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University of Washington
Abstract

GLACIER DYNAMICS AND THE DEVELOPMENT OF GLACIAL LANDFORMS
IN THE EASTERN PUGET LOWLAND, WASHINGTON

by Derek Blake Booth

Chairperson of the Supervisory Committee: Professor Bernard Hallet
Department of Geological Sciences

In the Late Pleistocene, the Puget lobe of the Cordilleran ice
sheet covered the Puget lowland in western Washington to an average
depth of 1000 m in the Skykomish-Snoqualmie region and abutted
against the western front of the Cascade Range.

Reconstructions of the extent, altitude, and mass balance of the
Puget lobe lead to an estimate of its sliding velocity and basal
water flux. Lobe dimensions are inferred from ice Timits and flow-
direction indicators. An equilibrium-line altitude of 1220 m is
calculated for the maximum of the Vashon advance. Resultant average
sliding velocities range up to 600 m/a and average meltwater dis-
charges up to 2500 m3/s.

Deeply incised valleys in the eastern lowland reflect considera-
ble erosion primarily by subglacial meltwater. Many of these chan-
nels were continuously occupied by water, whereas a broad, submar -
ginal channel carried highly variable discharge as a result of episo-
dic, catastrophic drainage of ice-marginal lakes. The analysis of
subglacial water flow is expanded to include the effects of sliding

ice, providing a physical model for the development of subglacial



fluvial landforms.

Morainal embankments of glacial, fluvial, and lacustrine sedi-
ments fill the mouth of each aipine valley emerging into the east-
central lowland. They reflect subglacial sedimentation at and near
the grounding line of the Puget lobe adjacent to ice-dammed lakes.
Analysis of the physical behavior of ice and water, particularly by
detailed reconstruction of the hydraulic potentials, provides geo-
Togic insights regarding the location and internal composition of
these embankments.

Basal stress conditions control both depositional processes and
physical properties of subglacial sediments. Beneath rapidly sliding
ice, till, which averages 5-10 m in thickness in the Towland, can
accrete only by the accumulation of sediments released by basal
meltout. High pore pressures are expected under the glacier except
within a few km of the margin, irrespective of subglacial tunnels or
till properties. These pore pressures are responsibie for low till
strength and consequent deformation of subglacial sediments by moving
ice, and for overconsolidation values significantly less than the

maximum overburden.
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CHAPTER 1
GEOLOGY OF THE SKYKOMISH-SNOQUALMIE REGION

INTRODUCTION

This study of the surficial geology of the western half of the
Skykomish River 1:100,000 guadrangle (Figure 1.1) is part of a
larger geological investigation of the geology of the Wenatchee 2°
quadrangle in west-central Washington. This specific area expresses
well erosional and depositional processes of ice sheet glaciation,
particularly those unique to the ice-marginal areas. Basic geologic
data on the distribution and sequence of surficial deposits and the
processes that have led to their formation can be used to reconstruct
the dynamic behavior of past ice sheets, to elucidate further the Pleis-
tocene history in western Washington, and to inform planners and
engineers who must work with these deposits.

This study emphasizes the deposits associated with the most
recent invasion of ice from British Columbia, but discusses older
units as well. These older units inciude deposits of earlier glacial
advances, local alpine glacial deposits, and bedrock. The bedrock
geology of this area is discussed in greater detail by Tabor and
others (1982) in a companion map of the Skykomish River quadrangle.
Adjacent geological maps include the eastern half of the Skykomish
River 1:100,000 quadrangle (Tabor and others, 1982), the Snohomish
and Maltby 1:24,000 quadrangles to the west (Minard, 1980, 1981), the
Port Townsend 1:100,000 quadrangle to the northwest (Pessl and

others, 1983; Whetten and others, 1983), and the Snoqualmie Pass
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1:100,000 quadrangle to the south (Frizzell and others, in press).

FIELDWORK AND ACKNOWLEDGMENTS

Field work for this study was accomplished from spring 1981
through fall 1983. Additional field work included a preliminary
reconaissance of the lower Skykomish River valley by R. B. Waitt, Jr.
in 1978. S. A. Sandberg, F. Moser, and F. Beall were able field assis-
tants during the summer of 1981.

I would Tike to acknowledge the discussions and support of R. W.
Tabor, R. B. Waitt, Jr., Fred Pessl, Jdr., V. A. Frizzell, Jr., J. P.
Minard, and D. P. Dethier of the US Geological Survey; Gerald Thor-
sen of the Washington Department of Natural Resources; Robert Searing
of the U. S. Army Corps of Engineers; and consulting geologists W. T.
Laprade, Curtis Scott, M. E. Shaffer, and L. R. Lepp. J. C. Yount,
E. J. Helley, Fred Pess1, Jr., and R. W. Tabor provided critical

review and valuable suggestions on this chapter.

PREVIOUS WORK

Willis (1898) first described the Pleistocene stratigraphy and
glaciation in the Puget Sound region. Bretz's (1913) reconnaissance
emphasized the recessional lake history associated with the last
glaciation of the Towland. Cary and Carlston (1937) briefly de-
scribed a glaciofluvial delta that was built in the upstream direc-
tion across the South Fork Skykomish River. They first noted
that alpine ice from the Cascades probably did not merge with the

large ice sheet occupying the lowland. Mackin (1941) investigated in



detail the character of deposits and drainage along the ice margin
abutting the Cascade range front, and reconstructed some of the local
details of ice recession and drainage derangement. Maps of various
aspects of the surficial geology and covering parts of the study

area include: Newcomb (1952) on grcundwater resources, Liesch and
others (1963) and Livingston (1971) as part of regional geologic
compilations, Anderson (1965) and Knoll (1967) with particular empha-
sis on the recessional glacial history, Williams (1971) on the extent
of glaciers in the Middle Fork Snogualmie River, and Snyder

and Wade (1972) on soils of the National Forest lands (Figure 1.2).
Thorson (1980, 1981) expanded on the early work of Bretz to delineate
a more detailed sequence of local and regional lakes during recession
of the last ice sheet. He then used this information to infer

amounts and rates of isostatic rebound following deglaciation.
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PRE-PLEISTOCENE GEOLOGY
HISTORY

Bedrock in the area of this report consists predominantly of
Mesozoic marine metasedimentary and metaigneous rocks, overiain by
lower and middle Tertiary volcanic and sedimentary rocks, and in-
truded by middle Tertiary batholiths. The Mesozoic metamorphic rocks
underlie much of the terrain west of the Cascade range front, both
north and locally south of the Skykomish River. On the basis of
.ithologic variation and intense deformation, Tabor and others (1982)
interpret the Mesozoic rocks to be a melange. By early Tertiary time
the melange had been uplifted and eroded; it was subsequently covered
by volcanic flows, pyroclastic deposits, and sedimentary rocks. Con-
current in part with this volcanic activity, tonalite and granodio-
rite intruded the region, forming coalescing batholiths that now
underlie the western ridges of the Cascade mountains. Smaller intru-
sions crop out as isolated bodies scattered up to 6 km (4 mi) west of
the roughly NS-trending contact between the main batholiths and
country rock.

Folding has warped the volcanic rocks in the western part of the
quadrangle into a broad west-plunging syncline. On the northern limb
of this fold, erosion has stripped away any overlying volcanic rocks,
exposing a wide region of the melange rocks covered discontinuously
only by glacial drift. In the northwestern corner of the quadrangle,
middle and upper Tertiary fluvial sedimentary rocks are exposed and

probably overlie this eroded melange surface.



BEDROCK
Melange
Mesozoic melange consists of a pervasively sheared matrix of

mostly argillite containing outcrop- to mountain-sized phacoids of
sandstone, greenstone, amphibolite, metagabbro, meta-andesite, chert,
marble, and metatonalite. Towards the east, the melange grades into
phyllite, with well-developed foliation commonly parallel to bedding.
Landforms in the Wallace Lake/Mount Stickney area that are developed
on the phyllite show strong asymmetry and orientation parallel to
this foliation. Variability in erosional resistance between com-
ponents of the melange leads to numerous other instances of struc-
tural control of young landforms. A particularly good example is the
enormous etched-out block of metagabbro comprising the bulk of Mount

Si.

Volcanic and Sedimentary Rocks

Andesite, andesitic breccia and tuff, and minor basalt and
rhyolite flows and tuffs overliie much of the melange in the area
between thé Skykomish and Middle Fork of the Snoqualmie Rivers.
Southwest of the Snoqualmie River, more abundant sandstone, silt-
stone, and conglomerate crop out, along with less common volcanic
flows and breccias. The northern volcanic rocks are part of the
volcanic rocks cf Mount Persis unit (Tabor and others, 1982), dated
at about 38 m.yr., and include minor interbeds of volcanic sandstone

and siltstone in the upper part of the section, exposed in the wes-



tern portion of the map area. The sedimentary and volcanic rocks to
the south correlate with the Puget Group and are about the same age
as the Mount Persis unit. The volcanic rocks are generally more
resistant to erosion and often form prominent ridges and bluffs,
especially well-expressed in the Lake Elsie/ Elwell Creek area 5 km

south of Sultan.

Intrusive Rocks

The Oligocene Index batholith and the Miocene Snoqualmie batho-
1ith constitute the bulk of Tertiary intrusions in this area. Other
jsolated bodies are present at the head of Youngs Creek, and control
the pronounced topographic form of Fuller Mountain northwest of Mount
Si. Intrusive rocks north of Spada Lake include the southern portion
of the distinctively coarse-grained granodiorite of Bald Mountain of

unknown but possibly late Cretaceous or early Tertiary age.

Sedimentary Rocks

Lithologies in this unit range from moderately to deeply weath-
ered sandy pebble conglomerate to very-fine-grained sandstone. Coar-
ser beds contain a high percentage of quartzose pebbles; finer beds
contain considerable mica and lignite. Deeply weathered exposures
usually can be distinguished from old glacial outwash by manganese
staining on joint planes, nearly monolithologic conglomerate clasts,
and the presence of organic matter. However, isolated exposures can
be ambiguous, and have occasionally been identified as early Vashon

lake deposits (e.g., Newcomb, 1952). More extensive exposures west of



the map area are considered by Minard (1981) to be Oligocene in age
and lithologically similar to the Blakely Formation (Weaver, 1912).
To the northwest, similar rocks are described by Danner (1957) as the

Riverside Formation and assigned an Oligocene age based on fossils.
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PLEISTOCENE DEPOSITS
REGIONAL SETTING

The Puget Sound lowland extends as a structural and topographic
basin between the Olympic Mountains on the west and the Cascade Range
on the east. Less pronounced uplands define its southern boundary,
and it extends northward into southern British Columbia to merge with
the Fraser Lowland and the Strait of Georgia. The basin's persis-
tence through time is shown by the great thickness of upper Tertiary
and Pleistocene sediments that fill it (Glover, 1936; Weaver, 1937;
Mullineaux, 1970; Hall and Othberg, 1974). Fault-bounded crustal
blocks beneath the sediments may be responsible for the basin (Danes
and others, 1965; Stuart, 1961; Gower, 1978, Thorson, 1981).

Glacier ice originating in the mountains of British Columbia has
invaded the Puget Lowland at least several times, leaving a discon-
tinuous record of early (?) to late Pleistocene glacial periods
(Crandell and others, 1958; Armstrong and others, 1965; Easterbrook
and others, 1967). This ice was part of the Cordilleran ice sheet of
northwestern North America that advanced into the Lowland, referred
to as the "Puget lobe" by many authors since Bretz (1913). The
extent of this lobe was limited by the net flux of ice from British
Columbia, ablation in the Lowland, and the mountains bordering the
Lowland itself.

These mountains were local sources of glaciers as well. Suf-
ficient periodic cooling coupled with the relative proximity of

marine moisture generated multiple advances of Olympic and Cascade
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alpine glaciers (Crandell and Miller, 1974; Porter, 1976), whose
comparatively feeble modern replacements still cling to the slopes of
the highest peaks and ridges. During the last glaciation, the Puget
lobe, at its maximum stand, probably did not coalesce with aipine ice
originating in the Cascades. Speculation on the cause of this Tack
of synchrony has focused on the shadowing effect of a continental ice
sheet on east-trending storm tracks, starving the Cascade glaciers
and forcing their retreat.

In the region of this report, postglacial modification has been
dominated by the reestablishment of the major drainages from their
alpine headwaters into Puget Sound, across the deranged glaciated
lowlands. The advances of thick, active ice-sheet lobes forced
initial rerouting of these rivers from their preglacial lowland paths
into more easterly, south-trending valleys. This diversion often
became permanent even after deglaciation, as suggested in this quad-
rangle by the probable southern diversions of the North Fork of the
Snoqualmie River or further soutl by the present course of the Cedar
River (Mackin, 1941). Subsequent fluvial activity has reexcavated
valleys filled with glacial and lacustrine sediments and reestab-
lished valley-width floodplains graded with respect to modern river

and sea level elevation.

SEDIMENTARY PROVENANCES
Sediment transported by the Cordilleran ice sheet consists of a
wide range of lithologies, as debris was derived both from northern

alpine valleys of the Cascades and the mountains of southwestern
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British Columbia, Canada. Exotic sediment commonly ranges from 5 to
15 percent. Both Crandell (1963, p. 14) and Dethier and others
(1981) report similar percentages of foreign sediment, particularly
clasts of high grade metamorphic rocks, incorporated into Puget lobe
ti11 southwest and northwest of the study area. The remaining clasts
are dominated by local upglacier lithologies. Because of the predomi-
nance of tonalite and granodiorite in most of the alpine valleys of
this quadrangle, the percentage of clasts of these lithologies is
often sufficient to distinguish the source of till deposited within a
valley. For example, nearly adjacent exposures of inferred ice sheet
and alpine till along the northeastern shore of Calligan Lake contain

15% and 80% of granitic clasts, respectively.

REGIONAL STRATIGRAPHY

Previous workers in the Puget Lowland developed a formal Pleis-
tocene stratigraphic nomenclature for both alpine and Cordilleran
glacial and non-glacial deposits (Table 1.1). The youngest (Fraser)
Glaciation (Armstrong and others, 1965) includes the Evans Creek
Stade, dur%ng which alpine glaciers in the Cascades reachec their
maximum extent, and the subsequent Vashon Stade, inferred from the
Puget-lobe advance. Limiting dates on the Vashon advance in the
Seattle area include a maximum limiting age for the till of this ice
lobe of 15,100 +/- 600 l4¢ years B.P. (W-1305) (Mullineaux and others
1965), and minimum date of 13,650 +/- 550 l4c years B.P. (L-346)

(Rigg and Gould, 1957). The ages of earlier glaciations are much
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more poorly constrained, and have been vigorously debafed as well
(Stuiver and others, 1978; Easterbrook and others, 1981). Because
the current terminology is unsettled, I make no attempt in this
report to correlate pre-Vashon ice-sheet deposits with established
stratigraphic nomenclature. Such usage in prior local studies has
complicated attempts at correlation across the Lowland based on
physical parameters, such as weathering characteristics and relative
geographic extent, and may require extensive renaming as absolute

ages are subsequently obtained.
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DESCRIPTION OF SURFICIAL DEPOSITS (FIGURE 1.3)

Glacial and non-giacial sedimentary deposits of pre-Fraser
Glaciation age (Pleistocene)

Throughout this quadrangle, only scattered exposures of pre-
Fraser deposits exist. Commonly, younger drift is found directly
overlying bedrock. This contrasts to the greater prevalence of older
deposits preserved in other glaciated terrains also occupied by Late
Wisconsin ice sheets (e.g., more central areas of the Puget Lowland
and the Great Plains of the mid-continent). There is also 11;t]e
evidence of removal or redeposition of pre-Fraser sediments by the
younger ice sheet. Their scarcity in this study area therefore
suggests that most have been eroded away in the interglacial inter-
val(s) prior to the most recent Cordilleran ice advance. This con-
clusion was also reached by Coates and Kirkland (1974) in the Appala-
chian Plateau, where Late-Glacial deposits of the Laurentide ice

sheet also directly overlie bedrock.

Description and Weathering Characteristics
Older drifts are distinguished by greater weathering than
Vashon-age deposits. In outcrop they are generally oxidized the full
depth of the exposure (i.e. greater than 1-10 m), either a mottled
gray and orange, or a more uniform orange-brown. In less- weathered
deposits included in this unit, clasts stand out from the face of an
exposure and evidence of clay translocation is visible in the matrix.
Weathering rinds are seen on most clasts, and measure 1 to 3 mm on

fine-grained volcanics. Granitic clasts are often completely grussi-
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fied, although some show only minimal decomposition.

In more intensely weathered exposures, clasts are generally
flush with the surface of the exposure and can be easily cut with a
shovel. This degree of weathering often makes lithologic identifica-
tion of the clasts uncertain. These deposits are largely clay and so
are usually quite unstable on steep natural or artificial slopes.

Within these deposits are found both matrix-supported diamictons
and bedded clast-supported fluvial gravels and sands. Clast litholo-
gies, where identifiable, usually imply deposition by Puget-lobe ice
(of pre-Vashon age). The wide range of weathering intensity observed
in these deposits suggests sediment was derived from two or more pre-
Fraser glacial and/or interglacial periods, despite likely variations

between local weathering environment.

Distribution

Older drift is generally found above the maximum altitude of
Vashon ice, or beneath Vashon-age deposits where stream incision has
exposed it. Above the Vashon ice limit older drift of northern
provenance_is discontinuously exposed, never more than 50 m (160 ft)
above the inferred 1imit of the younger ice sheet. O0lder alpine
drift occurs both below and well above this level, and is discussed
in a later section.

Below the Vashon ice 1imit, the best and most extensive expo-
sures of pre-Fraser sediments are found in the South Fork and main
branch of the Tolt River, where incised meanders and landslide scars

expose over 100 m (330 ft) of older drift beneath Vashon deposits.
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Although these exposures predominantly dispiay weathered ice-sheet
till, locally derived sand, gravel, and minor silt is exposed 1.04 km
(0.65 mi) downstream from the Tolt regulating basin, lying above a
weathered diamicton and directly below Vashon till. Clast litholo-
gies in this fluvial deposit are consistent with a local source area.
Wood in the lower part of this section is 25,600 +/-320 years old
(USGS-1625).

Transitional Beds

Along the lower reaches of the Skykomish and Snoqua]mie Rivers,
lacustrine sediments are exposed below Vashon till. In this area and
to the west (Minard, 1980, 1981) these deposits rarely exceed 60 m
(200 ft) altitude. The sediments are firm gray silty clay and clay
with little or no oxidation coloration. They are horizontally lami-
nated except where loading has produced dipping or contorted bedding.
The sediments are both impermeable and quite unstable, giving rise to
numerous slope failures particularly along the north side of U. S.
Highway 2 east of Monroe. These deposits correlate with portions of
the Admiralty Clay of Newconb (1952), and the Pilchuck Clay Member
and Lawton Clay Member of the Vashon Drift (Newcomb, 1952; Mullineaux
and others, 1965), which have been described as lakebottom sediments
deposited in standing water ponded by the advancing Vashon ice sheet.
Following Minard (1980, 1981) I map these sediments as transitional
beds. They span a period of sedimentation prior to and including the

early advance of the Vashon ice sheet. The base of this unit is not
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exposed in this area, but the top is clearly marked either by the

sand and gravel of the advance outwash or by lodgement till.

GLACIAL DEPOSITS

Deposits of the Vashon Stade of the Fraser Glaciation
of Armstrong and others (1965)

Most Pleistocene deposits exposed in the quadrangle were
directly or indirectly derived from the Puget lobe of the Cordilleran
Ice Sheet about 15,000-13,500 years ago. The lowermost sediments are
lacustrine and fluvial, deposited beyond the edge of the advancing
ice. Much of these original deposits were removed by the ice or
covered by till, which was subsequently incised and partially covered

by meltwater and recessional outwash deposits.

Advance Outwash Deposits

Description

Sand and gravel deposited by proglacial meltwater from the
advancing glacier are exposed discontinuously beneath Vashon till.
The sand is commonly cross-bedded and tends to grade upward into more
gravelly layers. In most exposures the sediments are almost com-
pletely unoxidized and, where undisturbed, are almost always compact.
The base of this unit is marked by the first appearance of sand above
the silt and clay of the transitional beds. This contact may be
gradational, representing continuous sedimentation throughout the ice
sheet advance. In most exposures the unit is overlain by lodgement
ti11l. The contact between outwash and till is locally transitional

over as much as a meter, but usually this boundary is rather abrupt
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over less than a few centimeters.

The advance outwash is highly variable in thickness and is
completely exposed in only a few areas. Maximum observed thickness
occurs west of Duvall, on the west side of the Snoqualmie River,
where over 100 m (330 ft) of sand and gravel with deltaic foreset
beds is exposed between capping lodgement till and river level. A
nearby diapir of pebbly silty clay, apparently forced up into the
sand from below, suggests the close proximity of the base of the
advance outwash. East of Monroe, advance outwash is present only as
a discontinuous, contorted stratum between Vashon till and transi-
tional beds, never exceeding a meter in thickness.

Engineering Properties

Where exposed or otherwise inferred to underlie younger
deposits, advance outwash is a promising source of relatively shallow
groundwater. Newcomb (1952) reports recharge, permeability, and
water quality as quite good. However, because this potential aquifer
is frequently isolated from contamination by only a thin blanket of
ti1l, care must be taken in construction projects not to penetrate
this cover. Advance outwash deposits stand on moderate siopes with
only minor ravelling. They are a good source of clean sand, although
their high degree of consolidation and limited extent have apparently

discouraged major exploitation in this quadrangle.
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Till

Description

Vashon till is mainly a compact, unoxidized diamicton with a
silty sand matrix and with sub- to well-rounded clasts composing
approximately 20% of the deposit. The deposit can range from a thin
layer of less than a meter thick to several tens of meters thick. In
some exposures the till appears to have two distinct facies: the
lower is firm and unoxidized with a fine-grained matrix, whereas the
upper is looser, sandier, and commonly lightly oxidized. Although in
most Tocalities the upper layer is probably weathered till, original-
ly identical to the lower, in some exposures this top layer is more
likely melt-out or ablation till consisting of debris released by
the melting ice during deglaciation. In these areas it commonly
grades into more distinctly water-worked recessional stratified
drift, which in turn is found as a discontinuous cover over much of

the areas of mapped till.

Lithology

Clasts in Vashon till are dominated by the bedrock Tithology
present immediately upglacier from it. Observations in
many exposures suggest that most clasts in the Todgement till were
transported only a few kilometers. There are, however, almost always
a few exotic clasts whose presence distinguishes ice-sheet deposits
from their alpine counterparts. Till clasts found along the South
Fork of the Skykomish River, above the North Fork of the Tolt River

upstream of Dry Creek, along the south shore of the Tolt Reservoir,
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and near the eastern end of Calligan Lake are exotic to the basins
themselves, and so reveal former tongues or bergs of Puget lobe ice

that moved up each of these drainages.

Weathering

In most exposures Vashon till is only very slightly weathered.
Weathering rinds on fine-grained volcanic clasts are much less than a
millimeter thick. Gxidation , if present, extends less than a meter
into the deposit, and significant clay translocation is not evident.
Only a few granitic clasts are highly decomposed, which can be quite
variable even within a single outcrop. Detailed studies of the
weathering of Vashon till by Peter Lea (written communication, 1982),
Colman and Pierce (1981), and Carson (1970) show mean weathering rind
thicknesses from the southern Puget lowland of 0.5 mm or less (on
fine grained volcanic clasts), typical oxidation depths of 0.5 m, and

no significant alteration of matrix.

