the paleogeography and evolution of glacial Lake Purcell
in the Purcell Trench. Glacial Lake Purcell was a proglacial, ice-contact lake that
was ~90 km long, up to 12 km wide, and ~360 m deep against its dam (Purcell
Lobe). It contained >70 km® of water just prior to drainage. It likely drained
catastrophically (~47 km® of water) down the Kootenay River valley into the

Columbia River, though geomorphic evidence is equivocal.

Keywords: Glacial Lake Purcell; ice-contact proglacial lake; jokulhlaup;
Channeled Scabland; Cordilleran Ice Sheet; Purcell Trench
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Figure 1-1: Hillshaded DEM (NED; data available from U.S. Geological Survey.)
showing the CS (yellow), the Cordilleran Ice Sheet at its late glacial
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(GLC) and glacial Lake Missoula (GLM) at their non-synchronous
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Figure 1-2: Hillshaded DEM mosaic (Geobase® in CA, NED in USA; data
available from U.S. Geological Survey.) showing the putative ~500 km
long flood route along the CRv associated with the drainage of glacial
Lake Kootenay (in this thesis called glacial Lake Purcell, refer to §
3.1.1) as a bold red line (Waitt 2009; Waitt et al. 2009). The CIS
marigin is shown at ~12.5 *C ka BP (Dyke et al. 2003). .......cc.cceeveverrererverennne. 5

Figure 1-3: Conceptual ice decay model for the CIS (after Fulton 1991). a) CIS
(black) at its maximum extent with an approximate advance-phase
equilibrium line shown (black dashed line). b) An approximate position
of the elevated retreat-phase equilibrium line (black dashed line)
causes downwasting across most of the ice sheet leading to the
relatively prolonged persistence of the thickest ice. c) Alpine glaciers
remain (similar to today) and the CIS is reduced to discrete ice masses
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Figure 2-1: Ice-dammed lake (blue) types numbers refer to lake types listed in............ 10

Figure 2-2: Hypothetical sequence of turbulent floodwater erosion in the
Channeled Scablands, WA (modified from Baker (2008). Republished
with permission of Annual Review of Earth and Planetary Sciences,
from The Channeled Scabland: a retrospective, Victor R. Baker, Issue
37, 2008; permission conveyed through Copyright Clearance Center,
Inc.). a) Pre-flood, loess-covered landscape shaped by dendritic
stream drainage. b) Flood water is introduced; loess cap is reduced to
discrete streamlined hills and basalt entablature erosion is initiated by
longitudinal vortices. c¢) Longitudinal vortices develop grooves that
expose the basalt colonnade; kolks (vertical vortices) remove
colonnade. d) Erosion from kolks enlarges and merges potholes. €)
Prominent channels are developed — possibly by headward knickpoint
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Figure 2-3: Typical characteristics of Yakima Basalt, Channeled Scablands, WA.
Hackly columns form in areas of rapidly cooled basalt and detract from
the resistance to plucking of the entablature (modified from Swanson
(1967), republished with ‘fair use’ permission from the Geological
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Figure 2-4: Places mentioned in the text. The Purcell Trench is highlighted
white. Abbreviations: UAL = Upper Arrow Lake; SL = Slocan Lake;
LAL = Lower Arrow Lake; SRv = Slocan River valley; CLD = Corra
Linn Dam; KR = Kootenay River; C = Castlegar; KL = Kootenay Lake;
sRMT = southern Rocky Mountain Trench; MRv = Moyie River valley;
YRV = Yaak River valley; BF = Bonners Ferry; ES = Elmira spillway;
LCv = Lake Creek valley; L = Libby; MD = moraine dam (that formed
the Bull River spillway); BRS = Bull River spillway; LPO = Lake Pend
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Figure 2-5: Cartoon of glacial Lake Kootenai evolution (after Alden 1953). First
panel (upper left) shows valleys and spillway locations (X) (BRS = Bull
River spillway, ES = Elmira spillway), remaining five panels show lake
stages (stage numbers in upper right as numbered in Table 2-2). Blue
arrows indicate active lake spillways. Red arrows indicate jokulhlaup
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Figure 2-6: DEM mosaic (Geobase® in CA: NED in USA, data available from
U.S. Geological Survey) showing the sequence and timing of floods
(red arrows) through the CS. Glacial lakes (blue) are shown at
maximum extents; CS is highlighted yellow (Ehlers & Gibbard 2004).
a) Missoula “middle floods” from glacial Lake Missoula (GLM); ~14.5
14C ka BP (17.6 cal. ka BP) (Waitt et al. 2009). CIS shown at late
glacial maximum (Ehlers & Gibbard 2004). b) Glacial Lake Columbia
(GLC) jokulhlaup ~12.5 **C ka BP (14.8 cal. ka BP) (Waitt et al. 2009).
c) Putative “glacial Lake Kootenay” jdkulhlaup ~11.6 **C ka BP (13.1
cal. ka BP) (Waitt et al. 2009). Proposed flood route through the
Columbia River valley is highlighted by a dashed red line.............................. 31

Figure 3-1: Hillshaded DEM (Geobase®) of the study area. The Purcell Trench
extends roughly the entire length of the DEM and contains Kootenay
and Duncan Lakes. The spillways (Elmira and Bull River) of glacial
Lakes Kootenai and Purcell (see § 3.1.1) are labeled. Box a outlines
the southern study area shown in Figure 3-2; box b outlines the
northern study area shown in Figure 3-3; box ¢ outlines the western
study area (along the Kootenay River valley) shown in Figure 3-4. ............... 34

Figure 3-2: Hillshaded DEM (Geobase®) of the southern study area showing field
site locations described in this thesis as numbered white dots. The
Kootenai River flows northward into Kootenay Lake..................uvveeiiiiiininnnnnns 35

Figure 3-3: Hillshaded DEM (Geobase®) of the northern study area showing field
site locations described in this thesis as numbered white dots. KR =
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Figure 3-4: Hillshaded DEM (Geobase®) of the western study area showing field
site locations described in this thesis as numbered white dots. Corra
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Figure 3-5: Cartoon of glacial Lakes Kootenai and Purcell showing evolutionary
stages used in this thesis (modified from Alden 1953). First panel
(upper left) shows valleys and spillway locations (X) (BRS = Bull River
spillway, ES = Elmira spillway), remaining five panels show
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evolutionary stages (stage numbers are in upper right of each panel
and refer to stages numbered in Table 3-1). Blue arrows indicate
active lake spillways. Red arrows indicate jokulhlaup routes. ....................... 40

Figure 3-6: Generalized geologic map of the Kootenay Arc (coloured terrane) and
surrounding terranes (modified from Archibald et al. 1983; Colpron &
Price 1995; Doughty & Price). Kootenay and Duncan Lakes (blue,
Figure 3-3) occupy the northern Purcell Trench. ........ccccoooeeviiiiiiiiiiniieeeeeeen, 43

Figure 4-1: Legends for fabric diagrams. All data is presented on lower-
hemisphere, equal-area Schmidt nets. a) Scatterplot for trough cross-
stratified gravel. The dips and dip directions of clast a-b planes are
plotted and classified according to the orientation of the a-axis (a(t),
a(p), or (a(o)) with respect to the dip and direction of the a-b plane. b)
Gravel fabric stereogram. The dips and dip directions of the a-b plane
of gravel clasts in a sample are presented as a contoured stereogram.
Contour density is calculated using the cosine sums method with a
cosine exponent of 20 in Stereo32 software. The principal eigenvector
(V1) depicts the azimuth of maximum cluster for all clasts. Diamicton
fabric scatterplot (c) and contoured stereogram (d) record the a-axis
plunge and azimuth of measured pebbles. Orientation and direction of
glacigenic wear features and the V1 for all the clasts are displayed.
Contour density is calculated using the cosine sums method with a
cosine exponent of 125 in Stereo32 software. The principal
eigenvectors of the sample is shown in (d), and the primary and
secondary eigenvector of modes in bimodal distributions are shown in
() TS USSP 50

Figure 4-2: Legend for lithostratigraphiC 10gS. .........coovvevieiieee e, 53

Figure 4-3: Effects of the dewow filter. Plot is from the application of the
REFLEXW® dewow filter to site 48B, GPR line X1. The 21 ns window
was chosen over the 8 ns window because the actual data was
minimally distorted and the ‘wow’ was greatly diminished. ............................ 57

Figure 4-4: CMP velocity analysis. Images are from the semblance analysis at
site 48B, GPR line X1. Normalized output/input energy ratio bullseyes
are marked with white circles and labeled (on right). Bullseyes
correspond to the labeled diffraction hyperbolas, which are highlighted
with dashed red lines (on left). The REFLEXW® software utilizes a
computer assisted visual coupling of bullseyes (velocities) to
hyperbolas (distances) to generate an actual measurement of the EM
WAVE VEIOCITY. . .ciiiiiiiiiiee e e e e e et e e e e e e e e ettt e e e e e e e e ee ettt e s e eeaaeaenne 60

Figure 4-5: Flow chart describing the methodology developed to calculate gLP
extent, depth and volume. a) A water plane tilt is assumed following a
review of previously reported tilts (see text) and projected northwards
from the Elmira spillway parallel to the Purcell Trench. b) The
elevation of the gLP lake bed bench is measured at a series of points
using a Leica® dGPS system and a DEM (Geobase®), then the
elevation data is interpolated and limited by the topographic DEM to
produce a simplified lake bed DEM. Stars on the brown lake plane
represent point elevations and blue line represents the Kootenai River.
¢) Individual bathymetric soundings are interpolated in a GIS to
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produce a simplified Kootenay Lake (KL) bathymetry raster. d) For

each water plane (see text), the extent of gLP and volume above the

surface of Kootenay Lake (~530 m asl) is calculated from the

intersection of the tilted lake plane and simplified lake bed DEM. e)

The depth and volume of gLP is calculated as the volume from d) plus

the volume of Kootenay Lake within the gLP extent. ..., 65

Figure 5-1: a) Hillshaded DEM (Geobase®) showing the geomorphology around
site 19 (white dot). Site 19 is located in the saddle between Bluebell
Mountain and Pilot Point. b) Hillshaded DEM superimposed on an
aerial photograph (clip from BC5347_248. © Province of British
Columbia. All rights reserved. Reprinted with permission of the
Province of British Columbia.) showing local terrain. The northernmost
wall of this gravel-harboring alcove is marked NWA. The range of
paleoflow directions gathered at site 19 is displayed as a cone
extending from the site. (The deposit does not cover the geographic
area of the cone.) Refer to Figure 3-1 and Figure 3-3 for site location
within the Purcell TrencCh. ... e 68

Figure 5-2: a) Site 19 exposure showing unit positions (black dashed line marks
the lower contact of unit 2). For scale, a person is circled. The white
lines, labeled “19a”, mark the locations of the vertical measurements
used to construct composite log 19a (Figure 5-3). The black line,
labeled “19b” shows the location of measurements for log 19b (Figure
5-3). The five white dots highlight the pebble fabric measurement
locations and correspond to the scatterplots and contoured
stereograms that record a southward/southeastward paleoflow (refer to
Table 5-1 and Table 5-2 for fabric data and Figure 4-1 for stereogram

Figure 5-3: Log 19A and 19B from site 19 (Figure 5-2). Log 19A records the
sedimentology of unit 1; covered intervals (talus) are not drawn to
scale. Log 19B records the sedimentology of the top of unit 1 and unit
2. Refer to Figure 4-2 for legend and Table 4-1 for lithofacies codes.
Paleoflow arrows correspond to data in Tables 5-2 and 5-3, and Figure
. e e 75

Figure 5-4: Hillshaded DEM (Geobase®) superimposed onto an orthophotograph
(clip from 1:250 000 orthophotograph mosaic, 82F. © Province of
British Columbia. All rights reserved. Reprinted with permission of the
Province of British Columbia.) showing site 41 (exposure 41A and 41B
denoted as white dots) located on a bench (white outline) positioned
between the western wall of the Purcell Trench and two bedrock ridges
(within black dotted lines) to the east. Refer to Figure 3-3 for the site

location within the Purcell Trench. ..., 78
Figure 5-5: Site 41 exposure 41A showing unit boundaries and their elevations
as well as locations and stereograms for gravel fabric 41-4 (..............eee... 79

Figure 5-6: Bimodal diamicton fabric 41-6b from exposure 41B, site 41. Refer to
Figure 4-1 for stereogram l€gend. .........oouuuniiiii i 80

Figure 5-7: a) Site 41, unit 6 contains an irregular, intra-unit sand lens (unit 6i,
bounded by white line). The location of the ripple paleoflow
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measurements (41-6i, Table 5-3) and corresponding rose diagram are
displayed. Metre stick has decimetre markings. b) Unit 6i exhibits

shears. Sense of shear (arrows) through a clay bed (outlined in grey)

in unit 6i is highlighted; displacement along this shear is 10 cm. Ruler

IS ~1.5 CIM WO, e

Figure 5-8: a) Hillshaded DEM (Geobase®) superimposed onto an
orthophotograph (clip from 1:250 000 orthophotograph mosaic, 82F,
Province of British Columbia) showing the location of site 53. The
geomorphology of the Purcell trench offers no protection from glacial
erosion at this site; deposit preservation is enabled locally by the
bedrock knob outlined in “b”. Refer to Figure 3-2 for site location within
the Purcell Trench. b) Site 53 exposure showing contact between
units 1 and 2 and their relationship to the local bedrock knob. The
location of diamicton fabric 53-1 (Table 5-2) is circled and
corresponding scatter and contour stereograms are presented. Refer
to Figure 4-1 for stereogram Iegend. ............coovvviiiiiiiiiiiiiiiiiiieeee

Figure 5-9: a) Hillshaded DEM (Geobase®) showing the location of site 27
(white dot) on top of an elevated gravel bench (outlined by black dotted
lines) west of Kaslo, BC (Figure 3-3) that occupies the alcove formed
at the junction of the Kaslo River valley and the Purcell Trench
(Kootenay Lake) just north of a series of valley-parallel bedrock ridges
(black dashed outlines). b) Inclined, planar-stratified imbricate gravel
(Gp, Table 4-1) at site 27. Metre stick (in white box) has decimetre
markings. White circle marks location of gravel fabric 27-1. c)
Contoured stereogram of gravel fabric 27-1 (southward paleoflow) ( ............

Figure 5-10: a) Aerial photograph (A13796-69; © Department of Natural
Resources Canada. All rights reserved.) displays the location of site
30 (labeled circle) on the west side of the Purcell Trench (Figure 3-3),
south of a large rock slide (delimited by the dotted line). Box shows
location of b). b) Close-up of aerial photograph (op. cit.) showing
locations of sections 30A and 30B and an abandoned gravel pit (GP)
(labeled circles). These sections occur within a gullied (blue) valley-
side bench (yellow) south of the large rock slide (red)...........ccccoeveieiiiennn.

Figure 5-11: a) Exposure 30A showing three lithostratigraphic units. Some
dipping beds within unit 3 are highlighted (white lines). Person
(circled) is ~1.9 m tall. b) Horizontally-bedded gravel of unit 1 at
exposure 30B. Location of gravel fabric measurements (white circle)
and corresponding stereogram of fabric 30-1 (southwestward
PAIEOTIOW) (-

Figure 5-12: a) Hillshaded DEM (Geobase®) superimposed onto an
orthophotograph (clip from 1:250 000 orthophotograph mosaic, 82K.
© Province of British Columbia. All rights reserved. Reprinted with
permission of the Province of British Columbia.) showing the
geomorphology around sites 30, 38, 39 and 40. Sites are shown as
labeled white dots and the area of b) is outlined (black box). b)
Hillshaded DEM (Geobase®) superimposed onto an aerial photograph
(A11105-102, NAPL; © Department of Natural Resources Canada. All
rights reserved.) showing the extent of the elevated gravel bench
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exposed by sites 38, 39 and 40. Sites are shown as white dots with

arrows indicating local mean paleoflow direction measured in gravel
lithofacies. Paleoflows at sites 38 and 40 are derived from gravel

fabrics 38-1a, b, ¢ and 40-1, respectively (Figure 5-14, Figure 5-18,............. 99

Figure 5-13: Hillshaded DEM (Geobase®) superimposed onto an aerial
photograph (A11105-131; © Department of Natural Resources
Canada. All rights reserved.) showing the four exposures (39A-39D)
at site 39, and site 40 (white dots) within an elevated and gullied
valley-side bench. Gully 1 terminates in a gravel fan below the bench
riser, whereas gullies 2 and 3 extend to Kootenay Lake and do not
terminate in topographically-distinct gravel fans. The area between the
dashed lines denotes the thin bench tread (red and yellow tones) and
the bench riser (green tones). Refer to Figure 3-3 and Figure 5-12 for
site location within the Purcell Trench. ..........ccco, 100

Figure 5-14: a) Panorama of the single lithostratigraphic unit exposed at site 38
(190 m long exposure). Locations of gravel fabrics are shown and
corresponding stereograms, which record a northward paleoflow, are
Provided. REFEI 10 . cii i e 102

Figure 5-15: Sketch of relative position and stratigraphy at exposur es 39A-39D
at site 39 as viewed from Kootenay Lake looking east. Figures
detailing individual lithostratigraphic units are referred to in the legend. ...... 105

Figure 5-16: Composite vertical log of lacustrine sediments (lithostratigraphic unit
1) at exposure 39B (Figure 5-13). Sketch shows the relative position
of the logs (sediment exposures are shaded grey) and the tilt of the
beds (21° down towards 208°). The top 0.6 m of log 39B4 (grey bar)
consists of fine sand and silt that is desiccated and heavily bioturbated
with few areas of lamination preserved. Refer to Figure 4-2 and Table
I (o] g =T 1= o £ PP PSRP 106

Figure 5-17: a) Exposure 39D reveals four lithostratigraphic units (labeled units
2-5). The location and corresponding stereograms of diamicton fabric
39-2 (Table 5-2) are shown. The cross-stratified gravel beds (Gp) in
unit 3 dip northward (white dashed lines). Black box (labeled b) marks
location of b). b) Close-up of laminated fine-grained lacustrine
sediment (FI) of unit 4 in exposure 39D. c) Exposure 39C is located
north of gully 2 and contains the planar-stratified gravel (Gp) and
interbedded fines (FI, Sp) of lithostratigraphic unit 6. The location of
gravel fabric 39-6 (..oooooeeeiiieeeeee 109

Figure 5-18: a) Site 40 (Figure 5-12) exposes two lithostratigraphic units (units 1
and 2). Unit contacts demarked by a solid black line, dashed black line
denotes the approximate location of the unit 2 lower contact (the
contact is hidden by a large slumped block of unit 2). Black circle (on
right) denotes the location of diamicton fabric 40-2 (shown in d; Table
5-2). Black rectangle (labeled b) marks the location of b. Person is
~1.9 mtall. b) Lenses of Gt (bottom) and St (top) outlined by solid
black lines are surrounded by beds of Gp and Sp (Table 4-1). Some
cross-stratification is traced with black dotted lines. White circle
denotes the location of trough cross-stratified gravel fabric 40-1
(shown in c). The trowel within the circle is 26 cm long. c) Contoured
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stereogram of gravel fabric 40-1 (southwestward paleoflow). d)
Scatter plot and contoured stereogram of diamicton fabric 40-2. Refer

to Figure 4-1 for stereogram legend. ............ccovvvviiiiiiiiiiiiiiiiiiiiiiiieeeeeee

Figure 5-19: Hillshaded DEM (Geobase®) overlain with an aerial photograph
(BC80116-210. © Province of British Columbia. All rights reserved.
Reprinted with permission of the Province of British Columbia.)
showing elevated benches (black dotted lines) around site 2 (white

dot). Refer to Figure 3-2 for site location within the Purcell Trench..........

Figure 5-20: a) Site 2 exposure showing subunit boundaries (white lines) and
sediment structures (traced in subunit 1b by thin black lines). Metre
stick has decimetre subdivisions (only 0.74 m visible). b) Close up of
subunit 1a sand beds showing a syndepositional thrust fault with ~2

CmM Of dISPIACEMENT. ...

Figure 5-21: a) Hillshaded DEM mosaic (Geobase® in CA, NED in USA; data
available from U.S. Geological Survey) showing the gLP lake bed
bench (unmuted green and orange) on the southern and eastern floor
of the Purcell Trench. Black box shows location of b. b) DEM mosaic
(op. cit.) overlain with an orthophotograph (clip from 1:250 000
orthophotograph mosaic, 82F, Province of British Columbia) of the
northernmost part of the gLP bench (light yellow and green) showing
locations of sites (white dots) between Creston and Bonners Ferry that

expose gLP lake-bottom sediment. ........c..ocooiiiiiiiiiiii e

Figure 5-22: Glacial Lake Purcell lake bed sediments. a) Oblique view of site 15.
The nearby bedrock outcrop is labeled BR. To the west is the
Kootenai River. b) Massive clast-rich silt (clasts up to 10cm long) at
site 15. c¢) Tilted and deformed laminated clay is exposed at site 4.

The black line traces one [amination. .........ooeoveveeeee e

Figure 5-23: Site 10. Hillshaded DEM (NED; data available from U.S. Geological
Survey) showing site 10 (white dot) and the surrounding
geomorphology of the incised silt bench. Deep Creek flows north
within Channel C to its confluence with the northward flowing Kootenai
River. The arrow labeled ES points to an ephemeral stream that flows
towards site 10. Refer to text for discussion of channels A-C and

Figure 3-2 for site location within the Purcell Trench. ...........cccccoieeeenl.

Figure 5-24: a) Site 10 exposes three lithostratigraphic units (black lines
demarcate lower contacts). Dip and trend of beds in unit 1 indicated.
Person (circled) is 1.7 m tall. b) Unit 1 is composed of dipping, well-
rounded normally-graded and massive gravel (Gp and Gm, Table 4-1).
¢) Sand beds (Sm and Sd, Table 4-1) at and near the trough-shaped
unconformity at the lower contact of unit 2. d) Unit 3 is lenticular and
composed of well-rounded cobbles and small boulders (Gm, Table

4-1). Decimetre subdiviSions 0N rod. ..........oouvviiiiiiieiiiiie e

Figure 5-25: a) KRy, oriented with flow from top to bottom, shown with select
topographic profiles across the upper, middle and lower reaches of the
valley. Stacked topographic profiles across the upper (b), middle (c)
and lower (d) reaches of KRv showing the interpreted pre-incision
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valley fill thickness inferred from elevated sediment benches and
truncated alluvial fTanS. ..o 136

Figure 5-26: a) Sixteen topographic profiles across KRv from along the entire 68

km long valley (vertical exaggeration 10x). Horizontal-trending
inflections represent the treads of sedimentary landforms and typically
occur only once per cross section; note that tread elevations are
usually paired. Upstream from the Corra Linn Dam (black profiles) the
valley bottom is fixed at ~532 m asl. Dams located at the two
prominent knickpoints are labeled. b) The same topographic profiles
with only the most prominent sediment treads displayed and
differentiating known modern alluvial fans (brown lines). Upstream of
the Corra Linn Dam the elevation range of frequently observed,
continuous (non-stepped) valley fill truncation is demarcated by the
solid black arrow and elevation ranges containing Kootenay River
terraces and Holocene alluvial fans are shown with the dashed black
arrow. Downstream of the Corra Linn Dam elevation ranges of
frequently observed, continuous (non-stepped) valley fill truncation are
demarcated by the solid blue arrow and elevation ranges containing
Kootenay River terraces are shown as a dashed blue arrow.
Elevations of sites are indicated to the right (black circles demarcate
sites above Corra Linn Dam, and blue circles denote sites below the

Figure 5-27. a) DEM (Geobase®) overlain by an aerial photograph (BC80137-

216. © Province of British Columbia. All rights reserved. Reprinted
with permission of the Province of British Columbia.) showing locations
of sites 21, 24 and 42 (labeled white dots), the sediment benches they
expose (labeled black dotted lines), and the nearby alluvial fan-deltas
that grade to the modern Kootenay Lake elevation (labeled dashed
lines). The eastern boundary of the northern gravel bench terminates
at a bedrock outcrop (BR). Line X-X' marks the position of the
topographic profile in b. b) Topographic profile along X-X’ showing
locations of sites 21, 24 and 42 (labeled white dots) (5x vertical
exaggeration). Sites 21 and 24 are located on the riser and tread,
respectively, of the lower, northern sediment bench; site 42 is located
within a gully on the riser of the higher, southern sediment bench. The
approximate original (un-gullied) surface of the high southern sediment
bench is shown as a dashed line............cccoooiiiiiiiiiiiii e 139

Figure 5-28: a) Site 21 exposes Sc, Sr and Sp (Table 4-1). Person (circled) is

1.7 mtall. Black boxes locate b and c. b) Subunit 1a consists of

coarse Sc, (apparent dip angle shown). c) Type-A (bottom of

photograph) and overlying type-B and S cross-lamination (highlighted

by black lines) in subunit 1b from the area of ripple measurements

displayed in d. d) Rose diagram of ripple measurements (21-1b, Table

5-3) taken in subunit 1b reveal a southwestward paleoflow direction.

Refer to Table 4-1 for lithofacies codes, Figure 5-27 for site

geomorphology and Figure 3-4 for location within the Purcell Trench.......... 140

Figure 5-29: a) Site 24 exposure showing locations of gravel fabric

measurements within planar-stratified gravel with corresponding
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contoured stereograms (westward paleoflow) (24-1a, 24-1b, 24-1c and

Figure 5-30: a) Site 42 exposes trough cross-stratified gravel (some troughs
highlighted as black lines). Black square locates photograph in b.
Person is 1.7 m tall. b) Detail of trough cross-stratified gravel (solid
lines delimit set boundaries, dashed lines highlight some beds).
Decimetre subdiViSIONS ON O, ........uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiee e 144

Figure 5-31: a) Hillshaded DEM (Geobase®) overlain by an aerial photograph
(BC80137-210. Copyright © Province of British Columbia. All rights
reserved. Reprinted with permission of the Province of British
Columbia.) showing site 43 (white dot) located on an elevated, fan-
shaped sediment bench (outlined by black dotted line) interpreted to
be an alluvial fan deposit. Refer to Figure 3-4 for location of site within
the KRv. b) Site 43 exposes dipping (apparent dip of 30° down
towards 200°) planar-stratified, poorly-sorted gravel and sand beds.
The dip of some beds is highlighted (black lines; inflections in line due
to change in face orientation). ..........covvvviiiiiiiiiiiiiiiee e 147

Figure 5-32: a) Hillshaded DEM (Geobase®) superimposed onto an
orthophotograph (clip from 1:250 000 orthophotograph mosaic, 82F. ©
Province of British Columbia. All rights reserved. Reprinted with
permission of the Province of British Columbia.) showing the location
of site 44 (white dot) and its elevated (~624 m asl) position on the
northern KRv wall near Nelson, BC. b) Pothole in granite bedrock;
knife is ~18 cm long. c¢) Sand-filled pothole in granite bedrock; knife is
o 1 T o] o TSP 149

Figure 5-33: a) Hillshaded DEM (Geobase®) overlain by an aerial photograph
(A22007-20; © Department of Natural Resources Canada. All rights
reserved.) showing site 47 (white dot) located in an elevated bench
above the floodplain of Kootenay River. The remnant, elevated (~590
m asl) bench surfaces are outlined with dotted lines. Line X-X’
denotes location of the topographic profile in “b”. Refer to Figure 3-4
for location of site in KRv. b) The topographic profile (X-X’) shows the
paired elevations of the elevated benches and location of site 47
(labeled white dot). Vertical exaggeration ~3.75X. ....cceiieeeeiiiiiiiiiiiiieeeeeeeinnns 151

Figure 5-34: Composite sedimentary log of site 47 exposures 47A, 47B and 47C
(labeled on right; grey bars denote unexposed areas between
exposures). Units and subunits denoted with numbers record
sequential stratigraphy, units denoted with letters record inset
stratigraphy. The thickness of some units differs from that reported in
the text because laterally varying unit thicknesses have been collapsed
into a single log (refer to text for maximum thicknesses). Refer to
Figure 4-2 for sedimentary log legend, Table 4-1 for lithofacies
symbols and codes, Figure 4-1 for stereogram legend, and Table 5-2,
and Table 5-3 for fabric and paleoflow data, respectively. ..............c...oeoe. 152

Figure 5-35: a) Exposure 47A reveals subunits 1a and 1b separated by a shear
plane (black line) and unit W with an irregular lower contact (white
line). Shear plane orientations and dips are plotted as arcs and poles-
to-planes on a stereogram. Metre stick has decimetre markings. b)
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Close-up of subunit 1a and 1b sedimentology. Subunit 1a contains

three parcels (i-iii, delimited by large shear planes (dotted lines)) that

are transected by smaller shear planes (thin black lines). The

orientations and dips of the parcel-delineating shear planes (dotted

lines) are shown on the stereogram as arcs and poles-to-planes.

Paleoflow directions for some relatively undisturbed ripples (47-1a) are

shown in the rose diagram. Some folds, pillow structures, and

boudinage structures are highlighted (black lines) and labeled. .................. 154

Figure 5-36: Exposure 47B reveals subunits 1c and 1d, and unit X. Bold lines
delineate unit contacts. Tilted beds in Unit 3a are highlighted (dashed
black lines). The top of the talus is indicated with a dotted line. The
location and stereograms of diamicton fabric 47-X (Table 5-2) are
provided. Refer to Figure 4-1 for stereogram legend. The relative
positions of exposures 47A and 47C are shown. Metre stick is circled. ...... 157

Figure 5-37: a) Sketch of exposure 47C illustrating stratigraphy and some
sediment structures (labeled black lines). Boxes locate photographs in
b-d. b) Faults within subunit 1e. c) Deformed (sheared and
dewatered) trough cross-stratified sand (bottom of trough highlighted
with a black line), silt and clay truncates cross-laminated sand (type-A
ripples highlighted by black lines; occasionally sheared), and is
overlain by deformed (dewatered, faulted and sheared) planar-bedded
sand silt and clay in subunit 1e. Rose diagram displays the paleoflow
of the type-A ripples (47-1e, Table 5-3). d) Trough cross-stratified
gravel in unit Y (some troughs highlighted by black lines) and contacts
with unit Z and subunit 1f (black dotted lines). Trowel is 0.27 m long.
Metre stick has decimetre subdiviSIONS. ........cccooiiviiiiiiiiiii e, 160

Figure 5-38: (Next page) a) Hillshaded DEM (Geobase®) overlain by an aerial
photograph (A22007-8, NAPL; © Department of Natural Resources
Canada. All rights reserved.) showing locations of sections at sites
48A and 48B (white dots labeled A and B, respectively). Terraces are
outlined (solid black lines) and numbered according to elevation with 1
and 11 being the highest and lowest, respectively. Terraces that share
a label are within 5 m in elevation of one another. Bedrock contact
(from field and aerial photograph observations) is outlined by dotted
black lines and rock slides (from aerial photograph observations) are
labeled “rs”. Boxed area is shown in Figure 5-39a. Lines X-X’ and Y-
Y’ mark the location of geologic cross-sections in b and ¢c. X-X’ (b) and
Y-Y’ (c) cross-sections showing simplified valley fill stratigraphy
consisting of five lithostratigraphic units. Known bedrock (BR)
locations are shown as dotted lines, and inferred bedrock contacts are
shown as dashed lines; areas of uncertainty are marked with question
marks. Well log data is shown in Appendix E. Note that the fan-
shaped deposit emerging from the Kootenay River valley is a thin,
terraced carapace on the valley-wall bedrock. Vertical exaggeration =
(o) IF= T 0 B 3 (o) TP 164

Figure 5-39: a) Hillshaded DEM (Geobase®) overlain by an aerial photograph
(A22007-8, NAPL; © Department of Natural Resources Canada. All
rights reserved.) showing boxed area from Figure 5-38a and locations
of sites 48A (labeled white dot) and 48B (labeled black lines).

XiX


file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334216
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334216
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334216
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334216
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334216
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334216
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217
file:///C:/Documents%20and%20Settings/lsbuser/Desktop/Jared/thesis/post_defense/Peters_2012_MSc.docx%23_Toc336334217

Terraces are numbered by elevation and correspond to those

numbered in Figure 5-38a. Black dotted lines delineate bedrock

contacts. b) GPR grid at site 48B (line labels are placed at 0 m along

the line). Grey arrows denote ~paleoflow direction inferred from radar
reflections. Dotted line delineates bedrock (BR) location.......................... 166

Figure 5-40: Crudely-bedded, clast-supported, massive gravel in a poorly-sorted
silty sand matrix with areas of openwork structure exposed at site 48A.
RUIEN IS 0.36 M IONQ. 1.uuiiiiiiiii e e e 166

Figure 5-41: GPR data from site 48B. a) Unmigrated line X1 showing hyperbolic
diffractions (select examples highlighted by arrows) caused by out-of-
line reflectors (boulders) (Neal 2004; § 4.2.2). b), c) and d) Lines X1,
Y1 and Y2, respectively, taken from surveys on terrace 3 (Figure 5-39)
showing lenticular radar elements a-ee delineated by black lines that
mark the radar bounding surfaces. Dashed line near bottom of X1
marks the inferred bedrock (BR) contact. The vertical dashed-dotted
lines mark ~90° intersections with other lines (label at top identifies
intersecting line). e) Line X2, surveyed on terrace 4 (Figure 5-39)
showing lenticular radar elements a-p delineated by black lines
marking radar bounding surfaces (radar element labels letters do not
correlate to those used in lines X1, Y1, or Y2). X-lines run from
northeast (0 m) to southwest, and Y-lines run from northwest (0 m) to
southeast (FIgure 5-420). ..o 169

Figure 5-42: a) Hillshaded DEM (Geobase®) showing the location of site 34
(white dot) on the tread of the northern elevated gravel bench. The
elevated gravel benches are outlined with dashed lines. The smaller,
and lower modern (post-Duncan Dam) Glacier Creek delta is labeled.
Refer to Figure 3-3 for location of site 34 in the Purcell Trench. B)
Three units are exposed at site 34. Metre stick with decimetre
MAIKINGS TOr SCAIE. ... 174

Figure 5-43: a) Hillshaded DEM (Geobase®) showing location of site 35 (white
dot) at the mouth of the Hamill Creek valley. Black box shows location
of b. Refer to Figure 3-3 for site location in the Purcell Trench). b)
Hillshaded DEM (Geobase®) overlain by an aerial photograph
(A13796_18, © Department of Natural Resources Canada. All rights
reserved.) that shows the location of site 35 (white dot) on an elevated
sediment fan (outlined by black dotted liN€)..........cccooeeviiiiiiiiiiinieeeeen, 179

Figure 5-44: a) Exposure near the top of the sediment bench at site 35 reveals
dipping planar-stratified and massive gravel beds; angle of dip is
highlighted. Black box locates c. Person (circled) is ~1.9 m tall. b)
Sediment near the base of the deposit at site 35 is composed of
steeply-dipping boulder and cobble beds. Rod has decimetre
subdivisions. ¢) Gravel fabric 35-1 (...ccooveieiiiiiiie e 180

Figure 5-45: a) Hillshaded DEM (Geobase®) overlain by an aerial photograph
(A22007-21; © Department of Natural Resources Canada. All rights
reserved.) showing locations of site 46 exposures 46A and 46B
(labeled white dots) on a sediment bench (delineated by a black
dashed line) at the junction between the KRv and the Slocan River
valley. Refer to Figure 3-4 for site location within the KRv. b) Unit 1 in

XX
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exposure 46A contains some type-A ripples (one set indicated by solid

black lines) and type-S ripples (several sets indicated by dashed black

lines). Trowel is ~27 cm long. Ripples record southeastward

paleoflows (rose diagram) (46-1, Table 5-3). ¢) Unit 2 in exposure 46B
contains trough cross-stratified gravel (Gt, Table 4-1); some trough

lower contacts are highlighted (solid black lin€s)...........ccccooeeeie, 184

Figure 6-1: Hillshaded DEM mosaic (Geobase® in CA, NED in USA; data

available from U.S. Geological Survey) showing the study area with

field sites referenced in the discussion chapter demarcated by symbols
according to their interpretations. Kootenay Lake, in the Purcell

Trench, iS SHOWN @S BIUE.......coeeiieie e 188

Figure 6-2: a) DEM mosaic (Geobase® in CA, NED in USA, data available from

U.S. Geological Survey) showing the Purcell Trench in BC and ID and

the extent of gLP for a range of glacioisostatic tilts. Also shown is the
pre-incision Kootenai River (KR) alluvial fan, which forced the southern

shore of gLP to migrate northward, away from the Elmira spillway.

North of Creston, BC, the shorelines of gLP for tilts of 1.0-0.5 m/km are

nearly indistinguishable at this scale. This diagram assumes that the

Purcell Lobe terminates at an ice cliff. b) DEM mosaic (lower

elevations are darker shades, Kootenay Lake is outlined with a black

line) showing locations of 83 field sites where lacustrine or silty alluvial

fan sediments (yellow dots) were observed............ccccvviieeeiieeenieeiiceee e, 195

Figure 6-3: Schematic long-valley profile of gLP just prior to its drainage. Field

sites (chapter 5) are indicated by white dots. The range of possible
glacioisostatic tilts are represented by the 0.5, 0.75 and 1.25 m/km tilt

planes. Note that at 1.25 m/km of tilt the Kootenai River alluvial fan is
overtopped by gLP. Vertical exaggeration = 87X. ......ccccvvvvvvieiiieennreeiinennnnn. 196

Figure 6-4: Hillshaded DEM mosaic (Geobase® in CA; NED in USA, data

available from U.S. Geological Survey) showing approximate extent
and simplified maximum depth (for valley center line only, assuming a
0.75 m/km glacioisostatic tilt, and minus the depth of Kootenay Lake
(outlined in black; refer to Figure 4-5 for derivation) of gLP just prior to
its drainage. Locations of field sites recording lake-bottom sediments
(8 5.3) are also shown (labeled white dots). The southern shore of
gLP, which was initially controlled by the Elmira spillway, was forced to
migrate northwards as the Kootenai River alluvial fan (outlined by
black dotted line) grew. The depth of water below the modern surface
of Kootenay Lake (outlined by a thin black line) would not have
drained, but would have added ~180 m of depth to gLP at the ice dam. ..... 197
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1: INTRODUCTION AND RESEARCH RATIONALE

“The history of this old lake country, as it is recorded in the alternations of
strata which accumulated at the bottoms of its water basins, will be found to be
full of interest.”