Distribution and Topographic Expression

Vashon till mantles most of the rolling uplands above the Skyko-
mish and Snoqualmie River valleys. Recessional deposits are largely
confined to channels through this topography and do not obscure it.
However, scattered exposures of pre-Vashon deposits and bedrock indi-
cate that Vashon till largely blanketed a pre-existing topography
that was not greatly altered by the passage of the ice. Till is
significantly thinner on the upglacier side of hilis that have at

least a few tens of meters of relief than on their downglacier side,
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such as around Lake Roesinger, Forest Glade, and Lake Chaplain (all

north of the Skykomish River); along the south side of the Skykomish
River; and southeast of Cherry Valley. Mullineaux (1970, p. 44-45)

and an analysis by Nancy Brown (written communication, 1983) of well
data recorded in Liesch and others (1963) show a similar pattern of

ti11 deposition to the south and west of this quadrangle.

The till surface is marked by numerous linear depressions and
elongate ridges that define consistent ice-flow directions over much
of the area. These linear features also align well with striations
on bedrock, and, in two locaiities, with proncunced till fabric. The
depressions are generally a few meters deep, approximately 10 m wide,
and traverse the countryside for up to several kilometers. They are
often poorly drained, and the vegetation that thrives in this boggy
environment highlights these features on aerial photographs. Wider
depressions are well-expressed by the orientation of Storm and Flow-
ing Lakes, Lake Margaret, and Lake Alice. Elongate ridges may be
composed either wholly of till or bedrock, or a mantling of till over
bedrock.

Towards the margin of the former ice sheet, patchy till expo-
sures give way to a scattering of rounded pebbles that thins upslope,
commonly through a rise in altitude of 30 m (100 ft). Benches,
changes in slope, and infrequent moraines also define the most proba-

ble ice 1imit of the Vashon ice sheet.
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Intra-Till Stratified Sediments

In some exposures, Vashon till is composed of tough, compact
crudely to well-bedded clast-supported deposits with extremely varia-
ble proporticns of silty matrix. Such deposits commonly lie close to
more characteristic lodgement till. The sedimentary materials include
sorted sand or gravel interstratified with diamicton, commonly in
geographic or stratigraphic locations far from plausible long-term
ice hargins. They are therefore probably not flowtills associated
with subaerial ice-contact environments. I interpret these deposits
to be subglacial fluvial sediments, representing either the reworking
of recently deposited basal till or the sediment actively transported
in subglacial or englacial passageways. Similar material is des-
cribed and similarly interpreted by Eyles and others (1982) as part
of their "lodgement till complex." Examples can be seen in the
Monroe-Sultan area on the south side of the Skykomish River, along
the lower reaches of Proctor Creek (W. T. Laprade, oral commun.,

1982), and along some of the upland channels east of Lake oy.

Engineering Properties

Vashon till is the "hardpan" of local expereience and terminolo-
gy- It drains poorly, has a low permeability (10-6 cm/s; Olmstead,
1969), is relatively stable on moderate slopes where not immediately
underlain by less-competent deposits, and has good undisturbed bear-
ing strength for roads and foundations. Since it is generally thin,
however, the ground stability in the proximity of long steep slopes

merely capped by till will often be more dependent upon the under-
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lying geologic material. Management of the runoff from the nearly
impervious till surface then becomes critical in maintaining that

stability (Tubbs, 1974).

Waterlain Ice-Contact Deposits

Depositional Environments

Continual melting of ice at a glacier's surface, coupled with
the fiow of new ice and entrained debris out to its edges, provides a
steady flux of both sediment and meitwater to the ice margin. The
morphology of the sediments deposited in this environment will depend
largely on the topography and drainage system adjacent to the ice
margin (Flint, 1971). Where an ice tongue extends up a river valley
or completely blocks its mouth, sediment will aggrade into that
valley, grading from typical ice-contact deposits into a fluvial or
lacustrine deposit indistinguishable from those derived from non-ice-
contact sources. These multiple deposits are, however, contempora-
neous and so are mapped as the same time-stratigraphic unit, or

morphosequence (Koteff and Pessl, 198l).

Distribution
Waterlain ice-contact deposits occur along the maximum or near-
maximum position of the former ice sheet, and along the eastern wall
of the Snoqualimie River valley where a tongue of ice must have per-
sisted during deglaciation. Additional smaller deposits are present

where active ice tongues were stable for long enough for debris to
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accumulate. The best example is in the Bengston Lake area north of
the North Fork of the Tolt River, where two nested moraines that loop
across the upland plain mark the location of a near-maximum reces-
sional stand.

Great embankments of ice-contact deposits fill the mouths of
west-draining alpine valleys along the former margin of the Vashon
ice sheet. Clast lithologies and occasional foreset beds indicate
that these sediments originated outside the local drainage basins and
were deposited by ice and water flowing upvailey. Almost all of the
major alpine valleys (Suitan, Olney, Wallace, Skykomish, Proctor,
South Fork of the Toit, North Fork of the Snoqualmie, Calligan, and
Hancock) are partially or completely blocked by such an embankment.
The valley mouth of the North Fork of the Tolt River is also choked
by Vashon-age deposits, but here the exposed material is exclusively
well-sorted fluvial sand and gravel and so is discussed in the sec-

tion on recessional history.

Sedimentary and Morphological Characteristics

These deposits show wide variation in both sedimentary character
and morphology. They are comprised predominantly of fluvial gravel
and sand, commonly with local foreset bedding. However, lenses and
thick layers of fiowtill and probable lodgement till are also found
in many exposures, particularly in the morainal embankments. Till
lenses are exposed in the creek cuts of the Hancock and Calligan Lake

outlets, and are the primary sediment encountered in test borings
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through the embankment just west of Spada Lake (Converse Ward Davis
Dixon, unpublished) and north of the Tolt dam (Shannon and Wilson,
unpublished). Roadcuts along the eastern, distal slope of the South
Fork of the Tolt River embankment, just north of the dam, also expose
ti1l up to at least 560 m (1840 ft) altitude. Excavations through
the middle of this embankment reveal a thin layer (1-2 m) of dis-
tinctly fluvial sediment overlying 50 m (160 ft) of moderately con-
solidated, crudely bedded, unoxidized, matrix-rich gravel and sandy
silt and clay. The deposit is locally clast-supported along sub-
horizontal Tayers. The overall texture is similar to Todgement till
exposed throughout the area but includes a greater amount of clay in
the matrix. The origin of a similar deposit has been debated by
Evenson and others (1977), who infer subaqueous flowtill that moved
off the glacier terminus, and Gibbard (1980) who favors subglacial
meltout till beneath a floating ice tongue. Further description of
glacial sedimentation into lacustrine environments (Eyles and Eyles,
1983) that apply closely to this locality suggest that subglacial
meltout is the source of this deposit. A more complete discussion of

these embankments is given in Chapter 4.

Engineering Properties

The multiple modes of deposition of these 1ce-confact sediments
yield deposits whose engineering properties vary over short dis-
tances. Moderately well-sorted fluvial gravel and sand may be expec-
ted where deposited far from former ice margins, and show many of the

engineering properties of recessional outwash. Deposits proximal to
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the ice-contact surface, however, often show abrupt and unpredictable
grain-size variations. Boulders in excess of a meter in diameter are
common. Till lenses and larger masses may also be encountered. The
two major reservoirs in the area demonstrate the relative imperme-
ability of the morainal embankments behind which they are impounded,
but detailed subsurface exploration of each has demonstrated their
variability as well (Shannon and Wilson, unpublished; Converse Ward

Davis Dixon, unpublished).

Recessional Qutwash Deposits

Description

Sediment deposited by meltwater during ice retreat mantles much
of the terrain. It ranges in thickness from less than a meter to
more than 100 m (330 ft) in large deltas, such as those along the
east side of the Snoqualmie valley. Characteristically the sediment
is an interbedded mixture of sand and sub-rounded to well-rounded
gravel with clasts up to 30 cm in diameter. A light orange oxidation
color over otherwise fresh clasts is present through the full depth
of exposure. Except where cemented by local iron oxide, the sedi-
ments are easily excavated with a shovel. Clast lithologies are
characteristic of the Vashon Drift as a whole; although they consist
mainly of iccal types, they generally have an exotic component as
well. Fining upward, plausibly reflecting retreat of the ice margin,
is uncommon. Neither cross-bedding nor very fine grained sand and

silt are as common in these fluvial recessional deposits as they are
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in fluvial deposits of the advance outwash.

Maximum and mean grain sizes vary considerably between expo-
sures. Although the largest clasts typically reach 30 cm, extremely
coarse boulders (2-3 m diameter) crop out just north of the North
Fork of the Tolt River, south of Winter Lake; and along Youngs Creek,
4 km (2.5 mi) above its confluence with Elwell Creek south of Sultan.

Lake sediments deposited during ice recession are generally silt
to very fine sand, often thiniy laminated . Rare dropstones are
present in many exposures. In the North Fork Snoquaimie River
valley, lacustrine sedimentary deposits are distinctly coarser than
in the other alpine valleys. Medium-grained sand is common here and
silt is uncommon, suggesting a rapidly aggrading valley in which

deposition kept pace with a rising base level.

Distribution

The greatest volumes of recessional outwash sand and gravel are
present as deltas built into a recessional lake formed in the Sno-
qualmie River valiey. The deposits are present at the mouths of
streams that drain the uplands to the east, and whose valleys pro-
vided routes for meltwater released at the retreating ice margin. The
Tolt River valley displays well the downstream transition from a
kettled outwash plain through a series of channelized gravels and
sands to a corresponding series of deltas built into the Snoqualmie
valley. A similar system of deltas just north of Monroe shows the
influence of falling lake levels in the Skykomish River valley and

the successive activity of several ineltwater channels from the north.
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Marginal Lacustrine Deposits

The Vashon ice sheet impounded lakes in many of the alpine
valleys. The maximum elevation of the resulting lake deposits,
commonly well-corellated with elevations of corresponding morainal
embankments, and the paucity of ice-rafted pebbles suggest that these
embankments dammed the valleys well into the postglacial period.
Exposures of Vashon till below lake sediments in the Sultan Basin,
the South Fork Skykomish River valley, the South Fork Tolt River
valiey, and above the northeast shore of Lake Calligan confirm that
portions of these lacustrine deposits are recessional. Advancing and
receding ice, however, would both have been equally effective in
damming these valleys as long as the ice at their mouths was suf-

ficiently thick (Chapter 4).

Engineering Properties

Recessional outwash provides most of the sand and gravel used
for construction, which according to Livingston (1971) is the most
valuable mineral resource of western Washington. In the Snoqualmie
and Skykomish River valleys, most of the large deltas, and many of
the smaller ones, are actively mined. Grain sizes commonly range
from medium sand to 20 cm cobbles. Fines are rare in the main body of
the deltas. Upstream channel deposits, however, can be far more
variable in grain size. Many of these channel deposits are merely
veneers over subglacially-deposited material, rendering commercial

evaluation difficult.
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Permeability is high, stability is good, and settlement should
be negligible. Areas underlain by thick accumulations of recessional
outwash should be well-drained, but because the deposit is commonly
underlain by lodgement till or impermeable bedrock, perched ground-
water is possible. Shallow wells in recessional outwash are prone to
seasonal fluctuations and contamination. Nevertheless, it is an
important groundwater source throughout the area (Newcomb, 1952).

In contrast, recessional lacustrine deposits are both weak and
impermeable. Poor surface drainage, together with low slope stabili-
ty and bearing strength, make such areas particularly ill-suited for

most types of development.

Alpine Drifts and Related Deposits

Older Alpine Drift, undifferentiated

Deposits above the limit of Vashon ice on the interfluves be-
tween west-draining alpine valleys, particularly south of the North
Fork of the Tolt River, were left by Cascade glaciers. They form
low-relief surfaces above about 1000 m (3300 ft). Weathering rinds
on fine-grained clasts range from 1 to 8 mm thick, and most granitic
clasts are decomposed to grus. Oxidation is variable, but it is
always more intense than in either ice-sheet or alpine deposits of
the last glaciation. C(last lithologies usually specify an alpine
source, with granitics common even in those deposits found far west

of any granitic bedrock.
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Alpine drift of Mt. Stickney

West of Mt. Stickney, till and stratified drift mantie the
bedrock ridges, forming a broad, gently sloping surface with a pro-
nounced morainal crest. The 1ithology of the drift, 80 to 90%
granitic clasts, indicate transport by alpine ice from granite source
areas east of Mt. Stickney. This drift is largely above the limit of
Puget-lobe ice, although locally above Wallace Lake some has been
reworked by the Vashon-age ice sheet. Modern U-shaped alpine valley
floors, cut hundreds of meters into the upland surface, were occupied
by younger valley glaciers. Thus the glacier responsible for this
deposit must have formed as a widespread icecap, covering all but the
highest peaks and ridges. Evidence for the extent of this ice north
and west of the Cascade front has been completely obscured by younger
deposits.

Weathering rinds on fine-grained volcanic clasts on the con-
structional surface of the deposit measure 1 to 3 mm thick, and
granitic clasts show a wide range of decomposition with slightly
grussified stones predominating. Sediment exposed and reworked by
the Puget Tobe is generally less weathered, indicating its long
isolation from weathering while deep beneath the original deposi-

tional surface.

Alpine Ti11
Denosits mapped as alpine till are Toose to compact diamictons
having angular to subrounded clasts less than 30 cm diameter suppor-

ted by a silt or sand-rich matrix. Clasts are generally fresh and
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unoxidized. Counts of clast lithologies indicate upvalley sources.
This unit includes only those few deposits to be sufficiently con-

tinuous and well-exposed to map.

Alpine Glacial Deposits, undifferentiated

Dense vegetation cover, sporadic exposures, and poor access up
most of the alpine valleys here render the identification, subdivi-
sion, and delineation of the limits of alpine glacial deposits diffi-
cult. The distribution of such deposits, therefore, is inferred
primarily from aerial photographs and occasional field exposures. As
mapped, they also include significant amounts of colluvium, alluvial
fans, recent valley-bottom alluvium, and bedrock. Cbntacts between
this unit and bedrock upslope may be gradational and only approxi-
mately located. The weathering characteristics and topographic posi-
tion of most such deposits are similar to those mapped more specif-

jcally as alpine tiil.

Glacial Deposits and Taluses
Some sliderock observed on aerial photographs show ridged,
lobate lower boundaries, suggesting either deposition at the base of
small glaciers or permanent snowfields, or the presence of active
rock glaciers. All are apparently unvegetated, and are found only on
north-facing slopes in areas above 1200 m (4000 ft) elevation. Their
distinct morphology and lack of extensive vegetation suggest a late

Holocene age.
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CORRELATION OF PLEISTOCENE DEPOSITS

Cordilleran Ice Sheet Advances

Although previous studies in the central Puget Lowland have
documented multiple advances of continental glaciers, such evidence
is rather sparse in this quadrangle. Older drift, however, is found
discontinuously up to 50 m (160 ft) above the maximum elevation of
Vashon ice, along much of the ice margin here. The weathering char-
acteristics and relative topographic position are consistent with
those deposits reported by Carson (1970) and Peter Lea (oral commun.,
1982) in the southwestern and southern Lowland, and so provide addi-
tional evidence for a more voluminous pre-Vashon advance. Carson
(1970) correlated this maximum ice-sheet advance with the Salmon
Springs glaciation of Crandell and others (1958). Correlation of
this ice stand with previously named deposits, however, is probably

premature and must await additional age data.

Alpine Glacial Advances

The current stratigraphic framework for alpine deposits on the
western slopes of the Cascade range is given by Crandeil and Miller
(1974). Although speculative, correlation between deposits found
near Mount Rainier and those in this quadrangle, 110 km (70 mi)
further north, are suggested by certain topographic and weathering
characteristics. The degree of weathering and lack of constructional
morphology associated with the deposits mapped here as older alpine

drift clearly indicate a pre-Evans Creek age. In addition, this unit
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includes deposits that more specifically share weathering and mor-
phologic characteristics described by Crandell and Miller (1974, p.
19) for Wingate Hi1l Drift. Weathering rinds on clasts in the alpine
drift of Mount Stickney also indicate a pre-Evans Creek age (Colman
and Pierce, 1981). The degree of weathering and loss of construc-
tional morphology, however, is consistently less than in most of the
deposits mapped as undifferentiated older drift. These characteris-
tics invite comparison with the Hayden Creek Drift of Crandell and

~ Miller (1974, p. 21-22), and suggest possibilities for future inves-
tigation.

Less weathered deposits constitute the remainder of alpine drift
found in this area. One deposit in particular, damming a bog 2 km
south of Lake Hancock, shows a distinct morainal form, and permits
estimation of the equilibrium-line altitude (ELA) of the glacier that
formed it. Reconstructing the aerial extent of this glacier by
making reasonable assumptions about its gradient and source area, and
applying methods of ELA estimation described in Porter (1975) and
Pierce (1979), yield an ELA of slightly above 1000 m (3300 ft). Its
median altitude is approximately 60 m higher. This compares to
within 100 m of values obtained by inspecting Crandell and Miller's
map (1974, Plate 1) showing Evans Creek glaciers in the Mount Rainier
area, and by calculations performed by Williams (1971) for the Middle
Fork Snogualmie River basin and assigned by him to glaciers of the
Evans Creek Stade.

No evidence for the merging of Late-Wisconsin age alpine and
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Puget-lobe glaciers was found in this area. The presence of lacus-
trine sediments in the alpine valleys confirms the retreat of alpine
glaciers from their maximum position prior to the Vashon ice sheet's
final retreat (Porter, 1976), but sheds no additional light on their
relative timing or interaction. Williams (1971) reported deltaic
sediments at the upper end of the Vashon-age lake in the Middle Fork
Snoqualmie River valley, but field work for this report at this
locality disclosed only abundant Holocene alluvial-fan deposits along

the steep valley walls.

NONGLACIAL DEPOSITS

Older Alluvium

Fluvial gravel and sand above the Tevel of the modern flood-
plains can be mostly assigned to a recessional interval during the
last ice retreat. However, the topographic position of some deposits
make this interpretation doubtful. For example, along the upper
Raging River south of Preston, terrace remnants stand at 200 m (660
ft) elevation, 10 m (33 ft) above the level of the modern stream-
banks. Projection of this terrace west down the channel now occupied
by the East Fork of Issaquah Creek, a path for recessional melt-
waters, indicates that it stands at too low a level to correspond
with the Vashon recessional terraces there. Instead, it was probably
deposited by the Raging River during or preceding its active incision
of the canyon north of Preston. A similar series of three broad ter-
races along the Skykomish River near Gold Bar cannot be unequivocally

assigned to any of the recessional stages in the valley. Indeed,
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their surfaces project downstream on reasonable gradients to levels
well below those associated with deposits produced during deglacia-
tion. The terraces are numbered on the map from 1 through 3, indi-

cating successively younger intervals of deposition.

Younger Alluvium

Recently transported sand and gravel is present along all of the
major streams and rivers in the area, generally forming a planar
surface devoid of trees. Although the age of these surfaces is
inferred from vegetation and morphology to be on the order of years
or decades, this unit includes some deposits equivalent in age to
mapped older alluvium but lacking any observed topographic demarca-
tion.

Bog Deposits

Poorly drained depressions are common throughout much of this
area. Identification of bog deposits are based on topography, vege-
tation characteristic of wet environments, and the presence of stan-
ding water. Bogs are also common in valleys occupied in part by
flowing stfeams, and thus may be gradiational into younger alluvium.
In many such instances, the form and gradient of the channel has been
inherited from glacial activity, with the stream passing through both
alluvial reaches and nearly standing water. Peat is common in many

of these bogs (Rigg, 1958).

Alluvial-Fan Deposits

Where tributary streams enter larger valleys having a lower
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gradient, some portion of the tributary sediment load is deposited as
an alluvial fan at the mouth of the stream. Ephemeral streams on
steep sideslopes also transport sediment downslope for varying dis-
tances, and this material can coalesce to form an entire hiliside of
fan deposits. Although truly gradational with sliderock and certain
other mass-wastage deposits, fan deposits are distinguished by their
characteristic lobate morphology at low hillslope gradients and by

the presence of stream channels on steeper slopes.

Taluses
Subangular to very angular blocks of Tlocal bedrock mantle hill-
slopes below steep rock ciiffs. They are most pronodnced above 1000
m (3300 ft) and on north-facing slopes where frost action is most
effective. I mapped most deposits from aerial photographs on the
basis of surface texture, the absence of vegetation, and topographic

position.

Mass-wastage deposits {(undivided)

On hillslopes of any non-zero gradient, the surface sediment is
in sporadic downhill motion by a wide variety of processes dependent
on local failures in the soil or underlying rock, expansion and con-
traction of the surface material, or biological activity. I mapped
mass-wastage deposits where sufficiently thick and continuous to
obscure both the underlying geologic material and any characteristic

topographic features which might serve to identify it.
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Landslide Deposits (Undivided)

I identified landsiide deposits largely from characteristic
hummocky topography, distinct scarps, or anomalous closed depressions
that are not associated with collapse features of ice-contact de-
posits. They are gradational with areas mapped as mass-wastage
deposits but generally involve larger, more coherent blocks of sedi-
ment or bedrock. Contacts may include not only the area of the
transported geologic material itself but also the slide scarp if its
expression is relatively fresh and the material there is potentially
unstable as well. Non-horizontal dips in fine-grained sedimentary
deposits that are inferred to be undisturbed by glacial action also
indicate downsiope mass failure by rotation of coherent blocks,
particularly if adjacent to areas of active downcutting by streams.
Instability is indicated not only by the surface form and presence of
discrete scarps and fissures in the ground surface, but also by the
character of the vegetation, which commonly includes trees canted

irregulariy downslope.

Modified Land

Modified 1and mapped in this area includes the three major dams
in the area, cuts for a powerhouse on the Sultan River, and extensive
grading and filling for a power substation northeast of Monroe.
Transportation corridors involving the placement of fill on or along-
side of Skykomish and Snoqualmie River alluvium are shown only when

their width is easily represented at this scale of mapping.
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VASHON-AGE RECESSIONAL HISTORY

As the scoured and channelized topography of the Lowland emerged
from beneath the retreating ice sheet, a complex of interconnected
meltwater channels and lakes formed. Earlier workers have stressed
either the local (Anderson, 1965; Knoll, 1967) or the regional (e.g.,
Bretz, 1913) character and sequence of these features. The recent
study of Thorson (1981), however, provides a far more complete frame-
work of the deglaciation sequence for defining more detailed,
localized stratigraphy.

In the study area, the postglacial topography naturally divides
the region into three distinct areas: 1) the Snoqualmie valley, 2)
the Skykomish valley and its northern tributary valleys, and 3) the
upland valleys and channels lying east of the Snoqualmie River.
Throughout most of the recessional period, meltwater activity fol-
lowed a rather simple and consistent pattern. Water draining
marginally and submarginally from the north was impounded in a lake
occupying the Skykomish valley, and spilled southward first through
the broad trough south of Gold Bar, and then through the vailey south
of Sultan. This water thus entered the upland channel system, com-
bined with additional water derived from the gradually retreating ice
margin in this area, and flowed south and southwest into the Snogual-
mie valley. The bulk of the ice sheet, blocking the northerly
drainage of this valley, impounded a series of lakes that drained
into yet other, lower water bodies to the south and west beyond the

1imits of the quadrangle. Spillways that controlled the altitude of
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such 1akes in both the Snoqualmie and Skykomish River valleys can be
identified. Stream deposits, deltas, and lake-bottom sediments
associated with these altitudes provide the basis for time-strati-
graphic assignment and correlation of the mapped recessional
deposits.

To elucidate these relationships, time intervals within the
recession are numbered sequentially. Their boundaries are defined
either precisely by the opening of a specific spiliway or more
indefinitely by the position and altitude of particular recessional
deposits (Figure 1.4). Because the three major topographic areas are
only indirectly connected, events defining a particular time boundary
would not simultaneously affect every site of sedimentation through-
out the quadrangle. Thus individual recessional deposits and active
meltwater routes often include more than one time interval. In the
following discusSion, Roman numerals in parentheses refer to the
time-stratigraphic assignments (I being the oldest), whose relation-
ships can be seen more concisely on the chart of recessioral inter-
vals (Figure 1.5). When correlating spatially separated features, we
can compensate for the systematic increase in present-day elevations
northward due to isostatic rebound since deglaciation by using
Thorson's gradient of 0.9 m/km (1979, Figures 17 and 23) along a
roughly north-trending transect. This correction appears to be ap-

plicable even this close to the edge of the Lowland.