J. S. Newberry (1871, p.648)

1.1 Introduction

At its last glacial maximum, the last Cordilleran Ice Sheet dammed large
amounts of meltwater flowing from the Cordilleran Ice Sheet (CIS) forming
(among others) glacial Lakes Columbia and Missoula (Pardee 1910; Bretz 1969;
Figure 1-1). Evidence of enormous jokulhlaups from these lakes is abundant and
well documented (e.g., Bretz 1923, 1925, 1928, 1969; Baker 1978a, 1978c;
Patton & Baker 1978; Baker & Bunker 1985; Atwater 1987; Benito & O’Connor
2003). These megafloods, and similar floods from previous glaciations, were the
dominant geomorphic agent in the formation of the Channeled Scablands (CS) of
Washington State (Bretz 1923, 1925, 1928, 1969; Baker 1978b, 2009a, 2009b;
Smith 2006). Flood events from the drainage of glacial lakes in British Columbia
(BC) are also proposed agents of CS evolution (Shaw et al. 1999; Lesemann &

Brennand 2009; Waitt et al. 2009).



During the advance and retreat of the CIS, large amounts of meltwater
were stored in glacial lakes in southern BC (e.g., Fulton 1969; Fulton and Smith
1978; Fulton et al. 1989; Ryder et al. 1991; Sawicki & Smith 1991; Johnsen and
Brennand 2004) and the size and evolution of some of these lakes, as well as
their drainage regimes and ages must be deciphered in order to establish the

importance of floods from BC as agents of geomorphic change in the CS.

1.2 Rationale

A proposal that glacial Lake Kootenay is the source of floodwater from BC
into the CS of Washington State (Waitt et al. 2009) provides the rational for this
project. Waitt et al. (2009) and Robert Fulton (pers. comm. 04/21/2010) have
differing hypotheses on the character and locations of glacial lakes occupying the
Purcell Trench in BC. This thesis will focus on inventorying glaciolacustrine and
glaciofluvial sediments and landforms in the Purcell Trench and Kootenay River
valley (KRv) in order to assess whether or not a glacial lake existed in the Purcell
Trench and drained west along the KRv to the Columbia River valley and thence

to the CS.

This research furthers understanding of temporary meltwater storage and
catastrophic drainage in BC during the late Wisconsinan (Fraser) Glaciation (MIS
2). This research increases understanding of deglacial hydrology and glacial

geomorphology in high-relief terrain.
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1.2.1 A proposed flood from glacial Lake Kootenay

Geomorphology and tephrachronology suggest that some megaflood
landforms in the CS postdate the deposits attributed to the last floods of glacial
lakes Columbia and Missoula (Waitt et al. 2009). Along the Columbia River
valley near the town of Chelan (Figure 1-2), two low-elevation bars with
megaripples are situated below the megaflood surface known as the “Great
Terrace”. The stratigraphy of these bars is distinct from that of the surrounding
Great Terrace because they are devoid of Glacier Peak tephra (Waitt 2009; Waitt
et al. 2009), which was deposited by an eruption 11.6 **C ka BP (13.7-13.4 cal.
ka BP) (Kuehn et al. 2009). Waitt (2009) proposed that a large glacial lake in the
Kootenay valley, glacial Lake Kootenay, might have been a significant water
source late in the Pleistocene and that its drainage could be responsible for the
creation of the megaflood deposits along the Columbia River near Chelan (~500
km downflow from glacial Lake Kootenay). The putative flood route of the

jokulhlaup proposed by Waitt (2009) is shown in Figure 1-2.
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1.2.2 Gradual drainage of glacial lakes in the Purcell Trench

Fulton and others have proposed that stagnant ice occupied much of the
Purcell Trench during deglaciation of the CIS in MIS 2 (Fulton 1991; Ryder et al.,
1991; Fulton pers. comm. 04/21/2010; Figure 1-3). If the Kootenay valley was
indeed occupied by a stagnant ice mass, the volume of water stored in the
Purcell Trench may have been too small to have resulted in significant flooding
~500 km downflow in the Columbia River valley (even if the lake drained
catastrophically). Fulton (pers. comm. 04/21/2010) has suggested that lacustrine
sediments in the Purcell Trench are likely the result of low-volume ice-marginal
lakes and that drainage of these lakes was likely gradual rather than
catastrophic. Likewise, Alden (1953) in his initial assessment of a lake he called
glacial Lake Kootenai (gLK, a lake that extended into the Purcell Trench from
Montana), and Johns (1970) in his reassessment of this lake, suggest that
gradual drainage over its southern spillway near Elmira, ID was responsible for
most of the drainage of gLK. In this thesis | show that gLK existed mainly in MT
whereas glacial Lake Purcell (gLP) (hamed as such to distinguish it from gLK)

formed in the Purcell Trench (refer to § 3.1.1) and thus is the focus of this thesis.
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Figure 1-3: Conceptual ice decay model for the CIS (after Fulton 1991). a) CIS (black) at its
maximum extent with an approximate advance-phase equilibrium line shown (black dashed line).
b) An approximate position of the elevated retreat-phase equilibrium line (black dashed line)
causes downwasting across most of the ice sheet leading to the relatively prolonged persistence
of the thickest ice. c) Alpine glaciers remain (similar to today) and the CIS is reduced to discrete
ice masses in valleys.



1.3 Research questions

1.3.1 Primary research question

Could the Purcell Trench have held a large amount of water and delivered

it suddenly to the Columbia River system?

1.3.2 Detailed research questions

Is there evidence of an ice dam in the Purcell Trench? Answering this
guestion will address the likelihood of proglacial lake formation and thus justify
the modeling of a glacial lake in the Purcell Trench. Evidence of an ice dam may
be provided by kame terrace formation against the valley walls of the Purcell

Trench.

What is the paleogeography of glacial Lake Purcell and how did it evolve?
Answering this question will help to determine the amount of potentially drainable
water contained in the Purcell Trench. To answer this question, the paleolake

will be modeled in a geographic information system (GIS).

Is there evidence of catastrophic drainage from glacial Lake Purcell
through the Kootenay River valley? Answering this question will address the
likelihood of high-energy flood flows through the Kootenay River valley and into
the Columbia River system. Evidence of a large flood flow may be provided by
large-scale bedforms, soft-sediment rip-up clasts, hyperconcentrated-flow

deposits, smoothed bedrock, or deep incision through valley fill sediment.



2: LITERATURE REVIEW

“The scablands are wounds only partially healed — great wounds in the
epidermis of soil with which Nature protects the underlying rock. ... The region is
unique: let the observer take the wings of the morning to the uttermost parts of

the earth: he will nowhere find its likeness”

J Harlen Bretz (1928)

2.1 Ice-dammed lakes

Ice-dammed lakes occur where drainage systems are interrupted by
glaciers (Tweed & Russell 1999). Glacial lakes are classified according to their
damming mechanism and their position on the terrain (Tweed & Russell 1999;

Clague & Evans 2000; Roberts et al. 2005) (Figure 2-1,

Table 2-1). To ensure relevance and brevity, this review will focus on

subaerial ice-marginal and proglacial lakes.

2.1.1 Laketypes

Ice-dammed lakes are “substantial bodies of standing water” whose
existence depends, to some extent, on damming by glacier ice (Blachut &
Ballantyne 1976). Ice-dammed lakes form when a basin is created and

meltwater is supplied. These requirements can be met when: (1) increased rates



of melt caused by topographically-reflected solar radiation fill topographic lows
(Maag 1969; Blachut & Ballantyne 1976), (2) advancing ice cuts off a valley, (3) a
tributary glacier retreats from a trunk glacier, or (4) a trunk glacier
retreats/backwastes from its terminal or recessional moraine (Tweed & Russell
1999). Ice-dammed lakes are primarily classified by their position on the local
terrain and their position relative to the damming glacier (Hutchinson 1957; Maag
1969). Other considerations of ice-dammed lake categorization include the type
of damming glacier and the potential drainage style (Blachut & Ballantyne 1976;
Costa & Schuster 1988; Tweed & Russell 1999). Costa and Schuster (1988)

have documented nine types of ice-dammed lakes (Figure 2-1,;

Table 2-1). A combination of geomorphic, sedimentologic and
stratigraphic observations are used to differentiate ice-dammed paleolake types

(e.g., Eyles & Clague 1991; Knight et al. 2000; Johnsen & Brennand 2006).
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Table 2-1: Ice-dammed lake types (adapted from Costa and Schuster 1988).

Number?! Lake type Description (example and references)
1 Supraglacial? Occupy depressions on a glaciers surface
prag (Bjornsson 1976; Luthje et al. 2006)
2 lce-mardinal? Occupy depressions between ice margin and
9 valley wall (Sugden 1985; Knight et al. 2000)
L Formed where local drainage is disrupted by the
3 Cg:&lg;gmg '€ | confluence of two glaciers (Maag 1969; Costa &
P Schuster 1988)
4 Trunk glacier- Formed where a tributary stream is impounded by
valley ponded® | a trunk glacier (Clark & Waldron 1984)
5 Tributary Formed where a tributary stream is impounded
glacier-valley behind a tributary glacier (Nichols & Miller 1952;
ponded? Costa & Schuster 1988).
6 Occupy the basin between a tributary and trunk
Interglacier? glacier; relatively common in BC and Alaska;
requires two ice dams (Marcus 1960).
7 Tributary Formed in trunk valleys behind tributary glaciers
glacier- (Gunn 1930; Costa & Schuster 1988)
dammed?
Formed in contact with the front of advancing or
8 retreating glaciers or ice sheets; can be extremely
Proglacial large; (not all ice-contact proglacial lakes are
necessarily ice-dammed) (Pardee 1910; Atwater
1987; Teller et al. 2002)
Formed in subglacial or englacial settings with
. adequate water supply and ice-substrate
9 Sﬁggggﬁ“ or interactions conducive to storage; effects ice

dynamics (Bjornsson 2002; Pattyn et al. 2004;
Siegert et al. 2005; Lesemann & Brennand 2009)

! Numbers refer to those in Figure 2-1.

2 High jokulhlaup potential.
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2.1.2 Dam failures

Ice dams impounding subaerial lakes can fail by five general mechanisms:
(1) hydrostatic ice-dam flotation (e.g., Thorarinsson 1939; Nye 1976; Clarke
1982), (2) viscoplastic deformation (Glen mechanism) (Glen 1954), (3)
hydrofracture (e.g., Fowler 1999; Anderson et al. 2003), (4) Darcian basal flow
(Walder & Fowler 1994; Fowler 1999), and (5) thermomechanical erosion
through supraglacial overspill (Roberts 2005). Ice creep can reclose ice dams
after a breach (Glen 1955; Nye 1976). Thus, ice-dammed lakes are prone to a

recurrent cycle of filling and draining (e.g., Clarke et al. 1984; Waitt 1985).

Thorarinsson (1939) proposed a simple theory for ice-dam flotation
employing the 9/10™ density ratio of clean, freshwater ice to water.
Advancements have since refined the theory of ice-dam flotation (e.g., Fowler
1999). Ice dam flotation occurs when the downward pressure of the cryostatic
stress is overcome by the pressure of the hydrostatic stress (i.e. the water
pressure head) causing a loss of the basal seal (Nye 1976; Clarke 1982; Fowler
1999). When subglacial water flow is initiated, frictional heat enlargement allows
lake drainage to continue despite the requisite loss of hydrostatic pressure (Nye
1976; Clarke 1982). Lake drainage ends when hydrostatic pressure decreases
sufficiently to allow ice creep to reform the basal seal (Nye 1976). Walder and
Fowler (1994) describe a theory of subglacial meltwater drainage that evolves
from darcian flow through the till to sheet flows at the iceftill interface as
discharge increases (and thus pore-water pressure increases). Because sheet

flow is unstable, flow bifurcation and channelization at the iceltill interface ensues

12



(Walder & Fowler 1994). These channels can remain stable with sufficient
discharge to remove inwardly creeping till and can effectively drain subglacial

lakes (Walder & Fowler 1994).

Lake drainage via the Glen mechanism occurs when hydrostatic stress
exceeds the confining strength of the ice dam (Glen 1954; Roberts 2005). Glen
(1954) proposed that an uneven distribution of hydrostatic stress applied to the
ice dam can lead to focused strain and higher local rates of flow. This allows the
horizontal stress from hydrostatic pressure to surpass the vertical compressive
stress generated by the weight of the overlying ice (Glen 1954). Although
deformation of an ice dam may occur from the viscoplastic deformation described
by Glen (1954), complete failure of the dam is unrealistic (Fowler 1999). It is
more likely that, as the lake reaches levels of hydrostatic pressure sufficient to
induce viscoplastic deformation, the lake will fail via hydraulic fracturing
(hydrofracture) causing lateral channel enlargement at the ice bed (Fowler 1999;

Anderson et al. 2003).

Glacial lake drainage via overspill is common when glacial lakes form at
the margins of cold-based glaciers (Costa & Schuster 1988; Tweed & Russell
1999). Supraglacial lakes drain through thermodynamic spillway erosion when
spillway melt is faster than lake level lowering (Raymond & Nolan 2000). Warm
lake water and large lake volume contribute to the likelihood of rapid supraglacial

drainage (Raymond & Nolan 2000).
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2.2 Megafloods and deglaciation

The term ‘megaflood’ is employed to describe high-energy, high-
discharge, subaerial or subglacial flood events that have long recurrence
intervals and irreversibly modify the landscape (Carling et al. 2009a). Typically, a
flood is deemed deserving of the “mega” prefix when its discharge approaches or
exceeds a sverdrup (10° m®s) (Baker 2002, 2009a; Carling et al. 2009a).
Megafloods result from a multitude of causes and play an important role in

surface morphology and climate change on Earth and Mars (Baker 2009a).

The signatures of megafloods are left behind as erosional (remnant) and
depositional (constructional) landforms (e.g., Bretz 1923, 1925, 1928, 19609;
Baker 1978a, 1978c, 2009b; Waitt 1980, 1985; Carrivick et al. 2004; Carling et al.
2009c). The massive deposits and erosional forms generated by megafloods are
best described by the non-genetic term ‘landform’ rather than the standard
moniker for fluvial deposits ‘bedform’ because the spatial implications of bedform
are inadequate for megaflood morphology (Carling et al. 2009a). Some typical
erosional megaflood landforms include: crescentic scours (obstacle marks),
streamlined (residual) hills, plunge pools, overfit stream channels and cataracts
(e.g., Bretz 1923, 1925; Baker 1978a; Carling et al. 2009c; Waitt et al. 2009). In
many cases, megaflood depositional landforms are preserved by rapid waning of
flow and a general resistance to mundane erosion owing to their unusual scale
(Bretz 1925; Carling et al 2009a). Common depositional landforms consist of
large-scale bars, dunes, antidunes, and slackwater deposits (e.g., Bretz 1923,

1925; Baker 1978a, 2009b; Waitt 1980, 1984, 1985; Carling et al. 2009a).
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Paleohydraulics of some megafloods have been reconstructed by
numerical modelling and geologic evidence (e.g., Baker 1978b; Baker & Bunker
1985; Waitt 1985; Benito & O’Connor 2003; Alho et al. 2010; Denlinger &
O’Connell 2010). Most terrestrial megafloods are caused by glacier and ice
sheet interruptions to stream flow patterns (e.g., Bretz 1923, 1925, 1928; Bretz et
al. 1956; Waitt 1980, 1984, 1985; Clarke et al. 1984; Shaw et al. 1999; Kovanen
& Slaymaker 2004; Baker 2008, 2009a; Hanson et al. 2011). Terrestrial
megaflood reconstructions usually reveal maximum discharges of <10 sverdrups
(Baker 1978; Clarke et al. 1984; O’Connor & Baker 1992; Benito & O’Connor
2003; Denlinger & O’'Connell 2010). However, some reconstructed megafloods
in the Altai Mountains, Siberia have discharges of ~10 sverdrups (Baker et al.
1993; Carling et al. 2009b) and the largest terrestrial megafloods (that carved the
Channeled Scablands, WA) had maximum discharges of ~17-25 sverdrups

(O’Connor & Baker 1992; Alho et al. 2010; Denlinger & O’Connell 2010).

2.2.1 The Channeled Scabland

The CS is a palimpsest landscape comprised of erosional and
depositional megaflood landforms that extends from central Idaho to the Pacific
Ocean, covering much of eastern Washington State (Figure 1-1). The terrain of
the CS results from numerous megafloods across the Columbia Plateau from
glacial lakes, which were impounded by the CIS (Waitt 1980; Benito & O’Connor
2003). These megafloods occurred over multiple glaciations (Waitt, 1980, 1985;
Clark et al., 1984; Baker and Bunker, 1985; Atwater, 1987; Benito and O’Connor,

2003; Clague et al., 2003; Smith 2006b; Baker, 2009). Plucked basalt stripped of
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its loess and soil overburden, and coulees (huge, dry, steep-walled channels) are
characteristic of the CS (e.g., Bretz, 1969; Baker, 2008b; Waitt et al., 2009). The
structural characteristics of the underlying Yakima Basalt governs the formation
of some of the erosional CS landforms. Other common features of the CS
include rounded loess hills, cataracts, boulder bars and erratics (Bretz 1928;

Baker, 1978a, 2009b).

The primary source of floodwater for the CS was glacial Lake Missoula
(gLM) (Bretz et al. 1956; Bretz 1969; Clark 1984; Baker & Bunker 1985; Figure
1-1). This lake was impounded in the drainage system of the Clark Fork River in
the Bitterroot Mountains of ID and MT by the Purcell Lobe of the CIS (Pardee
1910, 1942; Bretz 1969; Figure 1-1). At maximum stage it is estimated to have
contained 2,600 km® of water (Smith 2006; Alho et al. 2010), and to have been
>600 m deep against its dam (the Purcell Lobe) (Pardee 1942; Bretz et al. 1956;
Bretz 1969). Glacial Lake Columbia (Figure 1-1) and Lake Bonneville (to the
south) also sent floodwaters down the Snake and Columbia river valleys (Oviatt

et al. 1992; Atwater 1987; Baker 2008a; Waitt et al. 2009).

Estimates of flood magnitudes through the CS vary depending on the
source waters and the method of paleoflood calculation. GLM floods have been
reconstructed using one-dimensional (1-D) (step-backwater) and two-
dimensional (2-D) numerical modeling techniques (Clark 1984; O’Connor &
Baker 1992; O’'Connor et al. 1995; Benito & O’Connor 2003; Miyamoto et al.
2007; Alho et al. 2010; Denlinger & O’Connell 2010). Peak floodwater discharge

estimates at the point of dam failure are ~20 x 10° m*/s from 1-D calculations
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(Baker 1973; O’Connor & Baker 1992), and ~17 x 10° m®%s from 2-D models
(Alho et al. 2010). Peak floodwater discharge estimates by 2-D methods from

within the Columbia Gorge are ~6 x 10° m*/s (Denlinger & O’Connell 2010).

Although the aforementioned discharge estimates through the CS are
many orders of magnitude higher than the likely floods through the KRv, they
provide an example of the maximum erosive force of megafloods. In the CS,
discharges of ~2.6 x 10° m®/s (Alho et al. 2010) have carved channels into basalt
(Baker 1978b). Many of the channels terminate at cataracts, indicating
headward knickpoint propagation (Bretz 1928; Baker 1978b). The turbulent
floodwaters from gLM jokulhlaups produced vertical hydraulic vortices termed
“kolks” (Matthes 1947; Baker 1978b; Figure 2-2). These kolks were capable of
producing hydraulic lift sufficient to pluck large basalt boulders out of the stream
bed and into the flow of the floodwater (Figure 2-2). The well-jointed Yakima
basalt of the Columbia Plateau is particularly suited to hydraulic erosion via
plucking, the majority of which occurred on tension-jointed anticlinal crests
(Baker 1978b). The structural characteristics of the basalt are controlled by
differential rates of cooling (Swanson 1967; Baker 1978b) and form a plucking-
resistant entablature that overlies readily plucked columnar basalt (Baker 1978b;
Figure 2-3). Areas of basalt that experienced rapid cooling developed hackly
columns (fractures) in the entablature, which causes the entablature to be
receptive to plucking (Mackin 1961; Swanson 1967; Baker 1978b; Figure 2-3).

The interaction between the deep, fast and turbulent Missoula floodwaters and
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the easily plucked basalt is the reason for the large amounts of incision in the

CS.

Estimates on the number of CS floods during the late Wisconsin vary
greatly. Evidence of subaerial exposure (optical dating, eolian sediment, Mount
St Helens set-S tephra, bioturbation assemblages and animal bones on top of
slackwater rhythmites) between flood events and a correlation of regional
slackwater rhythmites show as many as 89 catastrophic gLM floods swept
through the CS in the late Wisconsin, with an average recurrence interval of ~20-
35 years (Waitt 1980, 1984, 1985; Atwater 1987; Hanson et al. 2012). Further
evidence for multiple draining’s (at least 29) of gLM comes from optically dating
gLM varves (Hanson et al. 2012). In counterpoint, other researchers have
suggested that most rhythmic deposits are likely the result of pulses within the

flow of a single flood (Baker & Bunker 1985; Shaw et al. 1999).

Optical and radiocarbon dating have recently established that MIS 2 gLM
floods occurred from 19.6-12.6 cal. ka BP and that at least one pre-gLM flood
deposit dates to >22 cal. ka BP (Zuffa et al. 2000; Hanson et al. 2012). Baker
(1978c) lists sedimentologic evidence for pre-Wisconsin floods through the CS
that includes loess beds capped with paleosols and saprolitic cobbles. Although
not necessarily proof of a pre-gLM flood, Benito and O’Connor (2003)
hypothesised from stratigraphic relationships that one large flood event pre-dated
the blockage of the Columbia River valley by the Okanagan Lobe of the
Cordilleran Ice Sheet. These pre-gLM flood events may record jokulhlaups

during earlier glaciations.
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Figure 2-2: Hypothetical sequence of turbulent floodwater erosion in the Channeled Scablands,
WA (modified from Baker (2008). Republished with permission of Annual Review of Earth and
Planetary Sciences, from The Channeled Scabland: a retrospective, Victor R. Baker, Issue 37,
2008; permission conveyed through Copyright Clearance Center, Inc.). a) Pre-flood, loess-
covered landscape shaped by dendritic stream drainage. b) Flood water is introduced; loess cap
is reduced to discrete streamlined hills and basalt entablature erosion is initiated by longitudinal
vortices. c¢) Longitudinal vortices develop grooves that expose the basalt colonnade; kolks
(vertical vortices) remove colonnade. d) Erosion from kolks enlarges and merges potholes. e)
Prominent channels are developed — possibly by headward knickpoint erosion.
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form in areas of rapidly cooled basalt and detract from the resistance to plucking of the
entablature (modified from Swanson (1967), republished with ‘fair use’ permission from the
Geological Society of America).
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2.3 Deglacial history of southern BC valleys

The Interior Plateau, Columbia and Rocky mountain regions of southern
BC possess deep, elongate basins with features similar to coastal fjords (Eyles et
al. 1990). These basins are oriented roughly parallel to regional orogenic
landforms and are the result of intense glacial and fluvial erosion (e.g., Eyles et
al. 1990; Vanderburgh and Roberts 1996). These deep basins contain a rich

record of CIS decay at the end of the Fraser Glaciation (MIS 2).

Considerable valley fill thicknesses are common in southern BC valleys:
the Okanogan Valley contains up to ~800 m of Quaternary deposits (Fulton 1965;
Eyles et al 1990; Lesemann & Brennand 2009); the Thompson Valley exposes
silt bluffs >150 m thick (e.g., Fulton 1965; Ryder 1971; Johnsen & Brennand
2004, 2006); and incision by the Fraser River has exposed >400 m of Late
Wisconsinan sediment (Eyles & Clague 1991, Lian & Hicock 2001). Much of the
thickness of the valley-fill records glacial lakes because regional ice stagnation
(downwasting and backwasting) resulted in stagnant ice blocks within the valleys
which impounded drainage (e.g., Fulton 1969; Eyles et al. 1990; Johnsen &

Brennand 2004, 2006).

Three broad deglacial lake types have previously been recognized in
southern BC: type 1 — supraglacial lakes that may have evolved into proglacial
lakes through thermokarstic enlargement (e.g., Eyles et al. 1987; Ward & Rutter
2000; Burke et al 2012); type 2 — proglacial and ice-marginal lakes with

significant ice contact (e.g., Fulton 1967; Shaw & Archer 1979); and type 3 —
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proglacial lakes with negligible ice contact (except at the ice dam) (e.g., Johnsen

& Brennand 2006).

Deglacial lacustrine deposits are pervasive throughout BC valleys and
typically overlie debris flow diamictons, till or glaciofluvial sediment (Fulton 1965;
Ryder 1971; Eyles & Clague 1991; Sawicki & Smith 1991; Lian & Hicock 2001,
Johnsen & Brennand 2004, 2006; Lesemann & Brennand 2009). Some deglacial
lakes (type 3, above) were relatively high-energy water bodies with multiple,
sediment input points (tributary valleys) that resulted in the rapid deposition of
lake bed sediments from hyperpycnal flows (Johnsen & Brennand 2004, 2006).
Other deglacial lakes (types 1 and 2 above) were lower energy depositional
environments as evidenced by rhythmic (perhaps varved) silt-clay couplets
resulting from suspension settling (e.g., Shaw & Archer 1979; Eyles & Clague

1991).

Following lake drainage, or following ice decay in valleys not containing
glacial lakes, valleys began to experience the combined effects of paraglacial
conditions and base level change: sediment was redistributed on unstable
hillslopes forming alluvial and colluvial fans in the valley bottom, floodplains
aggraded and rivers incised (e.g., Ryder 1971a, 1971b; Church & Ryder 1972;
Lian & Hickin 1996; Ballantyne 2002). There have been no similar studies of the
deglacial record of the Purcell Trench in BC, however, the observations and
interpretations from adjacent valleys suggest what might be expected in the

Purcell Trench.
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2.3.1 Deglacial history of the Arrow Lakes basin

The Arrow Lakes basin, ~70 km west of the Purcell Trench, is part of the
Columbia River valley (Figure 2-4). Elevated “valley-wall terraces” and “kettled
terraces” (above lacustrine deposits) are abundant on the valley walls of the
Arrow Lakes basin (Fulton et al. 1970). These terraces are interpreted as
elevated kame terraces built from glaciofluvial deposition along the margin of the
downwasting CIS (Fulton et al. 1970; Fulton et al. 1984; Fulton pers. comm.
04/21/2010). They suggest stagnant ice occupied much of the Arrow Lakes

basin (Fulton pers. comm. 04/21/2010).

When the CIS retreated northward across southeastern BC a glacial lake
(“glacial Lake Arrow”) formed in the high-relief valleys now occupied by the Arrow
Lakes (Figure 2-4) (Fulton 1970; Fulton et al. 1989; Fulton & Warner 1990).
Plant remains (likely detrital) from lacustrine sediments within the Arrow Lakes
basin provide ages of 9-10 **C ka BP (10.1-11.5 cal. ka BP) (Fulton et al. 1989).
Whether these glacial lakes drained gradually or catastrophically is unknown.
With continued glacial retreat, nonglacial lakes developed in the Arrow Lakes
basin; these lakes were ~25 m higher than modern lake levels (Fulton et al.

1970; Fulton et al. 1988).

2.3.2 Deglacial history of the southern Rocky Mountain Trench

The southern Rocky Mountain Trench (RMT) is ~100 km east of the
Purcell Trench, separated from it by the Columbia Mountains (the Purcell
Range), and contains the headwaters of the Columbia River (Figure 2-4). During

deglaciation of the RMT the northward flow of the Columbia River was blocked
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by the CIS. In the southern RMT valley fill restricted drainage, which resulted in
the formation of glacial Lake Invermere (gLl) (Sawicki & Smith 1991).
Radiocarbon dating constrains the drainage of gLl to before ~10 **C ka BP (11.5
cal. ka BP) (Sawicki & Smith 1991). At its maximum extent gLI occupied 210 km
of the RMT with an average width and depth of 2.5 km and 100 m, respectively
(Sawicki & Smith 1991). The initial drainage of gLI was southward over a breach
in the valley fill sediment; when the RMT ice melted the lake drained to the north.
This transfer to a northern drainage route established the modern drainage route

of the Columbia River (Sawicki & Smith 1991).

2.3.3 Glacial Lakes in the Purcell Trench and northwestern Montana

Previous studies have reconstructed glacial Lake Kootenai (gLK), from
thick deposits of lake bed sediments (sand and silt), in valley systems in northern
Idaho and northwestern Montana (Alden 1953; Johns 1970; Smith 2006a). This
lake formed when the Kootenai, Yaak, and Moyie River systems (Figure 2-4)
were impounded between a terminal moraine (Figure 2-4) and valley fill sediment
to the south and the stagnant ice of the Purcell Lobe to the north (Alden 1953;

Johns 1970; Smith 2006a).

Sediments recording glacial Lake Kootenai are over 90 m thick and record
rapid deposition proximal to inflows (Alden 1953; Smith 2006a). Valley-side
benches composed of lake bed sediments attributed to gLK range in elevation
from 700-740 m asl in ID and from 730-762 m in MT (Alden 1953). The different

lake-bench elevations result from different spillway heights.
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Figure 2-4: Places mentioned in the text. The Purcell Trench is highlighted white. Abbreviations:
UAL = Upper Arrow Lake; SL = Slocan Lake; LAL = Lower Arrow Lake; SRv = Slocan River
valley; CLD = Corra Linn Dam; KR = Kootenay River; C = Castlegar; KL = Kootenay Lake; sSRMT
= southern Rocky Mountain Trench; MRv = Moyie River valley; YRv = Yaak River valley; BF =
Bonners Ferry; ES = Elmira spillway; LCv = Lake Creek valley; L = Libby; MD = moraine dam
(that formed the Bull River spillway); BRS = Bull River spillway; LPO = Lake Pend Oreille.

25



The Bull River spillway in MT (Figure 2-4) was the first to be activated
(Alden 1953). Activation of the Bull River spillway would have commenced
following a lowering of the final stage of gLM in the Clark Fork River valley to the
south of gLK (Alden 1953). The current elevation of the incised Bull River
spillway is 714 m asl; the estimated pre-incision elevation of the terminal moraine
at the Bull River spillway is ~732 m asl (Alden 1953). After sufficient northward
retreat of the Purcell Lobe gLK occupied the southern Purcell Trench and lake
level was dictated by the Elmira spillway (Figure 2-4) (Alden 1953). The
geomorphology of the Elmira spillway suggests that its original height was ~710
m asl and that incision from gLK drainage is responsible for its current elevation

of 655 m asl (Alden 1953).

The evolution of gLK is complex and controlled by glacial sediments
(acting as earthen dams), backwasting and downwasting ice (ice dam), and high
relief terrain (Alden 1953; Johns 1970; Smith 2006a). The evolution of gLK as
described by Alden (1953) is summarized in Table 2-2 and Figure 2-5. While
gLK occupied the Kootenai and Yaak valleys in MT, the Purcell Lobe of the CIS
still occupied much of the Purcell Trench to the west and dammed the westward
flow of the Kootenai River (Alden 1953) (stage 1, Table 2-2, Figure 2-5). The
lake level of gLK was controlled by a moraine that forms the Lake Creek/Bull
River drainage divide (Johns 1970) (Figure 2-4). Simultaneously, as the Purcell
Lobe backwasted to the north an unnamed proglacial lake was formed in the
southern Purcell Trench, ID; its lake level was controlled by a deposit of glacial

drift that formed the Elmira spillway (Alden 1953) (stage 1, Table 2-2, Figure 2-5).
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Table 2-2: Summary of gLK evolution after Alden (1953).

Stage’ | Description Spillway in ~Elevation
use (m asl)

1 Small, discreet proglacial Bull River and ~732 (MT)
lakes in MT (gLK) and ID Elmira
(unnamed) ~710 (ID)

2 GLK lowers as Bull River Bull River and <732 (MT)
spillway is incised; unnamed | Elmira
proglacial lake in ID grows <710 (ID)

as CIS backwastes

3 CIS retreat enables gLK to Elmira <710
jokulhlaup west into the
Purcell Trench and merge
with unnamed lake in ID

4 GLK expands north as the Elmira <710
CIS backwastes northward
up the Purcell Trench

5 CIS retreat enables gLK to Kootenay River unknown
drain through the Kootenay | valley
River valley

! A cartoon depiction of evolutionary stages (same stage numbers) is presented in Figure 2-5.
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Figure 2-5: Cartoon of glacial Lake Kootenai evolution (after Alden 1953). First panel (upper left)
shows valleys and spillway locations (X) (BRS = Bull River spillway, ES = Elmira spillway),
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Blue arrows indicate active lake spillways. Red arrows indicate jokulhlaup routes.
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The unnamed lake expanded as the Purcell Lobe backwasted, and gLK lowered
as the Bull River spillway was incised (stage 2, Table 2-2, Figure 2-5). Upon
sufficient northward retreat of the Purcell Lobe, much of gLK emptied into the
unnamed proglacial lake in the Purcell Trench via the Kootenai River valley
(Alden 1953); this resulted in what Alden (1953) described as a merger of the two
lakes (stage 3, Table 2-2, Figure 2-5). The initial transferring of the MT-
occupying gLK into the Purcell Trench resulted in a large fan-shaped deposit that
stretches from Bonners Ferry to Lake Pend Oreille, ID (Alden 1953) (Figure 2-4).
The newly established Purcell Trench-occupying gLK lowered its lake level as its
spillway (Elmira spillway) was incised, and expanded north as the Purcell Lobe
backwasted northward up the Purcell Trench (Alden 1953, Smith 2006a) (stage
4, Table 2-2, Figure 2-5). Southward drainage would have continued as long as
the stagnant ice mass in the Purcell Trench (the Purcell Lobe) blocked northward
drainage via the Kootenay River valley, BC (Alden, 1953). Alden (1953)
speculated that a northern drainage route through the West Arm of Kootenay
Lake was initiated gradually as the stagnant ice mass occupying Kootenay valley

melted (Alden, 1953) (stage 5, Table 2-2, Figure 2-5).

Alden’s lake naming conventions adopted by later authors (Johns 1970;
Smith 2008), are not followed in this study. A new scheme strives for descriptive

clarity and accuracy. Refer to § 3.1.1 for a detailed explanation.

Waitt et al. (2009) suggest that a glacial lake in the Purcell Trench, that he
called “glacial Lake Kootenay”, was a potential water source for a flood down the

Columbia River valley after glacial Lakes Missoula and Columbia and Lake
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Bonneville ceased to exist. Geomorphic evidence that supports the occurrence
of post-Missoula late Wisconsin flood(s) in the Columbia River valley exists in the
form of two relatively low level megaflood bars marked by giant current ripples
near Chelan Falls, Washington (Waitt 1994). Figure 2-6 illustrates the proposed
floodwater route from glacial Lake Kootenay and its timing relative to the earlier
CS floods (Waitt et al., 2009). They infer the timing of the gLK drainage to be

~11.2 *C ka BP (13.1 cal. ka BP).
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3: STUDY AREA

3.1 Geography

The study area explored for this research is in the west Kootenay region of
the Columbia Mountains in south-eastern BC (Figure 3-1). The region is
dominated by three distinct valley systems with a roughly north-south orientation.
The Columbia and Slocan valleys and the Purcell Trench (listed from west to
east) contain the upper and lower Arrow Lakes, Slocan Lake and Kootenay Lake,
respectively (Figure 2-4). Data were gathered for this study within the roughly
north-south trending Purcell Trench (PT) and its high-relief tributary valleys, and

along the Kootenay River valley (Figure 3-1). The study area covers ~4500 km?.

The Purcell Trench extends from ~40 km south of Lake Pend Oreille,
Idaho into the Kootenay Lake basin, BC (Figure 2-4) and separates the Selkirk
and Purcell mountain ranges (Figure 3-1). Much of the floor of the Purcell
Trench in Canada is occupied by Kootenay Lake, which is a ribbon-shaped lake
>100 km long with an average width of ~6.5 km. Its water surface elevation of
~532 m asl (Kyle 1938; International Kootenay Lake Board of Control 2003) is
controlled by the Corra Linn Dam in the KRy, just west of the town of Nelson, BC
(Kyle 1938) (Figure 3-4). The Corra Linn Dam is mandated to add no more than

6 feet (1.83 m) to the original surface of Kootenay Lake at the time of its
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construction (which was ~530 m asl) (Davis 1920; Kyle 1938). Numerous rivers,
streams and creeks flow into Kootenay Lake. The largest of these are the
Kootenai, Kaslo and Duncan Rivers (Figure 3-2, Figure 3-3). Duncan River is
controlled by the Duncan Dam (the first dam constructed to satisfy the Columbia
River Treaty of 1961, Kyle 1938) and drains Duncan Lake, which is situated north

of Kootenay Lake in the Purcell Trench (Figure 3-3).

Kootenay Lake marks the change in spelling from the Kootenai River to
the Kootenay River; the lake is essentially a stagnation point in the flow of the
Kootenaily River along its circuitous route from the Rocky Mountain Trench, BC
around the southern margin of the Purcell Mountains (Figure 2-4). A terminal
moraine from the CIS near Libby, Montana (Figure 2-4) diverts the river to the
west toward Idaho (ID) where it follows the Hope Fault (§ 3.2), taking advantage
of the weakness through the Cabinet Mountains (Figure 2-4). In ID, the Kootenai
flows north through the Purcell Trench to Kootenay Lake, just north of Creston,
BC (Figure 3-2). Kootenay Lake drains out of its West Arm via the Kootenay
River (Figure 3-2, Figure 3-4), which is the first major tributary of the Columbia
River; in this study, the West Arm and the Kootenay River are jointly referred to

as the “Kootenay River valley” (KRv).
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1: Hillshaded DEM (Geobase®) of the study area. The Purcell Trench extends roughly

Figure 3

the entire length of the DEM and contains Kootenay and Duncan Lakes. The spillways (Elmira
and Bull River) of glacial Lakes Kootenai and Purcell (see § 3.1.1) are labeled. Box a outlines the

southern study area shown in Figure 3

2; box b outlines the northern study area shown in Figure

3-3; box c outlines the western study area (along the Kootenay River valley) shown in Figure 3-4.
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Figure 3-2: Hillshaded DEM (Geobase®) of the southern study area showing field site locations
described in this thesis as numbered white dots. The Kootenai River flows northward into
Kootenay Lake.
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Figure 3-3: Hillshaded DEM (Geobase®) of the northern study area showing field site locations
described in this thesis as numbered white dots. KR = Kaslo River; DR = Duncan River.
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3.1.1 Lake naming conventions used in this thesis

The naming conventions used by Alden (1953; Figure 2-5) and adopted by
Johns (1970) and Smith (2008) are not embraced in this study. Instead, a more
descriptive and geographically accurate naming system is employed that
distinguishes discrete, possibly contemporaneous, lakes that occupied separate
basins (Table 3-1, Figure 3-5). This new naming scheme retains Alden’s glacial
Lake Kootenai in ID and MT, but names the unnamed lake and its northern

expansion in the Purcell Trench, glacial Lake Purcell.