Uplands

Early recessional deposits preserved along the ice margin are
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Figure 1.4. Distribution and sequence of the recessional outwash
deposits of the Vashon Stade of Armstrong and others (1965).
Numerals refer to deposits and ice-margin positions of speci-
fic recessional intervals from I (oldest) to XIV (youngest).
Qvt = Vashon till (Pleistocene); Br = bedrock (Tertiary and
Mesozoic)



. Q\,W\'N\\\»\

AW
i\‘*}

DEPOSITS OF SPECIFIC
Vil RECESSIONAL INTER-
vaL(s)

ASSOCIATED ICE MARGIN
vII POSITION (SHADING

4
“umi®  oN DISTAL EDGE) . .+ MAXIMUM ICE LIMIT



43

Lake Lake Lake
Sammamish Snoqualmie Skykomish Uplands
[CONNECTION WITH_ XIV
FIRLOCK/ LK. SNOQUALMIE
CRANNELS T CHANNEL
CHANNELS
OPEN (ggggém¥ﬁg) ™ SE OF MONROE X111
| ELWELL CREEK
REDMOND CH. SPILLWAY OPENS| Xt
OPENS | YOUNGS CREEK |
LARSON SPILLWAY OPENS Xl
CK.
OPENS INGLEWOOD |
"CHANNEL OPENS X
| PROCTOR/DRY _
CREEKS SPILLWAY IX
ABANDONED TOLT RIVER
. ISSAQUAH " _
CHANNEL OPENS | OPENS Vil
= CANYON CREEK
S =~ opens -1 VI
-
w L. RAGING R. =t | TOKUL CREEK _
z SPILLWAY GPENS Vi
= OPENS
S L PROCTOR/DRY | v
w CREEKS
2 SPILLWAY OPENS
2 EASTERN
z THANNEL SYSTEM] IV
& CEDAR
k= SPILLWAY = "
OPENS
NORTH FORK
Toot AcLuvion]
| MORAINAL |
EMBANKMENTS

Figure 1.5. Correlation of recessional intervals and spillway
activity in the eastern Puget Lowland during the Vashon Stade
of Armstrong and others (1965).



Timited to moraines and morainal embankments blocking alpine valleys
(I-III). Their very variable surface elevations well below their
local ice maximum limits, require that they did not form simultane-
ously (Table 4.1). They must, however, have preceded the degla-
ciation of all channels further west.

Poor exposure and post-giacial erosion have inhibited inter-
pretation of these embankments. In the Calligan-Hancock area, Mackin
(1941) first noted that each valley drains around the south edge of
the embankinent that blocks it. He suggested the presence of a great
ice-marginal river that carried the water from each of the blocked
drainages southward, dumping sediments into each valley in turn on
their north side and draining off to the south. Yet neither coarse-
grained fluvial deposits nor deeply-scoured continuous channels,
plausible remnants of such an nypothesized torrent, can be found at
or near the level of these embankments.

Such fluvial features, however, are found roughly 200 m (660 ft)
below the level of the embankments, on the floor of the upland sur-
face now occupied by the North Fork of the Snoqualmie River.

Analysis of the physics of subglacial water flow in this area (Chapter
3) confirms that instead of draining subaerially at the ice margin or
across the ice-sheet surface, water would tend to occupy this Tower,
subglacial position. Subglacial drainage out of the alpine valleys
behind each embankment would be favored on the south (downglacier)
side of each valley (Chapter 4; Figure 4.8). The deposition rate of

embankment sediments should be lowest along this drainage route, and
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so post-glacial subaerial drainage will be located here as well. The
surface topographies of these embankments generally do not reflect
aggradation from the north by river-transported sediments. At Lake
Calligan, for example, the high point lies along the central E-W axis
of the embankment. Finally, exposures and borings through several of
the embankments show that till is common or even dominant relative to
fluvial deposits, suggesting that water transport of the sediment was
primarily local off the ice surface.

Emergence of subaerial channels in the upland region followed
formation of these embankments, as the ice margin began retreating
from the mountain front. The highest and easternmost of these chan-
nels (IV-V) began as a set of now-beheaded valieys just south of the
South Fork Tolt River. They continued south as anastomosing channels
in marginal or near-marginal positions and finally built a broad
outwash plain, whose base level was fixed by the earliest lake to
occupy the Snoqualmie valley (see III, beiow). The bedrock and till
that emerged from beneath the ice in this area is now largely
submerged by these deposits.

Further north, an alluvial deposit chokes the valley of Dry
Creek and the North Fork Tolt River, with associated lake sediments
present further up the North Fork valley (II-IV). The surface eleva-
tion of this deposit and isolated position indicate deposition rela-
tively early in the recession, while ice still covered both the
Proctor Creek valley just north of it and the lower upland channels

to the west. Its continuity with the early outwash surface to the
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south (IV-V), discussed above, is ambiguous. Much of the drainage
both into and out of this area may have been through subglacial
passageways, and therefore diagnostic depositional surfaces are ab-
sent.

Continued withdrawal of the ice marcin from the upland area
allowed the primary routes of meltwater drainage to migrate westward.
Although evidence is lacking for any stilistand of the ice margin
during this time, the presence of spillways permits assigning dis-
crete intervals within this period. The subaerial emergence of
Tokul Creek, Canyon Creek, and the Tolt River define three such
intervals (VI, VII, and VIII). Terraces and channels found near
Beaver Creek suggest an early connection (VI) between the older
"eastern" channels and Tokul Creek. Each of the three main stream
channels lies roughly perpendicular to ice-flow indicators and so all
were probable marginal or near-marginal streams during their succes-
sive activity. Only the Tolt has maintained significant Holocene
flow, as it forms the lowest, western-most outlet for a basin
otherwise bounded by bedrock divides. Tokul and Canyon Creeks are
perched well above this basin and therefore required ice diversion of
meltwater for their supply. This is confirmed by the proximity of
ice-contact deposits. During their respective occupation by outflow,
the basin upstream of the outlet channels aggraded with fluvial
sediments to concordant elevations. Their thickness, about 30 m (100
ft), coupled with likely rates of ice retreat required by the less

than 1500-year total occupation time of Puget-lobe ice (Rigg
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and Gould, 1957; Mullineaux and others, 1965) testify to a remarkably
high flux of sediment during this time.

Knoll (1967) proposed an equivalent sequence of recessional
stages in the Tolt River area, but he included Griffin Creek as an
additional important channel. Griffin Creek, however, has an ex-
tremely low gradient at 150 m (500 ft) elevation, 4 km (2.5 mi)
downstream of a plausible spillway out of the Toit basin, and shows
no major accumulation of sediment. Since ¢niy minor sediment trans-
port could have occurred downstream of this point, significant melt-
water occupation of Griffin Creek must have been very short-Tived

(during VII).

Skykomish River Valley

The high bedrock divide just south of the Skykomish River per-
mitted relatively few drainage routes across it. The highest, most
easterly, and longest-occupied route is the broad south-trending
trough south of Gold Bar, now occupied by Proctor and Dry Creeks (V-
VIII). Its location is structurally controlled by a fault-
line scarp between resistent Tertiary volcanics and easily eroded
Mesozoic argillite-rich melange. This passageway formed the only
drainage route for the entire Skykomish valley during most of the
Vashon-age glaciation. It would have been equally favorable as a
subglacial drainage route, both at ice maximum and for as long during
retreat as ice was sufficiently thick to prevent subglacial drainage

farther west (e.g., the ETwell Creek valiey south of Sultan). A1l
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water at the ice margin and at the glaicer bed within several tens of
kilometers of the margin, collected from west-flowing alpine valleys
and submarginal drainage further north, would thus have been chan-
neled through here. As a subsequent subaerial drainage route, it
provided much of the water and sediment for those southern channels
closer to the maximum ice margin (V) and for the water and sediment
that later entered the Tolt basin (VI-VIII). The top of the Skyko-
mish River morainal embankment and the upper limit of lake sediments
found further upstream (V-VIII) are graded to the subaerial elevation
of this trough as well (490 m, 1600 ft) (Cary and Carlston, 1937; W.
T. Laprade, oral commun., 1982).

Continued ice thinning eventually would have ailowed subglacial
drainage farther west (IX-X) under a lower hydraulic potential than
the now-subaerial Proctor trough. Base level of the Skykomish lake
then fell continuously as the ice thinned; therefore, no discrete
intermediate intervals can be defined. Once the spiliway at Youngs
Creek (XI) was exposed south of Sultan, lake level stabilized again
and a set of identifiable Tacustrine sediments, terraces, and outwash
plains graded to 180 m (600 ft) developed. Flow over Olney Pass from
water impounded in the Sultan Basin and from an ice margin near Lake
Chaplain and Echo Lake contributed in forming the large outwash plain
north of Startup. A somewhat perplexing problem is the relatively
short distance of ice margin retreat required to open a yet lower
path, contrasted with the apparant large volume of sediment graded to

the Youngs Creek spillway. The Tower spillway, exposed at Elwell
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Creek (130 m, 430 ft) (XII), allowed another drop in lake elevation.
The location of deposits graded to this base level attest to the ice
margin's continued westward retreat out of the Skykomish valley.

Final retreat from this valley created a penultimate level of water
and deposits (XIII) before the valley merged with the regional lake

system, discussed in the next section.

Snoqualmie River Valley

Five distinct spillways link the Snoqualmie valley with the rest
of the lowland to the south and west (Figure 1.6). Continuous ice
retreat impounded a discrete sequence of lakes whose levels were
controlled by the currently lowest and most northerly of these
spillways, successively exposed from beneath the retreaing ice mar-
gin. Lake levels are marked particularly well by the elevations of
alluvium and deltas deposited during simultaneous drainage from the
upland channel system. Because the Snoqualmie valley trends north-
south, features distributed along the valley associated with a single
late-glacial water plane will now stand at different altitudes, owing
to isostatic rebound since the ice retreated. In particular, ini-
tially level features will now stand higher to the north since
thicker overriding ice ultimately resulted in greater amounts of
rebound to the north. To facilitate comparisons, elevations are
given with both the present values and their correction required to
compensate for rebound relative to Monroe (indicated by "+/"). This
arbitrary datum is chosen because the amount of rebound at Monroe is

roughly equivalent to that of the entire Skykomish valiey and because
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coincidentally it matches the rebound of the last major lake spillway
of the entire Puget Sound region (the Leland spiilway, discussed
below). Estimates of the correction can be made for unspecified
features by inspecting Thorson (1979, Plate 1) or, more approximate-
1y, by adding 9 m elevation for each 10 km distance (5 ft/mi) south
of Monroe.

The broad valley of the Snoqualmie River terminates approximate-
1y 8 km (5 mi) south of the map, at the foot of a broad trough (the
Cedar spillway) between Rattlesnake Mountain and the Cascade Range
front. This trough probably acted as a subglacial meltwater passage.
As the ice margin retreated north, it became a subaerial spillway
with an elevation of 280/+45 m (920/+150 ft), impounding a proglacial
lake between it and the ice (III-V). Both Bretz (1910) and Thorson
(1981) called this body Lake Snohomish. Fluvial deposits in the
lower North Fork of the Snoqualmie River valley, associated with the
upland channel sequence (IV-V), must have in part built into this
lake.

Opening of a spillway southwest of Fall City (Anderson, 1965;
Curran, 1965) over the divide between the Raging River and the East
Fork of Issaquah Creek (158/+36 m, 520/+120 ft) appears to have been
roughly synchronous with the opening of Tokul Creek as the primary
upland drainage path. Evidence includes the absence of 280-m-level
deposits at Tokul Creek or 158-m-level deposits along the lower North
Fork of the Snoqualiiie River (VI-VII). Drainage to the west was into

Glacial Lake Sammamish, the elevation of which was then controlled by
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the Kenneydale channel (91/+37 m, 300/+120 ft), located southwest of
this quadrangle. The initial diversion of water east of Snoqualmie
Falls reflects a nearby ice-margin position, while the multiple
levels of the delta at Tokul Creek show active downcutting of the
controlling spillway. Voluminous ice-contact fluvial deposits just
north, along the east wall of the Snoqualmie valley, show that a
tongue of ice extended down the late-glacial precursor of the modern
valley both before and during drainage via the Raging River. The Tow
gradient of Griffin Creek at 150 m (500 ft) is easily explained by
_water and sediment flow from this ice tongue up the modern valley,
leaving a gradation from coarse to fine-grained alluvium from the
Snoqualmie valley to the large Griffin Creek bogs.

Continued marginal retreat opened in succession two channels
northwest of Fall City, which also drained west into Glacial Lake
Sammamish. Associated with the Issaquah channel (110/+34 m, 360/+110
ft) are ice contact deposits just north of it, indicating the proba-
ble ice margin position at this time; and deposits of the Tolt River
delta, including its southern end where fluvial material buried the
stagnant tip of the Snoqualmie valiey ice tongue (VIII-X). Occupa-
tion of the Inglewood channel (107/+31 m, 350/+100 ft) was briefer
(X-XI), as only a minor shift of the ice margin position west of the
quadrangle exposed a much lower drainage route.

The Redmond channel, 5 km (3 mi) southwest of Carnation, pro-
vided the lowest route south of Monroe for drainage to the west. It

is therefore the most northerly of the Snoquaimie spillways. The



53

level of deposits in the main valiey indicates that elevation was
controlled by the level of Glacial Lake Sammamish, and thus the
sequence of spillways identified by Thorson (1980) for that lake are
applicable to this valley as well. At first exposure of the Redmond
channel, water level in the Snoqualmie valley fell from its Inglewood
channel Tlevel. Evidence from the deposits north of the Tolt River,
at Harris Creek, and from a plausible reconstruction of the ice
margin location west of the map area all indicate with excellent
agreement that the Larson channel of Glacial Lake Sammamish (76/+33
m, 250/+11C ft), west of this quadrangle, was active at this time
(XII-XIII). Consequently, continued retreat of the ice in the map
area affected only the location of sedimentation in the lake; lake
elevation itself was controlled by the retreat much further west.
Lake-bottom silts that form constructional terraces along the sides
of the Redmond channel are below the level of this stage (XII-XIII)
but above that of the subsequent stage (XIV), necessitating their
deposition during this time as well. Although the Redmond channel
itself must have deepened as water from the Snoqualmie valley flowed
through it, its early recessional existence and exploitation are
required by the recessional deposits found within it. Since till
caps the surface on either side of the channel and does not appear to
drape down into it, the channel was unlikely to be a primary pregla-
cial or subglacial feature. Thus its formation must have been rela-
tively rapid, undoubtably aided by the easily eroded proglacial

outwash present in great thicknesses beneath a relatively thin resis-
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tent cover of till.

The next lowest channels draining Glacial Lake Sammamish (Fir-
lock and Totem Lake) allowed for the lake to merge with Lake Bretz
(Waitt and Thorson, 1983), identified by Thorson (1981) as the last
and largest glacial Take to occupy central Puget Sound. Its eleva-
tion was fixed by the Leland Creek spillway (68/+0 m, 225/+0 ft)
(XIV) on the northeast corner of the Olympic Peninsula, and it per-
sisted until ice margin retreat permitted drainage through the Admir-
alty Inlet. Deposits within the map area, whose elevations indicate
deposition contemporaneous with this stage of recession, include the
deltas at Monroe, Stillwater (3 km north of Carnation), and

near Griffin Creek (3 km south of Carnation).



CHAPTER 2
MASS BALANCE AND SLIDING VELOCITY OF THE PUGET-LOBE ICE SHEET
DURING THE VASHON STADE

INTRODUCTION

Most modern glaciers not frozen to their bed are believed to
slide, with measured velocities ranging from a few meters to over a
kilometer per year. Glaciated landscapes are filled with abundant
features, such as striations and streamlined bedforms, indicating
that erosion caused by the movement of Pleistocene ice masses has
often dominated other geomorphic processes. These effects of glacial
sliding can be more properly understood, and perhaps quantified as
well, only by evaluating the likely rate of ice motion.

The Puget Lowland provides an excellent opportunity to develop
and apply a useful technique for calculating basal sliding
rates. Ice invaded the region most recently during the Vashon Stade
of the Fraser Glaciation (Armstrong and others, 1965) about 15,000-
13,500 years ago (Rigg and Gould, 1957; Mullineaux and others, 1965).
The Puget lobe of the Cordilleran ice sheet occupied the broad trough
between the O0lympic Mountains and Cascade Range, while the adjacent
Juan de Fuca lobe extended west, filling the Strait of Juan de Fuca
and terminating off the modern northwest Washington coastline. For
brevity in this report, these names will also include those portions
of the ice sheet in British Columbia that supplied these discrete
lobes.

Calculation of the equilibrium mass balance of the ice sheet
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forms the basis of this analysis (cf. Pierce, 1979). Net
accumulation above any transect across the glacier must be
transferred by ice motion through that transect to satisfy the net
ablation downglacier from it . This requires a reconstruction of the
physical boundaries of the ice mass, topographic contours of its
surface, and a relationship between net mass balance and altitude on
the jce sheet. An equilibrium-line altitude (ELA) vaiue can then be
found that brings the glacier as a whole into balance. The rate of
jce flux through any chosen cross section can then be simply calculated.
An equivalent relationship between total ablation and altitude on the
ice sheet also permits a quantitative estimate of meltwater dis-
charge.

Although this reconstruction contains considerable uncer-
tainties, the inferred order of magnitude of the sliding rate is
rather insensitive to them. This is noteworthy, because the geologic
significance of calculated horizontal siiding velocities depends less
on their precise value then on their magnitude relative to two other
velocities intrinsic to any ice sheet. The first such velocity is
the average rate of ice flow solely from internal deformation cue to
viscous creep. The vertically averaged longitudinal velocity for a
non-sliding glacier is (Paterson, 1981):

U = 2ATRpNh/(n+2), (2.1)
where U is the ice velocity, A and n are flow-law parameters (Glen,

1954), h is the ice thickness, and Tp the basal shear stress. The
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value of Tp for any ice sheet can be calculated from its reconstruc-
ted longitudinal profile by
Th=Ghesin o< (2.2)
where € is the ice density; g, the acceleration due to gravity; and
o, the surface slope. Analysis of a detailed reconstruction of
the Puget lobe below 1300 m altitude by Thorson (1980, Figure 3)
yields a value of Th slightly below 50 kPa (0.5 bars). Values deter-
mined from the reconstruction of the southwestern portion of the
Cordilleran ice sheet (Figure 2.1) average about 10% less. Using
1ikely maximum values of Tp = 50 kPa and h = 1500 m, and flow
‘parameters n = 3 and A = 5.3x10-15 s-1kpa-3 (Paterson, 1981), equa-
tions (2.1) and (2.2) give
u =13 m/a

the maximum longitudinal velocity due solely to viscous creep.

The second intrinsic ice velocity of geologic importance is
the rate of vertical flow at the bed due to basal melting. Various
geological processes, such as the abrasion of bedrock and the lodge-
ment of clasts on rock surfaces, depend on whether the ratio of
horizontal to vertical ice velocity at the bed is close to, or much
larger than, unity (Hallet, 1979). Contributions to basal melting
include geothermal heat flow, friction from sliding, and flow of
subglacial water. Spatially averaged, their combined magnitude is at

most a few tenths of a meter per year (Rothlisberger, 1968).



58

RECONSTRUCTION OF THE ICE SHEET (FiGURE 2.1)
ICE LIMITS

Ice limits for the southern boundary of the ice sheet on land
are relatively well-constrained by numerous studies. Thorson (1980)
and Waitt and Thorson (1983) have most recently compiled data for the
Puget lobe and the south boundary of the Juan de Fuca lobe. The now-
submerged western boundary of the Juan de Fuca lobe (Clague, 1981)
has been inferred (Alley and Chatwin, 1979) to coincide with the edge
of the continental shelf southwest of Vancouver Island (U. S. Depart-
ment of Commerce, National Ocean Survey chart no. 18480). The pre-
sence of submerged lobate ridges (e.g., La Perouse Bank) on the outer
portion of the continental shelf here is consistant with this inter-

pretation.

FLOW BOUNDARIES
Flow-direction indicators, in the form of striations and

glacially elongated topography, define a consistent pattern of ice
flow throughout the area. Flow boundaries can be drawn between ice
of the Puget-Juan de Fuca system and ice to the north, west, and
east. Differentiating ice of the Puget and Juan de Fuca lobes from
each other is less well constrained by geologic data upglacier from
the obvious divergance at the northeast corner of the Olympic Moun-

tains. Consequences of this uncertainty are discussed below.

TOPOGRAPHIC CONTOURS

Contours on the Puget loke follow Thorson's reconstruction
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Figure 2.1. Reconstruction of a portion of the Cordilleran ice
sheet at maximum stage. Short lines indicate Tocal ice-flow
direction; hachured Tine shows southern ice 1imit. Unshaded
ice-covered area includes all ice of the Puget and Juan de
Fuca lobes. Ice of these two lobes are separated by the iine
of fine dots. Sources of data include Geol. Assoc. of Canada
(1958), Geol. Survey of Canada (1968), Thorson (1980), Heller
(1980), Dethier and others (1961), and F. Pessi, Jr. (written
commun. 1983).
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(1980), and are relatively well-constrained by ice-margin eievations

and abundant ice-flow direction indicators throughout the Lowland.
Contours in Canada are largely from the Glacial Map of Canada (1958).
Waijtt and Thorson (1983) show ice-surface contours in the northern
Cascade Range that project into Canada at somewhat higher elevations.
The compilation of Figure 2.1 attempts to reconcile these sources,
following the basic principles that the ice surface should generally
slope in the direction of indicated flow, flow lines should not
converge or diverge without commensurate changes in ice thickness or

net balance, and averaged basal shear stresses as calculated by equation

2.2 is a slowly varying function.

MASS BALANCE CALCULATIONS
HEIGHT/MASS BALANCE RELATIONSHIP

Variation in local mass balance are shown in Figure 2.2 as a
function of height above or below the equilibrium line. This curve
was derived from the averaged values of seven modern maritime gla-
ciers in the Pacific Northwest and Alaska (Meier and others, 1971).
The good correlation among these data, representing a variety of
local environments, lends some confidence to its application to an
obviously larger Pleistocene ice mass. An additional relationship is
provided in Figure 2.2 between total ablation and height relative to
the ELA, derived from good but limited data from two Norwegian mari-
time glaciers (IAHS, 1977). These data allow a quantitative estimate
of meltwater discharge through transverse cross-sections of the gla-

cier as well as the corresponding values of ice flux.
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Figure 2.2. Altitude-mass balance relationship for modern
maritime glaciers. Altitude is computed relative to the
equilibrium line altitude; balance is in cubic meters per
square meter of ice surface (per year). Net balance data is
from Pacific Northwest glaciers (Meier and others, 1971);
total ablation data is from two Norwegian glaciers (Nigards-
breen and Tunsbergdalsbreen) (IAHS, 1977).
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EQUILIBRIUM-LINE ALTITUDE CALCULATIONS

The area of each region of Figure 2.1 that is bounded by con-
tours and flow lines is given in Table 2.1. The altitude of each
region was specified for all subsequent calculations by the average
of its extreme values. The region above 2000 m was assigned a repre-
sentative altitude of 2300 m, based on nunatak altitudes (Glacial Map
of Canada, 1958) and plausible ice-surface profiles. Total accumula-
tion and ablation rates are calculated for several values of the ELA
(Table 2.2). Equilibrium, which should approximate conditions during
jce-maximum time, is attained with the ELA equal to ca. 1225 m.
The predicted accumulation-area ratio (ca. 0.7) is consistant with

modern values reported by Porter (1975).