Henceforth in this thesis glacial Lake Kootenai (gLK) describes the glacial
lake, identified by Alden (1953), that occupied the Lake Creek, Libby Creek and
Kootenai River valleys of MT (Figure 2-4, Figure 3-5). This lake existed while the
westward flow of the Kootenai River into the Purcell Trench was blocked by the
Purcell Lobe of the CIS (stages 1-4, Table 3-1, Figure 3-5). Lake levels (Table
3-1) in gLK were governed by the Bull River spillway (into the Clark Fork River)
(Figure 2-4) and, briefly by drainage into the Purcell Trench around the margin of

the retreating CIS (stages 1-4, Table 3-1, Figure 3-5).

Glacial Lake Purcell (gLP) refers to the glacial lake in the Purcell Trench.
It existed when the northward drainage of the Kootenai River was blocked by the
Purcell Lobe of the CIS (stages 1-5, Table 3-1, Figure 3-5). Lake levels in gLP
were controlled by the Elmira Spillway (into the Clark Fork River, Figure 2-4) and,
briefly by drainage into the Kootenay River past a northern ice dam (stage 5,

Table 3-1, Figure 3-5).
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Table 3-1: Summary of gLK and gLP evolution used in this study (modified from Alden 1953).

Stage' | Description Spillway ~Elevation | ~Elevation | Timing
in use gLK? gLP? (~*C ka
(m asl) (m asl) BP)®
1 Small, discreet Bull River | ~732 ~710 13.5-12.5
proglacial lakes in and
MT (gLK) and ID Elmira
(9LP)
2 gLK lowers as Bull Bull River | <732 <710 13-12
River spillway is and
incised; gLP grows Elmira
as CIS backwastes
3 CIS retreat enables Elmira <710 <710 13-12
gLK to jokulhlaup
west into gLP
4 gLK dwindles as it Elmira <710 <710 12.5-11.5
drains via the
Kootenai River; gLP
expands north as the
CIS backwastes
northward up the
Purcell Trench
5 CIS retreat enables Kootenay | na unknown 12-11
gLP to drain through | River
the Kootenay River valley
valley

! A cartoon depicting evolutionary stages (using same stage numbers) is presented in Figure 3-5.

2 Spillway elevations from Alden (1953).

3 Chronology estimated from Easterbrook (1992), Carrara et al. (1996), Clague & James (2002),
Dyke et al. (2003) and Waitt et al. (2009).
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Figure 3-5: Cartoon of glacial Lakes Kootenai and Purcell showing evolutionary stages used in
this thesis (modified from Alden 1953). First panel (upper left) shows valleys and spillway
locations (X) (BRS = Bull River spillway, ES = Elmira spillway), remaining five panels show

evolutionary stages (stage numbers are in upper right of each panel and refer to stages
numbered in Table 3-1). Blue arrows indicate active lake spillways. Red arrows indicate

jokulhlaup routes.
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3.2 Geology

The terrane of the study area consists of intrusive igneous plutons (with
varying degrees of metamorphism): the Lardeau Group (of the Kootenay
terrane), and the Windermere and Purcell Supergroups (of the North American
Miogeocline) (Figure 3-6). These groups and supergroups are situated within the
Kootenay Arc of the Canadian Cordillera near the suture of the North American
and Intermontane superterranes (Fyles 1964; Colpron & Price 1995; Paradis
2007) (Figure 3-6). In places, the metamorphic and granitic bedrock is capped

by sedimentary rocks (Doughty & Price 2007).

The Kootenay Arc is deformed bedrock that extends from ~100 km south
of Sandpoint, Idaho to ~400 km north of Revelstoke, BC (Fyles 1964; Paradis
2007; Figure 3-6). The arc delineates the structural divergence between the
Purcell Anticlinorium (characterized by upright folds) and accreted Permian and
Jurassic rocks of the Eagle Bay Assemblage (Colpron & Price 1995; Paradis

2007; Figure 3-6).

The bedrock is heavily faulted. Two of the largest faults in the region, the
Northern and Southern Purcell Trench faults, have undergone preferential
erosion by rivers and glaciers to form the basin of the Purcell Trench (Doughty &
Price 2007). Approximately 15 km of terrane with no obvious faulting separates
the two faults (Figure 3 6). These two normal faults dip steeply to the east
(Figure 3-6) with several lower-angle detachment faults (Doughty & Price 2000).
Mineral assemblage mapping indicates that no significant post-metamorphic

faulting occurred between the two Purcell Trench faults (Doughty & Price 2000).
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The Southern Purcell Trench Fault has a large amount of offset resulting in the
juxtaposition of metamorphosed plutonic rock against the argillaceous rocks of

the Purcell Supergroup (Doughty & Price 2000; Figure 3-6).

Considerable cross-valley variation in terrane (at a scale not identifiable in
Figure 3-6) exists in the Purcell Trench. The western side of the Purcell Trench
is generally characterised by mafic plutons of Mesoproterozoic age, and near the
tops of gabbro sills quartz diorite and biotite granophyre are common (Burmester
et al. 2010). Central and eastern parts of the Purcell Trench consist of
argillaceous rocks of the Purcell Supergroup (Doughty & Price 2000; Burmester
et al. 2010). Metamorphic rocks (quartzite, gneiss, amphibolite, schist and
mylonite) are abundant throughout the study area (Doughty & Price 2000;
Burmester et al. 2010). KRv bedrock generally consists of Mesoproterozoic

plutons that have undergone varying amounts of metamorphosis.
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terranes (modified from Archibald et al. 1983; Colpron & Price 1995; Doughty & Price). Kootenay
and Duncan Lakes (blue, Figure 3-3) occupy the northern Purcell Trench.
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4: METHODOLOGY

“The method of science, as stodgy and grumpy as it may seem, is far

more important than the findings of science.”

Carl Sagan (1995, Chapter 1).

4.1 Field preparation

Field preparation for this study consisted of four steps: (1) data mining, (2)
data compilation, (3) initial data interpretation, and (4) logistics. Data integral to
this study includes topographic maps, aerial photographs, geologic maps,
surficial geology (Quaternary) maps, water well logs (Appendix F), published
Quaternary studies conducted in or near the Purcell Trench, and associated
digital data (digital elevation models (DEMSs), geotiff orthophotographs, water well
data, bathymetric maps). Digital data were gathered from publicly available
sources through governmental agencies in Canada and the United States (e.qg.,
Geobase®, the National Elevation Dataset (NED), The National Aerial
Photograph Library, Environment Canada, ldaho Geologic Survey, Montana

Geologic Survey, United States Geologic Survey).
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All available data was digitized and geo-referenced into a GIS to be
employed in the field during data collection and in the lab during analysis. Digital
elevation models (DEM) from Canada and the United States were resampled to
compatible cell sizes and merged into one continuous DEM mosaic. A DEM
resolution of 90 m was used to facilitate the resampling and eliminate artifacts of
the raster merger. Resampling was completed using the mosaic to new raster
function in ESRI ArcGIS® version 10. This is not the highest resolution DEM
available for the study area (10 m resolution DEMs are available for ID and MT;
100 m subsampled to 25 m is available in BC); consequently, this continuous 90
m DEM mosaic was used in conjunction with local, higher resolution DEMs when

the continuous DEM was not required.

Landforms that may help identify the presence of an ice dam, the extent
and evolution of gLP, and a flood route along KRv (e.g., valley bottom benches
and plains, elevated valley-side benches and fans) were identified from the

compiled digital data and stereographic aerial-photograph analysis.

4.2 Field data collection and analysis

Detailed geomorphic observations, sedimentologic and stratigraphic
observations and measurements, and Ground Penetrating Radar (GPR) data
were collected in the field as sites allowed during July 2010 and May 2011.
Observations were made at >250 field sites (Appendix G), but only 28 sites are
described in detail and included in this thesis (Figure 3-2, Figure 3-3, Figure 3-4,
Appendix A). Local geomorphic observations included qualitative descriptions of

landforms and landform associations, slope measurements (using a Brunton®
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Pocket Transit), and elevation and position measurements (using a real-time
kinematic Leica® GPS System 500 differential global positioning system

(dGPS)).

Sedimentary investigations entailed photographing and centimetre-scale,
gualitative logging of exposures and identification of lithofacies. Lithofacies are
defined as distinct, relatively homogeneous sediment packages delineated by
non-genetic physical characteristics (Reading 1986; Walker 1992). Lithofacies
descriptions included observations of texture, structure, the nature of the lower
contact, thickness, lateral extent, geometry, and, occasionally, colour.
Secondary geologic structures (shear and fault planes, intrusive dikes,
dewatering structures, folds, and boudinage structures) were also described;
fault and shear plane orientation (strike and dip) and offset were recorded. Field
descriptions of recurring sedimentary characteristics were compiled into fifteen
lithofacies types (summarized in Table 4-1). Quantitative sedimentologic data on
textural and structural attributes (grain size (axial measurements on gravel
clasts), grain roundness (Wentworth 1922; Wadell 1933; Olsen 1983), grain
sphericity (Wadell 1933), clast concentration (visual estimate of % area), bed
thickness and lateral extent (lengths), bedding orientations, and fabric) were

gathered where possible.
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In each fabric sample no less than 30 clast a-b plane fabric measurements
(maximum dip and down-dip direction of the a-b plane) were taken from gravel
deposits and clast a-axis fabric measurements (plunge and down-plunge
direction of the a-axis) were taken from diamictons (Appendix C). Samples were
extracted from <0.07 m? zone of the exposure. Data was plotted on lower
hemisphere, equal area (Schmidt) diagrams as scattergrams and/or contoured
stereonets (Figure 4-1). Fabrics were contoured using the cosine sums method
(Stereo32 software) with a cosine exponent of 20 for gravels and 125 for
diamictons (Roeller 2008) (Figure 4-1). Eigenvalues and eigenvectors were
calculated using the orientation tensor method (Mark 1973) (Figure 4-1). For
diamicton fabrics, modes were identified visually from the fabric scatterplots (cf.
Hicock et al. 1996) and tested against randomness using the critical values and
statistical protocol of Woodcock and Naylor (1983). The mode with the highest
number of clasts is considered to be the primary or main mode (M1), and the
mode with fewer clasts is considered to be the secondary mode (M2). Only
modes that are significant to the 95% confidence level (Woodcock and Naylor

1983) are labelled as such on the scatterplots (Figure 4-1).
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A-axis parallel
(to the dip of the a-b plane)
clast

A-axis oblique
(to the dip of the a-b plane)
clast

A-axis transverse
(to the dip of the a-b plane)
clast

<«——Principal eigenvector (V)

Ste reogram contours

Primary eigenvector (V;) of mode 2 (M2)

Mode 2 clast measurement

Mode 1 clast measurement

Primary eigenvector (V;) of mode 1 (M1)

Bullet nose

Plucked lee end

Youngest striae

Stereogram contours

Principal eigenvector (\})

Figure 4-1: Legends for fabric diagrams. All data is presented on lower-hemisphere, equal-area
Schmidt nets. a) Scatterplot for trough cross-stratified gravel. The dips and dip directions of clast
a-b planes are plotted and classified according to the orientation of the a-axis (a(t), a(p), or (a(0))
with respect to the dip and direction of the a-b plane. b) Gravel fabric stereogram. The dips and
dip directions of the a-b plane of gravel clasts in a sample are presented as a contoured
stereogram. Contour density is calculated using the cosine sums method with a cosine exponent
of 20 in Stereo32 software. The principal eigenvector (V1) depicts the azimuth of maximum
cluster for all clasts. Diamicton fabric scatterplot (c) and contoured stereogram (d) record the a-
axis plunge and azimuth of measured pebbles. Orientation and direction of glacigenic wear
features and the V1 for all the clasts are displayed. Contour density is calculated using the
cosine sums method with a cosine exponent of 125 in Stereo32 software. The principal
eigenvectors of the sample is shown in (d), and the primary and secondary eigenvector of modes
in bimodal distributions are shown in (c).
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Additional clast size, shape, lithology, orientation and wear data were also
collected from clasts sampled for fabric analysis (Appendix C). Clast a-, b- and
c-axis measurements were used for grain size and sphericity (Sneed & Folk
1958) estimation (Appendix D). Clast roundness was estimated using
Krumbein’s (1941) scale. From gravel fabric samples the orientation of the a-
axis to the maximum dip of the a-b plane was also collected (Appendix C). This
affords an estimation of the likely mode of grain transport just prior to deposition.
A dominance of clast a-axes transverse to dip direction (a(t)) suggests clasts
rolled along the bed, whereas a dominance of clasts parallel to dip direction
(a(p)) favour clast sliding across the bed (or clast deposition from suspension in a
hyperconcentrated flow) (cf. Brennand 1994). This logic allows a(p) clasts in
gravel fabrics from trough cross-beds to be used as a proxy for the true direction
of dip of slip- or avalanche-faces and hence an estimation of paleoflow direction
in cases where this is not obvious from exposures (i.e. where Gt (Table 4-1)
presents as troughs rather than cross-sets). From diamicton fabric samples the
presence and orientations of obvious surface wear features (SWFs; i.e., keels,
striae, bullet noses, plucked ends; Kruger 1984) on clasts were also recorded

following the protocol of Lian (1997) (Appendix C; Figure 4-1).

Lithostratigraphic units in this thesis are defined as distinct bodies of
sediment that have been deposited in a depositional environment different from
that of surrounding or nearby lithostratigraphic units. They are defined at a finer
scale than geoclimatic (i.e. glacial-interglacial) because the research questions in

this thesis require elucidation of environmental changes (in time) and differences
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(in space) during deglaciation. Lithostratigraphic units are defined by their
lithofacies associations, physical characteristics, relative stratigraphic position
and geomorphic context. Measurements of lithostratigraphic unit thickness were
made with a tape measure on simple exposures, and by Impulse® laser range
finder on more complex, inaccessible or high exposures. Measurements of
lithostratigraphic unit lateral extent were made using a tape measure. Elevations
of lithostratigraphic unit lower contacts and the tops of exposures were measured
using a hand-held Pretel® barometric altimeter (calibrated to the known elevation
of Kootenay Lake) or, a real-time kinematic Leica® GPS System 500 dGPS
(vertical accuracy reported by Leica®: within £ 0.1 m). All elevations reported in
this thesis are supplemented with DEM elevations to normalize the data to a
single datum. This also establishes a single accuracy for all elevation
measurements to within 10 m at a 90% confidence interval (Beaulieu et al. 2007).
Lithostratigraphic data is presented in photographic panoramas and vertical logs

(refer to Figure 4-2 for lithostratigraphic log legend).
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Figure 4-2: Legend for lithostratigraphic logs.
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When no exposures were available, sedimentary architectural information
was obtained using a pulseEKKO® IV ground penetrating radar (GPR) system
(site 48 in KRyv, Figure 3-4). GPR lines parallel to the KRv are termed “X-lines”;
GPR lines perpendicular to the KRv are named “Y-lines”. A total of 530 m of 100
MHz common offset (CO) GPR lines were collected (Appendix E). During CO
data collection, the GPR antennas were co-polarised and perpendicular-
broadside to the survey line, to reduce reflections from offline sources (Arcone et
al. 1995). Antennas were kept at a constant separation of 1 m and data were
collected in step mode (0.25 m) along the lines to improve ground coupling and
trace stacking (32 traces). Two common mid-point (CMP) profiles, collected at
site 48 (Figure 3-4), provide an estimated subsurface average velocity of 0.097
m/ns, which was used to convert two-way travel time (TWT) into depth and for
data processing. Detailed topographic data was gathered on the survey lines
using a real-time kinematic Leica® GPS System 500 dGPS to allow for
topographic correction of the processed lines. The GPR data processing was
carried out in REFLEXW® v6.0 (Sandmeier 2011) and included time-zero
correction, ‘dewow’ filtering, bandpass filtering, migration, background removal

filtering, application of a gain function, and topographic correction (8 4.2.2).

The digital data and field observations encompassing the geomorphology,
sedimentology and stratigraphy of the study area are integrated and analysed in
order to verify landform classifications, elucidate different paleoenvironments and

paleoenvironmental change, and thus address the research questions. This
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landform and paleoenvironmental information was used with DEMs and

bathymetric data to reconstruct gLP and better explain its evolution.

4.2.1 Landform definitions

Kame terraces, river terraces, lake-bed benches, fan-deltas, and alluvial
fans are identified in the study area. Kame (originally spelled kaim or cam) is a
Scottish word that describes a sediment mound with steep sides or a crooked
path (Jamieson 1874; Gregory 1912; Holmes 1947), which has come to vaguely
describe any alluvial or lacustrine sediment that was once in contact with ice
(e.g., Holmes 1947; Price 1973). Because of its ambiguity, there is little scientific
use for the word kame as a stand-alone descriptor of glacial sediment, however,
when used with an adjective, such as terrace, the term is specific enough to
warrant its use. In this study the term kame terrace describes glaciofluvial
sedimentation in a temporary topographic low formed between the ice margin
and the valley wall (Embleton & King 1975). Bench is the non-genetic term used
to describe a relatively flat-topped sediment deposit, whereas the term terrace is
reserved for deposits of fluvial or glaciofluvial origin, a fluvial terrace denoting an
elevated river floodplain. Lake bed benches are flat-topped, frequently gullied
and incised, fine-grained sediment deposits on valley floors and walls that were

deposited on a lake bed.

Alluvial fans are defined as fan-shaped fluvial and debris flow deposits
that radiate downslope from a mountainous sediment source into a lowland area
or larger valley (Bull 1963; Ryder 1971; Church & Ryder 1972). Alluvial fans

prograde from their sediment point source through some combination of braided
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stream, sheet flow, or debris flow deposition (Church & Ryder 1972; Blair 1987;
Postma 1990; Blair & McPherson 1994). They have steeply-dipping (2° - 25°),
convex-up profiles (Blair & McPherson 1994; Ryder 1971) and may build into
bodies of water creating a fan-delta (Nemec 1990; Postma 1990). Most fans in
the study area have undergone extensive post-depositional modification through
incision, which occurs either through a lowering of the local base level (Hooke
1967; Ryder 1971), or by “fan-head trenching” due to changes in sediment

supply and/or stream gradient (Hooke 1967).

4.2.2 GPR processing and analysis

The GPR data were processed using REFLEXW® software version 6.0
(Sandmeier 2011) to improve the signal to noise ratio (Woodward et al. 2003;
Burke 2008), thereby providing a clear and less distorted cross-sectional view of
the underlying sedimentary architecture. The following paragraphs will document
the processing steps applied to the data (in sequential order) and, when

necessary, discuss the shortcomings and benefits of the parameters.

42.21 Time-zero correction

This processing step aligns the airwave arrival to zero on the y-axis of the
graphical display. This is necessary to account for a delayed airwave arrival time
(Woodward et al. 2003). The delay is caused by some combination of equipment
warm-up (acquisition of ambient temperature), damaged optic cables or
electronic malfunctions (Woodward et al. 2003). An uncorrected airwave delay

can be propagated into the lower reflections of the graphic profile (Neal, 2004).
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4.2.2.2 Dewow filter

The dewow filter removes low frequency noise (‘wow’) from the data, onto
which the real data is overlain. Due to its low frequency, the ‘wow’ has
sufficiently large amplitude to obscure the real data (Woodward et al. 2003). The
‘wow’ in the signal is the result of electronic saturation caused by the short

interval between airwave and ground wave arrivals (Neal 2004).

The manipulated parameter in the dewow filter is the time window over
which a mean value is calculated for each trace. The goal during the dewow
processing step is to select a time window value that effectively mitigates the
‘wow’ while keeping the real data unaffected. The smaller the time window
value, the greater the ‘wow’ is diminished; however, if the time window value is
too small, or too large, the real data will be adversely affected. A time window of

21 ns was deemed optimal for this study (Figure 4-3).

c

. /" ——Raw data

= e

"E o e, 21 ns

k7] i~
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b ‘Wow
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™
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o] - —
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Frequency (MHZ)

Figure 4-3: Effects of the dewow filter. Plot is from the application of the REFLEXW® dewow
filter to site 48B, GPR line X1. The 21 ns window was chosen over the 8 ns window because the
actual data was minimally distorted and the ‘wow’ was greatly diminished.

57



4.2.2.3 Bandpass filter

The bandpass filter removes high and low frequency noise from the GPR
amplitude spectrum (Woodward et al. 2003). Two types of bandpass filters are
available through the REFLEXW® software: Bandpass Frequency and Bandpass
Butterworth. Bandpass Frequency was selected for this study because it
removed more background noise. Four parameters can be adjusted in the
application of the Bandpass Frequency filter: lower-cutoff frequency (LCF), lower
plateau (LP), upper plateau (UP), and upper-cutoff frequency (UCF). These four
frequency parameters define a trapezoidal filter. Lower and upper value pairs
are held to octaves — the LCF and UP frequencies are each half of the LP and
UCF, respectively. The doubling relationship ensures that the taper of the
trapezoid is not too steep, which can result in high frequency ringing in the data
(Woodward et al. 2003). For all lines in this study, the following parameters, in

LCF-LP-UP-UCF format, were selected as optimal: 15-30-115-230 MHz.

4.2.2.4 Velocity analysis

A velocity analysis is used to determine the velocity of electromagnetic
(EM) propagation through the subsurface. The EM velocity then allows the
recorded raw data in two-way travel time (TWTT) to be converted into depth

measurements.

Two common midpoint (CMP) surveys taken from lines X1 and X2 at site
48B (Figure 3-4) were used to assess EM velocity. The velocity is calculated
using the semblance analysis function in the REFLEXW® software by regressing

antenna distance from the common midpoint against the TWTT of the EM pulse
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(Woodward et al. 2003). The analysis results in a graph of TWTT vs. velocity
that displays the normalized output-to-input energy ratio as ‘bullseyes’, which are
superimposed onto nonlinear reflections (Burke 2008). The bullseyes are
visually fit to diffraction hyperbolas generating interval velocities; the deepest
bullseye used in the analysis provides an average profile velocity. Individual
layer velocities (Vi) are calculated manually (Equation 4.1; pers. comm.
Matthew J. Burke 22/07/2011) to ensure that no spurious values have been used
in averaging the profile velocity. The average layer velocity at site 48B was

found to be 0.097 m/ns.

Viay = (Vint X Ls) = (2 Vov) (Equation 4.1)

Where Vi is the interval velocity, Ly is the stratum number
(increasing sequentially from the top of the profile), and V,, is the
velocity of the overlying strata(um).
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Figure 4-4: CMP velocity analysis. Images are from the semblance analysis at site 48B, GPR line
X1. Normalized output/input energy ratio bullseyes are marked with white circles and labeled (on
right). Bullseyes correspond to the labeled diffraction hyperbolas, which are highlighted with
dashed red lines (on left). The REFLEXW® software utilizes a computer assisted visual coupling
of bullseyes (velocities) to hyperbolas (distances) to generate an actual measurement of the EM
wave velocity.

4.2.2.5 Migration

This processing step attempts to minimize distortion caused by generating
a 2D survey from a 3D EM cone. Because the EM pulse radiates from the
transmitter as a complex 3D cone, out-of-line reflections are imaged, which result

in diffractions, displacements and distortions (Neal 2004).

The REFLEXW® software provides several methods of reducing image

distortion from out-of-line reflections; of these, the Kirchoff migration method was
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used because it removed the most diffraction hyperbolae without adversely
affecting the real data. Three parameters are needed to run the algorithm: 1)
summation width, which directs the algorithm to sum each data point to a width
dictated by the largest diffraction hyperbolae (Burke 2008), 2) velocity, which is
the average EM velocity calculated in the velocity analysis, and 3) start time,
which allows specific depths of the profile to be targeted. The optimum values
for these parameters were found to be 10, 0.09 m/ns, and 25 ns (just below the
ground wave), respectively. When the summation width was too high the data
appeared over-migrated and developed inverted hyperbolae termed ‘migration
smiles’ (Burke 2008). When the summation width was too low some real data

was removed from the profile and noise was introduced.

4.2.2.6 Background removal

Background removal attempts to remove coherent, airwave-parallel
banding in the data introduced by ringing in the antennas, which is caused by
signal repetition (Woodward et al. 2003). Peak results for this processing step
were obtained through the subtracting average algorithm in the REFLEXW®
program. The algorithm calculates a reference trace over a distance chosen by
the user; the reference trace is then subtracted from every trace in the profile.
The optimum number of traces used for the average was found to be 20.
Banding persisted when <20 traces were averaged, and some planar reflections

in the data were lost when >20 traces were averaged.
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4227 Gain

Gains serve to counteract progressive signal weakening with depth
caused by signal attenuation, geometrical spreading, reflection and scattering
(Woodward et al. 2003; Neal 2004). An automatic gain control (AGC) algorithm
was run on the data through the REFLEXW® software. An AGC calculates
average amplitude for each trace over a specified time window (Woodward et al.
2003). Then, values for all points along individual traces are held constant to the
calculated average. A time window of 5 ns was deemed optimal for this study

because it resulted in an amplification of the data without amplifying noise.

4.2.2.8 Topographic correction

Topography along the survey line must be accounted for to display the
landform geometry and the actual dips of the internal reflections. To accomplish
this field data on position and elevation, gathered from a dGPS, was converted
into elevation change relative to the highest point on the line. Then the elevation
change was converted into TWTT through the use of the EM pulse velocity
obtained through the velocity analysis. These changes in TWTT are then applied

to the profile.

4.2.2.9 GPR analysis

Analysis (interpretation) of the processed GPR data was conducted to
describe sedimentary architecture and infer a probable mechanism of deposition.
Interpretations were guided by established methods outlined in peer-reviewed

literature, especially Neal (2004) and Woodward et al. (2003).
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All of the GPR profiles were printed at the same scale and with a one-to-
one ratio (no vertical exaggeration); this enabled the profiles to be viewed at
different angles, which elucidates reflection geometry characteristics that may
otherwise remain ambiguous. Radar bounding surfaces, which are high
amplitude reflections that can be traced across multiple lines and mark changes
in reflection geometry (Burke 2008), were identified and traced onto the hard
copies. The bounding surfaces define discrete radar elements (RE), which are
labelled in stratigraphic order (RE-a — RE-ee in text and a — ee in figures) and
described in terms of their geometry, boundaries and character of their
constituent reflections (Neal 2004). The properties of the radar elements are

used to infer the mode of deposition (Woodward et al. 2003; Neal 2004).

Radar elements consist of radar surfaces, radar packages and radar
facies (Neal et al. 2002; Neal 2004). These terms have similar definitions to the
equivalent seismic stratigraphy terms (Neal 2004). Radar surfaces delineate
radar packages, which are depositional units interpreted to consist of genetically
related strata (Mitchum et al. 1977; Neal 2004). Radar facies are the reflection
sets that occupy space between the stronger reflections of the radar surfaces

(Mitchum et al. 1977; Neal 2004).

4.2.3 GLP extent and volume calculations

Typically, glacial lake extent is reconstructed from the distribution of lake
bed sediments and by correlating water plane indicators (e.g., deltas, shorelines;
Johnsen and Brennand 2004). However, a dearth of gLP water-plane indicators

were identified on the steep bedrock valley walls of the Purcell Trench in the
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study area, so gLP extent is estimated by modeling (in a GIS) a tilted water plane
(Appendix G) fixed to the Elmira spillway, lake extent limited by the topographic
DEM and the lake bed DEM (Figure 4-5). Given that a lack of water-plane
indicators in the Purcell Trench precludes calculation of glacioisostatic tilt of the
water plane, a reasonable range of tilts (Appendix G) are applied based on an
assessment of known glacioisostatic tilt values reported for the CIS (§ 6.2). The
orientation of glacioisostatic tilt is assumed to be parallel to the Purcell Trench

(352°).

GLP paleo-volume can be estimated from the topographic DEM, tilted
water plane, lake extent map, a simplified gLP lake bed DEM and Kootenay lake
bathymetry using raster mathematics in a GIS (Figure 4-5). The gLP lake bed
DEM was extrapolated from the elevation of the lake bed bench and surrounding
topography (8 5.3). The elevation of a series of measured points on the gLP lake
bed bench were interpolated using the inverse distance weighting function in
ESRI ArcGIS® (Figure 4-5). By integrating this surface with the topographic
DEM, a simplified reconstruction of the gLP lake bed prior to lake drainage and
Holocene incision is produced. The extent of gLP for each tilt scenario is
provided by the intersection of the tilted water plane with the interpolated lake
bed DEM and the topographic DEM. The volume and depth of gLP is
ascertained by adding the volume of the proglacial portion of the Kootenay Lake
bathymetric raster to the volume of the topographic DEM below a tilted water
plane (all volume calculations were performed using the surface volume function

in ESRI ArcGIS®) (Figure 4-5).
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5: RESULTS

This chapter provides descriptions and interpretations for all major study
sites. Section 5.1 describes sites recording ice advance. The elevations of
these sites define full glacial valley fill elevations in the Purcell Trench. Section
5.2 describes sites recording ice position during decay of the Purcell Lobe in the
Purcell Trench. Section 5.3 describes sites containing a sedimentary record of
glacial Lake Purcell. Section 5.4 explores the terraced geomorphology of the
valley fill and describes sites in the Kootenay River valley that may contain some
record of gLP drainage. Section 5.5 describes sites that contain a record of
postglacial (Purcell Trench) or post-gLP drainage (KRv) sedimentation. In this
chapter most sites are interpreted individually. Sites that occur within the same
landform are interpreted as a group. A summary of the findings of each section

is also provided. Regional interpretations are addressed in chapter 6.
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5.1 Sites recording ice advance

The sites in this § are interpreted to record the advance of the marine
isotope stage 2 (MIS 2) Cordilleran Ice Sheet (CIS) south through the Purcell
Trench, because each site is capped by, or composed of glacigenic diamicton
(till). These sites record remnants of the full glacial valley fill because they
occupy positions south (downstream of ice advance) of distinct bedrock

protrusions in the Purcell Trench.

5.1.1 Site 19
5.1.1.1 Observations

Site 19 is an active gravel pit that abuts the eastern wall of the Purcell
Trench ~78 m above the surface of modern Kootenay Lake (top of exposure is
~610 m asl), and ~2.6 km north of Kootenay Bay (Figure 3-3). The pit is on the
northwest side of a saddle that bisects the Bluebell Mountain/Pilot Point ridgeline
and connects Kootenay Bay and Crawford Bay (Figure 5-1). The deposit

occupies a slight alcove in the Purcell Trench (Figure 5-1).

The pit exposes a 27 m thick sediment package containing two
lithostratigraphic units plastered onto the bedrock valley wall (Figure 5-2). Talus
slopes between vertical exposures precluded a continuous vertical log of this
sediment package; thus, to document the stratigraphy, two logs were constructed
at the site one of which is a composite log (Figure 5-3; see Figure 5-2 for

locations of log measurements).
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-1200

- 525

Figure 5-1: a) Hillshaded DEM (Geobase®) showing the geomorphology around site 19 (white
dot). Site 19 is located in the saddle between Bluebell Mountain and Pilot Point. b) Hillshaded
DEM superimposed on an aerial photograph (clip from BC5347_248. © Province of British
Columbia. All rights reserved. Reprinted with permission of the Province of British Columbia.)
showing local terrain. The northernmost wall of this gravel-harboring alcove is marked NWA.
The range of paleoflow directions gathered at site 19 is displayed as a cone extending from the
site. (The deposit does not cover the geographic area of the cone.) Refer to Figure 3-1 and
Figure 3-3 for site location within the Purcell Trench.
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Table 5-1: Pebble fabric data listed in order of appearance in Chapters 5.

Fabric | Litho- | Elevation | n Roundness’ a-axis P S,° Ss°
. 0 . . 3 (o
name | facies | (m as|) (%) orientation” (%) | o g
code / dip)
R S | A]a)|aft) | al)

19-1a Gp 598 30 ] 60 40 | O 40 27 33 298°/ | 0.81 0.07
42°

19-1b Gp 597 30 ] 47 53 |0 27 50 23 308°/ | 0.70 0.06
27°

19-1c Gp 598 30 ] 53 40 |7 30 43 27 336°/ | 0.85 0.05
30°

19-1d | Gp 602 30 | 43 50 |7 63 13 24 359°/ | 0.81 0.05
27°

41-4 Gm 557 30| 17 70 1313 67 30 171°/ | 0.52 0.21
14°

27-1 Gp 700 31|74 23 | 3 3 65 32 346°/ | 0.70 0.09
31°

30-1 Gp 569 30 | 37 56 |7 33 33 33 31°/ | 0.53 0.21
16°

38-1a Gp 587 30 ] 40 43 17 ] 20 47 33 169°/ | 0.85 0.06
48°

38-1b Gp 589 30 | 37 57 | 6 20 30 50 195°/ | 0.75 0.10
33°

38-1c Gp 590 31 37 47 16 | 20 47 33 203°/ | 0.65 0.13
31°

39-6 Gp 573 30 ] 16 47 | 37 | 47 23 30 252°/ | 0.65 0.13
51°

39-7 Gm 571 301 20 50 | 30| 23 43 31 244°/ | 0.66 0.09
36°

40-1 Gt 622 50 | 37 48 15| 40 16 44 248°/ | 0.59 0.14
34°
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Fabric | Litho- | Elevation | n | Roundness? a-axis e s | s
name | facies | (masl) (%) orientation® (%) (trend
code / dip)

R S A |a() ] a@) | al)

24-l1a Gp 578 30 | 47 50 | 3 7 50 43 51°/ | 0.70 0.07
37°

24-1b Gp 577 30 | 67 3310 10 43 47 65°/ | 0.66 0.08
38°

24-1c Gp 584 30170 30 ({0 23 27 50 69°/ | 0.77 0.06
34°

24-1d | Gp 586 30]~100 |0 |0 |na" |na’” | na’ | 48°/ | 0.80 | 0.05
42°

35-1 Gp 611 30 | 40 47 |13 |53 |10 |37 | 333°/|0.76 |0.10
31°

1-28 Gp 598 30 ] 63 20 | 17 | 17 67 16 8°/ 0.65 0.12
32°

! _ Refer to Table 4-1.

2 _ R: rounded and well-rounded; S: subrounded and subangular; A: angular and very angular.
(after Wadell 1933 and Barrett 1980).

% _ A-axis orientation relative to the maximum plunge of the a-b plane: parallel (a(p)), transverse
(a(t)), oblique (a(0)). (Referto § 4.2.)

- Principal eigenvector (vector aligned with maximum clustering).

> Principal eigenvalue (highest clustering value, corresponding to the Principal eigenvector).

® _ Weakest eigenvalue. (Lowest clustering value, corresponding to the third eigenvector, which

is normal to the principal eigenvector and aligned with the direction of minimal clustering).
" — Data not collected.

® _ Site presented in Appendix B.
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Table 5-2: Diamicton pebble fabric data listed in order of appearance in chapter 5.

Fabri(i Elevation | n | Roundness? V13 814 335 SWFs® In’[erpretation7
name
(m asl) (trend /
R| S | A plunge) K|B|P|S
19-2 605 30020 | 70 | 10 355°/ 06101611 |1 |5 | 15| Subglacial till
20
41-6a 568 305 75|20 185°/3° | 061 [ 0101 | O | 2 | 11 | Subglacial till
41-6b 571 3010 75 | 25 166°/ 064 | 0061 |0 |1 |7 Subglacial till
13°
53-1 602 3007 63 | 30 ] 19°/17° | 0.76 | 0.O7 O |2 |7 | 8 Subglacial till
39-2 570 300 30 | 70 | 320°/5° | 0.64 | 0150 |0 |0 |2 Debris flow
40-2 627 31119 (61| 20 344° | 056101140 |0 |0 |0 Flow till / debris
10° flow
47-X 539 30| 3 53 | 44 168°/ 0580150 |0 |0 |0 Debris flow
21°
1-3® 597 40 55|40 | 5 116°/ 046 | 0120 |0 |0 |0 Debris flow
25°
49-28 510 3033|634 219°/ 063 |017J0 |0 |0 |0 Debris flow
43°

! . All fabrics are bimodal except 53-1, which is unimodal. All fabrics are from Dmm except 39-2,
which is Dcm (Table 4-1).

2 _ R: rounded and well-rounded; S: subrounded and subangular; A: angular and very angular
(after Wadell 1933 and Barrett 1980).

® _ Principal eigenvector (vector aligned with maximum clustering.) All fabrics have a >99%
confidence level and are bimodal except 53-1, which is unimodal.

* — Principal eigenvalue (highest clustering value, corresponding to the Principal eigenvector).

®> _ Weakest eigenvalue (lowest clustering value, corresponding to the third eigenvector, which is
normal to the principal eigenvector and aligned with the direction of minimal clustering).

® _ Surface wear features: K — keel; B — bullet nose; P — plucked lee; S — clasts with striae (not
an individual count of striae) (after Kruger 1979 and Sharp 1982).

" _ Refer to text for explanation.