SLIDING VELOCITY

On any glacier the ice accumuiated above the equilibrium line
must be transported into the ablation area. The flux will be
greatest at the equilibrium line and decrease through successive
downglacier cross sections, as increasing volumes of glacier mass are
lost through surface ablation. The inferred pattern of ice flow in
the Juan de Fuca lobe (Figure 2.1) is sufficiently complex to intro-
duce large lateral variability in this flux. The Puget lobe, how-
ever, has a relatively simple geometry, well-suited to these calcula-
tions. Using an ELA of 1225 m (Table 2.2), 7.1 x 1010 m3/a of ice
must cross the equilibrium line to remain in a balanced state (Table

2.3). The cross sectional area at the equilibrium line is 1.2 X 108
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Table 2.1. Area of ice lobes, calculated from Figure 2.1 by
planimetry.

Area of Area of
Altitude Juan de Fuca lobe Puget lobe
interval (m) (km?) (km?)
0-300 0.8 x 103
}10.1 x 103
300-600 2.4
600-900 3.2 3.8
900-1200 4.3 6.0
1200-1500 6.5 7.8
1500-2000 23.9 8.6

> 2000 27.7 12.4
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Table 2.2. Net balance values in 1010 m3a-l. Positive values indi-
cate net accumulation, negative values net ablation. Both lobes
are brought into balance by an ELA between 1250 and 1200 m. An

ELA value of 1225 m is therefore assumed for all subsequent
calculations.

ELA=1250m  ELA=120m  ELA=1150m
Altitude
interval (m) J de F Puget J de F Puget J de F Puget
0-300 -1.2 -1.1 -1.0
-12.9 -12.3 -11.6

300-600 -2.4 -2.2 -2.1
600-900 -2.0 -2.4 -1.8 -2.1 -1.6 -1.9
900-1200 -1.1 -1.5 -0.8 -1.1 -0.5 -0.8
1200-1500 0.7 0.8 0.8 0.9 0.9 1.1
1500-2000 5.4 2.0 5.6 2.1 5.9 2.1
> 2000 9.5 4.3 9.8 4.4 10.1 4.5

NET BALANCE: -0.4 -0.4 +1.3 +0.9 +3.2 +1.9
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Table 2.3. 1Ice discharge and velocity through transverse sections of
the Puget lobe, ELA = 1225 m. Sections are taken along contour
lines shown on Figure 2.1. Ice velocity through these sections
will be overwhelmingly by basal sliding (see text).

Average X-section Cumulative Ice
Contour Ice width thickness area mass balance velocity

(m) (m) (m) (m) (m3/a) _(m/a)
2000 1.1 x 10 1.0 x 103 1.1 x 108 4.3 x 1010 390
1500 1.1 1.1 1.2 6.3 530
1200 1.0 1.2 1.2 7.1 590
900 1.3 0.9 1.2 5.8 480
600 1.1 0.7 0.8 3.4 425
300 1.0 0.4 0.4 1.1 275

TERMINUS 0 0 0 0 0
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m2, giving an average rate of 590 m/a. As 2% of this can be accoun-
ted for by internal deformation of the ice (equation 2.3), the sli-
ding velocity is approximately 580 m/a. Rates of this order would be
found downglacier as well, for although flux is decreasing, the
cross-sectional area is shrinking also. For example, at the ice-
surface altitude of 900 m (about the latitude of Seattle), the rate

is still nearly 500 m/a.

WATER FLUX
Estimated water production and cumulative downglacier flux are
shown in Table 2.4. These values increase from a negligible value,
consistent with the dry conditions observed high on modern glaciers
(Mayo, 1in press), to values in excess of the ice flux. Because this
water will tend to flow in channels (Shreve, 1972), its geomorphic
effects will be more pronounced but more localized than those of the

sliding ice, regardless of relative discharges (Chapter 3).

CORROBORATING EVIDENCE
ESTIMATED EQUILIBRIUM-LINE ALTITUDE
The glacier-wide pattern of ice flow, as expressed by direc-
tional indicators, should show marked differences above and below the
equilibrium line. Above, flow should diverge from all boundaries, as
all points over the ice surface contribute to the net increase in

mass. Only locally, such as where an ice tongue projects up an ice-
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Table 2.4. Cumulative ice and water discharges through transverse
sections of the Puget lobe, ELA = 1225 m. Ice-discharge data
from Table 2.3.

Cumulative Cumulative Water discharge
Co?;?ur ice ?;352§r9e wate?mgjzgharge Ice discharge
2000 4.3 x 1010 0.0 x 1010 0
1500 6.3 0.5 1/13
1200 7.1 1.7 1/4
900 5.8 3.0 1/2
600 3.4 5.3 1.5/1
300 1.1 7.6 7/1

TERMINUS 0 8.7
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free alpine valley, can an additional source of heat (i.e., alpine
rivers) yield a net loss of mass. Below the equilibrium 1ine, all
points on the glacier experience a net loss, and so flow must con-
verge with the ice margins. Lateral ice-surface gradients, expressed
by convex downglacier contours, drive this flow. The association of
compressive flow with the ablation area (Nye, 1957) also dictates
this transverse profile, in order to satisfy mass conservation over a
glacier with stable margins. Inspection of Figure 2.1 shows gener-
ally convex-down contours and margin-convergent flow directions up to
at least 1100 m elevation along the eastern edge of the Piget 1lobe,
and less definitively up to 1200 m.

The longitudinal change in glacier mass, in those portions of an
ice sheet with near-parallel Tateral boundaries, also reflects the
elevation at which net accumulation replaces net ablation. Thorson
(1981) showed that the mass of the Puget lobe increases monotonically
from the southern ice limit up to the boundary of his investigation,
at ice-sheet altitude 1260 m. Cross-section areas of the Puget lobe
calculated from Figure 2.1 and the underlying topography also show a
maximum between the 1200 and 1500 m contours, implying an ELA within
this range (the apparant narrowing near 1500 m reflects the steep

southward decent of the Pacific Ranges in this area).

ESTIMATED SLIDING VELOCITY
Constraint of the Puget Tobe ELA by these geologic data and

inferences confirms broadly the more detailed calculations made in
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the previous section based on the height/mass balance curve. The
advantage of the quantitative approach is that it provides an esti-
mate of sliding velocity as well. The estimated sliding velocity can
also be compared with indirect geological data. Near the latitude of
Seattle (47030'), bounding dates on the Vashon-age advance of 15,100
+/-300 14C yr B.P. (W-1305) (Mullineaux and others, 1965) and 13,650
+/-550 14C yr B.P. (L-346) (Rigg and Gould, 1957) require that the
ice sheet advanced and retreated on average more than 80 km in each
direction during the intervening 1500 +/-900 years. Assuming an
advance rate half that of the retreat (Weertman, 1964), minimum ice-
margin advance rates of 50 to over 200 m/a are required (equal ad-
vance and retreat rates increase this value by approximately 1/3).
Since ice ablated rapidly at low elevations before even reaching the
terminus, the total flux of ice at the equilibrium line must have ex-

ceeded significantly this value to sustain the advance.

SENSITIVITY
CALCULATIONS OF EQUILIBRIUM-LINE ALTITUDE

Ice~Sheet Reconstruction

The boundaries and contours of the Puget lobe below about 1200 m
are well-constrained by several geologic studies along the ice sheet
margin (Crandell, 1963; Rosengreen, 1965; Carson, 1970; Thorson,
1980; Chapter 1, this report). The flow boundaries of the Puget lobe
upglacier of 1200 m were chosen both to be consistent with direc-

tional indicators (west and east boundaries) and to yield an ELA
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equal to the value that balances the ice sheet as a whole (west
boundary).

Although this second assumption ignores the likelihood of tem-
perature or precipitation gradients across the ice sheet, its conse-
quences, within the constraints of indicated flow directions, are not
severe. Decreasing the area of the Puget lobe by 20% requires an
increase of less than 25 m in the ELA to maintain total net
balance. An equivalent increase in area appears implausible from the
pattern of directional indicators, and its effect would be equally
insignificant. The weak dependence of accumulation on elevation
(Figure 2.2; Mayo, in press) also deemphasizes the large uncertainty
in ice-surface elevation above 2000 m (e.g., Waitt and Thorson,

1983).

Mass Balance Relationship

The relationship between altitude and net mass balance critical-
ly determines both the ELA and the mass flux through jt. Use of a
curve assembled from relatively small glaciers must only approximate
the conditions over a continental ice sheet, particularly the conse-
quences of increasing distances between the accumulation area and the
source of moisture. The estimates derived from it, however, may
still prove satisfactory. As noted previously, the balance curves of
these glaciers cluster closely about a single set of values (Meier
and others, 1971) despite their variety of geographic locations and

ELAs, Tending some confidence to the generality of this relationship.
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Additional data from the 150 km-long Malaspina~-Seward-Hubbard glacier
system can address qualitatively the probliems of scaling up this
mass-balance relationship. Investigations by Marcus and Ragle (1970)
on these glaciers show that total precipitation at the ice divide,
150 km from the coastline, is only 15% less than at a point 90 km
closer to the ocean. This rather gentle decrease, however, is not
monotonic, as the precipitation at a station 138 km from the coast is
46% lower than at the divide. Thus local topography and exposure
strongly influence single measurements far beyond the effects of
elevation and increasing continentality, which for ocean-facing
slopes have opposing influence. A composite curve, representing
multiple measurements in a variety of microenvironments, therefore is

probably more trustworthy at all scales.

SLIDING VELOCITY

Calculated sliding velocities are relatively insensitive to any
plausible range in reconstructed ELAs. This can be demonstrated by
computing alternative sliding velocities using only a range of as-
sumed ELAs and the height/mass balance relationship for the ablation
area only. The latter is Tikely to be influenced only slightly by
the total length of the ice sheet, reducing the inaccuracy of data
from smaller modern glaciers. Ice-sheet boundaries and contours are
also much better constrained at these lower altitudes. The range of
plausible ELAs (1200-1500 m) is constrained by geologic evidence (see
above) independent of any assumed mass-balance relationship. For

an ELA = 1200 m, the flux through the equilibrium line is 6.6 x 1010
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m3/a, giving a sliding velccity of 550 m/a (93% of the value for an
ELA = 1225 m). For an ELA = 1500 m, the flux is 10 x 1010 m3/a,
giving a velocity at the equilibrium line of 830 m/a (a 40% in-
crease). Sliding velocities therefore exceed the other characteris-
tic velocities in the glacier, namely the basal melt rate and the
internal deformation rate, by one or more orders of magnitude regard-

less of the estimate used.

DISCUSSION
IMPLICATIONS FOR CLIMATIC CHANGE
Predicted high mass flux, expressed as high sliding rates,
provides insight into the relatively brief occupancy of the Puget
lobe during the Vashon Stade. Since the vast majority of ice accumu-
lated above the equilibrium line merely replaced ice lost below,
fluctuations in the ice front at rates of 100 m/a represent only
minor perturbations in the total budget of the ice sheet. For exam-
ple, if the ELA were to move from the hypothesized 1225 m level up to
1250 m, a change of only 3% in the total Fraser-age ELA depression
(Porter, 1977), the calculated yearly deficit of 7.2 x 109 m3 is
equivalent to an averaged retreat rate of 50 m/a. Although this
ignores all complexities of an ice sheet's response to non-equili-
brium conditions (Nye, 1963) it clearly demonstrates the sensitivity
of this body to small climatic changes, and the plausibility of rapid
movement of the ice front without equally precipitous climatic chan-

ges.
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SURGING OF THE PUGET LOBE

The rapid advance and predicted high sliding velocities of the
Puget lobe invite speculation that the ice sheet may have moved
erratically, analogous on a vast scale with modern surging valley
glaciers (Post, 1969). Although these reconstructed rates are far
higher than those reported for most modern non-surging glaciers, they
apparently do not require surging behavior. Budd (1975) has classi-
fied glaciers as "ordinary", "fast", and "surging", depending on whe-
ther they can continuously resupply the volume of ice transported
downglacier by sliding. Within this theoretical framework he finds
that modern glaciers can be divided empirically into ordinary and
surging types by a line of constant energy loss rate (shear stress x
velocity) over a wide range of surface slopes, velocities, and ice
thicknesses. These data, reproduced in Figure 2.3, include the
reconstructed value of the Puget lobe at the equilibrium Tine.
They sho that in spite of high predicted velocity, this ice sheet
lies well in the field of "ordinary" glaciers, having only 2/3 of the
energy loss rate necessary to fit the observed characteristics of

surging glaciers.
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Figure 2.3. Compilation of velocity measurements on modern
glaciers, modified from Budd (1975). The division between
ordinary and surging glaciers is marked by a line of power per
unit bed area (= basal shear stress x velocity = 5.4 x 107
J/m2a). The reconstructed parameters of the Puget lobe

yield an energy-dissipation rate that is only 60% of this
transition value.



CHAPTER 3

et by

LANDFORMS OF SUBGLACIAL FLUVIAL EROSION

INTRODUCTION

Along the eastern border of the Puget Lowland, numerous troughs
and valleys incise the till and bedrock landscape. Although some
appear to result directly from the scouring action of ice or from
erosion by subaerial recessional meltwater, other valleys discussed
here as "channelways" are inferred instead to reflect erosion by
subglacial meltwater. In map view, channelways appear as nar%ow
sinuous to linear valleys occupied by lakes, bogs, or underfit
streams. Valiey bottoms have low gradients and commonly trivial
drainage areas. Their sidewalls are steep, with relief of 10 to
greater than 100 m. In addition to bog deposits and modern alluvium,
ti11 and recessional outwash deposits are occasionally exposed. They
are isolated features in some areas, but generally form either
anastamosing or dendritic networks across the landscape.

Channelways are common over much of the marginal zone of the
former Puget lobe (Chapter 1). They are generally absent, however,
throughout its dinterior region. Along the eastern margin, these
landforms can be followed from approximately the lattitude of the
reconstructed equilibrium line (Chapter 2) south for over 100 km to
where bedrock is completely burined under till and recessional out-
wash deposits (Crandell, 1963; Frizzell and others, in press). These
features are particularly well-developed across bedrock spurs that

extend west from the Cascade Range south of the North Fork and South
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Fork Stillaguamish Rivers (Granite Falls 15' U.S. Geological Survey
topographic quadrangie), south of the Skykomish River (Sultan and
Lake Joy 7.5' quadrangles), south of the South Fork Tolt River and
west of Lakes Hancock and Calligan (Mount Si 15' quadrangle), and
over a 5-km wide area of the Cascade foothills between the Green and
White Rivers (Cumberland and Enumclaw 7.5' quadrangles) (Figure 3.1).
At the western border of the lowland, exposed bedrock generally
terminates more abruptiy (Hall and Othberg, 1974). Topographic maps
of this region, however, show a few equivalent forms in the marginal
zone here as well (particularly the Uncas, Washington, 7.5' quadran-
Q]e).

Landforms in these areas share several distinctive characteris-
tics. Where channelized topcgraphy is rather poorly developed, sin-
gle channelways transect bedrock ridges (Figure 3.2). Where this
topography is more clearly expressed, multiple channels tend to
isolate bedrock hills. These hills are nearly equidimensional in
plan view, approximately 100 m high and 4 or 5 times as wide (Figures
3.3 and 3.4). The intervening channels typically vary between 50 and
150 meters in width and are floored with recessional and postglacial
deposits. Eskers are also present at two localities, along Stossel
Creek 3 km (2 mi) NNE of Lake Joy and 5 km (3 mi) ESE of the town of
Granite Falls. These characteristics suggest their similarity to
"tunnel valleys" described in central and northern Europe (Schou,
1949; Ehlers, 1981; Grube, 1983) and central North America (Wright,
1973).
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Figure 3.1. Index map of localities and specific features
discussed or illustrated in text.
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Figure 3.3. Multiple channelways; lithologic contact from Tabor
and others (1982). Ice-flow direction shown by arrows; eleva-

ot

tion in feet (from Sultan 7.5' topographic map).



Figure 3.4. Multiple channelways. Ice-flow direction shown by
arrows; elevation in feet (from Sultan and Lake Joy 7.5'
topographic maps).
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Channelized topography is best developed 5 km (3 mi) east and
northeast of Enumclaw (Figure 3.5). Here a series of channels,
approximately 300 m (1000 ft) altitude below and subparallel to the
Vashon-age ice margin, isolate bedrock hills from the main Cascade
highlands. The altitudes of these hills decrease gradually (40 m/km)
from east to west; conversely, the continuity, depth, and width of
the intervening channelways increase along this transect. Just
northeast of Enumclaw, these hills are separated by valleys over 1 km
wide.

The most extensive channelway system, however, traverses the
eastern Puget Lowland margin from the Skykomish River south to the
town of North Bend. Holocene erosion by west-flowing alpine rivers
has isolated discrete segments of this nearly continuous south-
trending valley. The northernmost segment is the broad trough south
of Gold Bar, almost 1 km wide and 8 km long, that crosses the major
bedrock spur south of the Skykomish River (Figure 3.6). Structural
control by a fault-line scarp separating rocks of greatly different
erosional resistance (Tabor and others, 1982) may have initiated
preg]aciaf drainage in this area. The present form of this broad
channel, however, has evolved far beyond the geomorphic effects of
subaerial streams, which are limited to minor incision in the north
and alluvial-fan deposition in the south (Map 1).

More southerly segments of this near-marginal system invariably
lie several hundred meters below the Vashon ice Timit. They range

from 200 to 500 m wide, but except for the portion now occupied by



82

*(G96T) S42y10 pue Huoujswiay 40 SpeRIS UOYSeA 3y} Bulanp JLwi{ wnwixew-adt
ajeotput sjop yoelg ‘(dew orydeabodol ,G°/ Melownul wouy)
199} UL UOLIPAB[D ¢SMOJJe AQ UMOYS UOL3IBALP MO[4-3D] *SAem

-1auueyd adirnw °peouq Aq pale|oS! SLLLY %204pag °G°¢ aunbl4

_E_w
—
wy ¢

10

.08, LS

ot

| J ﬂm _Qn
,0E,Lolb— //

cowe

d S O AT
I i e R
] | ;f?\ Ll

ol m..x n . '_’W»‘K.r.\ Aot :9 \ ' . v



83

Northern segment of the eastern submarginal channel-
way system. Ice-flow direction shown by arrows; glevation in
feet (from Index 15' topographic map). Black dots indicate
ice-maximum 1imit during the Vashon Stade of Armstrong and

others (1965).

Figure 3.6.
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the North Fork of the Snoqualmie River, each carries only trivial

modern drainage.

ORIGIN OF CHANNELWAYS

Structural control is rare in the development of this topo-
graphy. Variation in Tithology on the scale of individual features
is generally absent. Throughout most of the glaciated Puget lowland
where these features are found, the bedrock consists of either exten-
sive gently dipping lava flows and pyroclastic rocks, or metamor-
phosed graywacke (Tabor and others, 1982). Lithologic changes may
not be reflected in the topography at all (e.g., Figure 3.3). Demon-
strable fault traces only rarely correspond to channelway locations,
and are not likely to be compatible with the numerous sinuous seg-
ments.

Although channelways are similar topographically to “"overflow
channels" and "sluiceways" (Coates and Kirkland, 1974), features
attributed primarily to subaerial fluvial erosion, several charac-
teristics are particularly inconsistent with this process (Manner-
felt, 1949; Peel, 1956; Sissons, 1958a, 1958b, 1960, 1963; Derby-
shire, 1958, 1961, 1962; Price, 1963; Clapperton, 1971; Pasierbski,
1979; Young, 1980; Ehlers, 1981). They include:

1) "humped" or "up-and-down" longitudinal profiles;
2) abrupt channel termini without deltas or fans;
3) multiple intakes and outflows;

4) till, eskers, or other ice-contact sedimentary deposits
occasionally exposed in the troughs; and
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5) perched topographic position without significant drainage area.

Excavation by sliding ice may have played an active role but
appears insufficient for the formation of most channelways. They
commonly lie oblique to independent indicators of the ice-flow direc-
tion. Their sinuosity is not reflected by any changing orientation
of the ice-flow pattern. Because they are characteristically deep,
narrow, and steep-walled, they offer higher resistance to ice flow
than the unincised topography around them (Weertman, 1979). There-
fore deepening of such channels by direct glacier erosion appears
unlikely. Finally, the bedrock knobs associated with areas of best-
deve]oped channelways are generally non-streamlined, a characteristic
that intuitively precludes the dominance of active erosion by ice
(Linton, 1963).

Despite the obvious unimportance of subaerial fluvial erosion,
many of the morphological features of channelways are suggestive of a
fluvial origin. Marginal and proglacial drainage is an appealing and
oft-cited explation for these and similar features (Kendall, 1902;
Mackin, 1941; Knell, 1967). During ice recession some water could
have been diverted subaerially through such valleys, but rates of ice
retreat (Chapter 1) would allow only trivial occupation times by this
means. Only catastrophic drainage from ice-dammed lakes might yieid
substantial subaerial discharges, but their paths can be predicted
and prove to be quite restricted (see below). Erosion by subglacial
water, however, is the most plausible mechanism compatible with the

observed characteristics and distribution of channelways. The
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ubiquity of this water under modern temperate glaciers is unques-

tioned (e.g., Mathews, 1964; Stenborg, 1968; Englehardt, 1978), and
its flux and erosive potential, at least upon its emergence at the
snout, is also well-documented. In order to evaluate likely conse-
quences of subglacial fluvial erosion, the physics controlling the

flow of this water must first be considered.

PREDICTED BEHAVIOR OF SUBGLACIAL WATER FLOW

Water flow within or beneath a glacier can be represented by the
mathematical formulations developed for groundwater. Water moves
from areas of high total hydraulic potential, or total head, to areas
of low total head, down the gradient of this potential field (just as
a stream flows down the fall line of a hillslope) (Shreve, 1972;
Rothlisberger, 1972; Nye, 1976).

Total head at a point has two significant static components
independent of ice sliding: 1) the position head, or elevation above
a chosen datum; and 2) the pressure head, which for a steady-state
water-filled tunnel is nearly equal to the overburden pressure due to
the overlying ice (Shreve, 1972). Although Lliboutry (1983) points
out that tunnels beneath valley glaciers may be only partially filled
with water for much of the year, this phenomenon requires groundwater
at about 10 C above the melting point (Lliboutry, 1983, eqn. 20), an
unlikely condition beneath an extensive ice sheet (cf. Chapter 5).
Since

pi = Cign,
then by Bernouilli's law, the total head (H) is:
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H =2z + (Ci/Cuater)h, (3.1)
where pj = ice overburden pressure,
ehat = water density,
?ﬁ = ice density,
g = acceleration due to gravity,
z = elevation above datum, and
h = the overlying thickness of ice.

Total head will obviously be lowest at the bed of the glacier where
z = zp, favoring subglacial rather than englacial flow (Shreve,
1972).

We can also predict the gross pattern of water flow rather
simply. By differentiating equation 3.1, the total head varies
downglacier as .

H/3x = dzp/x + (Ci/@y)* 3(z5-2p)/3x (3.2)

where x = distance downglacier, and
Zg = ice surface elevation = zp + h.

If two points on the glacier bed have the same total head,
JH/Ax = 0, and so
dz¢/ax = -0.09 (dzp/dx).
So long as the bed does not slope upglacier more steeply than eleven
times the downglacier ice slope, total head will decrease downglacier
and water will follow the ice slope direction, flowing down or up the
bed topography with only minor deflection (Shreve, in press).
Using equation 3.2 and maps of bed topography and ice-sheet
surface topography, the subgiacial equipotentials can be contoured
across a region. The area chosen for this analysis corresponds to

the mapped area discussed in Chapter 1. No correction is made for
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postglacial modification of the bed, as this occurs over a relatively
small percentage of the map area and affects neither the overall
drainage pattern nor the areas of best-developed and preserved chan-
nelways. Isostatic rebound since deglaciation (Thorson, 1980) is
also ignored, as the gradient change (approximately 9 x 10-3) exerts
a negligible effect on the reconstructed patterns. Figure 3.7 is a
computer-generated topographic map of this region, bounded on the
east by the Tlimit of the Vashon-age ice sheet. Topography was digi-
tized on an Altek digitizer from 15' and 7.5' U. S. Geological Survey
topographic maps. Two hundred thousand data points were condensed to
a final grid of 120 x 200 uniformly spaced points (representing
approximately 300 m lateral spacing).