8_ Sites presented in Appendix B.
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Unit 1 is at least 25 m thick (lower contact not exposed) and mainly
composed of tabular to lenticular beds of planar-stratified, rounded to well-
rounded (19-1a-d, Table 5-1) cobbles and pebbles (Gp, Table 4-1) below ~610 m
asl (Figure 5-3). Clasts are dominantly intrusive igneous and metamorphic and
are highly spherical. Gravel beds are predominantly clast supported and in
places openwork. Beds are differentiated by geometry (tabular or lenticular),
texture and grading. Most beds are 0.25-0.5 m thick, tabular, have sharp lower
contacts and contain imbricate gravel clasts that fine upward from cobbles to
large pebbles supported by a matrix of coarse sand (Gp, Table 4-1). Similar
beds with lenticular geometry are less frequent, representing only 9% of the beds
intersecting the vertical logs. These lenses extend laterally 6-12 m. The amount
of matrix is highly variable between beds; typically, the beds with large amounts
of matrix also have gradational lower contacts. Some beds are composed
entirely of planar-bedded, well-imbricated pebbles and granules and have little to
no matrix. Rarely, gravel beds are separated by lithofacies of massive sand (Sm,
Table 4-1). These lithofacies are thin (0.10-0.20 m), lenticular (lateral extent: 2.5-
6 m), and composed mainly of coarse sand with granules. The planar-stratified
sand beds fine upwards and have gradational lower contacts. The uppermost
gravel beds (top 2.5 m of log 19A, Figure 5-3) in unit 1 are composed of crudely
cross-bedded to massive boulder and large cobble gravel in a matrix of sandy
granules and pebbles (Gm and Gc, Table 4-1). These coarse upper beds have

sharp lower contacts. Gravel fabrics on imbricate a(t) and a(o) clasts within unit
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1 (19-1a, 19-1b, 19-1c and 19-1d, Figure 5 4, Figure 5 5, Table 5-2) record

southward to southeastward paleoflows.

A dike composed of deformed, vertically-laminated (Fd, Table 4-1) dark
grey clay and light grey silt (~65% and ~35%, respectively) with rare small
granules cuts vertically into the unit 1 gravel beds (Figure 5-2). The dike
averages ~0.30 m wide and extends for ~5 m with a sill (~0.2 m thick and ~1.5 m
long) extending from the main dike (Figure 5-2). In places the dike texturally
varies across its width with the coarsest sediment (silt) located near the centre of

the dike.

Unit 2 is ~6 m thick with a sharp lower contact. It is composed of massive,
well-consolidated, matrix-supported diamicton (Dmm, Table 4-1) that consists of
~15% clasts (pebbles and cobbles) in a clayey silt matrix. In places a faintly
discernible fissile structure can be distinguished in the matrix. The majority of the
clasts in the diamicton are subrounded and the majority of the clasts have striae
on their tops, bottoms and sides (19-2, Table 5-2). Typically striations align with
the a-axes of clasts. Some clasts also displayed polished and striated facets (on
clast tops), bullet noses, keels (on clast bottoms), and freshly plucked lee ends
(19-2, Table 5-2). A diamicton fabric measured within unit 2 is bimodal with its
principal eigenvector and primary mode eigenvector toward 355° (19-2, Figure

5-2, Table 5-2).
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5.1.1.2 Interpretation

Unit 1 is interpreted as a braided-stream deposit, because it contains
rounded, imbricated clasts and lithofacies consistent with this interpretation (Allen
1982). Imbrication is deduced from the dominance of a(t) clasts in fabrics 19-1b
and 19-1c (Table 5-1); the dominance of a(p) clasts in fabrics 41-1a and 41-1b
may be caused by rotation around larger obstacle clasts in cluster bedforms.
The elevated position of the deposit on the valley wall and its valley-parallel
paleoflow direction suggest a glacial outwash or ice-marginal depositional
environment. The lithofacies at this site (Gp, Gt, Gm and Sp, Table 4-1) are
consistent with previous reports of ice-proximal glacial outwash deposits

(Boothroyd and Ashley 1975; Aitken 1998; Salamon 2008).

Surface wear features (bullet noses, plucked lee ends, facets, keels,
striae) on clasts in unit 2 are interpreted to be glacigenic wear features. The
presence of these glacigenic wear features is consistent with lodgement or clast
shaping within shear zones in a subglacial environment (Kriger 1979; Sharp
1982; Benn 1994). The high level of consolidation, fissile structure and bimodal
distribution of a-axis orientations suggests that unit 2 records a subglacial till (cf.
Hicock et al. 1996) emplaced during advance of the Purcell Lobe in MIS 2

(Fraser glaciation).

The stratigraphic sequence of subglacial till (unit 2 at the land surface)
directly overlying outwash gravel (unit 1) suggests that the outwash gravel was
emplaced in front of the advancing Purcell Lobe. The clay dike is interpreted as

a large dewatering structure from loading, which resulted from glacial overriding
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(Jolly & Lonergan 2002; Heron & Etienne 2005). A possible source of sediment
for the clay dike may be an underlying, unexposed lacustrine deposit. This
unconfirmed lacustrine deposit may record a pre-Fraser glaciation Kootenay
Lake, possibly associated with Purcell Lobe advance. The elevation of the top of
the outwash deposit (unit 1 ~610 m asl) specifies the minimum height of the
valley fill at site 19 before ice occupied the site. Assuming no significant
deglacial or Holocene infill of Kootenay Lake, the difference in elevation between
the top of the outwash and the current floor of Kootenay Lake represents the
minimum incision performed by the Purcell Lobe in the Purcell Trench. Kootenay
Lake is ~124 m deep (Fisheries and Oceans Canada 2011) near site 19, and so

the Purcell Lobe was responsible for >200 m of incision.

5.1.2 Site 41
5.1.2.1 Observations

Site 41 exposes a valley-fill sequence within a ~1.9 km long hummocky
bench located just north of the West Arm (Figure 3-1, Figure 3-3) and near the
shore of Kootenay Lake within a large alcove in the Purcell Trench named
Queens Bay (Figure 5-4). This valley fill sequence extends to an elevation of at
least 575 m asl, and has been sheltered from glacial erosion by two bedrock

ridges that form the northernmost wall of the alcove (Figure 5-4).

Two exposures, 41A and 41B, were explored (Figure 5-4). Exposure 41A
contains in situ sediments but most of exposure 41B is located in a slump block.

Both exposures reveal a similar six-unit lithostratigraphy (Figure 5-5), but only in
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situ units in exposure 41A was logged in detail. Unit 6, exposed in the in situ

foot-wall scarp at exposure 41B is also described.

116°55'0"W

Elevation
(m asl)

1000
-

—_—Z

Ll
49°40'0"N

Figure 5-4: Hillshaded DEM (Geobase®) superimposed onto an orthophotograph (clip from 1:250
000 orthophotograph mosaic, 82F. © Province of British Columbia. All rights reserved. Reprinted
with permission of the Province of British Columbia.) showing site 41 (exposure 41A and 41B
denoted as white dots) located on a bench (white outline) positioned between the western wall of
the Purcell Trench and two bedrock ridges (within black dotted lines) to the east. Refer to Figure
3-3 for the site location within the Purcell Trench.
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Figure 5-5: Site 41 exposure 41A showing unit boundaries and their elevations as well as
locations and stereograms for gravel fabric 41-4 (Table 5-1) and diamicton fabric 41-6a (Table
5-2). Refer to Figure 4-1 for stereogram legend. Unit 6 contains an intra-unit sand lens (unit 6i)
highlighted in unit 6 (Figure 5-7). Inset photograph (bottom) shows type-A ripples in unit 1 (white
lines highlight some laminae) and a rose diagram of paleoflow measurements from them (41-1,
Table 5-3).
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Figure 5-6: Bimodal diamicton fabric 41-6b from

stereogram legend.

exposure 41B, site 41. Refer to Figure 4-1 for

Table 5-3: Ripple drift cross lamination paleoflow data listed in order of appearance in chapter 5.

Name | Elevation Sand Ripple Angle of n® | Azimuth of Max petal
(m asl) texture type climb (°) mean Iength3
(A, B)* vector (°)
41-1 555 Medium / | A 7-15 15 | 203
coarse (avg = 10)
41-6i | 568 Medium A 2-15 15 | 197
(avg =7)
21-1b | 573 Fine B 27-30 22 | 250
(avg = 28)
47-1la | 529 Medium / | B 15-61 15 | 61
fine (avg = 36)
47-1e | 544 Fine A 15-54 15 |94
(avg = 32)
46-1 481 Fine A 15-21 19 | 123
(avg = 18)

! After Ashley 1982.
% Number of measurements.
® Number of measurements within dominant class of the corresponding rose diagram. All
corresponding rose diagrams are constructed with 10° classes.
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Unit 1 is at least 1.5 m thick (lower contact is not exposed) and forms a
groundwater aquifer. It is composed of type A cross-laminated coarse and
medium sand with some fine sand and frequent granules (Sr; Table 4-1)
recording a southwestward paleoflow (41-1, Figure 5-5, Table 5-3). Cross-
laminated cosets with modest angles of climb (7°-15°) range from 1-6 cm thick;

generally, the coarsest sand forms the thickest cosets.

Unit 2 is ~2 m thick (Figure 5-5) with a sharp lower contact and tabular
architecture. It is composed of saturated, blue, massive clay (Fm, Table 4-1).
The lower contact is defined by a 5 cm thick, highly consolidated bed of orange

clay.

Unit 3 is 5-7 m thick, has tabular architecture and a sharp lower contact
intruded into by burst-out structures (Nichols et al. 1994) the blue clay of unit 2.
It is composed of laminated (<0.01 m thick laminae) to bedded (up to ~0.3 m
thick beds) sand, silt and clay lithofacies (Sr, Sd, Sm, Fd, Fm and FI, Table 4-1).
The unit is dominated by cross-laminated sand capped by laminated silt and clay;
massive and deformed lithofacies are common near the bottom (lowest 0.6 m) of
the unit; cross-laminated sand beds are often capped by laminated fine-grained
sediment through most of the unit. Whereas the vast majority of lithofacies are
laterally continuous through the exposure and appear planar, but a few are
lenticular. Most Sd and Fl beds fine upwards, and are capped by clay; however,
some beds display inverse grading and coarsen up from fine and medium sand
to granules or coarse sand. Soft sediment deformation structures (convolutions,

flame structures, ball and pillow structures, burst-out (Nichols et al. 1994)
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structures) are common. A prominent (0.09 m thick) silty, calcareous precipitate
bed crops out near the middle of unit 3 (~1.5 m below the contact with unit 4).
This bed is bounded by deformed clay and sand lithofacies. In places, the clay

has ruptured through the precipitate as small (<0.05 m long) vertical dikes.

Unit 4 is ~8 m thick with a sharp lower contact and tabular architecture. It
is composed of alternating unconsolidated planar-stratified and massive gravel
lithofacies (Gp and Gm, Table 4-1) that have an average thickness of ~13 cm.
The gravel beds display inverse grading, coarsening up from coarse sand and
granules to clast-supported pebbles and cobbles (maximum b-axis of 0.06 m) in
a silty, sandy granule matrix; in places the gravel is openwork. Pebbles and
cobbles are composed of foliated metamorphic rock with a metallic luster,
dominantly subrounded (41-4, Table 5-1) and imbricated (clasts a-axes are
dominantly a(t), 41-4, Table 5-1). A fabric from a massive, imbricated gravel bed

records a southward eigenvector (41-4, Figure 5-5, Table 5-1).

Unit 5 is 5 m thick with a sharp lower contact and tabular architecture. Itis
composed of planar and lenticular coarse to fine sand, silt and clay lithofacies
(Sr, Sd and Fd; Table 4-1). Typically the coarse and fine-grained lithofacies
alternate and deformation is strongest low (bottom ~1 m) in the unit. Some sand
beds coarsen upwards. Though similar in structure to units 1 and 3, unit 5

possesses very few coarse sand lithofacies, resulting in finer overall texture.

Unit 6 is 7 m thick at exposure 41A with a sharp lower contact and tabular
architecture; the top ~3 m of the unit is visible at exposure 41B. Unit 6 is

composed of massive, matrix-suported silty clay diamicton (Dmm, Table 4-1)
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containing many subrounded pebbles and cobbles (41-6a, Table 5-2) with
surface wear features (striae, bullet noses, plucked lee ends, 41-6a and 41-6b,
Table 5-2), and a ~2.5 m long, deformed sand lens (Figure 5-5). Diamicton
fabrics are bimodal with southward principal eigenvectors (41-6a, 41-6b, Table
5-2, Figure 5-5, Figure 5-6). Pebble striae exhibit no preferred orientation (Figure
5-5, Figure 5-6); however, the highly foliated clast lithology made identification of

all but the most obvious striations difficult.

Unit 6 also contains an irregularly shaped intra-unit sand lens (unit 6i,
Figure 5-5, Figure 5-7) containing mainly deformed (sheared) type A cross-
lamination in medium and coarse sand interbedded with fine sand and a single 1
cm thick clay bed located near the stratigraphic center of the unit (Sd and Sr,
Table 4-1) (Figure 5-7). The shearing in unit 6i is oriented roughly north-south
(Figure 5-7b). Relatively undeformed ripples record a southward paleoflow (41-

6i, Table 5-3, Figure 5-7).

5.1.2.2 Interpretation

With the available observations, there is no way to rule out the possibility
that the sharp lower contacts separating the six units at site 41 record erosional
unconformities. However, until independent dating controls are established the
available geomorphic and stratigraphic associations, as well as Occam’s razor—
suggest that the deposit is best interpreted as part of the record of a single

glaciation (in this case, the Fraser Glaciation).
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Figure 5-7: a) Site 41, unit 6 contains an irregular, intra-unit sand lens (unit 6i, bounded by white
line). The location of the ripple paleoflow measurements (41-6i, Table 5-3) and corresponding
rose diagram are displayed. Metre stick has decimetre markings. b) Unit 6i exhibits shears.
Sense of shear (arrows) through a clay bed (outlined in grey) in unit 6i is highlighted;
displacement along this shear is 10 cm. Ruleris ~1.5 cm wide.

The coarse sand ripples of unit 1 record deposition in a fluvial or inflow-
proximal) (possibly ice-proximal) lacustrine depositional environment (Smith
1974; Maill 1977; Postma 1990; Aitken 1995) by a southward flowing river or
turbidity current. The thick massive clay of unit 2 records a period of suspension
settling in a lake (Smith & Ashley 1985). Unit 3 consists of normally- and
inversely-graded cross-laminated sand capped with clay, suggesting deposition
by low-energy grain flows and turbidity flows into a lake environment (Nemec
1990; Postma 1990). Clay intrusions from unit 2 and load structures low in unit 3
record deformation from increased interstitial pore pressures possibly caused by
rapid deposition onto saturated sediment (Nichols et al. 1994). The inversely-
graded planar and massive beds of unit 4 indicate dispersive pressure and rapid

deposition during grain flows (Sallenger 1979; Lowe 1982; Postma 1990; Eyles
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et al. 1987). Grain flow deposits with openwork areas and some imbrication
suggest deposition on a steep alluvial-fan delta prograding off the valley wall
(Lowe 1982; Nemec & Steel 1988; Nemic 1990; Nemec et al. 1999). The
weakness of the 41-4 gravel fabric (principal eigenvalue of 0.52, Table 5-1) may
be attributed to space-filling in the open-framework gravel. The steep, near
angle of repose, depositional environment of a confined fan delta and the
southward orientation of the primary eigenvector suggest that the inclination of
the bedding (about normal to the exposure face) is steeper than the principal
plunge of imbricated clasts. Thus, paleoflow is interpreted as southward and unit
4 is interpreted as a rapidly-deposited, steep alluvial-fan delta prograding from
the valley wall toward the Purcell Trench. The well-sorted fine-grained laminae
and sand beds of unit 5 also indicate water lain sediment. The inversely graded
and massive planar sand beds interbedded with lenticular sand beds indicate
deposition from grain flows or low-energy turbidity currents (Lowe 1982; Nemec
1990; Postma 1990). Thus, unit 5 is interpreted as a return to low-energy lake-
bed sedimentation, possibly resulting from a reduction in sediment supply to this

site.

The surface wear features (bullet noses, plucked lees, striations) on clasts
in unit 6 are interpreted to be glacigenic wear features (Kruger 1984). The
presence of these glacigenic wear features is indicative of lodgement or clast
shaping within shear zones in a subglacial environment (Kriger 1979; Sharp
1982; Benn 1994). The high level of consolidation, fissile structure, and

southward principal eigenvector of the bimodal diamicton fabrics further suggest
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unit 1 is a subglacial till (e.g., Lian & Hicock 2000) emplaced by the southward
flowing Purcell Lobe. In this context, the intra-till deformed and rippled sand lens
(unit 6i) likely records deposition in a small meltwater conduit at the ice bed (e.g.,
Berthelsen 1979; Hart & Roberts 1994; Evans et al. 1995; Benn and Evans
1996). Ice-bed recoupling resulted in the shearing of this sand; the north-south
shear plane displacement is consistent with glaciotectonism during southward

advance of the Purcell Lobe.

In summary, the stratigraphy exposed at site 41 is interpreted to show a
record of the southward Purcell Lobe advance in MIS 2. This ice advance
resulted in a period of ponded water in the topographic low formed between the
Purcell Lobe, the bedrock ridges, and the valley wall. The till cap was deposited
after the Purcell Lobe overtopped the bedrock ridges. It is important to note that
no lacustrine sediment is found above till in this stratigraphic sequence—no
evidence of a proglacial or postglacial lake exists above the subglacial sediment

at this location in the Purcell Trench.

The elevation of the top of unit 5 (~567 m asl) specifies the minimum local
height of the preglacial valley fill that occupied the Purcell Trench at site 41.
Assuming no significant glacial, deglacial or Holocene infill of Kootenay Lake, the
difference in elevation between the top of the glacial advance lake sediments and
the current floor of Kootenay Lake represents the minimum incision performed by
the Cordilleran Ice Sheet in the Purcell Trench. Near site 41 Kootenay Lake is
~132 m deep (Fisheries and Oceans Canada 2011), which results in a minimum

of ~167 m of incision by the Purcell Lobe.
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5.1.3 Site 53
5.1.3.1 Observations

Site 53 is a small roadside exposure located on the east side of the
Purcell Trench at 605 m asl (top of exposure; DEM, Geobase®) (Figure 3-2,
Figure 5-8a). The roadcut exposes two lithostratigraphic units emplaced next to,
and on top of, a 4 m high, striated (striae orientation: ~200°) bedrock knob
(Figure 5-8b). The bedrock apparently sheltered the sediment from glacial
erosion because no other valley-wall geomorphology offers a preservation

mechanism for the deposit (Figure 5-8b).

Unit 1 is at least 4 m thick and composed of well-consolidated, fissile,
grey-coloured, matrix-supported clayey-silt diamicton (lithofacies Dmm, Table
4-1) containing 10-15% clasts that range from 1-10 cm along their b-axes and
are dominantly subrounded and subangular (53-1, Table 5-2). Many clasts
exhibit surface wear features (plucked lee ends, bullet noses, keels, facets
and/or striae; Table 5-2). The diamicton fabric (53-1, Figure 5-8c, Table 5-2)
within unit 1 is unimodal with striae, plucked ends and bullet noses aligned with
the principal eigenvector and parallel to the local valley wall. Plucked lee ends

and bullet noses show no preferred direction.

Unit 2 is up to 3 m thick and has a conformable lower contact (Figure
5-8b). It is composed of orange-coloured, massive, unconsolidated, clast-rich
(>50% clasts) sandy diamicton (Dcm, Table 4-1). Most clasts are angular

cobbles.
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5.1.3.2 Interpretation

Surface wear features (bullet noses, plucked ends, facets, keels, striae) of
clasts in unit 1 are interpreted to be glacigenic wear features (Kruger 1979,
1984). The presence of these glacigenic wear features is indicative of subglacial
lodgement or clast shaping within shear zones in a deforming bed (Kruger 1979,
1984; Sharp 1982; Benn 1994). The high level of consolidation, fissile structure
and a valley-parallel unimodal distribution of a-axis orientations also support a
subglacial till interpretation (Hicock et al. 1996). The orientation of the glacigenic
wear features suggest lodgement and deformation (rotation) during till formation
(e.g., Lian & Hicock 2000). The valley-parallel fabric is consistent with

emplacement by the south-flowing Purcell Lobe during its advance.

The unsorted sediments and angular clasts that comprise unit 2 may have
resulted from deposition as colluvium (Eyles et al. 1987). Unit 2 is interpreted as
postglacial colluvium based on its geomorphic (sloping land surface) and

stratigraphic (above subglacial till) context.

5.1.4 Ice advance summary

The sites in this § record MIS 2 till overlying glacial-advance outwash and
lake sediments. The minimum elevation of the top of the Purcell Trench valley fill
prior to ice occupation was 610 m asl at site 19 and 567 m asl at site 41 (average
elevation 590 m asl). This datum provides important context for differentiating
potential retreat-phase ice-marginal deposits (including kame terraces) from

advance-phase outwash and lake deposits in the Purcell Trench.
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5.2 Sites recording ice position during decay

The following sites exposed elevated (above the modern valley floor and
Kootenay Lake) interfluve-occupying deposits interpreted as recording ice-
contact deposition. They record the height of the decaying Purcell Lobe during
the termination of MIS 2. Deposits in this 8 reach elevations of ~600-725 m asl

(up to 115 m above the advance-phase outwash/till contact).

5.2.1 Site 27
5.2.1.1 Observations

Site 27 is an inactive gravel pit near Kaslo on a ~700 m asl (at site 27)
gravel bench that occupies an alcove at the junction of the Kaslo River valley and
the Purcell Trench (Figure 3-3, Figure 5-9a). Just south of the site, the gravel
bench abuts a series of subparallel bedrock ridges oriented roughly north-south
(Figure 5-9a). East of the site, Kaslo occupies the modern Kaslo River delta (at

~550 m asl) (Figure 5-9a).

A 2.5 m tall exposure at site 27 contains a single lithostratigraphic unit
(unit 1) composed of ~1 m thick, normally-graded planar-stratified gravel (Gp,
Table 4-1) (Figure 5-9b). This exposure is positioned above and adjacent to the
main pit wall, which is ~10 m tall and has been covered by talus; this suggests a
likely unit thickness of at least 10 m. The gravel clasts range in size from small
pebbles to small boulders and are typically well-rounded to rounded (27-1, Table
5-1). The unit is clast supported in a matrix of poorly-sorted sand. A paleoflow

estimate from imbricate, dominantly a(t) pebbles is southward, which is
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consistent with the gentle southward slope of the gravel beds (Figure 5-9b,

Figure 5-9c; 27-1, Table 5-1).

5.2.1.2 Interpretation

The single lithostratigraphic unit exposed at site 27 is inferred to record
deposition by a south-flowing gravel-bed river because of its clast size and
roundness, planar-stratified character, normally-graded bedding and fabric. The
planar-stratified, normally-graded gravel lithofacies containing dominantly a(t)
clasts is consistent with deposition from traction transport (dominated by rolling)
in shallow stream flows (Eynon & Walker 1974; Miall 1977; Maizels 1993; Kjaer
et al. 2004). A paleoflow direction towards the south is interpreted from the clast

imbrication.

The elevated (700 m asl) valley-wall position of the gravel bench and its
valley-parallel paleoflow direction suggest that the gravel-bed river was
supported by ice or valley fill sediment in the Purcell Trench. Because the bench
is at least 100 m higher than the identified till-advance phase outwash contact
(567 m asl, site 41, Figure 5-5; 610 m asl, site 19, Figure 5-3) and there is no
evidence of overriding by the Purcell Lobe (capping till or gravel deformation), it
is unlikely that this deposit is advance-phase outwash. Thus, this gravel is

interpreted as an ice-marginal gravel-bed stream deposit—a kame terrace.
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Figure 5-9: a) Hillshaded DEM (Geobase®) showing the location of site 27 (white dot) on top of
an elevated gravel bench (outlined by black dotted lines) west of Kaslo, BC (Figure 3-3) that
occupies the alcove formed at the junction of the Kaslo River valley and the Purcell Trench
(Kootenay Lake) just north of a series of valley-parallel bedrock ridges (black dashed outlines).
b) Inclined, planar-stratified imbricate gravel (Gp, Table 4-1) at site 27. Metre stick (in white box)
has decimetre markings. White circle marks location of gravel fabric 27-1. ¢) Contoured
stereogram of gravel fabric 27-1 (southward paleoflow) (Table 5-1). Refer to Figure 4-1 for
stereogram legend.
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5.2.2 Site 30
5.2.2.1 Observations

Site 30 is on the west side of the Purcell Trench 19 km north of Kaslo
(Figure 3-3). It comprises two exposures and three lithostratigraphic units.
Exposure 30A is ~25 m tall and positioned 90 m northwest of exposure 30B
(Figure 5-10b). Most of exposure 30A was inaccessible or unsafe (Figure
5-11a), but exposure 30B (-3 m tall) afforded safe access to unit 1 (Figure
5-11b). Both exposures and a large, abandoned gravel pit (GP, Figure 5-10b)
south of exposure 30B occur within a poorly defined and gullied valley-side
bench that is ~320 m long (Figure 5-10b) at an elevation of ~600 m asl. A
rockslide (~1.8 km?) borders the north end of the bench. The bench does not
exist north of the landslide and pinches out ~150 m south of the steep-sided gully

that dissects the bench (Figure 5-10b).

Three lithostratigraphic units show at exposure 30A; unit 1 is also revealed
at exposure 30B (Figure 5-11). Unit 1 is at least 6 m thick (lower contact not
exposed) and lies below 596 m asl. It is composed of packed (but not
consolidated), planar-stratified gravel (Gp, Table 4-1). Fining-upward gravel
beds with sharp lower contacts that truncate lower beds range in thickness from
0.2-0.6 m and in texture from clast-supported cobbles in a coarse-sand matrix to
coarse sand with few pebbles; there is a positive relation between bed thickness
and coarseness. Clasts are subangular to rounded (30-1, Table 5-1). Clast a-
axis orientations are variable, and the gravel fabric records a northeastward

principal eigenvector (30-1, Table 5-1). Some isolated massive sand lenses
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(0.1-0.15 m thick; 2—-3 m lateral extent; Sm, Table 4-1) exist between the gravel

beds (Figure 5-11Db).

Unit 2 is ~1.75 m thick with a sharp, irregular lower contact that truncates
beds in unit 1 (Figure 5-11a). The unit has an apparent dip of 5° towards an
azimuth of 100°. It is composed of clast-poor (pebbles to large cobbles), matrix-

supported, silty-fine sand diamicton (Dmm, Table 4-1).

Figure 5-10: a) Aerial photograph (A13796-69; © Department of Natural Resources Canada. All
rights reserved.) displays the location of site 30 (labeled circle) on the west side of the Purcell
Trench (Figure 3-3), south of a large rock slide (delimited by the dotted line). Box shows location
of b). b) Close-up of aerial photograph (op. cit.) showing locations of sections 30A and 30B and
an abandoned gravel pit (GP) (labeled circles). These sections occur within a gullied (blue)
valley-side bench (yellow) south of the large rock slide (red).
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Unit 3 is up to 4 m thick with a deformed and sheared lower contact that
incorporates diamictic intrusions from unit 2 (Figure 5-11a). It is composed of
coarse gravel beds (Gm, Table 4-1) that exhibit an apparent dip of 10°-20° east
(100°). This dip is approximately conformable to the modern land surface slope.
Beds are composed of clast-supported large cobbles and small boulders in a
sand matrix, or openwork cobbles and/or boulders. Binocular inspection of the
gravel beds revealed clast imbrication recording an apparent eastward paleoflow

into the Purcell Trench.

5.2.2.2 Interpretation

Unit 1 is inferred to record deposition in a southward-flowing gravel-bed
river because of its clast size and roundness, well-sorted and planar-stratified
character, normally-graded bedding and fabric. Subrounded, clast-supported
gravel beds in a matrix of coarse sand interbedded with some lenses of sand
have previously been associated with gravel outwash (Eynon & Walker 1974;
Smith 1974; Hein & Walker 1976; Salamon 2008). The variability in clast a-axis
orientations may be attributed to cluster bedform geometry (smaller clast rotating

around larger obstacle clasts before coming to rest).

Unit 2 is interpreted as a debris flow deposit because of its diamictic
texture, massive structure, dip, position at the base of a steep slope (on the
bench tread), and a lack of glacially-worn clasts (Lowe 1982). The sharp and

irregular lower contact of unit 2 is interpreted as an erosional unconformity.
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Unit 3 exposes sediment within a subtle, gently-sloped, apron-shaped
landform on the northwestern side of the gravel bench (Figure 5-10b). The
inclined and massive tabular gravel beds of unit 3 indicate deposition during non-
cohesive debris flows and fluvial sheet flows (Blair 1987; Eyles et al. 1987; Blair
& McPherson 1994). The diamictic intrusions into the base of unit 3 record
shearing and possible fluidization of the underlying diamicton (unit 2) during
emplacement of unit 3 (Nichols et al. 1994). Apparent bed dip indicates an
eastward (~100°) paleoflow consistent with flow out of the small incised gully
(blue, Figure 5-10b). Therefore, unit 3 is interpreted as the progradation of
alluvial or colluvial sediments supplied either by the gully-forming creek or a
stream in the slide area through a combination of fluvial sheet flows and debris

flows (Lecce 1990).

The southwestward paleoflow of unit 1 suggests deposition from a stream
flowing parallel to the valley wall. The elevated position of the gravel suggests
deposition as advance-phase outwash that filled the Purcell Trench, or as a
kame terrace deposited marginal to the Purcell Lobe. Although the gravel is at
an elevation consistent with the advance-phase outwash at sites 19 and 41, the
lack of a till cap, surface wear features, and glaciotectonisum consistent with a
subglacial environment, and a local valley-wall shelter (e.g., bedrock knobs or

ridges) from glacial erosion suggests unit 1 is a kame terrace (Figure 5-10a).
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5.2.3 Sites 38-40
5.2.3.1 Sites 38-40 geomorphology

Sites 38-40 lie on the east side of Kootenay Lake (Figure 3-3) in the riser
of a long (>4 km), thin (0.2-0.7 km) gully-dissected, valley-side gravel bench with
an undulatory tread surface that slopes west ~5° (0.08 m/m). The bench reaches
an elevation of ~725 m asl at its contact with the Purcell Trench valley wall near
its southern extent and slopes north (parallel to the Purcell Trench) ~1° (0.01

m/m) to ~670 m asl (Figure 5-12).

Site 38 is located in the riser of the bench (top of exposure 595 m asl),
and the bench is located on an interfluve ~70 m above the north eastern shore of
Kootenay Lake (Figure 3-3). At site 39 the bench has been incised by three
ephemeral streams (Figure 5-13). Gully 1 terminates at a west-sloping gravel fan
below the bench tread; gullies 2 and 3 extend to Kootenay Lake (Figure 5-13).
Site 40, the southernmost exposure in the gravel bench, also lies high on the
bench riser reaching an elevation of ~630 m asl (top of the exposure) (Figure

5-12). Near site 40 the bench tread widens to 0.7 km (Figure 5-12).
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Figure 5-12: a) Hillshaded DEM (Geobase®) superimposed onto an orthophotograph (clip from
1:250 000 orthophotograph mosaic, 82K. © Province of British Columbia. All rights reserved.
Reprinted with permission of the Province of British Columbia.) showing the geomorphology
around sites 30, 38, 39 and 40. Sites are shown as labeled white dots and the area of b) is
outlined (black box). b) Hillshaded DEM (Geobase®) superimposed onto an aerial photograph
(A11105-102, NAPL; © Department of Natural Resources Canada. All rights reserved.) showing
the extent of the elevated gravel bench exposed by sites 38, 39 and 40. Sites are shown as
white dots with arrows indicating local mean paleoflow direction measured in gravel lithofacies.
Paleoflows at sites 38 and 40 are derived from gravel fabrics 38-1a, b, ¢ and 40-1, respectively
(Figure 5-14, Figure 5-18, Table 5-1). Paleoflow at site 39 is inferred from the orientation of
dipping gravel beds (site 39, exposure 39D, unit 3, Figure 5-17). Black box shows the location of
Figure 5-13. Refer to Figure 3-3 for locations within the Purcell Trench.
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Figure 5-13: Hillshaded DEM (Geobase®) superimposed onto an aerial photograph (A11105-131;
© Department of Natural Resources Canada. All rights reserved.) showing the four exposures
(39A-39D) at site 39, and site 40 (white dots) within an elevated and gullied valley-side bench.
Gully 1 terminates in a gravel fan below the bench riser, whereas gullies 2 and 3 extend to
Kootenay Lake and do not terminate in topographically-distinct gravel fans. The area between
the dashed lines denotes the thin bench tread (red and yellow tones) and the bench riser (green
tones). Refer to Figure 3-3 and Figure 5-12 for site location within the Purcell Trench.
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5.2.3.2 Site 38 sedimentology

A single lithostratigraphic unit (unit 1) containing planar-stratified and
trough cross-stratified sand and gravel lithofacies (Sp, Gp and Gt, Table 4-1) is
revealed at the >190 m long, 7 m high exposure at site 38. Gravel beds 0.1-0.25
m thick are composed of upward-fining, imbricated, clast-supported cobbles and
pebbles in a poorly sorted matrix of sand and granules. Planar-stratified medium
and coarse sand forms a few lenses >10 m in length. Most gravel clasts display
a similar lithology: foliated, metamorphic rock with a metallic lustre. Clast
roundness varies from angular to well-rounded, most clasts are subrounded (38-
la, 38-1b, 38-1c, Table 5-1). Imbricated clasts are dominantly a(t) or a(o) and
record northward paleoflow directions (38-1a, 38-1b, 38-1c, Figure 5-14, Table
5-1). Two small (0.1 — 0.25 m apparent length), imbricated, unconsolidated,
medium sand clasts (Figure 5-13c) within the gravel beds also record a
northward paleoflow direction. Four near vertical faults, with offsets ranging from
~0.1 — 0.15 m, occur in the far northern end of the exposure adjacent to a small

gully (Figure 5-14).
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5.2.3.3 Site 38 interpretation

Planar-stratified sand and gravel lithofacies (Sp and Gp) with some cross-
stratified gravel lithofacies (Gt) and northward paleoflows at site 38 indicate
deposition in a north-flowing gravel-bed stream (Smith 1974; Miall 1977;
Salamon 2008). The subrounded gravel suggests relatively short transport
distances (Mills 1979). The preservation of imbricated soft-sediment rip-up clasts
suggest that the sand was frozen and/or it was ripped up, transported only a
short distance before deposition, and rapidly buried (high sedimentation rates)
(Allen 1982; Knight 2009). Fluvial deposition at this height makes the gravel part
of a valley fill, or an ice-marginal stream (kame terrace). The northward
paleoflow is difficult to explain using a valley-fill interpretation because advance
or retreat-phase outwash would likely flow south away from the southern margin
of the Purcell Lobe. Thus, the gravel at site 38 is interpreted to record kame

terrace formation.

5.2.3.4 Site 39 sedimentology and stratigraphy

Seven lithostratigraphic units are revealed in four exposures at site 39
(Figure 5-13): unit 1 at exposure 39B; units 2-5 at exposure 39D; unit 6 at
exposure 39C; and unit 7 at exposure 39A (Figure 5-15). Unit 1 constitutes the
lithostratigraphically oldest unit at site 39, being located lowest on the riser of the
bench (exposure 39B, Figure 5-13, Figure 5-15) 554 - 571 m asl (Figure 5-16). It
consists of laminated and massive fine-grained lithofacies and planar-stratified
and massive sand lithofacies (FI, Fm, Fd, Sp and Sm, Table 4-1) that show an

overall upward fining (Figure 5-16). The thinly-bedded and laminated sediments
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are tilted 21° towards 208° (i.e. towards the Purcell Trench; Figure 5-13) and
typically display a cyclic normal-grading from fine sand and silt to clay (they are
rhythmites). The sediment at exposure 39B is highly consolidated and most of
the clay laminae are oxidized an orange colour. Indurated white precipitate beds
appear throughout the exposure (Figure 5-16). Some silt — clay couplets contain
very small silt rip-up clasts (~554.5 m asl, log 39B-1, Figure 5-16). Near the
bottom of log 39B-3 laminated very fine silty sand drapes a large highly spherical
and rounded granitic pebble (Figure 5-16). Normal faulting in unit 1 is pervasive
(Figure 5-16) with no preferred direction and with displacements ranging from
<0.01-0.30 m. Some normal faults propagate through the entire exposure,
though most are limited to only a few beds; reverse faults are rare (Figure 5-16).
Dewatering structures (flame and ball-and-pillow structures) are also common in

unit 1 (Figure 5-16).

Exposure 39D reveals four lithostratigraphic units (units 2-5) towards the
top of the bench riser (Figure 5-15, Figure 5-17a). Lowest in the exposure is unit
2 (Figure 5-17a), which is at least 1.3 m thick (lower contact not exposed) and
composed of massive clast-supported silty diamicton (Dcm, Table 4-1). The
clasts range from pebbles to small cobbles, mostly angular (39-2, Table 5-2).
Clast surface wear features are rare: two of the clasts sampled for fabric analysis
from unit 2 were striated (39-2, Figure 5-17a). A diamicton fabric reveals a
bimodal distribution with primary and secondary mode eigenvalues oriented

toward the northwest and west, respectively (39-2, Figure 5-17a; Table 5-2).
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Figure 5-16: Composite vertical log of lacustrine sediments (lithostratigraphic unit 1) at exposure

39B (Figure 5-13).

Sketch shows the relative position of the logs (sediment exposures are

shaded grey) and the tilt of the beds (21° down towards 208°). The top 0.6 m of log 39B4 (grey

bar) consists of fine sand and silt that is desiccated and heavily bioturbated with few areas of
lamination preserved. Refer to Figure 4-2 and Table 4-1 for legends.
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Unit 3 is ~0.4 m thick, has a sharp lower contact and consists of tabular
cross-stratified pebbles (2-5 cm b-axis) (Gc, Table 4-1). The cross-stratified
gravel beds have been oxidized orange, are predominantly openwork and have
an apparent dip of 23° toward 350° (Figure 5-17a). Pebbles are typically

subangular or subrounded.

Unit 4 is ~1 m thick, has a sharp lower contact (Figure 5-17a) and consists
of horizontally-laminated silt-clay rhythmites (FI, Table 4-1; Figure 5-17b).
Rhythmites range in thickness from 1-10 mm. They are desiccated and, in

places, bioturbated.