Figure 3.8 is an equivalent map of the ice sheet at its maximum
stand over the region. Its construction was based on geologic evi-
dence of ice 1imits along the eastern margin (Chapter 1), the assumed
parallelism between ice-flow direction indicators (Map 1) and ice
surface gradient (Weertman, 1964), and the full Puget-lobe recon-
struction by Thorson (1980). From these data the subglacial hydrau-
lic potential field is calculated. The resulting equipotentials, or
contour lines of equal total head, represent the effective "topogra-
phy" of the hypothetical surface down which subglacial water would
flow (Figure 3.9). The obvious channelized features are highlighted
by Figure 3.10, which traces all major valleys in the potential
surface downgradient from where they first enter the map area.

The reconstruction assumes a smooth ice surface, although
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Figure 3.7. Ground topography of the Skykomish-Snoqualmie re-
gion. Contour interval 100 m (dashed contour = 50 m).
Digitized from Monroe 15', Index 15', Mount Si 15', Lake Joy
7.5', Carnation 7.5', Fall City 7.5', and Snoquaimie 7.5
topographic maps. Dark line at eastern border is the Vashon-
age ice limit, approximated in each alpine valley.
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Figure 3.8. Ice-surface topography at maximum stage (contour

interval 15 m). Values constrained at western and southern
borders by Thorson (1980).
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Figure 3.9. Subglacial hydraulic equipotentials at ice-maximum
stage (contour interval 15 m). Definition of potential value
chosen such that water of a given potential will stand at
the equivalent altitude in a borehole or lake (equation 3.1).
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Figure 3.10. Subglacial water-flow paths following the potential
surface of Figure 3.9. Steady drainage indicated by crosses;
direction of decreasing potential shown by small arrows. The
flow path marked by boxed crosses is interrupted by higher-
potential saddles, indicated by plus signs. Potentials there-
fore do not decrease monotonically along this route but in-
stead decrease away from saddles (heavy arrows).
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undulations at the bed will cause perturbations in the surface as
well (Robin, 1967). The magnitude of these perturbations can be
estimated from Hutter (1983, Figs. 4.8-4.9). For glaciers of low
slopes (£0.01) and sliding velocities of 100-500 m/a (Chapter 2),
rises in the ice surface are virtually in phase with those of the
bed. If the bed perturbations are separated by a distance equal to a
few times the ice thickness, the corresponding rise at the ice sur-
face will be approximately 1/2 that of the bed. Because ice and bed
slopes are in phase the predicted potential gradient that includes
this effect will change only in magnitude, not in sign. This effect
therefore modifies only the local amplitude of prominences in the
potential surface, not the overall pattern.

Figure 3.10 shows two distinct patterns in these reconstructed
flow paths that are particularly significant geologically.
The first, represented by the "x" symbols in Figure 3.10, are routes
of monotonically decreasing gradients. These channels coalesce into
a crudely dendritic pattern towards the ice margin. Divergent bran-
ches represent areas where the resolution of reconstructed potentials
is insufffcient to identify a clearly "lower" route. Both branches
may have been active simultaneously or at different stages in the
evolution of the ice sheet. Although discharges cannof be predicted
quantitatively by this reconstruction, the regional trend of sub-
glacial equipotentials (Figure 3.11) suggests that much water entered
this area from the west and northwest. Part of this flow went south-

east up the Snoqualimie River valley, part was diverted up the
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Figure 3.11. Regional subglacial water-flow paths. Puget-1lobe
limits and surface contours ( 30-m interval) from Thorson
(1980). .Single arrows show flow paths calculated from ground
topography and ice-surface altitude (equation 3.2); small
double arrows approximate these paths by the ice-flow direc-
tion only. Boxed region is the area of Figures 3.7-3.10.
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Skykomish River valley to the ice margin, and part continued south
over the topographic divide south of Suitan. Several routes are then
available for flow across the uplands east of the Snoquaimie River to
the marginal zone of the ice sheet. Potential gradients over these
routes (expressed by the contour spacing in Figure 3.9) vary consi-
derably, suggesting the likelihood of variable erosive effects as
well.

The second distinctive characteristic in the pattern of predic-
ted flow paths, represented by the ")X" symbols in Figure 3.10, is a
continuous channel in the submarginal zone. This channel does not,
however, follow a route of monotonically decreasing potential. Sad-
dles (marked by the symbol "+") interrupt the potential surface with
values that decrease north to south. As with subaerial spiliways,
water would be impounded behind these saddles. Figure 3.9 shows that
this water would be diverted to form lakes underneath the ice margin
and extending into the alpine valleys immediately north of each
saddle (Sultan, Skykomish, North Fork Tolt, South Fork Tolt, and
North Fork Snoqualmie). Other subglacial saddles, between the main
submarginal channel and the ice margin, would have similarly impoun-
ded lakes in the valleys of Olney Creek, Wallace River, Proctor
Creek, Calligan Lake, and Lake Hancock. The hydraulic potential of
water in each of these lakes, and in water extending beneath the ice
to the impounding saddle, would rise as lake level rose from con-
tinuous subglacial influx, local melting, and drainage from the

Cascades. Once the potential of this water exceeded that of the
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saddle, drainage over it would begin. Melting of a tunnel would
temporarily remove the component of total potential imparted by the
weight of the overlying ice (Nye, 1976). This radical reduction in
the potential at the saddle tends to lead to catastrophic lake drain-
age. This phenomenon, known as a jokulhlaup, has been observed on
numerous modern ice-dammed lakes (Stone, 1963; Post and Mayo, 1971).
Given these observations and physical considerations (Nye, 1976;
Clarke, 1982), the submarginal flow path of Figure 3.10 was probably
episodic in nature. It was occupied in its southern reach by more
steady flow from the ice sheet interior but primarily experienced
discrete, high-discharge events. The mechanics of this drainage and
some of its consequences along the margin of the ice sheet are dis-

cussed more fully in Chapter 4.



97

Table 3.1. Parameters of lakes located along the submarginal
Maximum volumes determined at
ice-maximum stage, recharge time based on modern measured runoff
rates (U. S. Geological Survey, 1983), and discharge calculated
from emperical data on drainage of modern ice-dammed lakes
(Clague and Mathews, 1973).

channelway system of Figure 3.10.

Maximum Recharge Maximum
Lake Vo]uge, time, discharge,

km years m2/s

Sultan 31 47 7 x 104

Skykomish 120 34 2 x 10°

North Fork 3.3 10 2 x 104
Tolt

South Fork 4.8 27 2 x 104
Tolt

North Fork 13 29 4 x 104

Snoqualmie
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GEOLOGIC EXPRESSION OF SUBGLACIAL FLUVIAL ACTIVITY

This analysis of subglacial meltwater behavior illuminates many
of the observed characteristics of channelized topography. Undula-
tions in the bed topography, now impounding bogs or altogether block-
ing drainage, are negligible subglacially because of the dominance of
jce-surface slope in determining flow directions (Clapperton, 1971;
Shreve, 1972; Wright, 1973). Most of these channels effectively
parallel the ice-surface gradient. Channel size and drainage area,
il1-matched over the modern topography, relate far better given the
network of Figure 3.10, particularly through the predicted flow paths
draining south from the Skykomish valley.

The best-developed examples of channelized topography should be
found where predicted rates of erosion are highest, given the uniform
bedrock present here. If bedload mantles the channel bottom, fluvial
erosion proceeds most rapidly where boundary shear stress increases
along the flow path (Smith, 1970). If instead the sediment supply is
limited, erosion will occur whenever clasts are transported over the
bed. This bedload flux, and hence rates of fluvial erosion of bed-
rock, will scale with the basal shear stress (Graf, 1971). Although
postglacial deposition has obscured the original subglacial configur-
ation of channelway floors, their erosion regime can be tentatively
inferred from their topographic position and form. West and south-
west of the Tolt Reservoir, many small channelways begin abruptly at
the crest of divides and continue down the downglacier slopes (Map

1). This initiating location corresponds to the point of maximum
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shear stress gradient (Shreve, 1972), and suggests that sediments may
have mantled the floor of these minor channels. Weli-developed
channelways, however, completely transect spurs. In spite of low
predicted stress gradients, their dimensions indicate high water flux
and active bedrock erosion. These conditions are predicted subgla-
cially along the localized flow paths of Figure 3.10 in areas showing
particularly steep potential gradients (Figure 3.9), which correlate
with high boundary shear stresses. Corditions are particularly fa-
vorable in the areas 5 km south of Sultan and 8 km northeast of Lake
Joy, which correlate with some of the best expressions of this char-
acteristic and rather bizarre landscape (Figures 3.3 and 3.4).

The reconstructed subglacial drainage pattern also offers in-
sight into the origin of the segmented submarginal channel system.
Because this system lies nearly parpendicular to the regional direc-
tion of ice flow, ice erosion is particularly ineffective here. Its
coincidence with the inferred episodic drainage path of Figure 3.10
points to subglacial water as its primary erosive agent.

The magnitude of discharges along this route can be estimated by
Clague and Mathews's (1973) empirical relationship between lake vol-
ume and jokulhlaup discharge. This provides a semi-quantitative
basis for comparing the glaciofluvial erosion in this area with the
observed effects of other catastrophic drainage events. Table 3.1
lists the maximum volume of each impounded lake at ice-maximum stage.
Drainage of the largest lake (Lake Skykomish) would probably trigger

drainage of lakes in the North and South Forks of the Tolt River
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valleys and the North Fork Snoqualmie valley as well. The Clague-
Mathews formula (1973),
Qnax = 75 (V/106)0.67

where Qpax = maximum discharge in m/sec, and
¢ = initial lake volume in m3,

predicts maximum discharges on the order of 105 m/sec. By way of
comparison, this is one to two orders of magnitude less than predic-
tions of Lake Missoula floods (Baker, 1973; Clarke and others, in
press), two orders of magnitude greater than reported from Alaskan
ice-dammed lakes (Stone, 1963), and five to ten times greater than
computed paleodischarges in the Rocky Mountain Trench during degla-
ciation there (Clague, 1975). Based strictly on modern runoff rates
(U. S. Geological Survey, 1983), lakes would refill in 10 to 50
years. Additional drainage from beneath the ice can be calculated
approximately from the percentage of the Puget lobe that forms the
subglacial "drainage basin" for the Skykomish valley. By inspection
of Figure 3.11, approximately a third of the upglacier meltwater
would enter this system. From Table 2.4, this flux is of the same
order as modern runoff rates and would halve these predicted refill
times. Multiple drainage events are therefore probable during the
Vashon Stade (Chapter 1), as well as during pre-Vashon glaciations.
Other consequences of impounded and episodically draining water
are the great morainal embankments that choke the mouth of each
alpine valley at their junction with the lTowland. First described by
Cary and Carlston (1937) and later studied by Mackin (1941), these

features reflect a variety of depositional processes occuring at the



101

interface of the ice sheet and impounded water. The interrelation-
ship between ice thickness and lake depth controls the sediment,
structure, and geographic position of these embankments. These ob-
served characteristics and their dependence on the dynamics of the
ice sheet are discussed in Chapter 4.

This static analysis provides a physically based explanation for
many of the observed, enigmatic characteristics of channelized topo-
graphy. Such an approach, however, explicitly ignores all geomorphic
consequences of flowing ice. This additional factor not only affects
the flow of water but also ccntrols the erosion by ice action direct-
ly. The analysis is therefore extended to consider these effects and
to assess their relative impact on landform development in glaciated

terrane.
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EFFECTS OF SLIDING OVER NON-PLANAR TOPOGRAPHY

INFLUENCE ON SUBGLACIAL WATER FLOW

Introduction

Sliding velocities of several hundred meters per year (Chapter
2) over the irregular bed surface will somewhat alter the pattern of
predicted subglacial water flow, by affecting the ice pressure at the
bed (Weertman, 1957; Lliboutry, 1968; Nye, 1969). This effect was
discussed qualitatively by Shreve (1972), and his static analysis can
be readily expanded to evaluate quantitatively the significance and
consequences of this dynamic component over simple topographic ele-
ments. The linear ice flow theory of Nye (1969) and Kamb (1970) is
used in the theoretical model. Its inherent inaccuracy, not critical
to the problems addressed here (see below), is well-compensated by
the theory's simplicity and flexibility.

Consider a simplified representation of the Puget-lobe ice
sheet. Ice thickness is 1000 m and surface slope is 0.006 (about
latitude 47030', 90 km north of the terminus), and bed topography is
represented by sinusoidal ridges with 100 m amplitude and 1000 m
wavelength. Along a longitudinal profile over one such ridge, each
component of the total hydraulic potential at the bed surface chan-
ges. The change in elevation over one hill (one half wavelength)
gives a variation of 9 x 10° KPa (9 bars). Over the same downglacier
distance, the average ice thickness decreases 3 m, or 0.3 x 105 KPa.

The maximum pressure difference due to sliding is given by Nye (1969,
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eqn. 32, ignoring regelation over this size of obstruction) for 2-
dimensional flow over a single sinusoid:
p = 4MUky2A, or (3.3)
p =4 x 105 kPa,

where <= viscosity = 3 x 109 kPa-s (1 bar-year) (Nye, 1970;
cf. equation 3.9 below)

U = ice velocity = 4 x 102 m/a (Chapter 2),
ko = wave number of the periodic bedform (21 /wavelength),
and A = amplitude of the bedform.

Thus pressure variations over bed irregularities of this scale are
largely determined by the static components, but may include a signi-

ficant dynamic component as well.

3-Dimensional Topography

Representing more realistic topography requires a 3-dimensional
formulation. Kamb (1970) presented a linear model of sliding which
is mathematically equivalent to Nye (1969) but more explicitly devel-
oped for 3-dimensional topography. Following Kamb, the bed topogra-
phy, zo(X,¥), is Fourier analyzed:
Zg(x,y) =En;% am,nexp{ami(mx/Ly + ny/L2)) (3.4)
where L1, L are the length and width of the area of the bed being
analyzed, and
dp,n is the coefficient of the m,n component of the Fourier
series.
If the pressure variation across only those features larger than a

few meters are considered (i.e. regelation irrelevant around these

obstructions) the linear solution to the equations of motion gives:

p(x,y) =§§'2?Uph1’ah,k1-exp(1’(hx + ky)) (3.5)
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where p = pressure,
h=2m/Ll,
k =2 n/Ly,

sliding_velpcity (due to plastic flow only), and
13108,V 1ge ity (due to p

[ o
-1
[{ 1]

This is subject to two initial assumptions. One is that Uy = Up and
Uy = 0 on the bed surface. The second is that the normal stress Tzz
on the horizontal x-y plane is assumed to equal the normal stress on
the tilted bed surface zp(X,y). Both assumptions are strictly true

only for infinitesimal roughness ézo/ax, but according to Kamb (1970,
p. 686) they yield an acceptible first-order solution for finite bed

roughness as well.

Basic Configurations
Using this theory, the pressure distribution over any bed geo-
metry with low roughness can be analyzed. The mathematically sim-
plest topography is the sum of single sinusoids in the x and y
directions, resulting in an “egg-carton" surface. It is represented
by setting all am,n = 0 in equation 3.4 except for amo,l and al,nos
where both mgy and ng are much larger than one and defining
L =L1/mo
(3.6)
W=1L2/no-
L and W are the dimensions of the actual region of interest and will
each include exactly one wavelength of the non-zero Fourier com-
ponent. Defining
hg = 2T/L,
2T/W,

Ko

taking the real part of the series (equation 3.4) gives
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Zo(x,y) = Axcos(hox) + Aycos(kqy)- (3.7)

If L and W are of the same magnitude, equation 3.5 yields
P = =277 UpAxho?sin(hox). (3.8)
Only one term (see equation 3.7) appears in the pressure solution,
because the value of h in equation 3.5 when ah k = Ay is very much

smaller than when a(h,k) = Axs This particular topography therefore

yields no y-variation in pressure and is completely analogous to the
2-D case (equation 3.3). As expected, pressure does vary siqusoida]-
1y in x, 900 out of phase with the bed topography: maximum p at the
midpoint of the upglacier slope, minimum p similarly on the down-
glacier slope. Lateral deflection of water following the total
potential gradient over this topography will be caused only by dif-

fering elevations in the y direction.

Transverse and Longitudinal Topography

Varying L and W in equation 3.6 while fixing my = ng changes the
elongation of the topography relative to the ice-flow direction.
Figure 3.12 demonstrates the effects of this variation on both the
topography and the total pressure distribution under sloped, sliding
ice. The patterns of hydraulic potentials over each topography show
certain features in common. The hydraulic potential surface is
depressed upglacier of the topographic highs. Drainage out of these
basins is via the Tongitudinal channels between hills, with gradients
increasing in these channels to maximum values on their lee-side

segments. Subglacial water flow is diverted from all points on the
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Figure 3.12. Hydraulic equipotentials beneath ice sliding over
non-planar topography (ice-flow direction is indicated by long
arrow). Bed topography (Figure 3.12a) consists of hills with
their apex at the corners of each figure, separated by chan-
nels and closed depressions. Total relief = 200 m. Equi-
potentials (Figures 3.12b-f) mimic the bed topography, but
maxima are shifted slightly upglacier of topographic peaks and
minima shifted downglacier from depressions. Contour interval
arbitrary; using values for ice thickness (1000 m), surface
slope (0.006), sliding velocity (400 m/a), and effective vis-
cosity (3 x 109 kPa-s), interval = 25 kPa.

3.12a. Generalized view of bed topography of Figures 3.12b-f.
Longitudinal channels are those that extend in the ice-flow
direction (transverse channels lie perpendicular to the flow
direction).
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channel depth =100 m

Figure‘ 3.12(cont.)b. Symmetrical hills, spacing = 2000 m;
channel depths = 100 m.
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100 m

channel depth

Figure 3.12(cont.)c. Transverse hills: Tength = 2000 m, width
= 4000 m. Channel depths = 100 m.
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)

channel depth = 100 m

Figure 3.12(cont.)d. Longitudinal hills: length = 4000 m,
width = 2000 m. Channel depths = 100 m.
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channel depth = 40 m

Figure 3.12(cont.)e. Transverse hills: length = 2000 m, width
= 4000. Longitudinal channel depth = 40 m; transverse channel
depth =160 m.
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channel depth = 40 m

Figure 3.12(cont.)f. Longitudinal hills: length = 4000 m;
width = 2000 m. Longitudinal channel depth = 40 m; transverse
channel depth = 160 m.
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bed surface into these channels.

Several differences are also apparent between potential fields
over these bed topographies. Ridges transverse to the ice flow
(transverse topography; Figure 3.12c) yield a potential surface
having deep, extensive depressions and steep channel gradients. In
contrast, longitudinal topography (ridges elongated in the ice-flow
direction) generates less extensive upglacier depressions and more
gentle gradients in channels (Figure 3.12d; note the absence of
closed depressions and the contour spacing relative to Figure 3.12c).
This occurs because the dynamic pressure component varies inversely
with only the longitudinal wavelength squared (ho~¢ in equation 3.8).

To draw inferences about erosion rates we must assume how shear
stress and erosion by bedload transport are coupled. As previous
discussed, erosion rate may scale with either shear stress (reflected
by the potential gradient) or shear stress gradient. Once bedrock is
exposed in the bottom of the channel, erosion wiil occur at rates
proportional to the flux of bedload. This parameter scales with the
basal shear stress. Potential gradients are easily compared by
inspectioﬁ of these figures, indicating that fluvial erosion rates of
the bedrock topography should be lower over longitudinal than over

transverse landforms.
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Channel Deepening

Varying the relative amplitudes of the sinusoidal components (Ay
and Ay) shows other consequences of topographic changes, specifically
the deepening of channeis. Figures 3.12e-f differ from 3.12c-d in
having a 4:1 (instead of 1l:1) ratio between the amplitudes of the x
and y components. With increasing channel depth (Figures 3.12c-d),
lateral diversion into channels (expressed by contour curvature)
increases although the gradient in the lee-side segments (contour spacing)
simultaneously decreases. Small channels, inevitably present in
preglacial topography, should therefore be exploited and enhanced by

subglacial water (cf. Clapperton, 1968; Whillans, 1979), though at

steadily decreasing rates.

IsoTated Topographic Elements

Pressure Distribution

Sliding over isolated hills on an otherwise planar surface can
also be modeled to yield insight into both pressure distribution and
the accuracy of this theory. A single hill is generated by the
product of (A sin(x)) and (A sin(y)), where x and y vary from O to
/2 and A2 = 100 m, and is placed on a horizontal surface (Figure
3.13a). This topography is Fourier analyzed, assuming periodic repe-
tition of the bed surface outside the defined region, to give the set
of ap,n coefficients of equation 3.4. Landforms with aspect ratios
elongated transverse or parallel to the ice-flow (x) direction can be

considered by choosing non-equal values of Lj and Ly (Figure 3.13b-

c). The dynamic pressure component is then calculated from eqn. 3.5
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Figure 3.13. Dynamic pressure due to sliding over periodically
spaced isolated hills.

3.13a. Generalized view of bed topography of Figures 3.13b-c.
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Ice flow
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HEIGHT =
100 m

Figure 3.13(cont.)b. Topography of isolated symmetrical
hiltl. Contour interval = 20 m; spacing = 2000 m.
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Figure 3.13(cont.)c. Topography of isolated elongated hiil.
Contour interval = 20 m; spacing = 2000 m in narrowest dimen-
sion.
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QINE

Figure 3.13(cont.)d-f. Contour plots of the pressure compo-
nent of the subglacial hydraulic potential due to siiding over
hills contoured in Figures 3.13b-c. Closed contours up-
glacier of the centerline indicate a pressure high; contours
downglacier of the centerline indicate a pressure shadow.
Asymetrical patterns are due to numerical errors introduced by
non-infinitesimal slopes; they are most extreme over the
steepest topography (Figures 3.13b, 3.13d).
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Figure 3.13(cont.)e.
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Figure 3.13(cont.)f.
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(Figure 3.13d-f). As expected, Tow-pressure shadows and high side-
slope gradients are predicted, consistent with innumerable observa-
tions of low-pressure zones behind any obstruction to fluid flow and
the distribution of fluvially-scoured features on glaciated bedrock

hills (Dahl, 1965; Gray, 1982).

Comparison with Non-Linear Model

L1iboutry and Ritz's (1978) analysis of non-linear flow around a
hemisphere provides an indirect method of checking the numerical
results of a linear viscous flow law for ice. This comparison cannot
be accomplished by direct matching of equivalent topographies using
Kamb's (1970) model, as a hemisphere thoroughly violates the require-
ment of low surface slopes (such a calculation over this geometry
yields predictably meaningless results). Instead, we use the analy-
tic solution for linear flow around a slippery hemisphere (e.g.,
Happel and Brenner, 1965). To choose a reasonable viscosity, the
total drag force over the hemisphere can be set equal in both linear

and non-linear cases (LTiboutry and Ritz, 1978):

5.29 x 10-15 s-1kpa-3
Paterson, 1981, p. 39).

4R = 8.8 wR2(U/BR)1/3, or
@ = 2.2(R?/U%B)1/3, (3.9)
where R = hemisphere radius (m),
U = ice velocity (m/a),
B = flow law constant ?