Unit 5 is up to 1.4 m thick, has a sharp lower contact and consists of clast-
supported (>80% clasts) silty-sand diamicton (Dcm, Table 4-1). The clasts
display no surface wear features, range in roundness from angular to
subrounded and vary in size from small cobbles to small boulders (b-axes up to

0.30 m).

Unit 6 is revealed at exposure 39C, toward the top of the bench riser on
the north shoulder of gully 2 (Figure 5-13, Figure 5-15). The unit is at least 2 m
thick and mainly composed of planar-stratified gravel lithofacies (Gp, Table 4-1)
(Figure 5-17c). The planar-stratified, normally-graded gravel (small pebbles to
cobbles) beds of unit 6 average ~0.40 m thick with sharp lower contacts, and
consist of clast-supported, relatively angular (39-6, Table 5-1) pebbles and
cobbles in a coarse sand matrix. A fabric on the planar-stratified gravel of unit 6
reveals a southwestward principal eigenvector and a dominance of a(p) clasts

(39-6, Figure 5-17c and Table 5-1). Two rip-up clasts (up to ~10 cm long)
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composed of grey clay are present in the gravel beds. Unit 6 also contains a thin
(~0.1 m) intra-unit lens of laminated clay and silt and planar-stratified fine sand
(FI and Sp, Table 4-1, Figure 5-17c). The fine-grained laminae display both
normal and inverse grading. The lower contact of the lens is sharp and

conformable with the gravel beds in unit 5.

Unit 7 is revealed at exposure 39A within the gravel fan (near its apex)
that extends below the bench riser at the mouth of gully 1 (Figure 5-13, Figure
5-15).  This geomorphic context dictates that unit 7 is the youngest
lithostratigraphic unit exposed at site 39. Unit 7 is at least 2.5 m thick (lower
contact not exposed) and composed of inclined, poorly-sorted, planar-stratified
and massive, inversely and normally-graded pebble to large cobble (b-axis >0.2
m) beds (Gp and Gm, Table 4-1) (Figure 5-17d). The beds average ~0.35-0.4 m
in thickness and have an apparent dip of 29° towards 274° (Figure 5-17d). At
exposure 39A the surface of the gravel fan slopes ~30° towards the southwest
(~200°). A gravel fabric (39-7) from imbricated, dominantly subangular and
subrounded clasts is strongly unimodal with clast orientation and dips roughly
parallel to those of the containing beds; clasts are dominantly a(t) or a(o) (39-7,

Figure 5-17d, Table 5-1).
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Figure 5-17: a) Exposure 39D reveals four lithostratigraphic units (labeled units 2-5). The
location and corresponding stereograms of diamicton fabric 39-2 (Table 5-2) are shown. The
cross-stratified gravel beds (Gp) in unit 3 dip northward (white dashed lines). Black box (labeled
b) marks location of b). b) Close-up of laminated fine-grained lacustrine sediment (Fl) of unit 4 in
exposure 39D. c) Exposure 39C is located north of gully 2 and contains the planar-stratified
gravel (Gp) and interbedded fines (FI, Sp) of lithostratigraphic unit 6. The location of gravel fabric
39-6 (Table 5-1) and its corresponding contoured stereogram (southwestward paleoflow) are
shown. d) Exposure 39A reveals west-dipping planar-stratified and massive gravel beds (Gp and
Gm) of unit 7 adjacent to gully 1. Location of gravel fabric 39-7 and its corresponding contoured
stereogram (southwestward paleoflow) are shown. Metre stick has decimetre markings. Refer to
Figure 5-13 for exposure locations, Table 4-1 for lithofacies codes and Figure 4-1 for stereogram
legend.
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5.2.3.5 Site 39 interpretation

The tabular sand-silt-clay rhythmites of unit 1 (revealed at exposure 39B)
indicate deposition from suspension settling in a lake, the textural rhythmicity
likely resulting from diurnal or seasonal inflow variations (cf. Church and Gilbert
1975; Smith & Ashley 1985). Dewatering structures reveal rapid deposition onto
saturated sediment (Lewis 1984). The presence of icebergs and dropstones is
inferred from the draped granitic lonestone (Smith & Ashley 1985). The overall
upward-fining in unit 1 indicates a progressive reduction of energy in the lake.
This may be the result of a deepening of the lake, the migration of its water and
sediment supply to a more distal location, or a combination of the two (Smith &
Ashley 1985). Faulting is pervasive throughout unit 1 and records the application
of extensional and, more rarely, compressional stress. Most fault planes only
propagate through a few beds, thus indicating syn-depositional stress; these
stresses may have resulted from saturated sediment mobilization on a sloping
lake bed, or incremental melt of the lake-marginal ice. Other fault planes
propagate through the entire deposit recording post-depositional stress (which
may have been caused by slumping after ice buttress removal; see below). The
elevated position (=570 m asl) of the rhythmites indicates deposition into a
Purcell Trench-occupying lake that was at least 38 m higher than modern
Kootenay Lake or deposition into an elevated ice-marginal lake. Although unit 1
is located below the tillladvance-phase outwash contact identified in the Purcell
Trench (sites 19, 41), it lacks a till cap and geomorphic protection from erosion
by the advancing Purcell Lobe. Consequently, unit 1 is interpreted to record an

ice-marginal lake that formed against the backwasting and downwasting Purcell
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Lobe, and likely existed after the drainage of gLP (because gLP likely required an

ice dam >200 m higher than the bench at site 39; § 6.2).

Unit 2 is inferred to be a debris flow deposit or a till because of its
diamictic texture and massive structure, stratigraphic and geomorphic context,
and bimodal to multimodal fabric. A paucity of glacigenic surface wear features
suggests that the unit is likely a debris flow. Elsewhere in the PT, till is found
preserved behind bedrock obstructions (cf § 5.1); there are no such obstructions
to glacial erosion at site 39. Unit 2 is lies stratigraphically within the elevation
range of unit 1, suggesting that the unit may have been deposited into the ice-
marginal lake recorded by unit 1 (Levson & Rutter 1989). Striae can be
produced during debris flow transport of clasts (Atkins 2003). But, the two striae
may owe to the debris flow being remobilized till. The bimodal fabric records
both compressional (primary eigenvector 39-2, Figure 5-19a) and extensional
(secondary eigenvector 39-2, Figure 5-19a) stresses during debris flow transport
(e.g., Rappol 1985; Major 1998). Whether the debris flow flowed from the valley

walls or off the Purcell Lobe is uncertain.

The sorted and tabular cross-stratified gravel of unit 3 (at exposure 39D)
with a northward paleoflow records traction deposition during bedform migration
in lake underflows (Allen 1982; Postma 1990), or fluvial barform migration (Miall
1977; Allen 1983; Rust 1984; Salamon 2008) possibly during lake drainage
towards the north or following lake drainage. Openwork gravel may indicate

high-energy flows (Smith 1974; Lunt & Bridge 2007), rapidly waning flows (Steel
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& Thompson 1983), or sorting due to avalanching and flow separation in the lee

of bedforms or bars (Rust 1984, Carling & Glaister 1987; Carling 1996).

The stratigraphic context of the silt-clay rhythmites of unit 4 (at exposure
39D) indicate an abrupt return to deposition from suspension settling in a lake
marginal to the downwasting and backwasting Purcell Lobe and experiencing

diurnal or seasonal changes in sediment influx (Church and Gilbert 1975).

The massive, clast-supported diamicton of unit 5 is inferred to be a debris
flow deposit because it is poorly consolidated and lacks glacigenic wear features.
Furthermore, the unit consists of a single bed that conforms to the exposed
topography, which suggests deposition by modern (Holocene-aged) slope
processes (Eyles et al. 1987). Therefore, unit 5 is interpreted as a Holocene

colluvium.

The unit 6 gravel beds (exposure 39C) are dominated by angular and
subangular clasts and display varying amounts of sorting, which suggests short
transport distances. The massive and inversely-graded beds indicate rapid
deposition in fluvial sheet flows (Allen 1984; Postma 1990) or during non-
cohesive debris flows (Blair 1987; Eyles et al. 1987; Blair & McPherson 1994).
The high percentage of a(p) clasts (39-6, Table 5-1) suggest sliding in a fluvial
sheet flow on a steep fan surface or flow extension in a non-cohesive debris flow.
A southwestward paleoflow is inferred from these a(p) sliding clasts. The lens of
laminated fine-grained sediment is interpreted as lower flow regime channel fill or

pond sediments that were deposited between ephemeral stream flows or debris
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flow events (Miall 1977; Blair 1987). Thus, unit 6 is interpreted as an alluvial or

colluvial fan deposit building from the valley walls into the Kootenay Lake basin.

Unit 7 (revealed at exposure 39A) is interpreted as an alluvial fan deposit
because of its geomorphic context, well-sorted gravel texture, dominance of
subangular clasts, angled planar-stratified structure, and imbricate (dominantly
a(t)) gravel fabric. Unit 7 is exposed in the apex of a gravel fan at the terminus of
gully 1, inset into the riser of the bench containing units 1-6 (Figure 5-13, Figure
5-15). Upward-fining, planar-stratified gravel beds with dominantly subangular
clasts indicate short transport distances and deposition in shallow streams or
sheetflows consistent with sedimentation styles on alluvial fans (Blair 1987; Blair
& McPherson 1994; Goedhart & Smith 1998). Clast imbrication plunge is high as
expected on steeply dipping beds, and in this context the fabric is interpreted as
recording southwestward flows, consistent with an alluvial fan building from the

valley walls into the Kootenay Lake basin.

In summary, landforms and sediments at site 39 record sedimentation in
an ice-marginal lake during decay of the Purcell lobe (units 1-4), formation of a
kame terrace when ice support was removed through melting, and post-glacial
colluvial processes and alluvial fan formation (units 5-7). The ice-marginal lake
experienced diurnal and/or seasonal variations in sediment influx, suspension

settling, an energetic underflow, sediment rafting by icebergs and a debris flow.

5.2.3.6 Site 40 sedimentology
Two lithostratigraphic units are exposed at site 40 (Figure 5-18). Unit 1 is
at least 3 m thick (lower contact not exposed) and is composed of planar-
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stratified and trough cross-stratified gravel and sand (St, Sp, Gp and Gt, Table
4-1). The beds fine upwards (typically from gravel to sand), range in thickness
from 0.15 — 0.65 m and have sharp lower contacts. Troughs extend laterally for
up to 8 m, whereas planar-stratified beds maintain a uniform thickness
throughout the entire ~20 m long exposure. The coarsest gravel beds fine up
from clast-supported cobbles in a granule matrix to matrix-supported small
cobbles, pebbles and granules in a coarse sand matrix. Several beds contain
coarse sand rip-up clasts (up to 0.4 m apparent length). Gravel clasts are
dominantly rounded to subangular (Fabric 40-1, Table 5-1). A gravel fabric from
the centre of a large cross-stratified trough contains dominantly a(p) or a(o)
clasts and records a southwestward principal eigenvector (40-1, Table 5-1,
Figure 5-18c). The sand beds fine up from coarse sand with granules to coarse
sand with medium and fine sand. Some sand beds coarsen then fine upward

from coarse sand to granules and back to coarse sand.

Unit 2 is ~6 m thick with a sharp and slightly undulatory lower contact
(Figure 5-18). It is composed of massive, matrix-supported and consolidated
diamicton (Dmm, Table 4-1) containing <50% small cobble to boulder clasts
(some with >1 m b-axis; Figure 5-18). Clasts are composed of metamorphic and
intrusive igneous lithologies and are usually rounded (40-2, Table 5-2) and highly
spherical (Appendix C). Some (ex situ) clasts exhibited striae, and more rarely,
bullet-noses and plucked ends. Many clasts are highly foliated or composed of

coarse-grained rock making identification of striae difficult. A diamicton fabric is
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bimodal to multimodal with a primary mode eigenvector towards 350° and a

secondary mode eigenvector towards 265° (40-2, Figure 5-18).

5.2.3.7 Site 40 interpretation

Unit 1 is inferred to record deposition in a southwest-flowing gravel-bed
river in an ice-marginal environment because of its clast size and roundness,
well-sorted, planar-stratified and trough cross-stratified character, normally-
graded bedding, fabric, elevation and geomorphic context. Trough cross-
stratified gravel records the migration of three-dimensional dunes or barforms in
subcritical flow (Miall 1977, Ashley 1990). A southwestward paleoflow direction
is interpreted from the distribution of a(p) clasts in a fabric taken in trough cross-
stratified gravel (40-1, Table 5-1, Figure 5-18b, Figure 5-18c). This paleoflow
direction is consistent with regional grade (flow from the valley wall into the
Purcell Trench) and thus does not require a local topographic reorganisation from
ice support, though it is achievable in an ice-marginal environment. The
preservation of imbricated soft-sediment rip-up clasts suggest that the sand was
frozen and/or it was ripped up, transported only a short distance before
deposition, and rapidly buried (high sedimentation rates) (Allen 1982; Knight
2009). An ice-marginal depositional environment is supported by the elevation of
unit 1 (unit top ~624 m asl), at least 15 m higher than the recorded valley fill
before ice occupation (8 5.1), and its geomorphic context within the riser of a

valley-wall bench with a maximum elevation of 725 m asl.

115



‘pUSaba| WeIh03131s 10} T-F7 2INbI4 0] 18}y "Z-0F dlige} uodlwelp

JO0 welboalals painojuod pue 10id Janeas (p “(mojjosred premisamyinos) T-0 dlge) |aAeib Jo welboalals painojuo) (0 Buoj wo 9 SI 9j2410

a3yl ulyum [amodi ayl (9 ul umoys) T-0p ouge) [oAeIb palyess-sso1d ybnodl Jo uoiedo| syl S810USP 3J24I0 SUYAA "Saul| PANOP 3Ie|q YlIM padel; S|
uoneolnens-ssold sawos ‘(T-¢ a|gel) ds pue do Jo spag Ag papunolins ate saul| oe|q pIjos Ag paulno (dol) 1S pue (wonoq) 19 Jo sasua (q ‘[l
W 6T~ SI UOSIad "q JO uoneoo| ayl syrew (q pajagel) s|bueioal yoe|g “(z-S a|gel ‘p ul UMoys) Z-0t dlge} uoldiwelp Jo uonedao] ayl sajouap (1ybu
uo) ajou19 yoelg ‘(z nun jo o0|q padwn|s abue| e Ag uspply SI 198IUO0I Y1) 10BIUOD JOMO| Z liun 3y} JO uoneoo| arewixoidde ay) sajouap aul yoe|q
paysep ‘aul| 3oe|q pIjos e Ag paxewap s10e1u09 Jun (g pue T suun) suun aiydebiensoyl omi sasodxa (gT-g ainbi4) oy aus (e :gT-g ainbi4

116



Unit 2 is interpreted as a debris flow deposit because of its geomorphic
and stratigraphic context (within an elevated valley-side bench above unit 1 as
discussed above), texture, structure, rarity of glacigenic wear features on clasts
and fabric. Its diamictic texture, massive structure and bimodal to multimodal
fabric are consistent with deposition in a debris flow (Lowe 1982; Rappol 1985).
In this scenario, the primary mode (M1) of fabric 40-2 (Figure 5-18d) records
compressional stress in a west-flowing debris flow off the valley wall onto the
alluvium of unit 1, and the ex situ glacigenic stones are attributed to debris flow
reworking of an antecedent subglacial till. Alternatively, unit 2 may be interpreted
as a subglacial till with a southward paleoflow; but this interpretation is not

favoured because of its stratigraphic and geomorphic context.

In summary, site 40 records ice-marginal river flow along-side the
downwasting and backwasting Purcell Lobe followed by colluvial activity. The
westward paleoflow of unit 1 suggests that site 40 may record the delivery of

non-ice marginal stream flow to the ice marginal system.

5.2.3.8 Sites 38-40 interpretation

That the top of the valley-side bench at sites 38—40 is up to ~100 m higher
than the Purcell Trench valley fill prior to MIS 2 ice occupation (recorded
elsewhere in the study area; sites 19 and 41), is preserved despite a lack of
sheltering valley structures, and is not capped by till, suggests that sediments
within the bench must record ice-marginal deposition in a kame terrace during ice

retreat (Holmes 1947; Goodwin 1985).
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Faulting in kame terrace deposits may record post or syn-depositional
extensional stress from ice buttress removal, or from local slope steepening by
gullying or road construction. The paucity of faulting through the deposit at sites
38-40 may be the result of the steepness of the valley wall: sediments in the
residual narrow bench having experienced minimal ice support. Hummocky,
kettled topography is not preserved or visible on the bench tread because of the
narrow and forested nature of the deposit, areas of capping alluvial sediment,
and agricultural use (which resulted in terrain smoothing) on the wider areas of

the bench.

5.2.4 Ice position summary

The kame terraces in the Purcell Trench (~600 to >700 m asl; sites 27, 30
and 38-40) record the position of the Purcell Lobe during MIS 2 CIS decay. The
evidence for ice-marginal rivers and lakes also suggests that the Purcell Lobe
had a valley wall seal that was sufficient to dam gLP. The elevation of the kame
terraces suggests ice thicknesses of at least 171 m (in the Purcell Trench near
site 30) and up to 290 m (in the Purcell Trench at site 27) at the time of their

formation.

5.3 Sites recording glacial Lake Purcell

The following sites are located in a silty bench on the eastern floor of the
Purcell Trench south of Kootenay Lake and are interpreted as a record of the
minimum paleogeographic extent of gLP in Idaho and BC. Most of the sites

reported here are located in BC because there is no existing mapping or reports

118



on gLP sediments in BC. The presence of lake sediments associated with gLP
and gLK is well documented in ldaho and Montana (Alden 1953; Johns 1970;
Smith 2006; Breckenridge et al. 2009; Burmester et al. 2009; McFaddan et al.

2009; Breckenridge et al. 2010; Burmester et al. 2010; Russell et al. 2010).

5.3.1 Site?2
5.3.1.1 Observations

Site 2 is a small gravel pit located ~1.3 km east of the eastern shore of
modern Kootenay Lake in an elevated bench north of Sanca Creek (Figure 3-2;
Figure 5-19). This dissected bench is located in an alcove created by the
widening of the Sanca Creek valley at its intersection with the Purcell Trench
(Figure 5-19). The exposure is 675 m asl, or 143 m above present Kootenay
Lake. A separate 0.3 m high exposure, at least 2 m below the gravel pit reveals

lacustrine sediment similar to that exposed in the gravel pit.

Site 2 exposes a single lithostratigraphic unit (unit 1) composed of
deformed fine sand, silt and clay (Figure 5-20). This unit is described as three
subunits (1a, 1b, and 1c), subdivided based on textural and structural
differences. Subunit 1a is at least 2.5 m thick and consists of normally-graded
rhythmic beds (0.01-0.06 m thick) with sharp lower contacts (Figure 5-20). Each
bed fines upward from fine sand to varying amounts of silt and clay (Sm and Fl,

Table 4-1; Figure 5-20). The beds are apparently tilted 14° down towards 230°
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Figure 5-19: Hillshaded DEM (Geobase®) overlain with an aerial photograph (BC80116-210. ©
Province of British Columbia. All rights reserved. Reprinted with permission of the Province of
British Columbia.) showing elevated benches (black dotted lines) around site 2 (white dot). Refer
to Figure 3-2 for site location within the Purcell Trench.

(roughly parallel to the Sanca Creek valley). Subunit 1a also exhibits thrust faults
(Figure 5-20) scattered throughout most of the subunit and typically propagate
through less than five rhythmites (Figure 5-20). The faults are larger and appear
more frequently towards the top of the subunit; at the base of the exposure the

beds of subunit 1a are tabular, horizontal and unfaulted. Subunit 1b is up to 0.5

m thick with a sharp lower contact that truncates the bedding of subunit 1a. Itis
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composed tilted (apparently ~23° towards 230°), thrust faulted (apparent
direction of thrust ~245°) and convoluted silty fine sand (Sd, Table 4-1). Subunit
1cis ~1 m thick with a sharp lower contact that truncates the beds of subunit 1b,
and consists of desiccated and highly consolidated silt. Horizontal lamination (up
to ~2 cm thick) is discernible in places (Fl, Table 4-1); however, most of the
subunit is massive and has undergone a large amount of bioturbation from roots

(Figure 5-20).

Figure 5-20: a) Site 2 exposure showing subunit boundaries (white lines) and sediment
structures (traced in subunit 1b by thin black lines). Metre stick has decimetre subdivisions (only
0.74 m visible). b) Close up of subunit 1a sand beds showing a syndepositional thrust fault with
~2 cm of displacement.
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5.3.1.2 Interpretation

The rhythmic sand, silt and clay beds in subunit 1a were deposited on a
lake bed. The presence of rhythmites indicates a depositional environment that
experienced small, repetitive changes in energy over time; these rhythmites may
be the result of diurnal or seasonal variations in sediment influx (Church and
Gilbert 1975). The lack of ripples within the rhythmites suggests sediment and
meltwater delivery via overflows and/or interflows, or that site 2 is distal to inflows
that may include turbidity currents (Gilbert & Shaw 1980; Smith & Ashley 1985).
In this context, the well-sorted silty fine sand of subunit 1b is interpreted as
evidence of higher energy inflows into the lake, perhaps a turbidity current (Smith
& Ashley 1985), and the desiccated and bioturbated (roots) silty laminated
subunit 1c records a return to suspension settling on the lake bed.
Syndepositional thrust faults in subunits 1a and 1b, recording a compressional
stress from the east (~65°), suggest minor downslope (toward the PT) gravity-
driven compression of lake bed sediments during accumulation on the lake
bottom (cf. Smith & Ashley 1985). The lower contacts between subunits are
interpreted as shear planes because they truncate the rhythmites or laminae in
the subunit below. The presence of shear planes accounts for the tilting of the
rhythmites and suggests that the subunits may have post-depositionally slumped
toward Sanca Creek when buttressing sediment was removed by Sanca Creek

incision.
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5.3.2 Sites 3, 4,5 and 15

Sites 3, 4, 5 and 15 are all located within a large silt and clay bench that
extends from the Elmira spillway (~10 km south of Bonners Ferry, ID) to ~5 km
north of Creston, BC (Figure 3-2, Figure 5-21). The sites are all located north of
Bonners Ferry, Idaho, although, the gLP bench continues much farther to the
south (Figure 3-1, Figure 3-2, Figure 5-21a). The sites possess similar
geomorphic, stratigraphic, and sedimentologic characteristics, so they are

described and interpreted as a group.

5.3.2.1 Observations

Site 3 exposes ~5 m (thickness) of massive silty-clay (Fm, Table 4-1) that
has a maximum elevation of ~630 m asl (~100 m above the modern surface of
Kootenay Lake). Site 4 exposes 7 m (thickness) of deformed (convolute bedding
with flame structures) and tilted (36° towards 330°, apparent tilt) silt-clay
rhythmites (~70% clay) (Fd, Table 4-1) (Figure 5-22c) at a maximum elevation of
604 m asl. The thickness of the rhythmites varies from 1 mm to 20 mm (Figure
5-22c). Rare quartz granules are present throughout the exposure (Figure
5-22c). Site 5 exposes over 14 m (thickness) of massive and laminated silt (Fm
and FI, Table 4-1) containing occasional clasts (pebbles to cobbles, some exhibit
striated facets, and plucked ends) at a maximum elevation of ~640 m asl.
Rarely, thin beds (~0.02 m thick) of clast-supported, planar-stratified granules in

a silt matrix (Gp, Table 4-1) punctuate the silt beds.
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Figure 5-21: a) Hillshaded DEM mosaic (Geobase® in CA, NED in USA; data available from U.S.
Geological Survey) showing the gLP lake bed bench (unmuted green and orange) on the
southern and eastern floor of the Purcell Trench. Black box shows location of b. b) DEM mosaic
(op. cit.) overlain with an orthophotograph (clip from 1:250 000 orthophotograph mosaic, 82F,
Province of British Columbia) of the northernmost part of the gLP bench (light yellow and green)
showing locations of sites (white dots) between Creston and Bonners Ferry that expose gLP lake-
bottom sediment.
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Site 15 exposes ~4 m (thickness) of massive and rhythmically laminated
silt and clay (Fm, Fl and Fd; Table 4-1) at a maximum elevation of 565 m asl
(dGPS) (577 m asl, DEM) that is separated from the Kootenai River floodplain by
a series of low relief bedrock knobs (Figure 5-22a). The bottom 3 m of the
exposure consists of massive, clast-rich (~20%) silt (Figure 5-24b). Clast
roundness ranges from subrounded to rounded and many clasts are heavily
striated. The top metre exhibits rhythmically-laminated silt-clay couplets that thin
and fine upwards through the exposure. The lower couplets are dominated by
silt and average 0.02 m thick. The upper couplets grade upwards from silt to clay
and are <0.01 m thick. Silt dikes (average ~0.02 m wide, at least 0.30 m vertical

extent) are injected upwards from the top of the massive silt into the rhythmites.

5.3.2.2 Interpretation

Rhythmites at sites 3, 5, and 15 record varying sediment influx and
deposition from suspension settling on a lake bed (Smith & Ashley 1985). The
dominance of silt and clay at sites 3, 4 and 15 suggests a distal sediment inflow
source (Smith & Ashley 1985). The paucity of clay at site 5 suggests more
energetic lake conditions, possibly from valley side sediment influx, or the close
proximity of the Kootenai River alluvial fan (§ 6.2). Flame structures (site 4) and
vertical silt dikes (site 15) record dewatering caused by loading, and thus
relatively high sedimentation rates (Nichols et al. 1994). Stones within the
rhythmites at site 5 may be dropstones that record the presence of icebergs.
Stones within the massive silt at site 15 could be the result of iceberg rollover

events, ice-marginal debris flows, or debris rain-out from the ice front (Smith &
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Ashley 1985), and suggest that gLP was an ice-contact, proglacial lake. Site 15
likely records the oldest sediments described from the gLP lake bottom sediment

bench because this site is the lowest in elevation and close to bedrock.

5.3.3 Site 10
5.3.3.1 Observations

Site 10 is located ~20 km north-northeast of the Elmira spillway in Idaho
(Figure 3-2) within an extensive silt bench (Figure 5-23). It exposes ~11 m of
sediment and reaches an elevation of ~560 m asl (DEM, NED; data available
from U.S. Geological Survey). The site lies south of the Kootenai River and east
of Deep Creek in a northeast-southwest trending channel (channel B) that is
~0.80 km wide, ~2.20 km long and ~0.12 km deep (Figure 5-23). Channel B
meets a geomorphically similar channel (channel C) that is oriented
approximately north-south (Figure 5-23). These channels have dissected the silt

bench (Figure 5-23).

Three lithostratigraphic units are exposed at site 10 (Figure 5-24a). Unit 1
is at least 10 m thick and is composed of dipping (30° towards 221°, apparent
dip), normally-graded and massive, ~1.5 m thick gravel beds (Gp and Gm, Table
4-1) (Figure 5-24a). The beds typically fine upwards, from clast-supported large
cobbles and pebbles with small amounts of a sandy granule matrix, to mainly
clast-supported large pebbles and rare small cobbles in a sand and granule
matrix (Figure 5-24b). Clasts are typically rounded to well-rounded (Figure

5-24b).
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Figure 5-23: Site 10. Hillshaded DEM (NED; data available from U.S. Geological Survey)
showing site 10 (white dot) and the surrounding geomorphology of the incised silt bench. Deep
Creek flows north within Channel C to its confluence with the northward flowing Kootenai River.
The arrow labeled ES points to an ephemeral stream that flows towards site 10. Refer to text for
discussion of channels A-C and Figure 3-2 for site location within the Purcell Trench.
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Unit 2 is 0.3-3 m thick (thickening to the southwest) and is composed of
massive silt (Fm, Table 4-1, Figure 5-24a). It has a sharp lower contact that
truncates the gravel beds of unit 1. Low in the unit and at the unit's lower
contact, ~0.2 m thick sand beds (Sm and Sd, Table 4-1) with convolute structure

are interbedded within the silt (Figure 5-24c).

Unit 3 is a ~1 m thick, ~12 m wide massive gravel lens (Gm, Table 4-1)
that has a sharp lower contact and is overlain by silty topsoil (Figure 5-24a,
Figure 5-24b). The clasts are well-rounded and range in size from cobbles to
small boulders (b-axes averaging ~20 cm) (Figure 5-24d). The unit has little to
no matrix and most of the lens is openwork while its periphery cobbles (cobbles
near the lower contact and the overlying silty topsoil) are surrounded by silt

(Figure 5-24b).

5.3.3.2 Interpretation

Unit 1 is inferred to record southwestward progradation of an alluvial fan
or delta because of the dip and orientation of its well-sorted gravel beds. A
southwestward progradation suggests that deposition resulted from flowing water

originating in the Kootenai River valley.

The trough-shaped unconformity between units 1 and 2 on the southwest
side of the exposure indicates a period of erosive flow. This channel could be
the result of incision by a small ephemeral stream (marked ES in Figure 5-23)
that flows north-northwest into channel B, or the channel may have resulted from
local Kootenai River incision during the building of the large Kootenai River
alluvial fan (8 6.2). Interstratified and convolute sand beds near the bottom of
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unit 2, within the trough-shaped unconformity, likely record grain flows on the
steep channel margins. The sorted silt of unit 2 indicates deposition from
suspension settling in a lake. The massive structure of the silt may be the result
of rapid sedimentation rates, or a shallow water body that experienced mixing

from wave- or wind-generated currents (Smith and Ashley 1985).

Unit 3 is inferred to record deposition in a river because it contains well
rounded cobles and boulders with an openwork texture. This texture suggests
deposition in a fluvial environment characterized by high-energy flows (Smith
1974; Lunt & Bridge 2007), rapidly waning flows (Steel & Thompson 1983), or
sorting due to flow separation in the lee of bedforms or bars (Rust 1984; Carling

& Glaister 1987; Carling 1996).

The geographic position (within the southern Purcell Trench), geomorphic
relationship to the gLP lake bottom bench (8 5.3.2; Figure 5-23), and silty
composition of unit 2 indicate deposition in gLP. The stratigraphic position of the
southwest-inclined gravel beds in unit 1 below gLP lake bottom-sediments,
suggest that unit 1 records part of the large alluvial fan or fan-delta, first identified
by Alden (1953) that was built into the southern Purcell Trench during the
draining of the original gLK basin in Montana (cf. 8 2.4; Table 2-2; Figure 2-5)
into the Purcell Trench and gLP. In context, unit 3 is interpreted as alluvium
deposited by flows in Deep Creek (after sufficient drainage of gLP) or the small
ephemeral stream (ES, Figure 5-23). The commencement of northward flow and
ensuing excavation of channel C by Deep Creek would only have been possible

after a northern drainage route through the Kootenay River valley was
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established. The orientation of channels A and B suggest that the subaerial flow
that carved them originated in the Kootenai River valley. Channel B is

interpreted to record incision from an abandoned meander of the Kootenay River.

In summary, the sediments at site 10 record the initial transfer of water
from the Bull River gLK lake basin in MT to the Purcell Trench gLP lake basin in
ID. The geomorphology at site 10 reveals a change from subaqueous (gLP) to

subaerial conditions, followed by stream activation and incision.

5.3.4 gLP summary

GLP was a proglacial, ice-contact lake. The sites described in § 5.3
record only the minimum paleogeographic extent of gLP because much of the silt
bench has been fluvially eroded during the Holocene, sediment deposits have
been poorly preserved on the steep valley walls of the Purcell Trench, and the
sediment fill of Kootenay Lake is unknown (obscuring any potential gLP
evidence). Consequently, a more accurate estimate of gLP extent must be
derived through modelling in a GIS (8 4.2.3). The GIS modeling reveals all of the
sites in 8§ 5.3 to be within the paleogeographic extent of gLP (§ 6.2). Because
these sites fall within the estimated boundaries of gLP and exhibit sedimentologic
characteristics consistent with a glacial lake environment, they are interpreted as

a record of gLP.
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5.4 Sites relevant to gLP drainage

Glacial lake drainage can be gradual or catastrophic (Bretz 1923; Waitt
1980, 1985; Shaw et al. 1999; Benito & O’Connor 2003; Teller 2004; Alho et al.
2010), the latter resulting in jokulhlaup deposits. Evidence for jokulhlaups can be
erosional (pot holes, cataracts, smoothed bedrock, bedrock canyons) and/or
depositional (bars, antidunes, dunes, ice-rafted erratics, hyperconcentrated flow
deposits, obstacle marks, kettle holes) depending on the flow characteristics and
sediment supply (Baker 1978a; Maizels 1993; Magilligan et al. 2002; Davies et
al. 2003; Herget 2005; Carling et al. 2009a, 2009c; Russell 2009), though no one
piece of evidence alone is diagnostic of a jokulhlaup event. The KRuv is likely to
have experienced glacial and postglacial (pre-jokulhlaup) valley fill and Holocene
colluvial and fluvial aggradation and incision (pre- MIS 2 sediments may also
have been preserved). Differentiating putative jokulhlaup evidence from pre-
jokulhlaup valley fill and the Holocene record must rely on geomorphic and
stratigraphic context and elevation in combination with sedimentology. Even
then, many interpretations remain equivocal and thus alternative interpretations
are provided here. The putative geomorphic signature of the gLP jokulhlaup

(valley-fill incision) is further examined in 8§ 6.3.
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5.4.1 KRv geomorphology

The KRv contains elevated sediment benches, and elevated, bisected and
truncated alluvial fans, remnants of thicker valley fill. Figure 5-25 presents select
topographic profiles across KRv. Inflections in the topographic profiles mark
sediment benches that are used to reconstruct pre-incision valley-fill above
modern Kootenay River and West Arm (Figure 5-25). Inferred valley fill thickness
is >100 m (excluding alluvial fans) and varies along KRv (Figure 5-15, Figure
5-26). Valley fill thickness increases abruptly between the middle and lower
reaches (Figure 5-25); sediment transport along the Slocan River valley has
contributed to valley-fill thickness in the lower reach (Figure 3-4). Incision
through the upper part of the valley fill (top ~100 m, including the alluvial fans) is
manifested as a steep, continuous (non-terraced) truncation (Figure 5-26);
stepped terraces and alluvial fan remnants, which would indicate a gradual
incision through KRv valley fill, are absent. Incision through the lower part of the
valley fill (lower 20-30 m) is recorded by numerous stepped terraces and
Holocene alluvial fans (Figure 5-26), indicative of gradual incision through KRv
valley fill. It is plausible that incision through the upper 100 m (possibly more if
waning jokulhlaup flows and Holocene alluvial and colluvial action resulted in
significant post-gLP drainage aggradation) of the valley fill may have been
accomplished by a jokulhlaup from gLP. Alternatively, deep valley-fill incision
and a lack of terraces may record a powerful, early-Holocene Kootenay River
that was able to remove sediment across the width of the KRv. The ~10 km
reach of the KRv between the Corra Linn Dam and its confluence with the Slocan
River valley (Figure 3-4) is a steep bedrock canyon that ranges from ~200-400 m
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wide and is up to ~70 m deep. The bottom of this canyon is situated at ~525 m

asl (~125 m below the top of the pre-gLP drainage valley fill).

Sites included in this § are located within and above the upper ~100 m of
KRv valley fill (Figure 5-26b) and are described from northeast to southwest
along the KRv (following the direction of putative gLP drainage) (Figure 3-4).
Sites 42, 43, 44, and terrace 1 at site 48 are at the top of inferred pre-gLP
drainage valley fill. Site 47 is in the steep riser leading to the top of the valley fill.
Sites 21 and 24 are near the base of the putative jokulhlaup incision and thus
may record waning stage deposits. Sites in the lower 20-30 m of valley fill
(Figure 5-26b) are excluded from this § (e.g., site 46 is at an elevation confidently

attributed to Holocene Kootenay River activity; 8 5.5.3).
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5.4.2 Sites 21 and 24
5.4.2.1 Geomorphology

Sites 21 and 24 expose sediments of the riser (site 21) and tread (site 24)
of a ~2.5 km? sediment bench on the northern wall of the KRv (Figure 5-27a) at
its confluence with the Purcell Trench (Figure 3-4). The western boundary of the
bench terminates at a topographic low near the eastern margin of an alluvial fan-
delta and the eastern boundary terminates at a bedrock outcrop that marks the
shore of modern Kootenay Lake (Figure 5-27a). The sediment bench and the

bedrock outcrop reach elevations of ~590 m asl.

5.4.2.2 Site 21 observations

Site 21 is a ~8 m tall scarp cut during residential construction into the
southern riser of the sand and gravel bench on the northern shore of the KRv
(Figure 5-27). It exposes one lithostratigraphic unit (unit 1), which is described
as two subunits (1a and 1b) with differing texture and structure. Subunit la
consists of at least 0.2 m of planar cross-stratified, rust-coloured coarse sand
with granules and few rounded to well-rounded pebbles (~1 cm across their b-
axes) (Sc, Table 4-1; Figure 5-28b). The beds have an apparent dip of 31°
towards 170°. Subunit 1b is ~2.5 m thick and composed of very well sorted
cross-laminated (lower 1.7 m) and planar-stratified (top 0.8 m) fine sand (Sr and
Sp, Table 4-1). Type-A ripples occur low in the subunit and are overlain by type-
S ripples, and only rarely by type-B ripples (Figure 5-28c). The ripples record a

mean paleoflow direction of 250° (21-1b; Figure 5-28d; Table 5-3), the angles of
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climb of the ripple cosets range from 1° to 19° in the type-A ripples and 22° to
30° in the type-B ripples.
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Figure 5-27: a) DEM (Geobase®) overlain by an aerial photograph (BC80137-216. © Province
of British Columbia. All rights reserved. Reprinted with permission of the Province of British
Columbia.) showing locations of sites 21, 24 and 42 (labeled white dots), the sediment benches
they expose (labeled black dotted lines), and the nearby alluvial fan-deltas that grade to the
modern Kootenay Lake elevation (labeled dashed lines). The eastern boundary of the northern
gravel bench terminates at a bedrock outcrop (BR). Line X-X' marks the position of the
topographic profile in b. b) Topographic profile along X-X’ showing locations of sites 21, 24 and
42 (labeled white dots) (5x vertical exaggeration). Sites 21 and 24 are located on the riser and
tread, respectively, of the lower, northern sediment bench; site 42 is located within a gully on the
riser of the higher, southern sediment bench. The approximate original (un-gullied) surface of the
high southern sediment bench is shown as a dashed line.
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5.4.2.3 Site 21 interpretation

The well-sorted character of the sand in subunit 1b, and the rounding of
the pebbles in subunit 1a suggest that unit 1 records a water-lain environment.
The cross-stratified sand and granule beds of subunit 1a record a unidirectional
flow to the southwest and deposition from traction (Boothroyd & Ashley 1975;
Miall 1977). The cross-laminated and planar-stratified sand of subunit 1b record

a reduction in flow energy upwards through the deposit.

5.4.2.4 Site 24 observations

Site 24 is an active BC Ministry of Highways gravel pit that exposes a
single ~13 m thick lithostratigraphic unit (unit 1) composed of planar-stratified and
trough cross-stratified, normally-graded sand and gravel lithofacies (dominated
by gravel) (Sp, St, Gp and Gt; Table 4-1) with sharp lower contacts. The gravel
beds range in thickness from 0.1-0.6 m and are typically laterally continuous,
although some beds are lenticular. Most beds consist of large subrounded to
well-rounded (24-1a, 24-1b, 24-1c, 24-1d, Table 5-1) pebbles and cobbles
supported by a matrix of medium and coarse sand; some beds exhibit clast-
supported cobbles. Gravel fabrics on imbricated clasts (clast are dominantly a(t))
in planar-stratified gravel beds record paleoflows towards the west and
southwest (24-1a, 24-1b, 24-1c, 24-1d, Figure 5-29a, Table 5-1). Trough cross-
stratified sand exposed in a small gully toward the centre of the exposure (that
provides a pseudo-3D view of the sedimentary structure) (Figure 5-29b) appear
to have a paleoflow direction to the west (aligned with the West Arm). The sand

beds are composed of normally-graded medium and coarse sand.
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5.4.2.5 Site 24 Interpretation

Unit 1 is interpreted as a braided river deposit because it contains coarse,
imbricated, planar stratified, normally-graded gravel and trough cross-stratified
sand and gravel (Miall 1977; Allen 1982). Paleoflow was towards the southwest,

consistent with river flow through the KRv that originated in the Purcell Trench.

5.4.3 Site 42
5.4.3.1 Observations

Site 42 is an active BC Ministry of Highways gravel pit that exposes
sediments in a gullied, elevated (~601 m asl at top of exposure, ~645 m asl on
top of the bench) sediment bench on the west side of the Purcell Trench, ~2.5 km
west of Kootenay Lake and ~0.5 km south of the West Arm (the KRv) (Figure
3-4, Figure 5-27). A single lithostratigraphic unit (unit 1) is exposed. It is
composed of trough cross-stratified (Gt; Table 4-1) mainly matrix-supported,
rounded to well-rounded pebbles and cobbles in a coarse sand matrix with inter-
bedded planar-stratified sand (Sp; Table 4-1) (Figure 5-32a, c). Clast-supported
beds form <10% of the exposure. Normally-graded gravel beds are up to ~0.6 m
thick and form cross sets up to 1.25 m thick. The troughs have sharp lower
contacts and some troughs are at least 11 m wide (Figure 5-30). Smaller (<4 m
wide) lenses of trough cross-stratified gravel are typically finer in texture,
consisting of pebbles with some small cobbles and rare outsized clasts (b-axes
up to 15 cm) (Figure 5-30c, small troughs). The sand beds fine upwards and

consist of coarse and medium sand with some granules and rare small pebbles.
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The sand beds range in thickness from 0.07 — 0.20 m and have sharp lower

contacts.

Small troughs

Large trough

Figure 5-30: a) Site 42 exposes trough cross-stratified gravel (some troughs highlighted as black
lines). Black square locates photograph in b. Person is 1.7 m tall. b) Detail of trough cross-
stratified gravel (solid lines delimit set boundaries, dashed lines highlight some beds). Decimetre
subdivisions on rod.

5.4.3.2 Interpretation

The large trough cross-stratified well-rounded gravel beds, and planar-

stratified sand beds may record channel fills in a braided stream environment
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(Eynon & Walker 1974; Miall 1977; Allen 1984; Salamon 2008), or large-scale
dune migration during flood flow through the KRv (Carling 1996; Maizels 1997;
Marren & Matthias 2009). The upward fining in individual beds indicates
successive flows, longitudinal sediment sorting, or pulses within the flow with

deposition during the waning stages of flow.

5.4.4 Site 43
5.4.4.1 Observations

Site 43 is located in the KRv, ~1.2 km north of the north shore of the West
Arm of Kootenay Lake (Figure 3-4; Figure 5-31a). It is an ~8 m high exposure
(maximum elevation of ~670 m asl, DEM (Geobase®)) that reveals the
sediments within an elevated (maximum ~700 m asl, DEM (Geobase®)), sloping
(~4.5°), gullied and truncated, fan-shaped gravel bench (Figure 5-31). Much of
the sloping bench is situated in the valley of Duhamel Creek >100 m above the
Duhamel Creek delta, which has prograded ~1 km into the West Arm (Figure
5-31). Duhamel Creek is centrally located on the West Arm, ~11 km northeast of
Nelson, BC and ~25 km northeast (upstream) of the Corra Linn Dam (Figure

3-4).

One lithostratigraphic unit (unit 1) is exposed. It consists of steeply-
dipping planar-stratified sand and gravel lithofacies (Sp and Gp, Table 4-1). The
gravel is composed of loosely-consolidated, well-rounded boulders, cobbles and
pebbles supported by a matrix of poorly-sorted sand with small amounts of
granules. The finest beds consist of poorly-sorted sand and granules and
average ~10 cm thick, while coarse beds consist of cobbles and boulders in a
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poorly-sorted sand matrix and reach thicknesses >1 m. All of the observed clasts
are of a similar, granitic lithology. The beds are tabular and normally graded with

sharp lower contacts.

5.4.4.2 Interpretation

The fan-shaped, sloping bench at site 43 suggests that this site is located
in a remnant alluvial or colluvial fan that prograded into the KRv from Duhamel
Creek (cf. Church and Ryder 1972; Blair & McPherson 1994; Ballantyne 2002).
Its elevated position (~670 m asl) in the KRv suggests that the fan prograded
onto an elevated KRv floor. The lobate shape of the enduring sediment deposit
is interpreted to be the result of incision (gullying) due to a reduction in sediment
supply and a lowering of the Duhamel Creek base level (cf. Church and Ryder
1972; Ballantyne 2003), which may have resulted from gLP drainage or

Kootenay River incision.

The well-rounded cobbles and boulders at site 43 were water-lain. The
normally-graded, poorly-sorted and planar-stratified beds indicate deposition
during non-cohesive debris flows (e.g. Blair 1987; Eyles et al. 1987; Blair &
McPherson 1994). Thus, the deposit revealed by site 43 is interpreted to be a
colluvial fan deposited at the entrance of Duhamel Creek into the KRv. Its

elevated position suggests progradation onto an elevated valley floor.
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Figure 5-31: a) Hillshaded DEM
(Geobase®) overlain by an aerial
photograph (BC80137-210. Copyright ©
Province of British Columbia. All rights
reserved. Reprinted with permission of
the Province of British Columbia.)
showing site 43 (white dot) located on
an elevated, fan-shaped sediment
bench (outlined by black dotted line)
interpreted to be an alluvial fan deposit.
Refer to Figure 3-4 for location of site
within the KRv. b) Site 43 exposes
dipping (apparent dip of 30° down
towards 200°) planar-stratified, poorly-
sorted gravel and sand beds. The dip
of some beds is highlighted (black lines;
inflections in line due to change in face
orientation).
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5.4.5 Site 44
5.4.5.1 Observations

Site 44 is located ~0.2 km north of the West Arm of Kootenay Lake and ~2
km west of the town centre of Nelson (Figure 5-32a). The site is ~624 m asl,
which is 92 m above Kootenay Lake. It is bordered to the north by Mt Nelson in
the Kokanee Range of the Selkirk Mountains, and to the south by the West Arm

of Kootenay Lake and north-flowing Cottonwood Creek (Figure 5-32a).

Exposed at site 44 is an outcrop of smoothed granite bedrock with several
smooth circular depressions (Figure 5-32a, b); outcrops of the same bedrock
occurring higher (above site 44, investigated to an elevation of ~900 m asl) on
the valley wall are not smooth. The depressions range from 0.1-0.3 m in
diameter (Figure 5-32b, c) and the largest is filled with ~5 cm of vegetated

medium and fine sand (Figure 5-32c).

5.4.5.2 Interpretation

The circular depressions are interpreted as potholes that indicate fluvial
erosion (Alexander 1932; Zen & Prestegaard 1994). Potholes typically indicate
erosion by a high-velocity stream in which erosion was dominated by corrasion
(Zen & Prestegaard 1994). This vigorous stream flow may have been associated
with a gLP jokulhlaup, the Kootenay River (likely post-jokulhlaup), which flowed

atop the thick valley fill (Figure 5-25), or a combination of the two.
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Figure 5-32: a) Hillshaded DEM (Geobase®) superimposed onto an orthophotograph (clip from
1:250 000 orthophotograph mosaic, 82F. © Province of British Columbia. All rights reserved.
Reprinted with permission of the Province of British Columbia.) showing the location of site 44
(white dot) and its elevated (~624 m asl) position on the northern KRv wall near Nelson, BC. b)
Pothole in granite bedrock; knife is ~18 cm long. c) Sand-filled pothole in granite bedrock; knife is
~17 cm long.

5.4.6 Site 47
5.4.6.1 Observations

Site 47 is located in the KRy, in the riser of an elevated and gullied bench
above the western side of the Kootenay River (Figure 5-33a) ~11 km northeast of
Castlegar (Figure 3-4). The bench is paired in elevation (maximum elevation

~600 m asl, DEM (Geobase®)) to a similar bench on the eastern side of the
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Kootenay River (Figure 5-33b). The risers of both benches are steep and
continuous (non-stepped) for >100 m before terminating at a low terrace on the
western side of the KRv, which is ~30 m above the Kootenay River (Figure 5-33).
An unnamed creek that flows eastward (roughly parallel to exposure 47B) has

deeply incised and bisected the bench near site 47 (Figure 5-33a).

At site 47, 25 m (vertical, dGPS) of sediment are exposed along a single,
winding bulldozer road that reveals five lithostratigraphic units, which are
described from three exposures (Exposures 47A, 47B and 47C; Figure 5-34).
Some lithostratigraphic units are designated by letter rather than by number,
because these units are interpreted to be emplaced out of sequence with the rest
of the deposit (i.e. they record an inset stratigraphy). Sequential letters and
numbers are used for simplicity, though it is acknowledged that the record is

incomplete (i.e. the full sequence is not exposed) (Figure 5-34).

Exposure 47A
Exposure 47A is the lowest exposure at site 47 (maximum elevation of

509 m asl, dGPS) (538 m asl, DEM) and is >7 m long and up to 3 m high (Figure
5-34). It contains two subunits (1a, and 1b) of lithostratigraphic unit 1 and
lithostratigraphic unit W (Figure 5-34, Figure 5-35a). Subunit 1a (~1 m thick,
lower contact not visible) contains deformed (faulted and sheared) and cross-
laminated sand lithofacies (Sd and Sr, Table 4-1) described as parcels la-i, la-ii
and la-iii, differentiated on the basis of sediment texture and structure, and
arranged laterally across the exposure (Figure 5-35b). Parcels are sheared to

the north and southeast (Figure 5-35b).
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Figure 5-33: a) Hillshaded DEM (Geobase®) overlain by an aerial photograph (A22007-20; ©
Department of Natural Resources Canada. All rights reserved.) showing site 47 (white dot)
located in an elevated bench above the floodplain of Kootenay River. The remnant, elevated
(=590 m asl) bench surfaces are outlined with dotted lines. Line X-X' denotes location of the
topographic profile in “b”. Refer to Figure 3-4 for location of site in KRv. b) The topographic
profile (X-X) shows the paired elevations of the elevated benches and location of site 47 (labeled

white dot). Vertical exaggeration ~3.75x.
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Figure 5-34: Composite sedimentary log of site 47 exposures 47A, 47B and 47C (labeled on right;
grey bars denote unexposed areas between exposures). Units and subunits denoted with
numbers record sequential stratigraphy, units denoted with letters record inset stratigraphy. The
thickness of some units differs from that reported in the text because laterally varying unit
thicknesses have been collapsed into a single log (refer to text for maximum thicknesses). Refer
to Figure 4-2 for sedimentary log legend, Table 4-1 for lithofacies symbols and codes, Figure 4-1
for stereogram legend, and Table 5-2, and Table 5-3 for fabric and paleoflow data, respectively.
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Parcel la-i is 0.8 m thick and is composed of cross-laminated (type-B
ripples), normally-graded medium and fine sand that has undergone varying
amounts of deformation from shearing (Figure 5-35b). Paleoflow is towards the
northeast (47-1a, Figure 5-34, Figure 5-35b; Table 5-3), and the angle of climb of
the type B ripples decreases towards the top of the subunit and ranges from 15°-
46°.

Parcel la-ii is ~0.7 m thick (Figure 5-35b) and is comprised of deformed
(microfaulted and sheared) alternating fine and medium sand beds (Sd, Table
4-1). This parcel has been faulted and sheared out of its original stratigraphic
position, which is presumed to have been directly above parcel la-i. The
extensive remobilization and shearing of this subunit has left no evidence of
primary sedimentary structures. The lower contact of parcel la-ii (dotted line
between parcels la-i and la-ii, Figure 5-35b) is sharp, microfaulted, truncates

the sand beds of parcel 1a-i, and dips 16° towards 286° (Figure 5-35b).

Parcel 1a-iii is ~0.7 m thick and composed of deformed (sheared and
microfaulted) and planar-bedded (Sd and Sp, Table 4-1), normally-graded coarse
and medium sand. The Sp beds are tilted with apparent dips that range from
35°-45° towards ~170°. The lower contact of parcel la-iii (dotted line between
parcels la-ii and la-iii, Figure 5-35b) is sharp, microfaulted, truncates the Sd

beds of parcel 1a-ii, and dips 24° towards 186° (Figure 5-35b).

Subunit 1b is 1.3-2.5 m thick (Figure 5-34, Figure 5-35a) and composed of
deformed medium and fine sand and silt and clay (Sd and Fd, Table 4-1).

Deformation in the subunit is recorded by faults, shear planes, boudinage
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Figure 5-35: a) Exposure 47A reveals subunits 1a and 1b separated by a shear plane (black line)
and unit W with an irregular lower contact (white line). Shear plane orientations and dips are
plotted as arcs and poles-to-planes on a stereogram. Metre stick has decimetre markings. b)
Close-up of subunit 1a and 1b sedimentology. Subunit 1a contains three parcels (i-iii, delimited
by large shear planes (dotted lines)) that are transected by smaller shear planes (thin black lines).
The orientations and dips of the parcel-delineating shear planes (dotted lines) are shown on the
stereogram as arcs and poles-to-planes. Paleoflow directions for some relatively undisturbed
ripples (47-1a) are shown in the rose diagram. Some folds, pillow structures, and boudinage
structures are highlighted (black lines) and labeled.
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structures, pillow structures, and folds (Figure 5-35b). The unit displays an
overall upward fining from medium sand at its lower contact to sandy silt and clay
near the lower contact of unit W (Figure 5-35a). The lower contact of subunit 1b
is sharp and delineated by a shear plane that truncates the Sd beds of subunit 1a
(Figure 5-35a). The attitude of this shear plane is shown in Figure 5-35a as arcs
and corresponding poles to planes on a stereogram, which reveals a down-dip

direction of shear towards the southeast.

Unit W at the top of exposure 47A, consists of massive gravel (Gm, Table
4-1) with rounded to angular clasts (pebble to cobble sized) supported by a
poorly-sorted sand matrix. Unit W has a sharp lower contact that truncates the

deformed laminae of subunit 1b (Figure 5-35a).

Exposure 47B
Exposure 47B is >15 m long and ~8 m high, reaching a maximum

elevation of 523.5 m asl (dGPS) (538 m asl, DEM) (Figure 5-34, Figure 5-36). It
is oriented roughly parallel to a nearby unnamed creek that has deeply incised
the bench (Figure 5-33a) and exposes two lithostratigraphic subunits (1c and 1d)

and one lithostratigraphic unit (unit X) (Figure 5-36).

Subunit 1c is at least 3 m thick (lower contact not exposed) (Figure 5-36)
and is composed of deformed (faulted and tilted) planar-stratified sand lithofacies
(Sd and Sp, Table 4-1) that consist of unconsolidated, normally-graded coarse to
medium sand. The beds have an apparent tilt of 34° towards 80° and shear

planes show apparent eastward displacements. Fine sand and clay intrusions,
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apparently originally deposited as part of subunit 1d, have been sheared into

subunit 1c.

Subunit 1d is ~3 m thick (Figure 5-36) and composed of deformed (tilted
and faulted) planar-bedded fine sand and sandy clay lithofacies (Sd, Sp, Fd and
Fp, Table 4-1). The beds average ~10 cm thick, are normally-graded, and
consist of unconsolidated fine sand and clay. Sand from subunit 1¢c has been

sheared into the base of subunit 1d (Figure 5-36).

Unit X overlies subunit 1d and is at least 1.5 m (Figure 5-36) thick and
composed of a massive, clast-poor (~20% clasts) diamicton (Dmm, Table 4-1).
Clasts range in size from pebbles to small boulders (b-axes up to 0.5 m), are
supported by a poorly-sorted silty sand matrix and are dominantly subrounded to
angular (47-X, Table 5-2). Unit X has a sharp lower contact that truncates the
sand beds of unit 1d. A diamicton fabric (47-X, Table 5-2) reveals a bimodal
distribution with many clasts exhibiting high plunge angles, and a principal

eigenvector towards the south-southeast (Figure 5-36) and the unnamed creek.

Exposure 47C
Exposure 47C is >60 m long and up to ~5 m high (Figure 5-37), reaching

a maximum elevation of 531 m asl (dGPS) (535 m asl, DEM) (Figure 5-34). The
top of the 47C exposure is ~25 m higher (dGPS) than, and located almost
directly above the base of exposure 47A (a result of the steep and winding

bulldozer road).
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Two lithostratigraphic subunits (subunits l1e and 1f) and two
lithostratigraphic units (units Y and Z) are revealed in exposure 47C (Figure
5-37). Subunit 1e is ~4 m thick and composed of upward fining, deformed
(sheared) cross-laminated fine sand beds (Sr, Table 4-1) (Figure 5-37b) that are
truncated and overlain by faulted, sheared and dewatered trough cross-stratified
fine sand and clay lithofacies (Sd, St and Fd; Table 4-1) (Figure 5-37b). The
trough cross-stratified sand is truncated and overlain by deformed (faulted,
Figure 5-37b), dewatered and tilted (apparently 6° towards 70°), planar-bedded
and laminated coarse to fine sand, silt and clay (Sp, Sd, FlI and Fd; Table 4-1).
Trough width decreases upwards through the subunit from ~1 m near the bottom
of the exposure to <0.25 m near the top. Three prominent arcuate shear planes
with dips ranging from 58°-85° down towards ~300°cut through the Sr and St of
subunit 1e, the largest of which is >1 m long. Type-A climbing ripples low in

subunit 1e record a paleoflow direction towards the east (47-1e, Figure 5-37c).

Subunit 1f is 1.5-5 m thick and consists of tilted (apparent tilt 6° towards
70°) and dewatered fine sand with some medium sand and large amounts of silt
and clay (Sd, Fd, Table 4-1). This subunit displays many large dewatering
structures (sand and clay dikes, convolute bedding, flame structures, and ball-
and-pillow structures) that increase in size and frequency with proximity to the

overlying gravel of unit Y (Figure 5-37).

Unit Y is 2-7 m thick and composed of trough cross-bedded gravel (Gt,
Table 4-1) in a well-sorted coarse sand matrix (Figure 5-37d). The clasts range

in size from pebbles to cobbles (up to 0.09 m b-axes), are well-rounded, and
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highly spherical (Figure D-3). Clasts are matrix supported in small (less than ~4
m wide) fine-textured troughs and clast supported in the large (> 5 m wide)
coarse-grained troughs. The lower contact of unit Y is sharp, irregular and

truncates the Sd and Fd beds and laminae of subunit 1f.

The highest stratigraphic unit at site 47 is unit Z (Figure 5-34, Figure 5-37),
which is comprised of interbedded planar-stratified coarse sand, planar-stratified
pebbles, massive pebble beds, massive clast-supported diamicton, and
laminated silt and clay (Sp, Gp, Gm, Dcm, Fl, Table 4-1). The sand beds are
~0.10 m thick, possess frequent granules and have sharp lower contacts. The
pebble gravel beds average ~0.20 m thick, rarely contain outsized cobbles (b-
axes up to 0.25 m), and have sharp lower contacts. The diamicton beds consist
of subrounded pebbles in a silty fine sand matrix, average ~0.10 m thick, and
have sharp lower contacts. The granule beds average ~0.05 m thick and have
sharp lower contacts. The unit is saturated and weeps groundwater and a slurry

of fine-grained sediment.

159



"SUOISINIPNS 8118WId8p Sey Xans a9\ ‘Buoj w 220 SI [emod] (Saull panop
3or|q) IT IUNQgNS pue Z Jun Ylim S1oejuod pue (saull yoe|q Ag pawybijybiy sybnoay swos) A 1un ul [pAelb paynens-ssold ybnoal (p (- a|qel ‘a1
-/¥) s9|ddu w-2dA1 ay Jo mojjoaed sy sAe|dsip welbelp 8soy 9T Hungns ui Aejo pue Jjis pues pappag-reue|d (paseays pue pajne} ‘palaremap)
pawulolap Ag urejiano si pue ‘(pareays Ajjeuoiseado ‘saul| yoe|q Ag pawybiybiy sojddu w-adA1) pues pareulwe|-ssold sayeaunJl Aejo pue Jjis

‘(aun yor|q ' yum paiybijybiy ybnoa jo wonoq) pues painelisssold ybnoa (pasaremap pue paleays) pawlojaqg (9 8T uungns uiyum syne4 (q p-q
ul sydeiboloyd a1eo0| saxog ‘(Saull 4oe|q pajage|) Sain1donils Juswipas awos pue Aydeibiens Bunensn|i D2 ainsodxa Jo yaays (e :2£-G ainbi4

160

aL Jun .
i ~_:D.
A ::D.
Zz ::3.
m:_m.rD

puabaT




5.4.6.2 Interpretation

The paired elevations of the terrace at site 47 and the terrace on the east
side of the Kootenay River (Figure 5-33), and their similar gullied morphology
suggest that the terraces record an elevated valley fill (to ~600 m asl). Below I
argue that the fine-grained sediments in subunits la-1f record a lake bottom
depositional environment in the valley-fill, and the coarse-grained, poorly-sorted
sediments of units W-Z record deposition by debris flows and streams during
valley-fill incision. Accordingly, the pre-gLP drainage valley-fill (subunits 1a-1f) is

first interpreted, and then the inset stratigraphy (units W-Z2) is interpreted.

Unit 1 (valley fill sediment)
Subunits 1b and 1f are interpreted as recording deposition from

suspension settling on a lake bed because they are composed of sorted fine
sand, silt and clay laminae (Smith & Ashley 1985). Shearing at the lower contact
of subunit 1b records mobilization over subunit 1a during deposition on a gently
sloping (valley-wall proximal) lake bed. Soft sediment deformation structures
indicate strain from extension (boudinage structures) and compression (folds)

(McCarroll & Rijsdijk 2003) as sediments were remobilized.

Subunits 1a, 1c and le are interpreted as recording relatively higher-
energy deposition on the lake bed because they are composed of well sorted,
normally-graded, planar-stratified and cross-laminated sand (Smith & Ashley
1985). Type-B climbing ripples may indicate the inflow of turbidity currents into
the lake (e.g., Smith & Ashley 1985; Johnsen & Brennand 2006). Trough cross-

stratified fine sand in unit 1e records scour and fill during high-density turbidity
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flows (Lowe 1982). Intra-unit shear planes in subunits 1a and 1le are interpreted
as syn-depositional because they do not extend into overlying subunits; they

provide a record of saturated sand remobilization on a gently-sloped lake bed.

Units W-Z (inset stratigraphy)
Unit W is interpreted as fluvial sediment that was remobilized into a non-

cohesive debris flow deposit because it contains rounded clasts suggesting
fluvial wear (Mills 1979; Lindsey et al. 2007), and a massive matrix-supported
structure consistent with non-cohesive debris flows (Eyles et al. 1987; Blair &

McPherson 1994). Its lower contact is interpreted as erosional.

Unit X is interpreted as a cohesive debris flow deposit because it is
composed of massive matrix—supported diamicton that contains clasts without
glacigenic wear features (Lowe 1982). The bimodal diamicton fabric including
clasts with high plunge angles may record compressive and extensional stresses
in a cohesive debris flow (Lowe 1982; Eyles et al. 1987). Its lower contact is

interpreted as erosional.

Unit Y is interpreted as recording fluvial sedimentation because of its
texture and structure. It is well sorted and contains well-rounded, highly
spherical clasts indicative of wear and sorting during fluvial transport (Mills 1979;
Lindsey et al. 2007). The large lenses of Gt (Table 4-1) likely record channel fills
in a braided stream environment (Miall 1977; Allen 1984; Salamon 2008).
Consequently, unit Y may have been deposited in a local stream responding to
the evolving gullied geometry of the elevated sediment bench. Its lower contact

is interpreted as erosional.
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The steeply dipping, crudely stratified and massive sand, gravel and
diamicton lithofacies of unit Z record small, periodic colluvial events (Hein 1982;
Lowe 1982; Eyles et al. 1987) within the over-steepened gully of the unnamed
creek. The inverse grading in some Gp granule beds may record grain flows
(Sallenger 1979). The sharp lower contact of unit Z, which truncates the gravel

of unit Y, is interpreted as erosional.

In summary, unit 1 records sedimentation in a lake within the pre-gLP
drainage valley fill, and units X-Z record alluvial and colluvial sedimentation
during or following valley fill incision. Unit 1 may have been deposited into the
same lake that occupied the Slocan River valley (“glacial Lake Slocan”, site 54,

Appendix B).

5.4.7 Sites 48A and 48B
5.4.7.1 Observations

Sites 48A and 48B occupy the northern half of a large, terraced fan-
shaped deposit at the confluence of the Kootenay and Columbia Rivers (Figure
5-38a). The landform extends radially from a bedrock constriction (near Brilliant
Dam) in the Kootenay River valley (Figure 3-4) and has been bisected by the
Kootenay River, leaving a series of terraces within the fan (mapped from aerial
photographs and numbered according to elevation, Figure 5-38, Figure 5-39) that
were first mapped by Fulton (1970). The nearby Columbia River valley is

terraced to the north and south of sites 48A and 48B (Figure 5-38a).
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Geologic cross sectional diagrams (Figure 5-38b, c) constructed (using
field observations and well logs, Appendix E) along lines X-X" and Y-Y’ reveal
valley fill stratigraphy near the confluence of the KRv and the Columbia River
valley. Cross section X-X' reveals the inset and shallow (~10-30 m below the
surface) nature of the terraced, fan-shaped deposit at sites 48A and 48B (Figure
5-38b). Terrace 8, at the foot of the fan, is shown to be capped by compact silty
clay with pebbles and boulders (unit 2, Figure 5-38b). Cross section Y-Y’

illustrates the paired elevations of terraces 1 and 7 (Figure 5-38c).

Site 48A is a small road-cut exposure within the riser of terrace 6
(maximum elevation ~492 m asl) that reveals a single lithostratigraphic unit (unit
1) composed of crudely-bedded massive gravel (Gm, Table 4-1). The gravel is
comprised of mainly clast-supported, rounded to well-rounded and highly
spherical pebbles to boulders (up to 0.5 m b-axis) in a poorly-sorted sand matrix
with a small percentage of silt; some gravel beds (~10%) are openwork (Figure

5-40).

Figure 5-38: (Next page) a) Hillshaded DEM (Geobase®) overlain by an aerial photograph
(A22007-8, NAPL; © Department of Natural Resources Canada. All rights reserved.) showing
locations of sections at sites 48A and 48B (white dots labeled A and B, respectively). Terraces
are outlined (solid black lines) and numbered according to elevation with 1 and 11 being the
highest and lowest, respectively. Terraces that share a label are within 5 m in elevation of one
another. Bedrock contact (from field and aerial photograph observations) is outlined by dotted
black lines and rock slides (from aerial photograph observations) are labeled “rs”. Boxed area is
shown in Figure 5-39a. Lines X-X' and Y-Y’ mark the location of geologic cross-sections in b and
c. X-X' (b) and Y-Y’ (c) cross-sections showing simplified valley fill stratigraphy consisting of five
lithostratigraphic units. Known bedrock (BR) locations are shown as dotted lines, and inferred
bedrock contacts are shown as dashed lines; areas of uncertainty are marked with question
marks. Well log data is shown in Appendix E. Note that the fan-shaped deposit emerging from
the Kootenay River valley is a thin, terraced carapace on the valley-wall bedrock. Vertical
exaggeration = ~2x (b) and ~3x (c).
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Figure 5-39: a) Hillshaded DEM (Geobase®) overlain by an aerial photograph (A22007-8, NAPL;
© Department of Natural Resources Canada. All rights reserved.) showing boxed area from
Figure 5-38a and locations of sites 48A (labeled white dot) and 48B (labeled black lines).
Terraces are numbered by elevation and correspond to those numbered in Figure 5-38a. Black
dotted lines delineate bedrock contacts. b) GPR grid at site 48B (line labels are placed at 0 m
along the line). Grey arrows denote ~paleoflow direction inferred from radar reflections. Dotted
line delineates bedrock (BR) location.

Figure 5-40: Crudely-bedded, clast-supported, massive gravel in a poorly-sorted silty sand matrix
with areas of openwork structure exposed at site 48A. Ruler is 0.36 m long.
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Site 48B is an inactive, privately-owned gravel pit that occupies two
terraces (terrace 3 at 550 m asl, and terrace 4 at 532 m asl; dGPS) (~539 m asl,
DEM) above the north shore of the Kootenay River, near its confluence with the
Columbia River (Figure 5-39a). Although there are no vertical sediment
exposures in the pit, the surface material exposed on the pit floor consists of
coarse sand and rounded to well-rounded pebbles and cobbles; well-rounded

boulder (up to ~1 m along b-axes) piles are also present.

Because there were no exposures at site 48B, sedimentary architecture
was documented using ground-penetrating radar (GPR) (Figure 5-39a, b). Two
KRv-parallel (X-lines) and two KRv-perpendicular (Y-lines) lines were collected
on terraces 3 and 4 (Figure 5-39b). Lines X1 and X2 are 145 and 90 m long,

respectively; lines Y1 and Y2 are both 65 m long (Figure 5-39b, Figure 5-41).

Radar bounding surfaces define 31 radar elements on terrace 3, labelled a
to ee, and 16 radar elements on terrace 4, labelled a to p (Figure 5-41). Radar
elements (RE) are ~1-4 m thick and most have a concave-up lenticular geometry
and lower bounding surfaces that truncate deeper reflections (Figure 5-41).
Radar elements in line X1 have KRv-parallel lengths ranging from ~12 m to >130
m (RE c and h, respectively, Figure 5-41b) with a mode of ~25 m; radar elements
in line X2 have KRv-parallel lengths ranging from ~10 to >45 m (RE b and a,
respectively, Figure 5-41e) with a mode of ~30 m (Figure 5-41b, e). Internally
these radar elements have varied reflection geometries, including subhorizontal
(e.g., RE a, b, c, h, n, o, Figure 5-41e), shallowly-dipping towards the northeast

or southwest (upstream and downstream along the KRv) with dip angles up to
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~15° (e.g., RE d, g, j, k, I, Figure 5-41e), or concave-up, particularly in Y-lines
(e.g., RE g, i, j, m, n, bb, Figure 5-41c). Reflections are typically moderately
continuous, subparallel to one another, and on-lap radar element lower
boundaries (e.g., REf, h, k, q, s, Figure 5-41b,). Rarely, reflections dip northeast
(i.e., in a direction that is upstream relative to the Kootenay River) (e.g., radar
elements s, u, p; ~10-45 m, Figure 5-41b). Some out-of-line reflectors (boulders)
have resulted in hyperbolic diffractions in the GPR lines; the diffractions have
been removed through the migration function (8§ 4.2.2; Figure 5-41a). There is no

evidence of distortion (faulting) of primary reflection geometry.

5.4.7.2 Interpretation

The well-rounded clast-supported and openwork gravel lithofacies at site
48A were deposited by river flows. A paucity of matrix and areas of openwork
gravel indicate deposition in a fluvial environment with high-energy flows (Smith
1974; Lunt & Bridge 2007), rapidly waning flows (Steel & Thompson 1983), or
sorting due to flow separation in the lee of bedforms (Rust 1984; Carling &
Glaister 1987; Carling 1996). Thus, terrace 6 contains alluvium deposited by

relatively high-energy flows.
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The GPR data from terraces 3 and 4 is interpreted to record deposition in
a braided river environment (Miall & Jones 2003; Skelly et al. 2003; Woodward et
al. 2003). The lenticular radar elements with concave-up, KRv-perpendicular
internal reflection geometries are consistent with deposition during scour-and-fill
(Miall & Jones 2003; Skelly et al. 2003; Sambrook Smith et al. 2006; Kostic &
Aigner 2007). Subhorizontal reflections record deposition from gravel sheets
(Skelly et al. 2003; Sambrook Smith et al. 2006). Inclined reflections may record
bar slip-face progradation (Skelly et al. 2003; Sambrook Smith et al. 2006). The
pseudo-three-dimensional reflection geometries derived from lines X1, Y1 and
Y2, suggest a paleoflow to the west-northwest on terrace 3, and, by extension,
reflections geometries from line X2 suggest a paleoflow direction to the west-

southwest on terrace 4 (Figure 5-42b).

Paired terraces in the Columbia (both north and south of the Kootenay
River) and Kootenay River valleys near sites 48A and 48B suggest the existence
of an elevated (~590 m asl on terrace 1, Figure 5-38) original valley fill that has
undergone incision by the Columbia and Kootenay Rivers (cf. Figure 5-26).
Paired terraces suggest an interpretation of thick postglacial valley fill over the
previous interpretation of ice-marginally deposited kame terraces (Fulton 1970).
Thus, the geomorphology at sites 48A and 48B is interpreted as a thick (~175 m)

and fluvially-incised valley fill.

The valley fill sediment (Figure 5-38b, c) at the confluence of the Kootenay
and Columbia Rivers is interpreted as a record of advance-phase (unit 1) and

retreat-phase (unit 3) outwash deposition, separated by a till (unit 2). The river
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terraces exposed at sites 48A and 48B are inset into this valley fill and drape
bedrock (Figure 5-38b). Terraces 2-6 lie within the elevational zone of putative
jOkulhlaup incision (Figure 5-26, Figure 5-38b). Terrace preservation in this
elevational zone at Castlegar may support the notion that KRv valley fill incision
was gradual, and accomplished by the Holocene Kootenay River, rather than a
gLP jokulhlaup. However, expansion bar deposition and terracing during the
waning stages of jokulhlaups has been reported elsewhere (e.g., Baker 1984;
Russell et al. 2001; Carrivick et al. 2004), and preservation of such terraces is

favoured in the valley widening at Castlegar.

5.4.8 GLP drainage summary and discussion

The sites in this § reveal sedimentary deposits that have been interpreted
to record a glacial lake, river terraces, and alluvial and colluvial fans in the >100
m thick KRv valley fill (Figure 5-27). Smoothed and potholed bedrock near the
top of the valley fill (624 m asl, site 44, 85.4.5) confirm energetic water flows at
that elevation. In the absence of independent dating, these sites are assumed to
record late MIS 2 (during and/or following late stages of ice decay) events in

KRuv.

The geomorphic evidence for a jokulhlaup from gLP along the KRv is
equivocal. Topographic profiles across KRv reveal zones of steep, non-terraced
incision through the upper ~100 m (thickness) of the valley fill, and terraced
incision through the lower 20-30 m of the valley fill (Figure 5-28). It is plausible
that incision through the upper 100 m (possibly more if waning jokulhlaup flows

and Holocene alluvial and colluvial action resulted in significant post-gLP
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drainage aggradation) of the valley fill may have been accomplished by a
jOkulhlaup from gLP. Previous reports on jokulhlaup incision confirm that even
much smaller volumes of water (by an order of magnitude) than gLP are capable
of eroding large amounts (~25 x 10° m?, Skeidararsandur, Smith et al. 2000) of
sediment (e.g., Smith et al. 2000; Magilligan et al. 2002; Carrivick et al. 2004;
Russell 2009). However, it is equally plausible that a powerful, early-Holocene
Kootenay River incised into the elevated valley-fill sediment in the KRv. The
preservation of terraces in the upper 100 m of the valley fill at Castlegar may
favour the latter interpretation, though such terraces could have formed in the

waning stages of a jokulhlaup (Carrivick et al. 2004).

The sedimentary record for a jokulhlaup from gLP along the KRv is
equivocal because none of the lithofacies observed are diagnostic of jokulhlaups.
If the rising stage of a jokulhlaup is mainly erosive, then deposition may be more
likely on the waning stage (Maizels 1993; Russell 2009). If the putative gLP
jokulhlaup incised through the top ~100 m of the valley fill, j6kulhlaup deposits
may be preferentially located near the floor of this incision in KRv. It is possible
that the sand and gravel sediment bench (bench tread ~590 m asl) at the junction
between the Purcell Trench and the West Arm (sites 21 and 24, 85.4.2) may
record the waning stage of a gLP jokulhlaup. In this scenario, the changes in
texture and structure of the deposits at sites 21 and 24 record fluctuations in flow
energy during the waning stage. Similar lithofacies have been reported in
waning-stage jokulhlaup deposits elsewhere (Maizels 1993; Carling 1996;

Carrivick et al. 2004; Russell 2009), though they are also reported from non-
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jokulhlaup river deposits (Hein & Walker 1976; Miall 1977; Allen 1983). The fan-
shaped deposit at the confluence of the Kootenay and Columbia River valleys
(sites 48A and 48B) is similar in morphology and sedimentology to expansion
bars deposited by large flood events (Baker 1978a, 1984), though it also

resembles an alluvial fan that could have been deposited by the Kootenay River.