(.167 a-lbar-3)
Using 400 m/a flow over a 100-m hemisphere, ﬂ? = 5.0 x 109 kPa-s (1.6
bar-a). Calculated pressures around the hemisphere are compared for

the two rheologies in Figure 3.14. Their distributions are qualita-
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Non-—linear rheology

R=100 m

Linear rheology

Figure 3.14. Dynamic pressure component due to sliding over an
isolated hemisphere of 100-m radius, velocity = 400 m/a (con-
tour iaterval 20 kPa). (a) models the ice as a power-law
fluid with an exponent of 3 (Lliboutry and Ritz, 1978); (b)
uses a linear viscous approximation with viscosity = 5 X 10
kPa-s. Pressure maxima are on the upglacier surface of the
hemisphere, minima on the downglacier surface.
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tively very similar, although maximum pressure variations are #12
bars for the non-linear case and only +6.4 bars for the linear case
(equivalent values for U = 100 m/a are 7.5 and +4.0 bars). The
numerical accuracy of these models is therefore ambiguous, particu-
lariy in the case of realistic, non-infinitesimal bed slopes modelled
using Nye (1969) or Kamb (1970). The pattern of predicted pressure
and, for low bed roughness, its estimated magnitude, nevertheless

appear both valid and useful approximations (Nye, 1970).

EROSION BY ICE-TRANSPORTED SEDIMENT

Rapid sliding of ice also affects the bed topography directly,
by abrasion and plucking. Erosion by combined glacial processes in
the Puget Lowland is evident from the abrupt non-structural topogra-
phic scarps (Tabor and others, 1982) at the lateral boundaries of the
glaciated terrane here, with relief commonly greater than 300 m (cf.
Sugden, 1979). O0f the two subglacial agents of erosion, only ice
action is likely to attenuate bedforms and degrade the entire bed
surface, as subglacial water flow only can enhance local relief. Ice
erosion is generally considered to result from abrasion and plucking.
The controlling parameters of abrasion are far better constrained by
theory than those of plucking, although both may be significant
components of the total erosion by ice. Yet the abrasion rate should
be coupled to the plucking rate, because quarried blocks can subse-
quently become abrading tools.

Theoretical treatments of abrasion (Boulton, 1974, 1979; Hallet,
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1979, 1981) agree that rates are dependent upon several factors. For
a given lithology, these inciude the tool concentration, the velocity
of those tools over the bed, and the effective force of contact
between tool and bed.

Availability of tools shows a plausible dependence on bedform
size. The origin of such tools has been ascribed variously to pre-
glacial regolith (Warnke, 1970; Whillans, 1978) and to subglacially
plucked debris (Boulton, 1974). The subaerial accumulation rate of
regolith at the base of slopes is a function of the slope gradient
(Carson and Kirkby, 1972). As the steepest slopes of an elongated
hill lie along transects across its narrowest dimension, regolith
will be accumulated most rapidly there. Subsequent ice flowing in
the direction of steepest bed siopes will therefore carry the grea-
test amount of sediment over the landform. If ice-erosion rates are
limited by the availability of tools, erosion of bedforms of a given

amplitude should be inversely related to the longitudinal wavelength

of the topography.

Once entrained in ice, the rate at which abrading tools reach
the bed depends on the rate of convergence with the bed (Hallet,
1979). Over bedforms 100s to 1000s of meters long, basal melting
should be relatively uniform (Rothlisberger, 1968). The pattern of
convergence due to longitudinal strain, however, changes significant-
ly over a single bedform and between bedforms of different sizes.
Figure 3.15 shows the relative convergence rate of tools over 2-

dimensional sinusoids of different wavelengths. Convergence is less
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Figure 3.15. Maximum convergence rate of tools with bed as a
function of wavelength, calculated from Hallet (1979, eqn.
17). Clast radius = 0.1 m, distance from bed = 0.1 m, veloci-
ty = 400 m/a, and amplitude fixed at 150 m for all wave-
lengths. Basal melting is ignored in these calculations but
would become increasingly significant for wavelengths longer
than about 1000 m. At short wavelengths the numerical
results become increasingly inaccurate due to non-infinitesi-
mal slopes, but the gross functional relationship should still
apply (cf. Figure 3.14).
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pronounced over long wavelengths and vanishes (but for the component
due to basal meiting) at the 1Timit of infinite wavelengths.
Predicted variations in the effective contact force depend on
the theoretical framework. Using Hallet (1979), effective contact
force is primarily determined by convergence rates and so varies
along with predicted changes in the tool concentration at the bed.
Using the less-plausible theory of Boulton (1974; cf. discussion of
Boulton, 1979, P. 38), contact force depends on the total normal
stress exerted by the ice on the bed, which will vary only trivially
over this scale of bedforms (while tool concentration varies as
above). Either model therefore predicts qualitatively equivalent
bedform-size dependence, with abrasion rates highest over short-

wavelength forms.
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RELATIVE PERSISTENCE OF LONGITUDINAL AND TRANSVERSE LANDFCRMS

Quaiitative Factors

The predominence of longitudinal over transverse forms in gla-
ciated landscapes (Linton, 1963; Clayton, 1965) suggests that glacial
erosion must generally favor either enhancement of longitudinal fea-
tures or attenuation of transverse ones. The above discussion quali-
tatively suggests that ice-erosion rates should be fastest for short-
wavelength forms irrespective of their extent in the transverse
direction. Although the relief of all bedforms should be reduced by
ice abrasion (Hallet, 1979), features of the landscape oriented
across the ice-flow direction (transverse landforms) should degrade
more rapidly than features of the same size oriented longitudinaily.

Where transverse forms persist, the rate of ice erosion must be
low relative to the rates of other erosional processes that can
accentuate relief in these glaciated landscapes. The theoretical
considerations of subglacial hydrology provides a physical explana-
tion for the conditions that preserve or enhance this topography.
Initiation requires landscapes where preexisting topography or struc-
tural control has developed preglacial landforms (Newell, 1970;
Rudberg, 1973; Gordon, 198l) transverse to the ice-flow direction.
Lateral margins, where defined by topographic barriers, provide par-
ticularly favorable sites, since bedrock ridges thatvproject across
the ice flow are more typical here than in the interior region of the
jce sheet. The relative dominance of subglacial fluvial erosion over

ice erosion, necessary for these landforms to persist, is not con-
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stant over the glacier bed. Most generally, water flux increases
monotonically downglacier whereas ice flux decreases below the equil-
ibrium line. Conditions for water to dominate glacial erosion thus
become increasingly favorable in the ablation zone, particularily
where flow is concentrated towards the lateral margins by the convex
ice surface. This effect will be greatly enhanced locally by the

predicted channelization of water.

Rates of Water and Ice Erosion

This relative importance of ice and glaciofluvial erosion can
also be estimated. For this large-scale comparison the erosive
potentials of both ice and water are characterized by the power of
each geomorphic agent per unit area of the bed (Andrews, 1972; Church
and Gilbert, 1975; Hallet, 1979, egn. 2). An estimate can be made of
the proportion of energy in the moving fluid that is actually used to
comminute bedrock (Boulton's "effective power", 1974, p. 84), and the
spatial distribution of that power over the bed can be assessed.

The change in gravitational potential energy per unit time of
both ice and water can be calculated from mass-balance data, presen-
ted in Table 2.4, as a function of position downglacier by using the

relationship:
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E=(Q¢)g ah,
where E = potential energy loss per year per unit length
of the glacier,
Q = volume flux of fluid (ice or water) per year,
€ = fluid density, and
ah = potential drop per unit length (= (surface slope)*0.5

for ice, (surface slope)e €i/6, for water).

Dividing by the cross-sectional width then yields the average power
per square meter (Figure 3.16). This equation is obtained assuming
that the ice moves entirely by basal sliding and that the proportion
of the potential energy of water lost as it first drops from the ice
surface to the bed (approximately 10% of its total from ice surface
to terminus) is negligible. |

The proportion of this total fluid power that is actually used
to comminute bedrock may influence the relative geomorphic action of
these two agents. The order of magnitude of this "efficiency" factor
can be estimated, albiet crudely, for both ice and water by calcula-
ting the ratio of 1) energy expended in removing bedrock to 2) the
total potential energy available in the fluid during the same period.

Measured rates of erosion over glaciated basins in Norway
average 0.3 mm/a (Wold, 1983), giving a maximum estimate for the rate
due to ice erosion alone. Far more localized data (Lutschg, 1926;
Andrews, 1572; Boulton, 1974) suggest a possible range up to one
order of magnitude higher. Using typical values for ice flow and
basal shear stress (100 m/a and 100 kPa) (Patterson, 198l1) and a
value for the energy required to comminut2 quartz and feldspar to a
size of 0.01 mm (3.3 x 105 J/kg; Hukki, 1961; consistant with obser-

vations of abraded rock and the corresponding coefficient used by
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Metcalf, 1979),

efficiencyjce = 3 x 10-2.
This result is one order of magnitude smaller than calculated by
Metcalf (1979), due to his assumption of greater abrasion rates.

Equivalent erosion rates and efficiencies are not readily avail-
able for fluvial incision through bedrock. The Late Pleistocene
Bonneville flood (Malde, 1968), however, provides an excellent oppor-
tunity to infer this information for discharges that are of equiva-
lent magnitude (102 m/s) to the jokuThlaups predicted along the
submarginal channel system of the Puget lobe. In the Bonneville
area, 1.2 x 109 m3 of volcanic rock was removed from a bedrock
channel by 1.2 x 1012 m3 of water falling 120 m. Using a crushing
energy (1.2 x 103 J/kg; Hukki, 1961) required to reduce fine-grained
rock to sizes of a few tens of millimeters or more (as reported by
Malde, 1968),

efficiencyyater = 3 x 10-3.

This order-of-magnitude difference in ice and water effici-
encies cannot dominate other characteristics of these two erosive
agents, particularly their spatial distribution over the glacier
bed. For ice, no significant local variations in the flux along
any transect is likely except over the most extreme topographies.
The power is therefore not at all Tikely to vary greatly from its
average value (Figure 3.16). Channelization of water, however,
is indicated by theory (Rothlisberger, 1972; Shreve, 1972),

observation (Stenborg, 1968), and geologic inference (Walder and
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Hallet, 1979). The width over which its power is expended is there-
fore only a small fraction of the total width of the glacier, indica-
ting that calculated values of the spatialiy averaged water power
substantially underestimates the local rate of work. The channelway
system of the eastern Puget Lowland (Map 1) occupies at most a few
percent of the glacier bed. Even if these valleys were occupied
simultaneously, the flow concentration in them would still be quite
sufficient to dominate the erosive effects of ice flow.

A variety of empirical evidence supports these theoretically
based conclusions. These include measured glaciofluvial sediment
loads that are nine times the ice load (Hagen and others, 1983) and
substantial glaciofluvial incision through bedrock (Sharp, 1947) at
rates of millimeters to meters per year (Goldthwait, 1974; Vivian,
1975). Where channelized, subglacial water can become the dominant

erosive agent, particularly in the lower reaches of an ice sheet.
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IMPLICATIONS FOR DEVELOPMENT OF GLACIATED LANDSCAPES

Landscapes characteristic of subglacial fluvial erosion will
develop and evolve throughout periods of glacial occupation. Such an
evolutionary progression has been characterized by Coates and
Kirkland (1974) for landforms in the Appalachian Plateau. They
observe there a variety of notches, cols, and valleys across drainage
divides that suggest progressive enhancement of these forms through
repeated episodes of glacial and glaciofluvial activity.

Single channels, given a particularly favorable combination of
water flux, occupation time, and bedrock resistance, may become
dominant troughs across the landscape. These "through valleys" are
sufficiently wide to experience significant ice flow as well as water
flow. The trough south of Gold Bar (Figure 3.6) expresses well both
the morphology and the geomorphic requirements of such a feature.
Exploitation of this valley was by the total drainage of submarginal
water from north of the Skykomish River. Diversion into this passage
was forced by the west-projecting spur over which it crosses (Figure
3.7) and the margin-ward ice-surface slope in this region (Figure
3.8). Moraines on the ncerthwest ,all of the trough and a morainal
embankment on its east side (at Proctor Creek) demonstrate that ice
has actively occupied and probably eroded this channel as well.

Channelway networks should also evolve through time. Local
spatial variations in certain Tandforms in the Puget Lowland may

reflect such a temporal development. Narrow, isolated channels de-
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veloped high on bedrock ridges in the uplands east of the Snoqualmie
valley contrast distinctly with the weli-developed networks present
at lower altitudes (e.g., Figure 3.5). These lower topographic
positions, generally corresponding to better-developed channelways,
should experience longer periods of ice occupancy and thus more
extensive subglacial activity. A similar pattern of bedrock degrada-
tion just south of Sultan (Figure 3.3) is graphically shown by Plate
I. Erosion of such landforms in the path of one or more ice sheets
clearly does not result in uniform lowering of the ground surface.
Instead, channels are exploited by the localized erosive effects of
subglacial meltwater until they transect and behead these spurs. In
favorable localities, rates of channel development can far outstrip
rates of overall denudation by ice erosion. The resultant channel-
ized topography characterizes those regions dominated by subglacial

fluvial erosion in glaciated landscapes.
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Plate I. View looking southwest over the area of Figure 3.3.
Ice 1imit lies roughly two-thirds up the main ridge sloping up
to the left. Subglacial meltwater channels have disected this
ridge, leaving a characteristic topography of isolated, non-

streamlined hills.



CHAPTER 4
MORAINAL EMBANKMENTS OF THE EASTERN PUGET LOWLAND

INTRODUCTION

A striking characteristic of the topography along the western
slopes of the Cascade Range is the presence of constrictions in river
valleys as they pass from their bedrock-walled alpine reaches out
into the Puget Lowland. These constrictions are best-developed in
western Washington in the Skykomish-Snoqualmie region (Figure 4.1).
They do not reflect underlying bedrock topography, but rather are
composed of glacial, fluvial, and lacustrine sediment deposited as a
distinct embankment. All lie near the outermost margin of the Late-
Pleistocene ice sheet that occupied the Puget Lowland most recently
about 14,000 years ago (Chapter 1) during the Vashon Stade of the
Fraser Glaciation (Armstrong and others, 1965). A slightly earlier
advance of alpine glaciers that originated in the Cascade Range is
inferred to have climaxed before the time of Vashon maximum (Cary and
Carlston, 1937; Williams, 1971; Porter, 1976). Alpine valleys, at
least in their lower reaches, were ice-free during much or all of the
time that the Puget lobe occupied the Lowland during the Fraser
Glaciation.

Eleven valley-constricting deposits can be recognized in this
area. They are here referred to as "morainal embankments", following
Mackin's (1941) terminology and to avoid genetic implications beyond
their glacially related origin. Although a few early workers be-

lieved these embankments were deposited by alpine ice flowing down-
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Figure 4.1. Index map of geographical localities. Embankments are
marked with stars, Vashon-age ice limit with small dots.
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valley, most sudies of morphology and lithologic provenance have
demonstrated that the debris was derived from the Puget lobe (Cary
and Carlston, 1937; Mackin, 1941; Knoll, 1967; Williams, 1971;
Hirsch, 1972).

Although they have long been recognized, no model has been
proposed for formation of these morainal embankments that satisfac-
torily explains both their ubiquitous location at valley mouths and
the variety of sediments encountered within them. Such a model must
not merely acknowledge the presence of ice. It must also character-
jze the physical behavior of ice and depositional processes active
wherever the ice margin abutted extensive lakes that filled these
jce-dammed alpine valleys (cf. Shaw, 1982). Hypothesized processes
of subaqueous deposition adjacent to Pleistocene ice sheets have
received considerable recent attention at several other localities
found in eastern North America (e.g., Dreimanis, 1982; Eyles and
Eyles, 1983). The Puget-Lowland embankments, however, provide a
unique opportunity to study these processes in a region where lake
geometry, drainage routes, and configuration of the ice sheet can be
particu]afﬁy well-constrained. This example also provides insight
into processes of subaqueous glacial deposition that are partially or
completely inaccessible in modern glacial environments, but which
must be active wherever past or present temperate-ice masses termi-

nate in water.
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DESCRIPTION

The eleven embankments in this area display widé]y variable
proportions of fluvial and glacial sediment. Three examples, treated
in detail, exemplify both their similarities and differences. The
South Fork Tolt embankment is composed of thin, discontinuous fluvial
deposits covering a rounded ridge of glacially derived sediments.
The form of the Middle-South Fork Snogualmie embankment, by contrast,
is dominated by a planar surface of fluvial sand and gravel that
extends both upvaliey and laterally along the mountain front for many
kilometers. The third example, the Piichuck-Sultan embankment,
shares several important characteristics of both. It also serves as
a particularly useful example because of good exposure and extensive

subsurface study.
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SOUTH FORK TOLT EMBANKMENT

The South Fork Tolt embankment occupies an area of about 2 km2,
forming a broad north-rising ridge with maximum relief of 150 m
(Figure 4.2). Fluvial incision and recent excavations have exposed
over 100 m of glacial, glaciolacustrine, and glaciofluvial sediments
along the east-west axis of the embankment. These sediments can be
subdivided into three primary units. The lowest is an oxidized
bouldery diamicton, with 5- to 30-cm-thick layers of compact medium-
grained sand. Clast lithologies and degree of weathering indicate
probable deposition by an ice sheet of pre-Fraser age. Its base is
not exposed; its upper surface lies at an altitude of approximately
500 m (1600 ft).

Overlying this deposit is a massive to crudely bedded diamicton,
comprising the bulk of the embankment and defining its surface.
Clasts are round to subangular, commonly striated, and of mixed
lithology. They range in size from small pebbles to 2 m blocks. No
clear fabric is apparent in the clast orientation. The deposit
differs from typical Puget-lowland lodgement till in having a lower
degree of compaction and a higher silt and clay content in the matrix
(cf. Dethier and others, 198l). Throughout this material, subhori-
zontal pebble-poor zones 5 to 20 cm thick extend Tlaterally for
several meters. Larger, discontinuous subhorizontal sand layers
extending for 1 to 20 m cluster in (though are not limited to) a 20-

to 30-m-thick zone in the middle of this unit. Throughout the entire
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Figure 4.2. South Fork Tolt embankment. Ice-maximum limit shown
by black dots; elevation in feet (from Mount Si 15' topo-
graphic map).



141

exposure, horizontal layers with planar contacts preclude any sig-
nificant deformation of sediment during or following deposition. In
one locality near the south dam abutment, silt and clay layers drape
and are locally depressed several centimeters by clasts up to 15 cm
in diameter.

This unit is overlain by a layer of oxidized recessional outwash
deposits, generally less than 2 m thick. They drape most of the
embankment, and thicken to form a constructional surface only on the
lower western (ice-proximal) slopes where they merge with fluvial
deposits of the late ice recession in this area (Chapter 1). Sedi-
‘ments comprising the embankment are truncated on its east side,
however, suggesting post-glacial erosion of the embankment by the

South Fork Tolt River.
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MIDDLE-SOUTH FORK SNOQUALMIE EMBANKMENT

A nearly continuous, flat-surfaced embankment chokes the valley
mouths of the Middie and South Forks of the Snoqualmie River (Figure
4.3). It can be traced south for nearly 15 km along the mountain
front, blocking tne Cedar River valley and terminating at ice-contact
sediments at the northeast edge of the Taylor Creek valley (Frizzell
and others, 1984). Its surface altitude decends from about 510 m
(1670 ft) on the proximal side of the Middle Fork embankment to 500 m
(1640 ft) at the South Fork embankment to 475 m (1560 ft) northeast
of Taylor Creek (much of this gradient may be due to isostatic re-
bound; cf. Chapterl). A classic study by Mackin (1941) of this
embankment system characterized it as a set of great fluvial deltas,
veneered on their ice-proximal side with till. He believed that they
formed at the maximum stand of the Vashon-age ice sheet.

Most of the sediment presently exposed is gravel and sand,
subrounded to well-rounded, with better-sorted sand Tayers and lenses
throughout. Median and maximum grain sizes both gradually decrease
upvalley, with pebble-poor lacustrine siit deposits predominating
beyond abaut 4 km. The ice-proximal slope of the Middle Fork embank-
ment is characterized by ice-contact topography and moderately to
poorly sorted boulder- to cobble-gravel, sand, and silt, and an
absence of recognizable lodgement till. A more complex record is
revealed at the South Fork embankment, in part perhaps due to more
extensive exposure. Exposed on its ice-proximal face just above the

highway is a limited area of fine-grained, horizontally bedded sand
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Figure 4.3. Middie-South Forks Snoqualmie embankment. Ice-
maximum limit shown by black dots; elevation in feet (from
Mount Si and Bandera 15' topographic maps).
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and silt. Wood in these sediments yielded an infinite date (UW-243)
(Porter, 1976). Drag folds and faults near the top of the deposit
(approximately 300 m, 1000 ft altitude) indicate shearing to the
east, presumably by overriding ice (shearing with the same orienta-
tion of proglacial fluvial sediments is exposed directly beneath
Vashon till 2.6 km northwest of here). Unweathered till, presumably
Vashon in age and resting directly on striated bedrock, is only
exposed along the river below the older sediment. This till must
have been deposited in a valley incised through pre-Vashon debris.
The fluvial deposit that forms the upper embankment surface overlies
both this till and the older lacustrine sedimentary material, with a

thickness of about 200 m in this area.

PILCHUCK-SULTAN EMBANKMENT

Deposits comprising the embankment at the head of the Pilchuck
River are well-exposed, owing to activity associated with the con-
struction and subsequent raising of adjacent Culmback Dam (Figure
4.4). The Towest sediments, however, are revealed only by multipie
drill logs (Converse Ward Davis Dixon, unpublished; Converse Consul-
tants, unpublished). They consist of nearly 200 m of fluvial sand
and gravel beneath the present embankment, filling the bottom of the
bedrock vailey of a pre-Vashon Sultan River. Their upper surface, at
an altitude of approximately 420 m (1380 ft), is 30 m above the
modern level of the bedrock 1ip through which the Sultan River now
drains into the Sultan gorge. This upper surface may represent a

pre-Vashon-age floodplain of the Sultzn River, implying that during
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at least some portion of pre-Vashon time, drainage was aiso through
the Sultan gorge (Mark Shaffer, written commun., 1983).

Overlying these fluvial sediments are 60 to 90 m of pebbly-silty
diamicton. The top of this unit lies at about 500 m (1600 ft)
altitude in the central and northern portions of the embankment, but
is exposed as low as 440 m (1450 ft) near the entrance to the gorge.
It is composed primarily of consolidated horizontally bedded silt and
very fine-grained sand containing subangular to well-rounded clasts
0.5 to 4 cm in diameter. Portions of this deposit were intermittent-
]y exposed at the surface during dam construction (1983). On the
south abutment this deposit varies from rather typical Vashon tii?,
massive and stony (clast content roughly 25%), to a poorly sorted
deposit containing discontinuous silt layers a 1-2 cm thick and
gravel-rich lenses. On the north abutment, clasts consistantly com-
prise less than 5% of this unit. Where present, clasts are sub-
angular to well-rounded, 0.5-4 cm in diameter, and commonly striated.
The matrix here consists of fine-grained silt with subhorizontal
layers up to 10 cms thick and several meters in lateral extent,
defined by faint color changes and slightly coarser texture.

This deposit is covered by bedded gravel and sand that is at
least 100 m thick on the northern portion of the embankment. These
fluvial sediments form a near-continuous kame terrace that begins at
a bedrock notch on the north wall of the Pilchuck valley, continues
upvalley as a feature only a few tens of meters wide, and broadens

abruptly at the embankment itself. Its gradient is approximately 12
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m/km (65 ft/mi).