5.5 Sites recording post-gLP drainage processes

This 8 describes sites that are interpreted as a record of post-gLP
drainage (very late MIS 2 and Holocene) processes. The sites exist in the
northern Purcell Trench and the West Arm and are representative (not

exhaustive) of post-gLP drainage processes.

5.5.1 Site 34
5.5.1.1 Observations

Site 34 is located on the eastern valley wall of the Purcell Trench near the
shore of Duncan Lake on the tread of an elevated (maximum elevation of ~635 m
asl, DEM (Geobase ®)), sloping (~5° towards 265°) sediment bench that radiates
from the mouth of Glacier Creek (Figure 3-3; Figure 5-42a). The elevated
deposit is positioned ~25 m above the modern Glacier Creek delta (Figure
5-42a), which formed after the completion of Duncan Dam in 1967 (Kyle 1938).
At site 34 >5 m of sediment are exposed to the top of the bench due to incision

by Glacier Creek (Figure 5-42D).
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Figure 5-42: a) Hillshaded DEM (Geobase®) showing the location of site 34 (white dot) on the
tread of the northern elevated gravel bench. The elevated gravel benches are outlined with
dashed lines. The smaller, and lower modern (post-Duncan Dam) Glacier Creek delta is labeled.
Refer to Figure 3-3 for location of site 34 in the Purcell Trench. B) Three units are exposed at site
34. Metre stick with decimetre markings for scale.
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Three lithostratigraphic units are identified at site 34 (Figure 5-42b). Unit 1
is at least 0.5 m thick (its lower contact is not exposed) (Figure 5-42b). It is
composed of consolidated and deformed (tited and faulted) planar cross-
stratified coarse, medium and fine sand (Sd and Sc, Table 4-1) with occasional
pebbles. The sand beds are ~0.01 m thick and display both normal and reverse
grading. Some of the sand beds within unit 1 have been tilted at angles up to 45°
down towards an apparent azimuth of 90°. There are also thrust faults present in
the tilted sand beds that extend through the entire unit and are oriented nearly
horizontally with displacements of 0.01 — 0.02 m. The westernmost edge of the
exposed unit ends abruptly at a sharp and irregular contact with the overlying

gravel of unit 2 (Figure 5-42b).

Unit 2 is 2.3 m thick and has a sharp lower contact that truncates the sand
beds of unit 1. It is composed of dipping (8° towards 265°, apparent), tabular,
crudely cross-stratified gravel beds (Gc, Table 4-1) that are ~1 m thick (Figure
5-42b). The gravel is composed of rounded, clast-supported pebbles to small
boulders in a matrix of granules and coarse sand; some areas consist of
openwork pebbles and cobbles. The entire unit fines upwards and is capped in

places by pebble gravel.

Unit 3 is up to 3 m thick and has a sharp lower contact that truncates the
gravel beds of unit 2 (Figure 5-42b). It is composed of tabular cross-stratified,
upward fining gravel beds (Gc, Table 4-1) that exhibit apparent dips of 9° towards

~268° (Figure 5-42b). The gravel clasts range in size from pebbles to boulders
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with b-axis measurements of up to ~0.8 m (Figure 5-42b). The boulders are

imbricated with dips of 35° - 50° towards (down dip) ~92°.

5.5.1.2 Interpretation

The elevated, sloping (~5° towards the Purcell Trench) and dissected
sediment bench at site 34 (Figure 5-42a) is suggestive of an alluvial or colluvial
fan (Church and Ryder 1972; Blair & McPherson 1994; Ballantyne 2002) that
was built by flows along an elevated Glacier Creek, and later incised by Glacier
Creek following a decrease in sediment supply and/or a lowering of the Glacier
Creek base level (the floor of the Purcell Trench, which was likely incised by the
south-flowing pre-Duncan-Dam Duncan River). The composition of the fan is
consistent with this interpretation. The well-sorted, normally-graded planar
cross-stratified, and reverse-graded sand lithofacies in unit 1 record deposition
from stream flows (Smith 1974; Lowe 1982; Allen 1984; Kjaer et al. 2004) and
grain flows (Lowe 1982). The planar cross-stratified rounded gravel beds of unit
2, and the cross-stratified and imbricated, well rounded boulder beds of unit 3
likely record deposition on the slipface of gravel bars (Nemec 1990; Postma
1990). The dip of the gravel beds and clast imbrication direction (towards the
Purcell Trench) confirms that the fan prograded west away from Glacier Creek
valley. The shearing and faulting in unit 1 indicates a post-depositional,
compressional stress associated with erosion by the flows responsible for

deposition of unit 2.

In summary, the units exposed at site 34 record a period of alluvial fan

progradation onto an elevated, postglacial Purcell Trench floor. Postglacial
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timing is inferred because the bench projects out into the Purcell Trench (there is
no signature of truncation by glacial erosion or due to removal of ice support), the
sediments display no evidence of glacial overriding, and the bench elevation is
~25 m higher than the elevation of the Purcell Trench valley fill prior to ice
occupation. The fan was bisected by Glacier Creek when the Duncan River
incised into the Purcell Trench valley fill prior to the completion of the Duncan

Dam (Hooke 1967; Ryder 1971).

5.5.2 Site 35
5.5.2.1 Observations

Site 35 is located on the floor of the Purcell Trench next to the eastern
valley wall ~2.4 km north of Kootenay Lake on an elevated (~615 m asl
maximum, DEM (Geobase®)) ~55 m thick sediment bench (Figure 5-43a). The
bench is fan-shaped, radiates from the Hamill Creek valley, and its tread slopes
~6° towards 285° (Figure 5-43b). The riser and tread of the bench are exposed

by a combination of gravel pits, access roads and incision by Hamill Creek.

A single upward-finning lithostratigraphic unit (unit 1) is exposed at site 35.
Near the base of the riser (560 m asl, DEM (Geobase®)), the bench is composed
of steeply dipping (26° towards 320°) normally-graded, planar-stratified and
massive beds (Gp and Gm, Table 4-1) of large, rounded to well-rounded, cobble
and boulder-sized gravel in a matrix of poorly sorted sand (Figure 5-44b). On the
bench tread (at 615 m asl, DEM (Geobase®); Figure 5-44a, c), the unit exhibits
similar structures, but its composition has fined to poorly-sorted, very angular to
well-rounded (35-1, Table 5-1) pebble and cobble gravel (average ~3 cm along
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their b-axes) with some large, well-rounded boulders (b-axes > 0.6 m; Figure
5-44a). These gravel beds are also steeply dipping (apparently ~20° down
towards 300°) and tabular with sharp lower contacts. They are interbedded with
poorly-sorted lenses (lateral extents of 3 m to >12 m and thicknesses ranging
from 0.1 m to 0.35 m) of massive sand with sharp lower contacts (Sm, Table 4-1)
that dip 37° towards 293° (measured from an exposed fine sand bed at the
northernmost exposure, northeast of the exposure in Figure 5-44a). A gravel
fabric from the inclined, planar-stratified gravel beds near the top of the bench
tread is unimodal with a principal eigenvector towards the northeast and a

dominance of a(p) clasts (35-1, Figure 5-44c; Table 5-1).

178



116°56'0"W

50°120"N

Elevation
m asl

800

50°100"N

Figure 5-43: a) Hillshaded DEM (Geobase®) showing location of site 35 (white dot) at the mouth
of the Hamill Creek valley. Black box shows location of b. Refer to Figure 3-3 for site location in
the Purcell Trench). b) Hillshaded DEM (Geobase®) overlain by an aerial photograph
(A13796_18, © Department of Natural Resources Canada. All rights reserved.) that shows the
location of site 35 (white dot) on an elevated sediment fan (outlined by black dotted line).
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5.5.2.2 Interpretation

The elevated, sloping (~6° towards the Purcell Trench) and fan-shaped
sediment bench at the mouth of Hamill Creek investigated at site 35 is
suggestive of an alluvial or colluvial fan (Church and Ryder 1972; Blair &
McPherson 1994; Ballantyne 2002) that was built by flows along an elevated
Hamill Creek, and later incised by Hamill Creek following a decrease in sediment
supply and/or a lowering of the Hamill Creek base level (the floor of the Purcell
Trench, which was likely incised by the south-flowing pre-Duncan-Dam Duncan
River). The composition of the fan is consistent with this interpretation. Steeply
dipping, normally-graded, massive and planar-stratified gravel and sand beds are
commonly found in alluvial fans (e.g., Ryder 1971; Blair 1987; Blair & McPherson
1994), and record fluvial transport and deposition. The presence of angular
clasts suggests short transport distances for some beds (Ryder 1971). The
gravel fabric is dominated by sliding clasts (clast a-axis parallel to the maximum
dip of the a-b plane) and so records a northwestward paleoflow, consistent with

the westward dip of the gravel beds.

In summary, the sediment exposed at site 35 records a period of alluvial
fan progradation onto an elevated, postglacial Purcell Trench floor. Postglacial
timing is inferred because the bench projects out into the Purcell Trench (there is
no signature of truncation by glacial erosion or due to removal of ice support) and
the sediments display no evidence of glacial overriding. Much of the fan was

likely removed by Hamill Creek flows when the Duncan River incised into the
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Purcell Trench valley fill prior to the completion of the Duncan Dam (Hooke 1967,

Ryder 1971).

5.5.3 Site 46
5.5.3.1 Observations

Site 46 is located in the KRv ~1 km northwest of the confluence of the
Slocan and Kootenay Rivers on an elevated (~486 m asl, DEM (Geobase®))
sediment bench (Figure 3-4, Figure 5-45a), which is ~35 m above the Kootenay
River. The site is located east of the bedrock ridge of Sentinel Mountain, which
is situated west of the Kootenay River valley (Figure 5-45a). Two exposures
(46A and 46B) reveal the composition of the bench (Figure 5-45a). Exposure
46A is located in a roadcut along highway 3A, in the bench riser (~470 m asl,
DEM (Geobase®)) and exposure 46B is located in a small, privately-owned
gravel pit (restricted access) on the bench tread (~485 m asl, DEM (Geobase®).
Each site exposes a single lithostratigraphic unit. Sequential unit numbers are
used for simplicity though it is acknowledged that the sedimentary record of the

bench is incomplete (i.e. the full sedimentary sequence is not exposed).

Exposure 46A is ~5 m wide and 2 m tall and reveals one lithostratigraphic
unit (unit 1) consisting of cross-laminated fine sand (Sr, Table 4-1, Figure 5-45b).
The sand beds display type-A ripples with shallow angles of climb (46-1, Table
5-3) and type-S ripples (Figure 5-45b). The type-A ripples record a paleoflow

direction towards the south east (46-1, Figure 5-45b, Table 5-3).
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Exposure 46B is ~5 m tall and 15 m wide and reveals lithostratigraphic
unit 2, which consists of trough cross-stratified gravel (Gt, Table 4-1) (Figure
5-45c). Cross-sets average ~7 m in length and ~1.5 m high, and have sharp
lower contacts that truncate underlying cross-strata (Figure 5-45c). The gravel
consists of clast-supported rounded to well-rounded pebbles and cobbles in a
small amount of coarse sand matrix; rarely, the gravel is openwork. A paleoflow

estimate from trough geometries is southward.

5.5.3.2 Interpretation

The normally-graded rippled sand of unit 1 records deposition from
traction and suspension in relatively low magnitude uni-directional flows (Ashley
et al. 1982), perhaps an underflow in a lake or pond. The alternation between
type A and type S ripples suggests that flow power varied during deposition of
unit 1. Southeastward paleoflows are consistent with flow out of the Slocan River

valley towards KRv.

The trough cross-bedded, well-rounded gravel of unit 1 records channel
scour and fill, dune or barform migration (Miall 1977; Postma 1990) in a river.
The presence of some openwork gravel may suggest relatively high-energy flows
(Smith 1974; Lunt & Bridge 2007), rapidly waning flows (Steel & Thompson
1983), or sorting due to flow separation in the lee of bedforms (Rust 1984;

Carling & Glaister 1987; Carling 1996).
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Department of Natural Resources Canada. All rights reserved.) showing locations of site 46
exposures 46A and 46B (labeled white dots) on a sediment bench (delineated by a black dashed
line) at the junction between the KRv and the Slocan River valley. Refer to Figure 3-4 for site
location within the KRv. b) Unit 1 in exposure 46A contains some type-A ripples (one set
indicated by solid black lines) and type-S ripples (several sets indicated by dashed black lines).
Trowel is ~27 cm long. Ripples record southeastward paleoflows (rose diagram) (46-1, Table
5-3). ¢) Unit 2 in exposure 46B contains trough cross-stratified gravel (Gt, Table 4-1); some
trough lower contacts are highlighted (solid black lines).

In summary, the sediment bench at site 46 is interpreted as a river terrace

because it is capped by alluvial gravels (unit 2). These gravels were likely
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deposited by an elevated (485 m asl) Kootenay River during the Holocene
because they record southward paleoflows, are not capped by till, contain no
evidence of glacier over-riding (e.g., glacitectonic structures), and they occur in a
sediment bench that is ~100 m below the inferred elevation of the pre-gLP
drainage valley fill in KRv (Figure 5-25). Unit 1 is more enigmatic. It may record
sedimentation in a small pond on a river floodplain, or it may record earlier (i.e.
be part of the pre-gLP drainage KRv valley fill) deposition in the same glacial

lake(s) recorded at sites 47 (8 5.4.6) and 54 (Appendix B).

5.5.4 Post-gLP drainage processes summary

The numerous, elevated alluvial fans in the Kootenay River valley and the
Purcell Trench possess similar sedimentology (fluvial and mudflow gravel) and
morphology (toe truncation, incision) to the fans described by Ryder (1971a,
1971b) in the Fraser, Thompson and Similkameen valleys. Sites 34 and 35
record the formation and subsequent incision of postglacial alluvial fans on the
floor of the Purcell Trench. Site 46 records sedimentation on a Holocene
Kootenay River floodplain, and floodplain abandonment (river terrace formation)
due to Kootenay River incision. Sites 34 and 35 record 35 m and 55 m,
respectively, of incision through alluvial fan deposits in the Purcell Trench. The
Kootenay River has incised 35 m since it deposited the terrace gravel at site 46.
Aggradation, incision and abandonment of alluvial fans and river floodplains are
typical postglacial adjustments to changes in sediment supply and base level

(Hooke 1967; Ryder 1971; Eyles & Clague 1991).
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6: DISCUSION

“We are like a judge confronted by a defendant who declines to answer,

and we must determine the truth from the circumstantial evidence.”

Alfred Wegener (1966, page viii)

6.1 Ice dam evidence

The presence of the Purcell Lobe of the CIS in the Purcell Trench during
MIS 2 is inferred from the presence of advance outwash (valley fill at least 610 m
asl at site 19) and subglacial till at/near the top of the valley fill at sites 19, 41 and
53 (8 5.1; Figure 6-1). In the absence of dating, MIS 2 age is inferred from the

presence of a geoclimatic marker (till) at/near the top of the valley-fill sequence.

The continued occupation of the Purcell Trench by the Purcell Lobe during
associated CIS decay (downwasting and backwasting) is evidenced by the
presence of kame terraces at sites 27, 30, and 38-40 (8 5.2, Figure 6-1). These
kame terraces were deposited marginal to the Purcell Lobe and are differentiated
from the elevated advance-phase outwash gravel mapped elsewhere in the study
area by their elevation, geomorphology, stratigraphy and sedimentology. In
places (site 27, bench tread at sites 38-40), the kame terraces are ~100 m higher

than the till/advance-phase outwash contact. Geomorphically, most of the kame
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terraces (except site 27) are located in areas devoid of any shelter (e.g., upflow
bedrock knobs, etc) from glacial erosion by the advancing Purcell Lobe, a
condition that appears necessary for the preservation of advance outwash in the
Purcell Trench (8 5.1). The Purcell Lobe is responsible for at least 167-202 m of
incision in places where its flow was unobstructed (8 5.1, sites 19 and 41).
Stratigraphically, none of the sites are capped by subglacial till.
Sedimentologically, many of the sites yield paleoflow directions against regional
hydraulic grade (i.e., into the valley wall at site 30 and towards the north at sites
38 and 39), a condition most simply explained in an ice-marginal depositional
environment. Furthermore, ice-marginal paleoflows to the north may suggest a
degraded ice mass without a regional slope towards its southern terminus during
kame terrace formation. A scenario in which the Purcell Lobe recloses after
failure through ice creep (8 2.1.2) and allows multiple drainings of gLP may be

negated if this degraded ice is assumed to record ice stagnation.

Kame terrace formation north of the KRv indicates that the Purcell Lobe
was likely grounded and supported ice-marginal meltwater streams and lakes.
Although the synchronicity of the kame terraces and gLP cannot be confirmed
without dating their respective deposits, given the relatively low elevation (~600-
700 m asl, § 5.2) of some of the kame terraces, the kame terraces likely record
post-gLP ice-marginal processes (because they are ~56 m below the likely water
surface of gLP, 8§ 6.2). However, their presence suggests that the Purcell Lobe
could have functioned as an ice dam for gLP in the Purcell Trench preventing

drainage west into the KRuv.
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Figure 6-1: Hillshaded DEM mosaic (Geobase® in CA, NED in USA, data available from U.S.
Geological Survey) showing the study area with field sites referenced in the discussion chapter
demarcated by symbols according to their interpretations. Kootenay Lake, in the Purcell Trench,
is shown as blue.
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6.2 GLP paleogeography and evolution

Given the topography of the Purcell Trench basin, and the presence of the
Purcell Lobe in the Purcell Trench preventing drainage west down KRy,
meltwater would have ponded in front of the decaying Purcell Lobe to the level of
the Elmira spillway (655 m asl). This would have occurred even without any
glacioisostatic depression, because the Elmira Spillway is currently a drainage
divide. Thus gLP would have extended north into BC as far as allowed by the
downwasting and backwasting Purcell Lobe. Eventually its northern margin (the
Purcell Lobe snout) would have been near the KRv (74 km north of the 49™

parallel).

A minimum (although, possibly non-synchronous) areal extent of gLP is
recorded by the extant gLP lake bed bench (~444 km?) that stretches from
Elmira, ID to Creston, BC (Figure 5-21); sites 3, 4, 5, 10 and 15 are located in
this bench (8 5.3; Figure 6-1). However, given that the northern lake boundary
was the backwasting Purcell Lobe, gLP was likely much more extensive. The
dearth of discovered gLP deposits on the eastern valley wall north of Creston
(site 2 was the only other site containing lake sediments between Creston and
KRv) is mainly attributed to Holocene fluvial and colluvial action, and/or poor
preservation on the steep valley walls of the Purcell Trench. The presence of
gLP sediments on the floor of Kootenay Lake or on the inaccessible valley wall
west of Kootenay Lake is unknown. Consequently, a more accurate estimate of
gLP extent is derived through GIS modeling: using the DEM (cf. Leverington et

al. 2002; DeVogel et al. 2004), assuming a glacioisostatic tilt direction parallel to
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the PT axis, and applying water-plane tilts appropriate for gLP (refer to § 4.2.3 for

methodology).

The range of plausible glacioisostatic water-plane tilts for gLP was
determined through consideration of previously reported water-plane tilts from
MIS 2 CIS glacial lakes (Table 6-1). The geographic centre of gLP was ~40 km
from the late glacial maximum (LGM) limit and it may have drained ~11.6 **C ka
BP (13.5 cal. ka BP) (Waitt et al. 2009). The tested range of gLP water-plane
tilts (0-1.25 m/km) encompasses the reported water-plane tilts of MIS 2 CIS
glacial lakes within geographic proximity to gLP (“glacial Lake Arrow”, glacial
Lake Invermere, Table 6-1) and those that were similar distances from the LGM
ice limit (glacial Lake Russell-Hood, glacial Lake Bretz, Table 6-1). The average
water-plane tilt of these four lakes is 0.73 m/km. The Puget Lowland lakes
existed earlier than gLP and thus may record higher water-plane tilts than those
experienced by gLP (some glacioisostatic rebound having already occurred prior
to gLP having formed). “Glacial Lake Arrow” is perhaps the most similar in age
to gLP (Table 6-1) but its water-plane tilt is poorly constrained (Fulton et al.
1989). A glacioisostatic water-plane tilt of 0.75 m/km is deemed the most likely

at the time of gLP drainage.
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Table 6-1: Previously reported glacioisostatic tilts associated with the CIS during MIS 2.
Tilt* Location (glacial lake Distance Upslope Age Reference
(m/km) name) from CIS direction (*'C ka BP)
LGM limit®
(km)
0 Rocky Mountain Trench | 120 NA 10 + 140 Sawicki & Smith
(Invermere) (1992)
0.2 SW Yukon Territory <100 South Unknown Gilbert and
(Champagne) Desloges
(2006)
~0.4 Peace Basin (Peace, 100 West ~11 Mathews (1978)
Clayhurst stage)
0.6 Shuswap Basin 200 East Unknown Fulton (1969)
(Shuswap, Rocky Point
stage)
0.7 Okanogan Valley 140 North 8.41 + 100 Nasmith (1962)
(Penticton, B.X. stage)
0.85 Puget Lowland (Russell- | 20 North 13.7-13.8 Thorson (1989)
Hood)
0.9 Columbia River valley 100 North 10.1 £ 150 Fulton et al.
(“glacial Lake Arrow”) (1989)
1.15 Puget Lowland 10 North 135 Thorson (1989)
(Bretz, western)
1.6+ Nicola Basin (Hamilton, 200 North Unknown Fulton &
0.7 lower stage) (347° £ 7°) Walcott (1975)
1.7+ Thompson Basin 200 Northwest 9.32 £160 Johnsen &
0.4 (Deadman, lowest (321° £ 6.1°) | (likely) Brennand
stage) (2004)
1.8+ Nicola Basin (Merritt) 200 Northwest Unknown Fulton &
0.6 (341° + 18°) Walcott (1975)
1.8+ Nicola Basin (Hamilton, 200 North Unknown Fulton &
0.6 upper stage) (354° £ 11°) Walcott (1975)
1.8+ Thompson Basin 200 Northwest 9.32 +160 Johnsen &
0.7 (Thompson, high stage) (332° +£9.9°) | (likely) Brennand
(2004)
3.8+ 10 | Nicola Basin (Quilchena) | 200 Northwest 9.32 +160 Fulton &

Walcott (1975)

! Rate of land surface tilt caused by glacioisostatic depression, as recorded by paleo-lake-level

indicators.

% Approximate distances between the glacial lake and the nearest margin of the CIS during the
late-glacial maximum extent (LGM) from Ehlers & Gibbard (2004). GLP was ~40 km from the
LGM limit, perhaps 11.6 **C ka BP (13.5 cal. ka BP) (Waitt et al. 2009).
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While gLP was dammed in the north by the Purcell Lobe, its lake level was
controlled by the Elmira Spillway in the south. The spillway is composed of drift
(Alden 1953) that has been incised leaving a terrace at 710 m asl, which is ~55
m above the bottom of the spillway (~655 m asl). Most or all of this incision is
interpreted to be the result of gLP drainage through the spillway because there is
no evidence of significant post-gLP drainage in the area. Indeed the spillway is
now the drainage divide between the Kootenai and Pend Oreille River systems.
Thus, the tilted planes representing the glacioisostatically-tilted water surface of

gLP are projected from 655 m asl at the Elmira spillway.

The estimated areal extents and volumes for gLP for the tested range of
glacioisostatic tilts are presented in Table 6-2. Lake area estimates are derived
from the intersection of the selected water planes with the reconstructed gLP
lake bed and the surrounding terrain (refer to § 4.2.3 for methodological details).
Lake volume and drainable volume are estimated from lake area, topographic
and bathymetric data, and assume that there was sufficient meltwater supplied to
the Purcell Trench to fill the lake to the projected water plane (refer to § 4.2.3 for
methodologic details). The 0.75 m/km water-plane tilt is inferred to produce the
most likely estimate of the actual extent and volume of gLP just before drainage

(Table 6-2).

Lake extent and volume vary with the amount of tilt applied to the water
plane (Table 6-2, Figure 6-2). For glacioisostatic tilts of < 1.00 m/km, differences
in lake area are relatively small (Table 6-2, Figure 6-2). Increasing the water-

plane tilt from 1.00 m/km to 1.25 m/km results in a large areal increase (increase
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of 481 km?, Table 6-2) because, at this water plane tilt, the lake partially covers
and extends beyond the Kootenai River alluvial fan (Figure 6-2, Figure 6-3). A
similar trend is seen in lake volume (and drainable volume), though the volume
increase between the 1.00 and 1.25 m/km water-plane tilt reconstructions is
minimized by the presence of the Kootenai River alluvial fan (Table 6-2, Figure
6-3). When the water plane is tilted < 1.00 m/km, the lake is impounded behind
the Kootenai River alluvial fan and drains towards the Elmira spillway along the
western wall of the Purcell Trench (Figure 6-2, Figure 6-3, Figure 6-4). Just prior
to drainage gLP is estimated to have had an area of ~670 km?, a volume of ~70
km?, a maximum drainable volume of ~50 km® and a depth of >350 m against its
dam (Table 6-2; Figure 6-4). The Purcell Lobe would have had to be at least 400
m thick (assuming structurally-sound clean ice) in order to dam gLP at this water

depth (Table 6-2).
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Table 6-2:

Dimensions of gLP and its ice dam for the tested range of glacioisostatic tilts.

Water- | Lake | Lake Maximum | Water Water | Minimum Height of
plane | area’ | volume' | drainable | surface depth* | ice dam water
tilt (km? | (km®) volume® | elevation® | (m) thickness® | surface
(m/km) (km®) (m asl) (m) above
KRv
valley
fill® (m)
0 600 40 14 655 257 286 10
0.50 663 69 43 723 325 361 78
0.75 667 73 47 756 358 398 111
1.00 671 93 67 788 390 433 143
1.25 1152 142 116 817 419 466 172

! Location of ice dam placed at 49°36'55.7’N, 116°52'21.9"W (~132 km north of the Elmira

spillway).

Z Lake volume minus the volume of Kootenay Lake within the paleolake extent.

% Measured against the ice.

* Maximum depths, measured against the ice.

® Clean ice thickness required to resist flotation at the dam (following the 9/10

water densities (~900 kg m™: ~1000 kg m™®; Thorarinsson 1939; Fowler 1999)).

6 Height of water surface above the elevated, pre-drainage KRv valley fill (~645 m asl at site 42).

ths

ratio of ice to

70.75 m/km water-plane tilt is inferred to produce the most likely estimate of the actual extent and
volume of gLP just before drainage (refer to text in § 6.2 for explanation).
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Figure 6-2: a) DEM mosaic (Geobase® in CA, NED in USA,; data available from U.S. Geological
Survey) showing the Purcell Trench in BC and ID and the extent of gLP for a range of
glacioisostatic tilts. Also shown is the pre-incision Kootenai River (KR) alluvial fan, which forced
the southern shore of gLP to migrate northward, away from the Elmira spillway. North of Creston,
BC, the shorelines of gLP for tilts of 1.0-0.5 m/km are nearly indistinguishable at this scale. This
diagram assumes that the Purcell Lobe terminates at an ice cliff. b) DEM mosaic (lower
elevations are darker shades, Kootenay Lake is outlined with a black line) showing locations of 83
field sites where lacustrine or silty alluvial fan sediments (yellow dots) were observed.

195



"X/ 8 = uonelabbexa [eaniap "d16 Ag paddouano si uej [eiAn|e Janly
reusalooy ayl )i Jo Wx/w Gz'T 1e feyl aloN ‘saueld 31} W/w GZ'T pue G2°0 ‘G0 9yl Ag pajuasaldal ale sy oneisosioloe|b ajqissod Jo
abuel ayl -s1op anym Ag paredipul ate (g Ja1deyd) saus piai4 -abeurelp sii 01 Jolid 1snl 416 Jo ajjoid Asjjea-Buo| onewaydss :g-9 ainbi4

(w) @oueysig

051 ovi oEL 0zZ1L oLl 00l 06 08 0L 08 05 or 0€ 4 ] 0

|aAs] aye]
Keuajooy
uwiapopy uiejdpooy} JBAIY IELU3}00Y

& vty ol e 5T NN e e R T R R e, 100}} Aa|jeA uispojy

_ uey [elAn]e >Mb>h_nm
' h¢>_m : _m
epeue) _ vsSn 1BUB]00Y

00§

009

= 004

— 008

- 006

(|se w) uoneas|g

196



! ]

7 ML LAY
Vﬁf g7 hri e
E, A.:{I ; " / % 4 l‘ 'r ' (’ v "’1" .. - -

3 A v b @ B Pl i
i~y 7 ';;\*“4?', Ll S\ 0 80 624 YAy i
|4

P sme

Elevation| ¢
(m asl)

48°30'0"N

Figure 6-4: Hillshaded DEM mosaic (Geobase® in CA; NED in USA, data available from U.S.
Geological Survey) showing approximate extent and simplified maximum depth (for valley center
line only, assuming a 0.75 m/km glacioisostatic tilt, and minus the depth of Kootenay Lake
(outlined in black; refer to Figure 4-5 for derivation) of gLP just prior to its drainage. Locations of
field sites recording lake-bottom sediments (8 5.3) are also shown (labeled white dots). The
southern shore of gLP, which was initially controlled by the Elmira spillway, was forced to migrate
northwards as the Kootenai River alluvial fan (outlined by black dotted line) grew. The depth of
water below the modern surface of Kootenay Lake (outlined by a thin black line) would not have
drained, but would have added ~180 m of depth to gLP at the ice dam.
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In summary, glacial Lake Purcell was a proglacial, ice-contact lake that
was constrained laterally by the steep valley walls of the Purcell Trench in ID and
BC (Figure 4-5). It was dammed to the north by the Purcell Lobe to an elevation
of ~750 m asl and was probably >350 m deep against its ice dam (Table 6-2;
Figure 6-3). It drained south into the Pend Oreille River system over the Elmira
spillway (Alden 1953; Table 3-1, Figure 3-5) until the Purcell Lobe decayed
sufficiently to allow drainage into the KRv. Following the decanting of gLK into
gLP (Figure 3-5), gLP lake level and southern extent were governed by a large
fan (Figure 6-3, Figure 6-4) that evolved from a fan delta (during gLK decanting
and while gLP occupied the southern part of the Purcell Trench, Figure 3-5) to an

alluvial fan (with the reestablishment of Kootenai River in the Purcell Trench).

6.3 Evidence for catastrophic drainage of gLP through the KRv

GLP is a proglacial, ice-dammed lake. Such lakes tend to drain
catastrophically when their ice dam is breached by overtopping, hydrofracture or
flotation (Thorarinsson 1939; Glen 1954; Nye 1976; Clarke 1982, Waitt 1985;
Walder & Fowler 1994; Anderson et al. 2003; Roberts 2005). Consequently, it
seems reasonable to expect that gLP likely drained catastrophically. In the pre-
drainage lake basin itself (Figure 6-4) there are no shoreline sets or deltas to
provide clues as to the nature of lake drainage (gradual or catastrophic).

Evidence for catastrophic drainage down KRv is also somewhat equivocal.
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Some of the lithofacies revealed by sites in the KRv valley fill (8 5.4;
Figure 6-1) are consistent with previously reported jokulhlaup deposits (Sp, St,
Sr, Gp, Gt, Gc and Gm lithofacies, Table 4-1; e.g. Maizels 1989, 1993; Carrivick
et al. 2004; Marren et al. 2009); however, none of these lithofacies are unique to
jOkulhlaup deposits (i.e., many are also consistent with braided river deposits;
Smith 1974; Hein & Walker 1976; Miall 1977) and thus cannot be considered
confirmation of the catastrophic drainage of gLP. Furthermore, diffusely-graded
sand and soft-sediment rip-up clasts that would suggest rapid deposition during

hyperconcentrated flows (Russell & Arnott 2003) were not seen in the KRv.

The top of the KRv valley fill forms a sloping surface from ~650 m asl| at
the junction of the West Arm and the Purcell Trench to ~600 m asl at Castlegar
(~0.0007 m/m slope) (Figure 5-26). This valley fill is mainly interpreted to have
formed following MIS 2 ice decay in the KRv because it contains no till, (except at
dept around Castlegar, site 48) but rather evidence of glacial lakes, river and
slope processes attributed to a time following MIS 2 ice decay in the KRv (8 5.4).
Today this fill is deeply incised, and exhibits a paired terrace marking the top of
the pre-gLP drainage valley fill (~150 m above the West Arm; ~200 m above the
Kootenay River at Castlgar), and multiple unpaired terraces and truncated
alluvial fans below ~50 m above current grade (the top of the inferred Holocene
fill) (Figure 5-26). The lack of additional terraces between the top of the valley fill
and ~50 m above modern grade (Figure 5-26) suggests that the steep slope in-
between may be attributed to incision by a single event (a jokulhlaup), though the

possibility for sediment removal by Holocene fluvial and colluvial processes must
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be acknowledged. Potholes at ~624 m asl (site 44, Figure 6-1, 8 5.4) are further
evidence of elevated and energetic water flows above the level of inferred pre-
gLP drainage valley fill in the KRv. Such energetic flow may have occurred

within a gLP jokulhlaup or an elevated Kootenay River.

Making the simplifying assumptions that the volume of incision through the
KRyv fill approximates a half cylinder, that the average incision depth is 150 m
and valley length is 68 km, yields ~2.4 km® of postglacial sediment removal.
Smith et al. (2000) have previously reported on sand and gravel incision by
jokulhlaups that drained much smaller volumes of water (3.6 km? Grimsvétn
Lake, Iceland) and have removed ~0.3 km?® of sediment in unconfined (sandur)
ice-proximal locations. This suggests that if gLP drained catastrophically through

the KRv the flood flow may have removed enough sediment to reach bedrock.

The possibility of jokulhlaup erosion to bedrock in KRv raises the question
of whether the deep bedrock canyon reaches (at the Corra Linn and Brilliant
dams, Figure 3-4) in the KRv may record jokulhlaup incision. Rapid bedrock
incision from high-energy (flow powers up to 5-15 kW/m?, Denlinger & O’Connell
2010) fluvial processes has been reported over stratified sedimentary and
basaltic rocks (e.g., Baker & Bunker 1985; Reusser et al. 2006; Lamb & Fonstad
2010). Rates of fluvial incision into bedrock are a function of the tensile strength
of the bedrock being eroded: intrusive igneous rocks, such as those in the KRv,
tend to have the lowest erosion rates (cf. Sklar & Dietrich 2001, 2006).
Furthermore, massive, relatively unjointed rock (such as that in the KRv) typically

undergoes erosion from incremental wear processes—usually abrasion (Whipple
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et al. 2000). Plucking-dominated erosion is only enabled when fractures are
pervasive at a submetre scale (Whipple et al. 2000). The most rapid fluvial
incision into bedrock typically occurs when powerful flows flow over stratified
(easily plucked) sedimentary (easily abraded) bedrock. Thus, the massive,
intrusive igneous and metamorphic bedrock (granite and granitic gneiss) of the
Kootenay River valley is likely to be more resistant to both abrasion and plucking
than sedimentary or stratified extrusive igneous rocks (e.g., basalt). A full
assessment of the likely geomorphic impact of gLP drainage in KRv requires a

paleohydraulic reconstruction of the event and is beyond the scope of this thesis.
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7: CONCLUSIONS AND SUGGESTIONS FOR FUTURE
WORK

“The gradual recession of the ice northward, and, therefore, the first
uncovering of the southern half of the drift region must have taken place... That
during these long ages, the rivers must have been deepening their channels and
emptying the lake basins, is a fact which needs only to be stated; and hence we
have all the facts the hypothesis requires.”

Isaac Kinley on glacial lake evolution—while not sweating the little things.
(Kinley 1886, p.40)

7.1 Conclusions

This thesis explores whether the Purcell Trench could have held a large
amount of water and delivered it suddenly to the Columbia River system. The
study addresses three detailed research questions and a primary research

guestion. Research findings are summarized below.

7.1.1 Detailed research questions

7.1.1.1 Is there evidence of an ice dam in the Purcell Trench?
Kame terrace formation in the Purcell Trench indicates that the Purcell
Lobe was grounded in the Purcell Trench and could have impounded gLP until

downwasting and backwasting allowed drainage into the KRv. Although these
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kame terraces likely formed after the drainage of gLP (as evidenced by their
relatively low elevations), the evidence they provide for grounded ice most likely

also pertains to the Purcell Lobe during the existence of gLP.

7.1.1.2 What is the paleogeography of gLP and how did it evolve?

GLP began as a small lake confined by the Purcell Lobe to the southern
part of the Purcell Trench, and expanded northward as the Purcell Lobe
downwasted and backwasted to the north. Northward retreat of the Purcell Lobe
caused gLK to decant into gLP, and resulted in deposition of a fan-delta at the
confluence of the Kootenai River and the Purcell Trench. The fan-delta evolved
into an alluvial fan as Kootenai River re-established its course in the Purcell
Trench. The alluvial fan caused the southern shore of gLP to migrate
northwards. Just prior to drainage, gLP is estimated to have had an area of ~670
km?, a volume of ~70 km?, a drainable volume of ~50 km® and a depth of >350 m

against its dam.

7.1.1.3 Is there evidence of catastrophic drainage from gLP through the Kootenay
River Valley?

Although somewhat equivocal, the distribution of valley-fill terraces in the
KRv may record a rapid erosional event through thick valley fill, consistent with
jOkulhlaup incision. Elevated potholes are further evidence of vigorous flows
atop the valley fill. Whether the bedrock canyon reaches of KRv were eroded by

a gLP jokulhlaup remains uncertain.
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7.1.2 Primary research question

Could the Purcell Trench have held a large amount of water and delivered it
suddenly to the Columbia River system?

Late in MIS 2, from ~12.5 **C ka BP (14.8 cal. ka BP) to ~11.5 **C ka BP
(13.1 cal. ka BP) the Purcell Lobe was grounded and decayed northward across
the section of Purcell Trench that contained gLP (Easterbrook 1992; Carrara et
al. 1996; Clague & James 2002; Dyke et al. 2003; Waitt et al. 2009). During this
ice retreat, gLP was impounded in the Purcell Trench. The lake elongated over
this ~1,700 year period, eventually covering ~670 km? and containing ~70km? of
water. Lake drainage occurred, likely catastrophically, into the KRv following a
failure of the Purcell Lobe ice dam. Drainage may have occurred suddenly and
would have delivered ~50 km? of water into the Columbia River valley via the

KRuv.

7.2 Suggestions for future work

7.2.1 Paleohydraulic model of gLP drainage

Paleohydraulic modelling could best address the potential geomorphic
impact of gLP drainage through the Kootenay River and Columbia River valleys.
An example of such2-D modelling is presented by Denlinger and O’Connell

(2010).

7.2.2 Quaternary history of the Slocan River valley

The Slocan River valley (SRv) is a potential area of interest to the history
of the KRv. The SRv is devoid of previous study and seems to have contained a
glacial lake (“glacial Lake Slocan”, site 54, Appendix B) that may have extended
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into the KRv (cf. site 46, 8§ 5.5.3 and site 47, § 5.4.6). Near its confluence with
the Kootenay River valley, the SRv is choked with thick deposits of fine-grained
lacustrine sediment. If the sediment is indeed the signature of a large lake, its

drainage may have contributed to erosion of the KRuv fill.

7.2.3 Dating glacial lakes in the Kootenays and their drainage into the
Columbia River valley

Constraints on the timing of events discussed in this thesis rely on
previous reports of CIS chronology (e.g., Easterbrook 1992; Clague & James
2002; Dyke et al 2003; Waitt et al. 2009), lithostratigraphy and geoclimatic
markers (till). In order to constrain the age of gLP and its drainage, associated
sediments must be dated. Although no datable organics or tephra were found in
the strata below the modern topsoil in the study area, optical or cosmogenic
dating techniques could be employed. Absolute dating of gLP lacustrine
sediments may be possible from optical dating (Lian & Hicock 2001; Lian &
Roberts 2006); and cosmogenic dating of potholed bedrock using isotopes °Be
and “°Al could provide direct dates of incision in the KRv (Hein et al. 2011). The
timing of the KRv valley fill incision could be used to confirm or reject a temporal
correlation between gLP drainage and post-Missoula Channeled Scablands flood

deposits (Waitt et al. 2009).

The ages of gLP, “glacial Lake Slocan” (site 54, Appendix B), and “glacial
Lake Arrow” (Fulton et al. 1989) and the dates they drained into the Columbia
River valley remain unknown (although Fulton et al. (1989) speculate from

radiocarbon dates of detrital plant debris that “glacial Lake Arrow” drained ~8.3
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14C ka BP (9.3 cal. ka BP), yet age is vital to assessing the potential geomorphic
work accomplished by their drainage to the Columbia Valley. “"Glacial Lake
Arrow” appears to have been impounded behind the thick sediment deposit at
the confluence of the KRv and the Columbia River near Castelgar, BC (Fulton et
al. 1989; site 48, §5.4.7). Also, “glacial Lake Slocan” appears to have been
controlled by the elevated KRv sediment fill (to which it may have contributed).
Because these sediment dams lie within the path of the putative gLP jokulhlaup,
it is possible that a gLP jokulhlaup could have triggered the release of these two
sediment-dammed lakes. Consequently, a gLP jokullhlaup could have caused a
cascading series of drainage events that resulted in a much larger flow of water

into the Columbia River system than possible from gLP alone.
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Appendix A: Site coordinates

;lte Latitude Longitude

1 49° 00’ 40.29” 116° 34’ 17.61”
2 49° 22’ 42.85” 116° 43’ 06.57”
3 49° 00’ 53.20” 116° 28’ 08.72”
4 49° 00’ 18.08” 116° 29’ 08.06”
5 48° 50’ 11.78” 116° 20’ 09.66”
10 | 48°38’35.59” 116° 23’ 22.89"
15 | 49°07' 05.56” 116° 31’ 46.87”
19 | 49°42' 08.78” 116° 52’ 00.64”
21 49° 37’ 22.87” 116° 58’ 35.56”
24 | 49°37' 47.68” 116° 57’ 59.30”
27 49° 54’ 10.42” 116° 55’ 37.32”
30 | 50°04’38.31” 116° 55’ 32.47”
34 50° 17’ 11.00” 116° 55’ 11.34”
35 | 50°12’'08.72" 116° 56’ 30.87”
38 | 50°06’41.51” 116° 54’ 13.62”
39 | 50° 05’ 38.00” 116° 53’ 22.31”
40 | 50° 05’ 21.00” 116° 53’ 02.00”
41 49° 39’ 03.40” 116° 56’ 42.23”
42 | 49° 36’ 44.00” 116° 58’ 02.37”
43 | 49° 35’ 08.59” 117° 13’ 51.93”
44 49° 29’ 51.94” 117° 18’ 27.55”
46 | 49° 25’ 26.57” 117° 31’ 49.22”
47 49° 23’ 02.54” 117° 33’ 47.52”
48A | 49° 19’ 28.49” 117° 37’ 50.11”
48B | 49° 19’ 18.37” 117° 38’ 14.10”
49 49° 19’ 33.40” 117° 41’ 22.80”
51 | 49°20’04.81"” 117° 45’ 30.49”
53 | 49° 26’ 00.88” 116° 45’ 17.20”
54 | 49° 27’ 40.24" 117° 33’ 49.62”
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Figure A-1: Hillshaded DEM mosaic (Geobase® in CA, NED in USA,;

data available from U.S.

Geological Survey) showing the locations of >250 field sites explored in 2010 and 2011.
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Appendix B: Additional site descriptions
B.1 Site 1
B.1.1 Observations

Site 1 is located on the floor of the Purcell Trench (~610 m asl) near the
western valley wall just north of the 49™ parallel (Figure 3-2, Figure B-1). It is
one of the few sediment deposits associated with glacial Lake Kootenai that has
been preserved on the western side of the Purcell Trench in BC because the
Kootenai River (flowing north from Idaho State) has removed most of the lake

sediments from the western side of the valley (Figure B-1).

This site consists of four lithostratigraphic units (Figure B-2). Unit 1 is at
least 0.75 m thick (lower contact not visible) and consists of indurated, planar-
stratified, slightly convolute, normally-graded coarse sand beds (~1 cm average
bed thickness) (Sp, Table 4-1). Occasional intra-unit pebble lenses are present
(at a small exposure not shown in Figure B-2), becoming more abundant towards
the top of unit 1. The largest pebble lenses extend laterally in excess of 7 m; the
average lateral extent is 4 m. Lens thickness varies from 0.10 m to 0.30 m. In
the lenses, well-rounded massive gravel is supported by a matrix of indurated

coarse sand with ~10% granules.
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Figure B-1: DEM mosaic (Geobase® in CA, NED in USA; data available from U.S. Geological
Survey) overlain with an orthophotograph (clip from 1:250 000 orthophotograph mosaic, 82F,
Province of British Columbia) of the floor of the Purcell Trench near Creston, BC. Sites (white
dots) that expose gLP lake-bottom sediment are shown.
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Unit 2 is ~4 m thick (Figure B-2), has a sharp lower contact and consists of
dipping, planar cross-stratified, imbricated gravel beds (Gc, Table 4-1). The
apparent trend and plunge of the bedding are 124° and 18°, respectively. Beds
exhibit upward fining from small cobbles (average b-axis length ~10 cm) to
medium pebbles, and have sharp lower contacts. Most beds are matrix-
supported (matrix composed of coarse sand and granules); some cobble beds
are clast-supported. A gravel fabric on rounded, imbricated, dominantly a(t)
pebbles records a southward paleoflow dominated by rolling clasts (i.e., clast are

aligned perpendicular to flow) (1-2, Figure B-2, Table 5-1).

Unit 3 is ~4.5 m thick (Figure B-2) and composed of massive, clast-
supported diamicton (Dcm, Table 4-1). It consists of large cobbles (up to 20 cm
along their b-axes) to small pebbles supported by a sandy silt matrix. Clast
roundness ranges from well-rounded to angular with most clasts being well-
rounded (1-3, Table 5-2). Rarely, large cobbles are draped by silt laminae. A
diamicton fabric in unit 3 is bimodal with a principal eigenvector toward 116° (1-3,
Figure B-2, Table 5-2). Several massive, vertically-oriented gravel dikes occur
within unit 4. These dikes consist of clast-supported, rounded and well-rounded

cobbles and pebbles with very little sandy matrix.

Unit 4 is ~0.6 m thick that widens into a distinct trough-shaped depression
near the west side of the exposure, where it is up to 2 m thick (Figure B-2). It
consists of massive silt with few areas of discernible convolute or planar laminae

and very few small pebbles.
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B.1.2 Interpretation

Unit 1 is interpreted as a fluvial deposit based on the well-sorted, stratified
sand with lenses of gravel indicating a scour-and-fill fluvial depositional
environment (Miall 1977, Ashley 1990). Gravel lenses are more abundant
towards the top of the unit 1 sands indicating an upwards increase in energy

through unit 1.

Unit 2 is interpreted as a fluvial deposit, deposited by southeastward flows
based on its texture, clast roundness, the planar cross-stratified, normally-graded
character of its beds, its fabric and the apparent dip of its beds (Miall 1977; Allen

1982).

Unit 3 is interpreted as a debris flow that originated on the western wall of
the Purcell Trench because of its texture, structure, lack of glacigenic surface
wear features on clasts, and fabric (Lowe 1982; Eyles et al. 1987). The bimodal
fabric suggests both extensional and compressional stresses during deposition
(a dominance of compressional stress recorded in fabric 1-3, B-2). The
abundance of rounded clasts suggests a possible remobilization of upslope
fluvial sediments. The texture of the gravel dikes intruded into unit 3 is similar to
that of the underlying gravel of unit 2; this indicates unit 2 dewatered following
deposition of unit 3 (cf. Rijsdijk et al. 1999). The gravel dikes are interpreted as
burst-out structures from hydrofracturing caused by excessive water pressure
within the underlying unit 2 gravel beds (Rijsdijk et al. 1999; Jolly & Lonergan

2002).
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The massive silt in unit 4 could record lake bed or eolian deposition. The
areas of bedded silts in unit 4 are typically well sorted, suggesting deposition via
suspension settling (Smith & Ashley 1985) and the presence of rare pebbles in
the unit also suggest lacustrine, rather than eolian, sedimentation. In this light,
and given its proximity to the land surface, unit 4 is interpreted as bioturbated (or
cryoturbated) lake bed sediment. Given the elevation of site 1 and its proximity
to other gLP lake bed sediment exposures (Figure 3-2, Figure B-1), unit 4 was
most likely deposited within gLP. The lenticular trough at the contact between
units 2/3 and 4 is interpreted as an erosional unconformity that was later filled

with gLP lacustrine sediment.

B.2 Site 54
B.2.1 Observations

Site 54 is located in the Slocan River valley (SRv) ~7 km upstream of the
Slocan/Kootenay River confluence at an elevation of ~513 m asl (~50 m above
the Slocan River and ~60 m above the Slocan/Kootenay confluence) (Figure 3-4,
Figure B-3a). The site exposes >5 m of fine-grained sediment, which is
characteristic of the sediment exposed in bluffs along the southern SRv (the
northern SRv was not explored during this study) (Figure B-3). The site was
investigated from a distance using binoculars because it is on private land and

the owners could not be contacted.

Exposed at site 54 are massive silt and cross-laminated fine sand
lithofacies (Fm and Sr, Table 4-1, Figure B-3b). The lithofacies are planar-
stratified and have sharp lower contacts. Type-A climbing ripples are present.
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B.2.2 Interpretation

The silt beds at site 54 indicate deposition from suspension settling in a
lake bed environment (Smith & Ashley 1985). The cross-laminated sands record

higher-energy turbidity flows onto the lake bed (Johnsen & Brennand 2006).

The location of the deposit (in the riser of an extensive silt bluff) suggests
that it is part of a lake bed bench that was deposited in a large SRv-occupying
lake. This was likely a glacial lake because its geomorphic and geographic
similarities to deposits in the Arrow Lakes basin (Fulton et al. 1989) suggest a
similar paleoenvironment. The name “glacial Lake Slocan” (gLS) is hereby
proposed to describe the putative water body once located in the SRv (and
potentially in part of the KRv). Whether or not the lake bed sediments recorded

at sites 46 and 47 were part of the same lake remains to be determined.
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Figure B-3: a) Hillshaded DEM (GeoBase®) showing the location of site 54 (white dot) and the

surrounding fine sediment bluffs (outlined with black lines). Refer to Figure 3-4 for location along
the KRv. b) 5 m thick exposure of fine sand and silt at site 54.
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B.3 History of the Columbia River valley

B.3.1 Site 49

B.3.1.1 Observations
Site 49 is located along the southern bank of the Columbia River ~4.4 km

upstream from its confluence with Kootenay River (Figure 3-4, Figure B-4a). The
site exposes ~33 m of sediment (~11 m of colluvium separates the unit 1
exposure from the unit 2 exposure) and reaches a maximum elevation of ~540 m
asl. The exposure forms a steep (near vertical) cliff near the top of a dry (not
stream-cut), arcuate scarp in the riser of a sloping (towards the Columbia River)
valley-wall bench (Figure B-4a; cf. Figure 5-38a). Below the exposure a long
(~0.3 km), steep (~20° - 30°) ramp of colluvium stretches to the Columbia River.
Access to the exposure was very limited and most of the observations were

gathered using binoculars.

Four lithostratigraphic units are exposed at site 49 (Figure B-4b). Unit 1 is
revealed only by small isolated exposures through the silty colluvium but appears
to be at least 3-6 m thick. It is composed of planar-laminated, rhythmically-
bedded silt and clay (FIl, Table 4-1). Unit 2 is at least 10 m thick (its lower contact
is covered by colluvium) (Figure B-4b), and is composed of massive diamicton
with dominantly subrounded to subangular clasts (49-2, Table 5-2) (small
pebbles to boulders) supported by a silty matrix (Dmm, Table 4-1) and including
small (~0.1-0.25 m wide, ~0.02 m thick) lenses of planar-laminated clay and silt
(FI, Table 4-1). A diamicton fabric from unit 2 reveals a bimodal distribution with
a principal eigenvector towards 219° and steep clast a-axis plunge angles (49-2,
Figure B-4c, Table 5-2). Unit 3 is ~10 m thick and has a sharp lower contact
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(Figure B-4b). Itis composed of planar-stratified sand (Sp, Table 4-1). The sand
appears well sorted and the beds appear tabular. Unit 4 is ~9 m thick and has a
sharp lower contact (Figure B-4b). It is composed of planar-stratified, rounded
large-pebble to cobble-sized gravel (Gp, Table 4-1) in a sandy matrix. Bed

geometry is tabular and lenticular.

B.3.1.2 Interpretation
Unit 1 is interpreted as a lake deposit because it contains well-sorted,

laminated silt and clay rhythmites (Smith & Ashley 1985). The textural variations
within it suggest diurnal or seasonal variations in the lake influx (Shaw et al.
1978; Smith & Ashley 1985; Johnsen & Brennand 2006). Unit 2 is interpreted as
a debris flow deposited into a lake because of its massive, matrix-supported
character, intra-unit silt and clay lenses and lack of glacigenic wear features on
pebbles (Eyles et al. 1987). The bimodal diamicton fabric with high plunge
angles records extensional stress (flow) to the northeast, into the Columbia River

basin, and more minor compressional stress.

The planar-stratified sand of unit 3 may record deposition from traction
transport in a river, on an alluvial fan, or from underflows on the lake bottom.
The well-rounded, tabular and lenticular gravel beds of unit 4 are consistent with

deposition in a braided river (Miall 1977; Miall & Jones 2003).
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The stratigraphic sequence of lacustrine sediments (unit 1) overlain by
debris flow deposits (unit 2) may be explained by a deglacial depositional
environment in which a glacial lake (previously identified by Fulton et al. (1989))
received debris flows off of steep glacially-conditioned valley walls. This lake
(called “glacial Lake Arrow” in this thesis) formed in the glacioisostatically-
depressed Columbia River valley north of Castlegar, BC and lake level was
controlled by the thick valley fill delivered at the convergence of the Columbia,
Kootenay, Slocan and Norns valleys (Fulton et al. 1989; 8§ 5.4.6). Lake level was
lowered through incision of the valley fill (Fulton et al. 1989) and likely from
decanting during glacioisostatic rebound (cf. Teller 2004). Progressive lake level
lowering resulted in the subaerial exposure of the valley floor and the
reestablishment of river flow (units 3 and 4). The Columbia River has now

incised through its floodplain, leaving a river terrace at site 49.

B.3.2 Site 51

B.3.2.1 Observations
Site 51 is located on the southern wall of the Columbia River valley ~1 km

east of the Hugh Keenleyside Dam at an elevation of ~507 m asl (Figure 3-4;
Figure B-5a). Two lithostratigraphic units are exposed by a small (~3 m high and
<15 m wide) roadcut at this site. Unit 1 is at least 3 m thick (lower contact not
exposed) and composed of planar-stratified and deformed silty sand beds (Sp,
Sd; Table 4-1) that range in thickness from <0.01 - ~0.05 m (Figure B-5c). The
unit fines upwards from coarse and medium sand with a few laminae of very fine

silty sand to laminated very fine silty sand (Figure B-5b). Deformation decreases
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upwards through the unit, low in the exposure the coarse sand is highly
convoluted with some dewatering structures and pillows of fine sand, whereas
higher in the unit the fine sand laminae are tilted but still planar. Some small
(<0.06 m long) coarse sand rip-up clasts are present within the fine sand laminae

(Figure B-5b).

Unit 2 is ~4 m thick and composed of massive, well-rounded, poorly-
sorted imbricated gravel (Gm, Table 4-1) (Figure B-5c). The gravel clasts range
in size from pebbles to cobbles and are clast supported in a coarse sand matrix
(Figure B-5c). A-b plane measurements of ten imbricated clasts reveal an

eastward paleoflow (Figure B-5a).

B.3.2.2 Interpretation
The planar-stratified, laminated and deformed silty sand of unit 1 likely

records sedimentation in a lake (Smith & Ashley 1985). The presence of a sand
rip-up clast suggests rapid transport and deposition of frozen sediment (Knight
2009). Convolute beds and ball-and-pillow structures indicate a loading-induced
dewatering associated with rapid sedimentation. The well rounded, imbricated

gravel of unit 2 records sedimentation on a river terrace by an east-flowing river.

The lithostratigraphy at site 51 is interpreted as lacustrine valley fill capped
by fluvial gravels. This lithostratigraphy is interpreted to record deposition in a
glacial lake (“glacial Lake Arrow”, Fulton et al. 1989) and deposition by the
Columbia River following lake drainage. The Columbia River has now incised

through its floodplain, leaving a river terrace at site 51.
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B.3.3 Columbia River valley summary

Sediment exposed at sites 49 and 51 records the postglacial history of the
Columbia River valley north of Castlegar, BC. The ponded water deposits lowest
in the stratigraphic record may record the southernmost extent of “glacial Lake
Arrow” (Fulton et al. 1989) and the imbricated gravel overlying the lacustrine
deposits likely records the flow of the Columbia River following “glacial Lake
Arrow” drainage past its sediment dam at the Kootenay-Columbia River

confluence (Fulton 1970; Fulton et al. 1989).
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Appendix C: Raw paleoflow data

C.1 Gravel fabric data

In the data tables below: 1) “a-b trend” is the down-dip direction of the
maximum dip of the a-b plane corrected for declination; 2) “a-b dip” is the
maximum dip of the a-b plane; 3) “a orient” is the orientation of the a-axis of the
clast with respect to the maximum dip of the a-b plane. Where p = parallel, t =
transverse and o = oblique; 4) clast axial dimensions (a, b, ¢) are in cm; and 5)
roundness is after Wentworth (1922), Wadell (1933) and Olsen (1983), where
WR = well rounded, R = rounded, SR = subrounded, SA = subangular, A =

angular, VA = very angular and (fr) indicates that the clast is fractured.
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24-1a

Clast #

A 0w

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

a-b
trend

82
77
311
66
21
96
70
64
186
71
25
60

342
74
78
66
70
34
70
25
65
23
71
355
62
152
41
341
349

a-b
plunge

20
34
27
24
23
31
32
32
30
33
43
10
22
35
41
50
39
40
46
41
50
28
24
44
27
15
28
49
31

17

A orient
(P, T,0)

0]

v O 4 o o 4 4+

v O -

o o 4 o 4 4 4 4 4 0o 4 4 0 o o 4 4 o H

A

4.8

2.9

3.1

3.9

3.8
3.5

4.9
4.9

3.6
4.5
5.9
4.3
3.4
7.8
10

8.7
4.4
6.7
5.5

5.6
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4.7
3.3
2.3
2.2
5.3
2.2
1.8
2.5
2.8
2.1
2.1
34
2.5
2.6

3.6
2.5
1.7
3.8

3.7
2.9
4.6
6.4
5.2
3.7
3.8
4.2
3.6
3.6

2.2

1.9
14
3.4
1.5
0.8

2.2
1.6
1.2
1.8
1.7
2.3
1.6
2.7

1.1
2.7
2.3
2.2
1.8
3.2

4.6

2.7

1.7

2.9

2.7

roundness

SA

SA
SR
SA
WR
WR
SR
SA
SR
SR
SR
WR

WR

SR

SR

SR

SR

WR
SR

SR



24-1b

Clast #

A 0w

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

a-b
trend

106
356
301
160
278
86
63
106
146
82
111
30
11
97
52
61
38
71
41
16
28
92
33
75
11
93
76
23

72

a-b
plunge

25
16
46
32
18
24
29
20
25
30
19
59
16
18
52
26
30
44
38
72
31
38
54
29
44
36
37
14
22

27

A orient
(P, T,0)

P

o 4+ 4 o o 4 o 4 o 4 4 O O O

T 4 o 4 o o o ™

- 0o 4 4 4 4 o

A

14

4.6

6.2
10.5
4.2

6.5

34
5.5
5.4
5.5
5.5
3.6
6.6
3.5
4.2
4.5

5.5

11

7.5
7.5
5.5
4.5
9.8
12
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10.5
4.6
3.5
4.1

4.9

3.2

2.2

3.8
2.5
34
2.6

3.9
24

3.4
2.7
2.7

4.5

3.5

6.5
7.8

8
2.2

2.5
3.5

1.7
2.6
2.1
2.5
1.6

1.3

3.4
1.6
1.2
1.2
2.5
3.2
3.7

3.2

3.3

3.8

roundness

WR
R
SR
SR

WR
SR

SR

SR
SR

SR

SR

WR

SR
WR

SR

WR
WR
WR
WR



24-1c

Clast #

A 0w

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

a-b
trend

93
89
373
372
51
62
45
96
83
76
89
77
74
106
22
52
31
72
86
75
81
126
110
84
115
370
62
71
18
34

a-b
plunge

40
31
56
20
20
36
28
60
13
20
18
21
14
35
16
21
45
56
45
33

22
30
40
45
21
20
26
39
29

A orient
(P, T,0)

© o 4+ o o wo 4 v o o »w o 4 w o O o o

o

o 4 4 o 4 o 4 O

A

14
6.6
6.7
10
5.4
10.5
8.4
4.1

10.5

5.2
4.5

7.5
5.4
6.8

14.2

10.5

5.4
9.3
6.9
5.5
9.5

9.5
9.5
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13.4
5.7
6.3
5.5

5.5

2.9
8.2
5.1
5.2
2.7

5.2
3.9

6.7
4.8
8.2

4.5

5.3
4.7
4.6
7.5
6.5
8.5
8.5

8.5
4.4
4.6
2.3
1.6
2.5
3.5

2.6

4.9
2.7
1.3

4.7
2.9
2.8

3.8

15
3.2
2.9
4.3
3.8
2.7

5.8

5.5
5.7

roundness

WR

SR

SA

WR
WR

WR

SR
WR
WR
SR

WR
SR

SR

SR
SR
WR
WR

SR
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24-1d

Clast # a-b a-b A orient A B C roundness
trend plunge (P, T, O)
1 51 18
2 102 27
3 116 12
4 78 28
31 82
6 26 39
7 60 44
8 53 14
9 28 44
10 15 20
11 50 46
12 77 42
13 21 39
14 8 45
15 51 53
16 68 22
17 38 38
18 40 36
19 27 45
20 101 46
21 66 43
22 56 40
23 31 46
24 56 32
25 104 38
26 340 23
27 18 51
28 24 60
29 11 19
30 60 45
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41-4

Clast #

A 0w

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

a-b
trend

44
177
48
188

60

172
116
96

204
149
196
346
191
30

166
96

298
115
171
167
151
341
271
162
301
191
241
165
316

a-b
plunge

19
18
21

33
10
32
20
21
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Clast #

A W N R
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360
338
354
288
356
266
312
90

22

353
330
22

356
358
117
338
92

368
368
337
321
168
306
257

a-b
trend

30
65
371
60

20
69
45
24
19
18

41

31
52
30
21
22
39
36
29
36
39

28
20
39
30
30

a-b
plunge

31
17
25
15

-4 4 4 4 4 4 4 0o 4 4 4 4 4 4 4 4 0 4 4 4 0 4 4 4 4+

a orient
(P, T,0)

P

p
0]
0]

11.7
8.7
3.9
43
4.2
4.4
3.5
5.4
4.7
8.7
5.8
13
2.9

5.6
3.7
3.6
3.5
5.4
6.9

4.9

5.4

3.7
3.1

7.5

4.2
5.8

244

7.8
5.5
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1.7
3.3
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10
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4.5
3.3
3.5
2.5
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4.6

2.4
3.3

4.4
0.9
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2.6
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3.2
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0.8
2.4
1.2
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1.3
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R

R

R
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R
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WR
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SR
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SR
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WR(FR)



O 00 N o un

11
12
13
14
15
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72
24
212
41
338
66
361
359
347
31
120
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25
271
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37
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3.6
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3.4
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59
3.4
4.7
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4.5
3.2
3.5
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4.8
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5.2
7.5
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4.5
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3.5
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3.5
34
2.6
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3.3

2.9

2.5
0.8

1.5
3.6
1.8
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2.8
2.4
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1.8
2.6
1.5

25

11
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4.8
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SR
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SR
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SA
SA
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C.2 Diamicton fabric data

In the data tables below: 1) “a trend” is the down-plunge direction of the a-
axis corrected for declination; 2) “a plunge” is the plunge of the a-axis; 3) clast
axial dimensions (a, b, ¢) are in cm.; 4) roundness is after Wentworth (1922),
Wadell (1933) and Olsen (1983), where WR = well rounded, R = rounded, SR =
subrounded, SA = subangular, A = angular, and VA = very angular; 5) “plucked
lee” records the direction in which the plucked lee was pointing (corrected for
declination); 6) “bullet nose” records the direction in which the bullet nose was
pointing (corrected for declination); 7) “keel” records the orientation of keels on
clast bottoms; and 8) “striae” records the orientation of the most recent striae on

the clast and whether they are present on the clast top (T), bottom (B) or side

(S).
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47-X

Clast a a A B C roundness  plucked bullet Keel striae
# trend plunge lee nose
1 233 37 5.4 4 2.5 SA

2 132 14 5.2 3 2.8 SA

3 141 48 5 3 2.7 SA

4 174 59 4 2.4 1.3 A

5 161 26 6.8 3.8 33 SA

6 199 24 8.5 6.3 4.7 A

7 231 7 3.8 3 2 SA

8 210 29 2.8 2 1.4

9 161 4 2.2 1.5 1

10 199 25 3.6 2.1 1.1 A

11 231 11 3.3 1.7 1.2 SA

12 210 10 8.9 7.5 3 A

13 161 34 6.9 5.5 3 SR

14 352 53 4.5 3.5 3.1 SA

15 344 5 4.8 2.8 1.7 A

16 81 68 3.2 4.5 1.3 SA

17 234 47 3 1.8 1.5 R

18 97 4 12.6 7.4 4 SA

19 191 10 3.8 3.3 2.2 SA

20 252 8 23 1.4 1.2 A

21 160 15 2.2 1.6 1 SA

22 161 11 4 2.2 2.2 A

23 328 13 5 2.6 1.6

24 190 36 2.5 2 1.4

25 151 15 4 2.8 1.9 A

26 146 30 5.5 3 23  SA

27 317 36 7.4 5.6 3 SA

28 221 26 3.5 2.4 1.2 SR

29 146 24 2.4 1.2 0.8 SA

30 331 36 5 35 2 A

41-

6a

Clast a a A B C roundness  plucked bullet Keel striae
# trend plunge lee nose
1 44 12
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2 148
3 336
4 194
5 157
6 212
7 271
8 182
9 189
10 206
11 326
12 3
13 322
14 352
15 151
16 254
17 154
18 19
19 167
20 220
21 256
22 173
23 186
24 196
25 46
26 68
27 316
28 230
29 111
30 352
41-

6b

Clast a

# trend
1 129
2 104
3 136
4 216
5 149

16
16

61

25

16
13

19

o w o

21
25

13
13

39
32
19
36

plunge

12
21
22

35

S128
151
347
roundness  plucked bullet Keel
lee nose

248

B
S135

B

striae

B105



6 88
7 170
8 166
9 194
10 131
11 351
12 149
13 74
14 188
15 263
16 41
17 138
18 7
19 196
20 186
21 141
22 19
23 6
24 157
25 288
26 20
27 47
28 160
29 157
30 144
19-2

Clast a

# trend
1 257
2 146
3 171
4 31
5 21
6 316
7 181
8 171
9 45
10 79

40
30
27
15

30

17
19

15
18
29

22
20

10

23
14

plunge
70

24
85

35
34
38
45
15

3.5

4.1

3.5
2.2
5.1
4.2
4.5

2.4
3.6
2.1
1.8
1.8
3.1
2.6
35

1.8
2.9
1.2

0.8

1.5
0.9
2.5
2.5

roundness

SR
SR
SR
SR
SA
SA
SA
SA
SR
SA
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TB252
T114
T25
T35B340
176 T140
$128
plucked bullet Keel striae
lee nose
T241
130
15
T110S137
S160



11 344

12 124
13

338
14 332
15 164
16 54
17 371
18 176
19 46
20 340
21 266
22 185
23 354
24 31
25 222
26 47
27 153
28 349
29 326
30 245
53-1
Clast a
# trend
1 7
2 341
3 54
4 340
5 246
6 16
7 31
8 10
9 50
10 23
11 261
12 235
13 196
14 15

15

17
13

13
17
24

12
20
13

30
11

18

plunge

24

27

33

20

18
14

16

19
3.7
12.5

6.8
3.6
3.2
2.9
6.8
2.8
3.4

3.7
3.3

w w

2.6

3.2
3.4
5.4
10.1

4.3

2.5
5.2
2.9
3.4

15
2.1
11.3

4.2
2.9
1.7
1.7
3.4

2.4

9.2
13
2.5

15
2.1
2.5
2.6
1.8

2.2
4.2

2.4
35

2.9
2.7
2.9
1.5

NN

0.7
13
5.5

15

0.7
2.7
1.6
2.4
2.1

0.8
1.6
1.6

0.8
11
11
0.8

1.2
2.9
1.5

1.8
3.3
14
0.9
11
0.7

2.5
0.7
1.3

SA
SR
SA

SR

SA
SA
SR

SA
R 161
A 195
WR
SA

SR
SA

roundness  plucked bullet Keel

lee nose

SA
SA
SA

SR
SA

SR
SR

SA
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B69
S116

T149S159B16
2

T146

B108T74

B199

B30

T125

T340
T30

T132
T46

striae

T226

T333B15
T350
T346B346

T6
T346



15 57

16 344
17 85
18 44
19 18
20 371
21 271
22 8
23 215
24 11
25 36
26 351
27 257
28 44
29 20
30 29
1-3

Clast a

# trend
1 84
2 71
3 124
4 33
5 348
6 71
7 121
8 81
9 146
10 56
11 334
12 113
13 132
14 111
15 16
16 140
17 114
18 47
19 226

29
34
59

23
14
14
11
27
18
30
31
21
44

21

plunge

42
36
15
12
11
62
25
15
30
14
59
21
26
23
44

13
32

3.1
2.7
2.6

2.7

3.5
3.2
2.4
2.5
3.8
2.6
2.2
4.8
5.6
3.2

4.9
3.6
3.7

3.6
2.7

3.2
2.8
3.9
3.5
6.7
8.8
3.9

3.7
4.3
2.5

2.4
1.9

15
1.7
3.4
2.5
2.4
1.7

1.8
2.1
2.3
13

3.9
2.5
2.9

5.7
1.9
1.9
2.8

1.8
1.5

5.8
8.1
2.5
2.5
2.4
2.4
1.3

1.3
1.2
14
13
11

1.6
1.2
0.9
0.8
0.8
0.9
0.3

1.7
0.5

1.7

2.6
1.8
2.7
1.8
1.2

1.9
0.8

2.5
3.6
4.6
15

1.6
15
11

SA

SR
SA

SA

SR

SA

SR

SR

SA

SA

SA

roundness

WR
WR
WR
WR

SR
WR

SA
WR

WR

WR
SR
SR
SR
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352
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121
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45
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15

60

26
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14
15
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24
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55
20
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14
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5.2
4.5
6.7
3.5
5.2
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4.5

2.5
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5.6
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3.5
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4.5
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2.7
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5.8

1.8
3.1
15
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1.9
4.5

2.2
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1.5
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5.4
3.7
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2.5
2.6
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2.8
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1.2
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144
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351
314
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204
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256
276
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304
276

18
332
366
191
359
208
300
316
333

20

24
20
10
19

10

11
15

29

46

plunge
15

24
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13
49
89
19
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28
15

14
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14
10
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7.5
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3.4
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4.1
3.3
3.3
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4.5
2.6
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4.6
4.7
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4.5
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23
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3.9
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25 20 40 4.6 32 23 WR

26 128 20 5.2 4 3 WR
27 164 29 5.6 45 28 WR
28 210 37 4 33 23 SA
29 336 44 3.6 24 22 WR
30 365 31 4.7 3.6 3 SA

C.3 Ripple drift data

In the data tables below: 1) “azimuth” is paleoflow direction inferred from
ripple cross-laminae; and 2) “angle of climb” is the angle of climb of the ripple set

in which the azimuth was measured.
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47-1a

TYPEB
Azimuth Angle of climb
34 36
35 37
30 15
28 25
35 31
41 46
59 38
71 33
31
46
68
85
59
40
35

47-1e

TYPE A

Azimuth Angle of climb
65 32
80 54
94 25
53 15
70

86

79

89

78

88

55

100
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92
85
60

46-1
TYPEA

Azimuth Angle of climb
90 15
98 17
105 21
114 19
101

115

110

108

94

121

126

125

115

97

80

21-1b
TYPEA

Azimuth Angle of climb
288 28

289 30

290 27

314

294

288

224

214

208
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213
210
202
230
221
207
208
220
238
222
218
205
200

41-1
TYPEA

Azimuth Angle of climb
160 7
246 15
224 8
205 11
204

225

150

186

181

164

160

140

169

172

221

41-6i
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TYPEA

Azimuth Angle of climb
162 2

192 15

170
210
162
189
178
178
185
182
184
178
190
180
182

6
6
7
8
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Appendix D: Clast sphericity

Clast sphericity charts were constructed for one sample used for gravel
fabric measurements and one sample used for diamicton fabric measurements.
These samples were taken from deposits with anomalously high numbers of
spherical clasts. The charts in this appendix display the sphericity of the
sampled clasts, which typically represent the least equant clasts in the deposit

(because spherical clasts cannot be used for gravel or diamicton fabric analysis).

19 A Sphere
09 - : (AB < 67%)
08 - e *

07 e, AT S0 SN

06 . @

05 -

B/A

04 -
03 -
0.2 -
01 -

C/B

Figure D-1: Sphericity of clasts measured for the 19-1c (Table 5-1) gravel fabric.
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0.1 - ;
Blade : Rod
0 T T L] ] T T . T L} T 1
0 01 02 03 04 05 06 07 08 09 1

C/B

Figure D-2: Sphericity of clasts measured for the 40-2 (Table 5-2) diamicton fabric.
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Appendix E: Uninterpreted GPR lines
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Appendix F: Well log data

Table F-1: Well log data used in the construction of the Columbia River-Kootenay River cross-
sectional profiles (lines X-X' and Y-Y’, Figure 5-38, Figure 5-39c, d). Tag numbers are
from the British Columbia Groundwater Association (Ministry of Environment).

Well Tag number Depth Geographic coordinates
(m)
A 16556 35 49°18'58"N 117°39'49"W
B 31358 52 49°18’40"N 117°38'59"W
C 36328 49 49°18’'39’N 117°38'57"W
D 19471 43 49°19'15"N 117°38’31"W
E 99659 68 49°19°15"N 117°3815"W
F 89102 21 49°19'03"W 117°38'07"W
G 88525 146 49°17°34"W 117°39'58"W
H 74637 59 49°17°35"W 117°39'14"W
I 18377 119 49°17°24"W 117°38'57"W
J 18372 106 49°17°16"W 117°38'56"W
K 57096 43 49°17°22°"W 117°38'23"W
L 40991 73 49°17°18"W 117°38'07"W
M 42102 18 49°17°20°W 117°37'37"W
N 5074 95 49°17°29°"W 117°37°21"W
O 98788 134 49°17°42"W 117°37'32"W
P 81562 50 49°17°'57"W 117°36’55"W
Q 20571 52 49°18'30"W 117°36'54"W
R 21002 50 49°18’'40°"W 117°36’49"W
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Appendix G: CD-ROM Data

The CD-ROM, attached, forms a part of this work.

The GIS data file can be opened with ESRI ArcGIS® 10.3 or later.
The stereogram data can be viewed as text in Microsoft Notepad®, or opened with Stereo32

software (Roeller 2008).

Fabric and paleoflow spreadsheets can be opened with Microsoft Excel® 2010 or later.

Data Files:

e GIS data

e Stereogram data

e Fabric and paleoflow spreadsheets
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