This embankment has been extensively modified by postglacial
erosion. Sand and gravel of the topmost unit are preserved 2 km
southeast of the present embankment form on the south side of the
Sultan Basin. They are remnants of recessional outwash deposits that
extended upvalley (formerly downglacier) from the terrace capping the
embankment surface to the subaerial spillway at Olney Pass (Figure
4.4). The underlying diamicton appears to extend at least 3 km
upvalley as well on the north side of the Sultan Basin. The present
steep east face of the embankment therefore reflects not an abrupt
termination of deposition, but incision by the Sultan River in post-
glacial time. In contrast, the ice-proximal side of the embankment
has an even, more gentle slope. It has been only slightly modified
by a mantle of rarely terraced outwash deposits and proglacial lacus-

trine sediments associated with the final withdrawal of the ice.
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RECONSTRUCTION OF ICE-MARGINAL ENVIRONMENTS
SEDIMENTOLOGICAL EVIDENCE

The origin of deposits similar to those present as the middle
layer of both the South Fork Tolt and Pilchuck-Sultan embankments
(and perhaps the stratigraphically lowest exposed unit of the South
Fork Snoqualmie embankment) has been discussed by many authors,
including Dreimanis (1979), Evenson and others (1977), May (1977),
Gibbard (1980), and Eyles and Eyles (1983). Common to all hypotheses
is the subaqueous nature of the depositional environment, indicated
by stratification and high silt and clay percentages. Thg fall-out
of debris released from the base of melting ice, combined with the
settling of fine-grained lacustrine sediments, is coﬁpatib]e with
virtually all of the characteristics observed here. In particular,
variable debris content in the ice coupled with a more uniform accre-
tion rate of fine-grained suspended sediment will yield an irregular
appearance of pebble-poor lenses. Currents associated with water
flow into or out of the lake beneath the damming ice would result in
better-stratified and sorted coarse-grained layers. The consistent
absence of flow features rules out significant deposition by sub-
aqueous flowtill (Evenson and others, 1977). The lack of overcon-
solidation or traction structures near the top of most of these
deposits imply that the ice may have only rarely grounded against

these sediments (Gibbard, 1980; Eyles and others, 1982; Shaw, 1982).
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ICE-WATER INTERACTION AT THE ICE MARGIN

Although the sedimentological evidence specifies the existence
of a lacustrine environment adjacent to the ice sheet, these data
alone offer little insight into either the probable character of this
glaciolacustrine environment or the configuration of the ice-sheet
margin. This acknowledged deficiency in previous studies elsewhere
(e.g., Eyles and Eyles, 1983) can be corrected by analyzing the
theoretical interaction of ice and water along a glacier margin.
From this analysis we can not only define this environment more
precisely, but also determine why embankments formed almost exclu-
sively at valley mouths, why they are ubiquitous in this region, and
whether they represent climatically induced stillstands of the ice

margin.
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Ice Limits

The maximum extent of ice into each alpine valley is not well-
expressed by glacial erosion or erratics on their steep sidewalls.
However, good data from the adjacent interfluves (Map 1) show that at
maximum, ice stood from 100 to over 600 m above the present embank-
ment surface, and in some cases nearly 700 m above the inferred
Vashon-age valley floor (Table 4.1). Embankment altitudes bea. no
systematic relationship to adjacent ice-maximum altitudes, and thus
represent neither the position of maximum ice advance (Mackin, 1941;

Knoll, 1967) nor a synchronous halt of the ice front during retreat.
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Present-day upper altitude of deposit, inferred glacial-
age valley-floor altitude, and reconstructed ice surface altitude
for each embankment in this region. Evidence for valley-floor
altitude includes the top of bedrock or pre-Fraser material (mini-
mum altitude) and the base of recessional or postglacial deposits
(maximum altitude). The best estimate assumes a reasonable
concave-up valley profile and is probably accurate in all cases
to within 50 m. Reconstructed ice-surface altitudes are from
Figure 3.8. The embankment height is the difference between the
embankment altitude and the best valley altitude; the ice thick-
ness is the difference between the ice altitude and the embankment
altitude. Note the wide variation in this final column, elimina-
ting the possibility that a single ice-sheet stillstand is respon-
sible for these features.

Maximum
Embankment Valley Embankment ice Ice
altitude (m) altitude (m) height altitude thickness
min max best (m) (m) (m)
Pilchuck- 680 390 410 390 270 1060 380
Sultan
Olney 510 370 510 490 20 1050 640
Wallace 800 590 610 590 210 980 180
Skykomish 540 140 160 150 390 850 320
Proctor 760 490 630 580 180 910 150
North Fork 550 430 460 450 100 880 330
Tolt
South Fork 610 500 540 500 90 860 250
Tolt
North Fork 600 270 490 390 210 850 250
Snoqualmie
Calligan 710 550 680 590 120 840 130
Lake
Lake 700 550 660 610 90 830 130
Hancock
Middle- 490 230 360 270 220 780 290

South Forks
Snogqualmie
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Marginal Lakes and Subglacial Hydrology

As the Cordilleran ice sheet filled the Puget Towland and ad-
vanced to the Cascade Range front, it impounded lakes in the lower
reaches of the west-draining alpine valleys (Cary and Carlston, 1937;
Mackin, 1941; Knoll, 1967; Williams, 1971; Porter, 1976). Such
marginal lakes are commonly observed in modern glacial environments
(Stone, 1963; Post and Mayo, 1971). Drainage out of these lakes
occurs either via subaerial spillways or beneath the damming ice.

The maximum surface altitude of any such lake equals the maximum
hydraulic potential that its drainage route must cross (Nye, 1976).
For subaerial drainage, this potential is simply the altitude of the
spillway. For subglacial drainage paths the hydraulic potentiai has
two components: the bed elevation of the channel and the pressure of
the overlying ice (Chapter 3; Shreve, 1972). They are analogous to
the elevation head and pressure head common in groundwater termin-
ology.

The hydraulic potential, or total head, at any point on the
glacier bed is expressed as an elevation by equation 3.1, ignoring
any dynamic component due to sliding of the ice (chapter 3):

H=2zp + (C;/6,)N, (4.1)
where H = the hydraulic potential,
Zy = bed elevation,
€ = ice density,
€yw= water density, and
ﬁ = the thickness of the ice.

H equals the elevation to which water would rise in a borehole that

penetrates the glacier to its bed. Any change in H is primarily
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determined by the altitude of the ice surface (Shreve, in press).
Equivalent variations in bed altitudes exert an influence only one-
eleventh as great.

The hydraulic potential beneath ice that extends into alpine
valleys thus increases upglacier (in the direction of greater ice-
surface altitudes) even though the valley floor decends in this
direction. Any potential route of subglacial drainage thus experien-
ces steadily rising hydraulic potentials. As it passes out of the
valley into the (ice-covered) lowland, however, water flowing along
the glacier bed can turn in a direction of decreasing ice-surface
elevation (generally southward in this area) (Figure 4.5). From this
point onward, the hydraulic potential decreases monotonically. A
maximum value is therefore defined for the potential, which must be
exceeded in order to drain the water impounded in the valley. Its
location defines the position of an effective spi]]wax for the lake.

Where lake drainage is subglacial and an effective spillway is
present some distance upglacier from the snout, some ice between the
spillway and margin should begin to float as lake elevation approa-
ches the value of the spillway potential. Such lacustrine ice
shelves have been observed in some areas (Nye, 1976; Stone, 1963;
Post and Mayo, 1971, lakes no. 6 and 27; Sturm and Benson, unpub-
lished), but are apparently absent or poorly developed in most others
(e.g., Holdsworth, 1973; Bindschadler and Rasmussen (1983) note the
absence of modern temperate ice shelves in marine environments).

An ice shelf will always tend to advance because its unsupported
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Figure 4.5. Subglacial hydraulic equipotentials calculated as
described in Chapter 3 (contour interval 15 m) )
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portion above water level exerts a longitudinal stress greater than
the water pressure acting on the submerged ice face (Weertman, 1957;
Thomas, 1973). The shelf thickness necessary for appreciable strain
rates is observed in Antarctica to be 150-300 m (Robin, 1979; Thomas,
1979). This value was exceeded in most of the major alpine valleys
during the Vashon-age ice advance and maximum (Table 4.1).

Water flow into a marginal Take will eventually raise the water
surface altitude to equal the spillway potential. If the drainage is
subaerial, lake level will stabilize at this point. If drainage is
subglacial, a more complex sequence of events first modelled by Nye
(1976) typically results in total or near-total drainage of the lake
(Clarke, 1982). Subglacial water flow melts a tunnel, whose rate of
expansion due to melting initially exceeds its closure rate due to
ice deformation. The hydraulic potential along the tunnel thus loses
its component from the ice overburden and drops precipitously to
equal the bed altitude. Drainage should now proceed catastrophically
as a jokulhlaup until lake Tevel falls to the altitude of the highest
bed spillway along the drainage route (zp in equation 4.1), or until
ice finally reseals the tunnel during waning flow. Refilling of the
lake begins the process anew. Along the margin of the Puget lobe
refill times were a few tens of years (Chapter 3), and so this
process probably repeated itself numerous times during the Vashon
Stade. Such a cycle is exemplified by numerous modern ice-dammed
lakes as well (e.g., Stone, 1963; Post and Mayo, 1971; Mottershead
and Collins, 1976).
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As alternate, subaerial drainage routes out of the Cascade
valleys are absent, each ice-dammed lake in this region would have
experienced episodic drainage during some (usually extensive) period
of its existence. The absence of incised channels adjacent to each
valley at or near the ice-maximum margin also implies a lack of
significant marginal drainage (cf. Mackin, 1941). Even at progres-
sively lower ice stands, only in the Sultan River valley would such a
path have been uncovered (Olney Pass; see Figure 4.4). The remaining
valleys drained subglacially for as long as ice remained at their

mouths.

A MODEL OF SEDIMENTATION INTO ICE-DAMMED LAKES
Processes

The glaciolacustrine environment permits a variety of potential
depositional processes to occur (Figure 4.6). These include basal
meltout of sediments beneath a floating shelf or bergs, subaqueous
flow of ti1l off the glacier snout, fluvial transport of sediments
from the glacier directly into a lake, and settlement of suspended
lacustrine sediments (variously discussed singly or in combination by
Rust and Romanelli, 1975; May, 1977; Evenson and others, 1977; Fecht
and Tallman, 1978; Hicock and Dreimanis, 1978; Dreimanis, 1979;
Gibbard, 1980; Hillare-Marcel and others, 1981; Orheim and Elverhoi,
1981; Powell, 1981; Dreimanis, 1982; Eyles and Eyles, 1983; Vorren
and others, 1983). These processes are not mutually exclusive; most
studies have recognized their close association in even single expo-

sures. The rates and predominant sites of sedimentation, however,

Iy



Figure 4.6.
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may differ for each process.

Sedimentation by most processes will be concentrated at the
grounding line (Orheim and Elverhoi, 1981), because the glacier is
the primary source of sediment. The load carried by non-glacial
streams is generally trivial. Deposition, particularly of coarse
particles, will therefore be concentrated adjacent to the ice
(Edwards, 1978). Except in the presence of localized fast currents
near the ice margin, this should control the distribution of all but
the finest sediment as well (Eyles and Eyles, 1983). The resulting
deposit should tend to form shoals or ridges immediately beneath the
ice at the grounding line. This has been repeatedly.observed or
inferred beneath modern glaciers and ice shelves (Holdsworth, 1973;
Barnett and Holdsworth, 1974; Rust and Romanelli, 1975; Edwards,
1978; Hillaire-Marcel and others, 1981; Carl Benson, oral commun.,
1983).

Alternative processes that distribute sediment over a wider area
are likely to be ineffective in a confined ice-marginal lake. Be-
cause the debris content of ice is highest at its base (Pessl and
Frederick, 1981), basal melting will yield the greatest volume of
sediment near the grounding line regardless of how far ice ultimately
floats or extends into the basin (cf. Anderson and others, 1980).
Furthermore, rafting by icebergs is restricted to those months when
the lake surface is unfrozen (Holdsworth, 1973). Flowtill released
from the leading edge of an extensive ice shelf will be similarly

constrained in volume ana geographic extent. Any basal melting
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occurring during the remainder of the year (Robin, 1979) will con-
tinue to release sediments near the grounding line.

Sudden lowering of lake level during a period of episodic drain-
age would clearly render an ice shelif unstable, and hasten its break-
up into bergs (e.g. Post and Mayo, 1971, lake no. 5 photo). Slower
refilling of the lake would have a similar, though less- pronounced
effect (Holdsworth, 1973; Barnett and Holdsworth, 1974). Such chan-
ges in ice configuration upvalley from the grounding line, however,
should not significantly affect the general decrease in sedimentation

with distance from the grounding line.

Location and Stability of the Grounding Line

As the site of maximum subaqueous sedimentation rates, the
grounding line controls the pattern of deposition. Formation of a
discrete embankment requires that ice terminates against standing
water and maintains a relatively stable grounding line for a consi-
derable time (Rust and Romanelli, 1975). A stable grounding line
requires, either singly or in combination,

1) a long-term climatically determined stillstand of the ice
margin, coupled with either a fixed lake level or one that
never rises high enough to float a portion of the ice,

2) presence of a pre-existing topographic rise or shoal,

3) resistance to ice advance by confining topography, or

4) a relationship between lake level and ice thickness.



160

Ice-Margin Stiilstands

In the Puget Lowland, this first alternative appears implausible
(Chapter 1; Thorson, 1980). Limiting radiocarbon dates on the Vashon
Stade from the central Towland (Rigg and Gould, 1957; Mullineaux and
others, 1965) require rapid average advance and retreat rates of
about 100 m/a throughout the glaciation. A single stillstand at or
near ice maximum (Mackin, 1941) cannot explain the formation of
these embankments (Table 4.1). Moreover, evidence in the lowland is

utterly lacking for eleven such halts (Map 1).

Pre-existing Shoals

Given the ubiquitous presence of Vashon-age embankments, pre-
existing valley blockades at the arrival of the Vashon ice sheet
might be expected from the record of multiple glaciations in the
lowland (Armstrong and others, 1965). Older glacial sediments are
indeed observed at the core of several of these embankments. This
explanation, however, merely displaces back in time the question of
why deposition is localized here. It is also inapplicable for those
embankments where deep exposures or drill cores reveal no such ma-
terial.

The effect of shoals may nevertheless become important during
the formation of a new embankment. Once sediment begins accumula-
ting, the growth of an incipient embankment will tend to stabilize
the grounding line (Post, 1975) and further localize deposition

there.
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Topographic Effects

The predominance of embankments at valliey mouths empirically
demonstrates the importance of the valley-wall configuration. Its
most simple consequence is to induce a pause in ice-front advance.
As an ice tongue advances into a valley, it must thicken and steepen
at the valley entrance to compensate for the added lateral drag (Nye,
1965). The convergent upvalley geometry typical of most valleys
amplifies this effect (Mercer, 1961; Funder, 1972). If the valley is
perched above the lowland, such as those shown in Figure 4.7, this

pause will Tast even longer while ice thickens at the valley mouth.

Interrelationship of Water Depth and Ice Thickness

Although the preceding factors can stabilize an ice margin under
certain special conditions, they cannot account for deposition of all
embankments present here. I propose a model in which ice and water
interact in such a way as to form embankments whose characteristics
are consistant with those actually observed.

As thickening ice seals subaerial drainage routes out of the
basin, rising water complicates these simple factors. Continued
deepening of the water, unavoidable in a blocked basin supplied by
both runoff and glacier meltwater, must eventually float the snout
prior to (or simultaneous with) drainage. The location of the groun-
ding line is then a function of the depth of impounded water and the
hydraulic potential at the bed. At the point where these two values

are equal, the ice floats. The exact extent and configuration of the
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Figure 4.7. Calligan and Hancock embankments. Ice-maximum limit
shown by black dots; elevation in feet (from Mount Si 15'
topographic map).
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lake ice is irrelevant, for although the ice front will advance as a
shelf if it is sufficiently thick (Weertman, 1974; Sanderson, 1979),
the location of the grounding line does not depend on the position of
the ice front.

Rising water can float ever-increasing thicknesses of ice, cau-
sing upglacier migration of the grounding line. As lake level ap-
proaches the hydraulic potential of the subglacial spillway and
drainage is imminent, the grounding line lies across the ice tongue
just downglacier from the spillway (Figure 4.8). Subsequent drainage
may allow the grounding 1ine to migrate upvaliey some distance, but
repeated cycles of deposition during lake filling will tend to sta-
bilize the ice front. This is partially due to the effect both of
shoals (Post, 1975) and of the shape of natural reservoirs. Water
level rises most slowly, and so grounding-line position changes most
gradually, when these lakes are nearly filled to their maximum depth.
Thus the grounding line will remain longest at positions closest to
that of the spillway, and tend to stabilize at this location through
continued sedimentation there.

Lake spillways along this portion of the ice sheet are located
in the lowland immediately below the mouth of each valley (Figure
4.8; see also Figure 4.5). This geometry maximizes subaqueous depo-
sition rates at the valley mouths and explains the ubiquitous pre-
sence of embankments in this position. These spillway locations for
all of the lakes are quite insensitive to changes in the ice thick-

ness. The potential-gradient direction is determined primarily by
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Figure 4.8. Reconstruction of subglacial water-flow paths and

a.
b.

c.

spillway in a hypothetical ice-dammed valley.
Subglacial bed topography; contour interval 100 m.
Ice-surface topography; contour interval 10 m.

Subglacial hydraulic equipotentials, contour interval 10 m.
Grounding line for a given lake level defined by the position
of equipotential contour whose value equals the lake-surface
altitude. The maximum lake altitude will be determined by the
potential of the subglacial spillway. Deposition of
embankment sediments occurs in the shaded area, at greatest
rates near to the maximum upglacier grounding-1ine position.
Note gradient of the hydraulic potential adjacent to ice
margin on the steep sideslopes; extensive marginal drainage
not possiblie in these areas.
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the ice-surface slope, and so subglacial spillways will be located
near to valley mouths under any appreciable thickness of ice. Depo-
sition during advance, maximum, and retreat stages therefore will be
all at the same location.

Only the Sultan River, in draining out the Sultan gorge, has a
spillway that is not in the Lowland proper. The embankment in this
valley also occupies an atypical position. As predicted by this
analysis, the embankment location in the main Pilchuck-Sultan valley
is at the point where the subglacial potential there equals the

potential of the spillway (located in the Sultan gorge; Figure 4.5).

Other Models

This model is similar to that invoked by Hillaire-Marcel and
others (1981) for formation of "re-equilibration moraines," localized
deposits at ice-water margins during uniform retreat of the eastern
Laurentide ice sheet. Their model implicitly assumes sedimentation
only during periods when the ice is fully grounded against shallow
water, with neither a floating nor an actively calving margin. The
processes that actively contribute sediments to this environment,
however, will be active at the grounding line regardless of the
ionfiguration of the ice farther downglacier. Behavior of the ice
during advance and retreat stages will also not radically affect the
processes active in the local subagueous environment. Lake levels

will be higher curing maximum stands of the ice, but drainage routes

and subglacial spiliway locations depend only weakly on the absolute
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thickness of ice. Thus their model's acknowledged difficulty (p.
212) in explaining massive volumes of sediment, hypothesized to
accumulate only during the relatively few years that the ice front
actually terminates at a specific locality, is illusory.

Other settings proposed for deposition of fluvial and ice-
contact sediment are clearly not applicable to these embankments.
Deltaic sedimentation into a proglacial lake, described by Orombelli
and Gnaccolini (1978), lack a significant subaqueous component be-
cause water depth was controlied by a subaerial spillway at an alti-
tude too low to floa*t the ice. Other generalized ice-contact lacus-
trine environments are described by Koteff (1974), all with the
spillway distinct from the damming ice. The location of deposition
in such cases is therefore determined by the position of the ice
front itself during temporary stillstands and not by a grounding line
that is fixed by the pattern of subglacial hydraulic potentials and

resultant subglacial spillways.
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CONTROLS ON EMBANKMENT MORPHOLOGY

The total thickness of waterlain sediments depends primarily on
the rate of sedimentation and the length of time that lakes were
impounded by ice. This volume of supplied sediment was the 1imiting
factor here, as the theoretical upper limit on sediment accumulation
is fixed by the maximum altitude of the ice. In all cases the actuai
embankment height is significantly below this value (Table 4.1).
Neither occupation time nor sediment flux are well-constrained for
the Vashon ice advance. Sedimentation rates calculated for mid-
continent lakes during deglaciation (about 5 mm/a; Johnson, 1980) are
too slow to account for the many tens of meters of sediment that
accumulated during a fraction of the 1500-year occubancy of Vashon
ice. Observed rates adjacent to modern tidewater glaciers, however,
are up to several meters per year (Powell, 1981).

As the ice thinned over and eventually retreated behind the
waterlain embankments, deposition of subaqueous till gave way to more
fluvially dominated processes. Variability in local environments has
led to significant differences in the relative amounts of capping
fluvial debris transported and deposited by water flowing subaerial-
ly. This material is most prominent on the Middle-South Fork Sno-
qualmie and Skykomish embankments (Figures 4.3 and 4.9). The upper-
most sediment on both are part of extensive recessional outwash
deposits well-graded with respect to valley-train deposits or sub-
aerial spillways (Frizzell and others, 1984; Chapter 1, this report).

Their sediment was derived from the eastern portion of the retreating
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ice sheet (Mackin, 1941). These two drainages received a tremendous
flux of sediment because each lies immediately upglacier (north) of
major bedrock highs that projected west as nunataks during ice maxi-
mum. These spurs diverted out to the ice-sheet margin a large per-
centage of the downglacier-travelling meltwater and entrained sedi-
ment collected upglacier. Any subaqueously deposited sediment in
these two embankments has been completely covered or eroded during
deposition of hundreds of meters of younger fluvial sediment.
Mackin's inferred veneer of till (1941, Fig. 4) on the proximal side
of the Snoqualmie embankment may in fact be the remnants of such a
core.

Most of the other embankments show more Tocalized covers of
recessional outwash. During ice retreat, Tocal marginal drainage and
debris brought up at the edge of the active ice (Koteff and Pess],
1981) would have temporarily supplied sediment to these areas. How-
ever, most meltwater was efficiently diverted through the recessional
marginal drainage channels off to the south and southwest, away from
the smaller embankments (Anderson, 1965; Knoll, 1967; Chapter 1, this
report). In some instances this late-recessional meltwater probably
truncated ice-proximal portions of those embankments that extended
into the lowland (such as the North Fork Snoqualmie embankment,

Figure 4.10).
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Figure 4.10. North Fork Snogualmie embankment. Ice-maximum
limit shown by black dots; elevation in feet (from Mount Si
15' topographic map).
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CONCLUSION

A set of eleven morainal embankments along the eastern margin of
the Puget Lowland provides excellent opportunities to study the
porcesses of glacial sedimentation in ice-dammed lakes. Sedimen-
tary characteristics define a variety of active depositional environ-
ments, but only by analyzing the physical behavior of ice and water
can deposition of the resulting sediments be understood. Because
highest sedimentation rates occur preferentially near the grounding
line, the formation of discrete embankments require a stable groun-
ding-1ine position. This stability is determined by the valley
configuration and the interaction of the glacier and lake, not by
climatic control of the ice position. The final surface form of each
embankment may reflect only late-stage and post-glacial fluvial depo-
sition and not be representative of the variety or duration of pro-
cesses that have occurred in this environment. Although focused on a
particular geographic region, the analysis presented here should be
applicabie to any locality where modern or Pleistocene glaciers have

terminated against ice-dammed water bodies.



CHAPTER 5
BASAL CONDITIONS BENEATH RAPIDLY SLIDING ICE SHEETS

INTRODUCTION

Basal till is the most ubiquitous of glacial deposits, and yet
the physical p.ncesses involved in its emplacement are poorly
understood. Despite hypothesized categories of till deposition
(e.g., Dreimanis, 1976; Lawson, 1981l), insufficient effort has been
made to characterize the physical conditions carefully at the glacier
bed where this deposition occurs. The Puget Lowiand of western
Washington, occupied by a lobe of the Late-Pleistocene Cordilleran
ice sheet, provides an excellent opportunity to better define this
environment. Basal till is widespread and well-exposed (Crandeld,
1963; Mullineaux, 1970; Chapter 1, this report), sliding velocities
can be inferred (Chapter 2), and the presence of basal water is well-
documented (Chapter 3). Quantitative reconstruction of the basal
environment suggests a simple yet widely applicable model of till
deposition with important implications for the characterization of
the marginal and interior zones of a glacier, shearing of till, and

the overconsolidation of subglacial sediments.

GENERAL CONDITIONS AT THE GLACIER BED
BASAL ICE VELOCITIES
At the base of a temperate glacier, ice flow has two components
that are significant in determining the transport and lodgment of
clasts. The first is the sliding velocity, which varies from a few

meters to many hundreds of meters per year on modern glaciers
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(Paterson, 1981). For the Puget-lobe ice sheet this velocity is
calculated to have averaged several hundred meters per year (Chapter
2). The second is the velocity normal to the bed, whose spatial
average is due to basal melting primarily from geothermal heating and
viscous dissipation from sliding (Rothlisberger, 1968). These rates
equal a few centimeters per year, except for high localized values
due to regelation melting on stoss surfaces of small-scale bed

irregularities.

FORCES ON CLASTS ENTRAINED IN BASAL ICE

Effective Contact Force on Entrained Clasts

The total normal force applied to clasts in contact with the
substrate, but still partly surrounded by ice, can be divided into
two distinct components. One is the force resulting from the
hydrostatic stress, a consequence of both the fluid nature of ice
itself and the availability of pressurized water to fill any ice-free
cavity. The static downward force on the upper side of the clast is
exactly balanced by an upward force on its lower side, save the
buoyant weight of the clast itself. Boulton's (1974) analysis of
this physical setting includes the total overburden as a component of
the net normal force on a clast. This ignores, however, the nearly
hydrostatic condition at the glacier bed (cf. J. Weertman's
discussion in Boulton, 1979, p. 38) and results in a physically
questionable model.

Vertical ice flow introduces a second, dynamic component that
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contributes significantiy to the effective contact force between
clast and bed. The magnitude of this force scales directly with the
vertical flow velocity. For all but the largest (greater than 1 m)
clasts this component will greatly exceed the buoyant weight (Hallet,

1979).

Till Deposition beneath Rapidly Sliding Ice

By most definitions, lodgment till is deposited when clasts
become stationary because their frictional drag against the bed
(e.g., Lawson's (1981) "tractional impairment") exceeds
the force urging the clast forward. In his analysis of isolated
clasts on a rock substrate, Hallet (1979, 1981) showed clast motion
ceases only if the forward ice velocity is of the same order or
smaller than the normal ice velocity (because friction coefficients
are of order 0.5-0.9). Where ice is sliding many times faster than
it melts at the base, bare rock surfaces should be swept clean and no
lodgment should occur.

Continued meltout of entrained debris, however, will lead to the
accumulation of unconsolidated sediments in a growing layer at the
base of the ice (Nobles and Weertman, 1971). Compressive
longitudinal strain of the glacier in its ablation zone should not
significantly reduce this downward transport except very close to the
terminus (Figure 5.1). As accumulation proceeds individual clasts
are no ionger completely surrounded by ice, thereby reducing the
dynamic force inducing downglacier motion and rendering the model of

Hallet (1979) inapplicable. An indeterminant portion of this layer
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Figure 5.1. Longitudinal strain rate as a function of position,
based on the velocity reconstruction of Chapter 2. The basal one
meter of ice would thicken at a rate approaching that of melting
at its base only within a few kilometers of the terminus.
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of accumulating sediments may still be effectively coupled to or
sheared by the sliding glacier (Boulton, 1979, Fig. 7), depending on
the presence of pore ice and the frictional strength of the substrate
(cf. Dreimanis's (1976) "deformation till"). However, widespread
examples of undeformed till in central North America (Kemmis, 1981)
and the presence of undisrupted layers of well-sorted granular sedi-
ment exposed within lodgment till (Eyles and others, 1982; Chapter 1,
this study) demonstrate that the deformation of buried sediments
commonly is localized and ceases while still beneath active ice.
"Lodgement™ still implies frictional resistance (strength) in excess
of the tractional force (shearing), but this process is not
restricted to the upper surface of the glacier bed and is the only
physically plausible means of till deposition beneath rapidly sliding
ice.

Although accumulation of basal sediments depends only on basal
melting of debris-laden ice, the rate of till deposition may be
influenced by certain parameters not explicitly addressed by this
model. Numerous authors have related continent-scale patterns of
erosion and deposition to the basal thermal regime, with varying
degrees of success (Boulton and others, 1977; Sugden, 1978; Gordon,
1979; Moran and others, 1980). As the depositional process discussed
here is obviously appiicable to warm-based glaciers, “. sould be
relevant to the interijor of ice sheets even if they have a cold-based
margin (Hooke, 1977).

A second parameter that must influence deposition rates is the
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net supply of sediment, reflected in the entrainment of sediment and
the debris concentration of the ice. Measured debris contents of
temperate ice (e.g., compilation of available data (15 examples) by
ess1 and Frederick, 1981) are equivalent to a layer of ice-free
sediment on the order of 0.1 to 1 m thick. Continuous repienishment
of this debris by erosion and entrainment is required because
observed till deposits are typically much thicker than a fraction of
a meter. Numerous studies (e.g., Shilts, 1973; Dreimanis, 1976;
Whillans, 1978) have emphasized the short (a few km) transport
distances of this sediment. Till deposits will therefore reflect the
focal supply, as the volume of far-travelled sediment is insufficient
to obscure local variations. Thin or absent till deposits can
indicate conditions not conducive to the entrainment and transport of

sediment rather than an unfavorable depositional environment.

Effective Normal Stresses

Effective normal stresses in subglacial sediments, as inferred
by measured overconsolidation (Aario, 1971; Boulton, 1976; Mickelson
and others, 1979; Laprade, 1983), are generally low relative to the
total ice overburden. This condition has significant implications
for the behavior of the substrate. Shear strength, S, is typically
modeled as

S=C+ (g,")tan @,
where C = cohesion,

Op' = effective normal stress = overburden - pore pressure,
and ¢ = angle of internal friction.
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Shearing of sediments should occur wherever the basal shear stress
applied by the glacier (approximately 100 kPa) exceeds S. Such
deformation has been theorized (Boulton and Jones, 1979), observed
(Boulton, 1979) down to a depth of about a meter, and inferred

from geologic evidence (MacClintock and Dreimanis, 1964; Ramsden and
Westgate, 1971; Boulton and others, 1974; Kruger, 1979; Stone and
Koteff, 1979). Because the intrinsic sediment properties (C and ¢)
vary over a limited range (C= 0 and tan ¢ = 0.5 + 0.1), these low
strengths must reflect effective normal stresses that are only a
small fraction of the maximum total overburden (up to ca. 10 MPa for

thick ice sheets).

HIGH EXCESS PORE PRESSURES AT THE GLACIER BED

Low effective normal stress under thick ice obviously requires
high pore water pressure in the subglacial sediments. Boulton and
others (1974) and Boulton and Jones (1979) both recognized and
addressed this necessity analyticaliy. Their models, however,
combine into a single, complex equation the effects of meltwater
production, overburden, and substrate permeability. They implicitly
assume that all water flows through the subglacial sediments to the
terminus without assessing the effect of drainage through subglacial
tunnels and channels. They are further limited by requiring constant
overburden loads and water-production rates and hence cannot treat
situations involving transient loading (Mathews and Mackay, 1960).

The analysis can be simpliified and rendered more flexible by

using general solutions for the generation of pore pressures in
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excess of hydrostatic (Bredehoeft and Hanshaw, 1968; Hanshaw and
Bredehoeft, 1968). They approach a variety of geologic problems by
utilizing the mathematical analogy between the flow of groundwater
and the conduction of heat, for which a wide array of analytical
solutions are available (Carsiaw and Jaeger, 1959). The thermal
properties of a conducting medium, conductivity and heat capacity,
are analogous to the hydraulic properties of the aquifer, namely its
permeability (k, defined as the proportionality factor between
discharge and gradient in Darcy's Law) and its specific storage (Sg).
This value is defined as the volume of water expelled per unit volume
of soil per unit change in effective stress, and depends on the
elastic properties of both soil and water. Solutions to the
appropriate heat-conduction problem (e.g., Carslaw and Jeager, 1959)
are then directly applicable to groundwater flow and the generation
of excess pore pressure. Two sources of excess pore pressure,
transient Toading and steady-state meltwater production into a low-
permeability layer, are potentially important in glac:al

environments.

TRANSIENT EXCESS PCRE PRESSURES
Rapid Toading of saturated sediments generates excess pore
pressures that initially approach the overburden pressure and then
dissipate through time. The dissipation of this pore pressure as a
function of time is solved by assuming a single till layer of

thickness z (where z %% lateral extent) overlying an aquifer that
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drains perfectly (e.g., tiil over proglacial sand and gravel). The
load is applied instantaneously at time t = 0. At the upper till
surface, excess pore pressures that nearly equal the applied load are

maintained for:

t> 2255/9kt (Bredehoeft and Hanshaw,
1968, Fig. 2).

An example demonstrates the rapid dissipation of high pore pressures
in all but thick sedimentary layers of very low permeability. Using
values of k¢ (1 x 10-8 m sec~l) for the silty till most commonly
found in the Puget Lowland (Oimstead, 1969), plausible values for S
(1 x 10-4 m'l) (Domenico and Mifflin, 1965), and a typical till
thickness of 5 m (Mullineaux, 1970),
t > 8 hours. (5.2)

Variability in soil properties may introduce an uncertainty of
one or two orders of magnitude, but dissipation times will still be
less than about a month. The sensitivity of the dissipation time to
variations in the drainage-path length (z), however, can have more
significant consequences. Where the underlying aquifer offers addi-
tional flow resistance from discontinuities or gaps, the effective
length of this path greatly increases. Puget-Lowland till, for
example, is found overlying not only proglacial sand and gravel but
also lacustrine silt and clay or bedrock (Chapter 1). Similar varia-
bility is 1likely throughout other glaciated areas. These situations,
though localized, could easily lower drainage rates of pressurized
pore water by over an order of magnitude.

The widtnh of the zone afffected by transient loading will
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scale with the velocity of the advancing ice edge as well as by the
properties of the substrate. For the Puget-lobe ice sheet this
effect is short-lived (equation 5.2), and so sliding rates of a few
hundred meters per year (Chapter 2) would affect only a narrow zone.
Under surging glaciers, or wherever drainage is jmpeded, a far wider
marginal area should experience low effective normal stresses from

transient loading.

STEADY-STATE EXCESS PORE PRESSURES

Basic Analysis

Beneath the interior of a glacier, advance or retreat of the
margin does not rapidly change the overburden load. In this region,
elevated pore pressures can only result from the rapid steady-state
production of basal meltwater. The rate of melting expected beneath
an extensive temperate ice sheet can be shown to generate very high
pore pressures in subglacial sediments. At the bed, water enters the
till layer at a rate gy (flux per unit area) and drains into a
continuous sub-till layer of high (but finite) permeability k¢. It
assumes that meltwater enters this sub-till layer along its entire
Tength (x, where x = 0 is the terminus and x = L is the length of the
ice sheet). At the terminus of the glacier, the pore pressure is
assumed to equal zero. The total (horizontal) flux per unit width
through this layer 1is therefore the product of 4o and L-x, and the
flux per unit area is qg(L-x)/d, where d is the thickness of the sub-

till layer. By integrating Darcy's Law (q = kedH/dx), and applying
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the boundary condition at x = 0,

(Go/dkg)(Lx=x2/2) = H.
Using values of each parameter appropriate to the Puget lobe
(OImstead, 1969, with permeabilities variable within an order of
magnitude; Rothlisberger, 1968; Mullineaux, 1970; Thorson, 1980;
Chapter 1; Chapter 2) of k¢=1x 10-% m/sec, d = 5 m, L = 300 km, and
qg = 5 cm/a, calculated values of H greatly exceed the overburden
pressure for all x> 0. This result indicates that beneath such ice
sheets much of the drainage of both surface and basal meltwater must
be via subglacial tunnels. Reducing 4, to the rate due to geothermal
heating alone does not significantly alter this conclusion. Only be
reducing the total length of the ice sheet (L) by an order of magni-
tude or more can the total basal-meltwater flux be accomodated by
subglacial percolation. Beneath such limited glaciers, a complex
representation of sediment permeabilities (e.g., Boulton and others,

1974) may be potentially useful.

Effect of Subglacial Tunnels

Subglacial drainage must therefore include alternate flow paths
such as channels at the g]acfer bed (Stenborg, 1968; Shreve, 1972;
Walder and Hallet, 1979). If these channel pressures are low rela-
tive to the overburden, they wiil effectively reduce predictec pore
pressures in subglacial sediments. Lliboutry (1983) argues that such
channels beneath valley glaciers will not be completely filled with
water throughout most of the year. He argues that sensible heat may

be supplied by entering groundwater together with heat released
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through viscous dissipation melts open a tunnel more rapidiy than ice
flows in to replace it. Where these conditions are met, channels
will remain unfilled and at atmosphereic (i.e. zero) pressure. They
would provide an efficient low-resistance alternative to drainage
routes through subglacial sediments to the glacier margin.

Beneath a thick ice sheet, however, this effect is severely
attenuated. Figure 5.2, calculated from Lliboutry (1983, equation
20), shows the pressure reduction in tunnels (relative to their
static pressure) beneath 1000-m and 500-m thick ice for a range of
water discharges and groundwater temperatures. The pressure reduc-
tion due solely to viscous dissipation of potential energy in the
flowing water is represented by the curve T = 0. Sensible heat from
groundwater leads to a significant reduction in the tunnel pressure
only in those tunnels carrying low discharges only. Under no plausi-
ble circumstances beneath thick, extensive ice sheets, where ground-
water should be well-buffered to a fraction of a degree of the
freezing point, are tunnels substantially depressurized relative to
the surrounding substrate. The calculation for 500-m thick ice
yields the same fundamental conclusion.

Within a few kms of the margin of an ice sheet, tunnels may
drain and remain open following the melt season (Mathews, 1964;
L1iboutry, 1983). Their pressurization is therefore a transient and
cyclic phenomenon with a recurrance interval of approximately nine
months. Each change in the tunnel pressure propagates through the

surrounding sediment with a transient effect that decays through
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time. The time required to establish steady-state pressures can be
calculated by analogy to the temperature change in an infinite cylin-
der (as a function of time and radius) with a central conduit fixed
at temperature = 0 (Carslaw and Jeager, 1959, p. 207, eqn. 15).
Using till properties of k = 1 x 10-8 m/sec and Sg = 1 X 10-4 m‘l,
steady-state conditions at a distance equal to four tunnel radii are
reached after only a few hours. Thus wherever tunnels are depressur-
ized relative to the overburden for a major portion of the year,
migration of groundwater to them should rapidly lower pore pressures
in the full thickness of subglacial sediments. The reduction in
tunnel pressure, iliustrated for relatively thick ice in Figure 5.2,
becomes progressively more pronounced beneath thinner ice. Combining
the Gauckler-Manning formula (Clarke, 1982, eqn. 5) with Shreve's
equation for the pressure reduction in tunnels (1972, egn. 2),
yields:

p = -3.7(0.56Q/(dh/dx)0-5).076 (54)

where Q = discharge through tunnel, and
dh/dx = ice-surface slope.

For plausible maximum values of the discharge near the terminus (up
to 104 m3/sec; Chapter 2), tunnel pressures will be 60-70 kPa lower

than the overburden.

GEOLOGICAL CONSEQUENCES
CHARACTERIZATION OF INTERIOR AND MARGINAL ZONES
The rate and mechanism of till deposition will vary as the

controlling physical! parameters change at the glacier bed. Such
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changes can occur spatially, under different parts of the glacier at
a given moment, or temporally, in particular as the glacier progres-
ses through advancing and retreating stages. An intuitive division
has often been suggested between the "interior" and "margin" (e.g.,
Smalley and Unwin, 1968; Mickelscn and others, 1979). An actual
length scale can be caiculated, however, over which parameters con-
trolling lodgment should vary. This can lead to a more useful and
precise definition of the marginal region of a glacier.

Within the interior zone, water derived from basal melting alone
is ample to produce pore pressures approaching the overburden load.
Because required melt rates are only a small fraction of those
expected for siiding temperate glaciers, pore pressures should close-
1y approximate the total normal stress for a wide range of sliding
rates, substrate permeabilies, and basal position relative to chan-
nels and tunnels. Thus, effective normal stresses and till strengths
are both expected to be uniformly low.

Towards the glacier margins this situation changes. Total
nor .al stress, equal to the overburden, decreases as the glacier
thins. The pore pressure in the substrate, however, becomes a com-
plex function of not only total distance to the ice margin but also
the nature and proximity of the local drainage routes. Reduced
distance to the margin also introduces more significant spatial
variability in pore pressure due to local differences in the thick-
ness and permeability of the subglacial sediments. Within a few kms

of the margin, pressures in subglacial tunnels will drop substan-
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tially below the overburden pressure. Elevated pore pressures in
subglacial sediments should therefore dissipate rapidly.

These various factors probably result in an overall reduction in
pore pressure towards the ice margin, superposed on an unpredictable
variability reflecting the proximity of subglacial channels and the
distribution, thickness, and hydraulic properties of subglacial
sediments. The total normal stress, in contrast, reduces monotoni-
cally beneath the thinning ice. Changes in effective normal stress
(= total normal stress - pore pressure) and till strength should
therefore be unpredictable as well, despite some overconsolidation
data suggesting a more reguiar pattern (Harrison, 1958; cf. Boulton,
1976). Although the theoretical maximum of this parameter decreases
to zero at the position of the ice-maximum terminus, the actual
values typically follow no simple function of either ice thickness or
distance from the edge of the glacier (Aartio, 1971; Boulton, 1976;
Laprade, 1983).

The transition from consistently low effective normal stresses
to a more variable and unpredictable regime defines a physically
significant boundary between the interijor and marginal zones of a
glacier. The approximate distance of this boundary from the ice edge
is suggested by the distance at which tunnel pressure diverges sig-
nificantly from the overburden increassing the effective normal
stress at the bed. By this proposed definition, the marginal zone of
the glacier 1is on the order of 5-10 km. This represents less than 3%

of the total length of the Puget lobe and the ice mass that fed it
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from the mountains of British Columbia.

Within the marginal zone effective normal stresses are likely to
vary and perhaps locally approach a significant fraction of the total
overburden load. Till strength will follow suit, potentially forming
the nuclei hypothesized by Boulton (1979) and Menzies (1979) for
drumlin initiation. Upglacier of this marginal region the relatively
small rate of meltwater production required for low effective stres-
ses should swamp other sources of variability, leaving the bulk of
the glacially-covered terrane under nearly uniform conditions. The
consequences of this uniformity should include the low strength of
til11, its homogeneity over hundreds of square kilometers (Karrow,
1976), and the potential for widespread shearing and redistribution

of subglacial sediment.

BASAL CONDITIONS DURING ADVANCE AND RETREAT

Deposition of till during a particular portion of the
advance/retreat cycle has been inferred by many authors at particular
localities (e.g., Goldthwait, 1958, 1974; Mickelson, 1973; Whillans,
1978). These inferences have been hampered by the lack of any sys-
tematic characterization of basal conditions, whose temporal
variation may influence the rate or mechanism of till deposition.
Any such variation is predicted (by equation 5M4) only for the
marginal area. The process of till accretion in the interior region
by basal meltout is dominated by the effects of low effective

stresses and the obvious insensitivity of sliding velocities, shear
J g
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stresses, and overburden loads to short-term motion of the ice
terminus.

Within the marginal zone, several characteristics of the advance
stage relative to retreat can be expected. Sliding velocities at the
margin will obviously be higher. Proglacial sediments that are not
preconsoiidated will be more available for incorporation or
redistribution by the ice. Rapid overriding of this material may
also result in a zone of temporarily elevated pore pressures near to
the advancing ice edge (Mathews and Mackay, 1960). The permeability
of these overridden sediments, however, should be highest during
advance, as they will nct yet have been blanketed by basal till. The
ice front should be steeper (Barnham, 1974), resulting in greater
total normal stress at any given distance from the edge of the ice.

These variables in combination do not exert an entirely consis-
tant effect on predicted processes of till deposition and
deformation. Lower effective stresses should result during advance
from transient loading by the ice. Large-scale shearing in the
sediments (Clayton and Moran, 1974) is most likely during this time,
given higher pore pressures (which may be further aided by drainage-
impeding permafrost), higher shear stresses, and a relatively uncon-
fined substrate. Higher effective stresses, however, may also result
during advance from both thicker ice and drainage unimpeded by a
layer of low-permeability till (relevant only clcse to the margin;
cf. equation 5.4). These differences therefore do not imply that

stages of glaciation should universally correlate with particular
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characteristics of till or processes of till deposition. They
instead emphasize that in the marginal zone, generally unpredictable
local variability in sediment properties and drainage characteristics
should dominate large-scale changes in sliding velocity and basal
stresses.

The non-uniform basal conditions probable in the marginal zone
will retreat along with the edge of a wasting glacier. They will
eventually affect every portion of the till surface now exposed for
geological investigation. Observed characteristics of till, such as
rarely reported patterns of increasing overconsolidation values in
subglacial sediments (Harrison, 1958; Kazi and Knill, 1969) and size
sorting (Humlum, 1981), may therefore reflect only the variable

conditions of the ice-marginal zone.

CONCLUSION

Basal melting beneath temperate ice sheets will generate subgla-
cial pore pressures that approach the overburden load over nearly all
of the glacier bed. Drainage is occluded almost exclusively by
virtue of the horizontal distance glacially-derived groundwater must
travel to reach the edge of the ice. Low-pressure tunnels provide an
alternative drainage route, but are expected only within a few kms of
the terminus. In the interior, tunnel pressure will approach the ice
overburden. Spatial variability in the hydraulic properties of sub-
glacial sediments and the existence of subgliacial channels will
significantly affect pore pressures only within a few xms of the ice

margin.
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The inferred geologic consequences of this predicted
distribution of pore pressure varies between interior and marginal
zones. In the interior, pore pressures should uniformly approach the
overburden stress. Till, accumulated by the meltout of basal
sediments, will have low strength and therefore be susceptible to
transport and deformation. Homogeneity (Karrow, 1976) and clast
alignment (e.g., MacClintock and Dreimanis, 1964) are both likely
consequences of these conditions.

In the marginal zone, variable hydraulic conditions are expected
from the local changes in substrate properties and the presence of
tunnels. Effective stresses may reach a substantial fraction of the
overburden (300-400 kPa), to be recorded as overconsolidation values
in now-exposed subgiacial sediments. The retreat of this zone should
imprint the effect of these more variable conditions on sediments
that accumulated under the relatively uniform conditions character-

istic of the glacier's interijor.
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APPENDIX
DESCRIPTION OF MAP UNITS

NON-GLACIAL DEPOSITS
ml  MODIFIED LAND (HOLOCENE)--Gravel or diamicton as fill, or
extensively graded natural deposits
LANDSLIDE DEPOSITS, UNDIVIDED (HOLOCENE)--Divided into:
Q1 Landslide deposits--Diamicton of angular clasts of bedrock
and surficial deposits derived from upsliope. Many
with no letter symbol, only arrows denoting downslope
direction of movement
Qlra Rock avalanche deposits--Huge angular boulders on or at the
base of steep slopes
Qmw MASS-WASTAGE DEPOSITS (HOLOCENE)--Colluvium, soil, or landslide
debris with indistinct morphology, mapped where sufficient-
1y continuous and thick to obscure underlying material.
Deposit is gradational with units Qf and Ql

Qt  TALUSES (HOLOCENE)--Non-sorted angular boulder gravel to
boulder diamicton. At lower altitudes gradational with
Qf . At higher altitudes includes smail rock avalanche
deposits as well as some Holocene moraines, rock
glaciers, and protalus rampart deposits that lack
characteristic morphology. Generally unvegetated

Qf ALLUVIAL FAN DEPOSITS (HOLOCENE)--Poorly sorted cobble to boulder

gravel, deposited as either a discrete lobe at the inter-

section of a steep stream with a valley floor of lower



211

gradient or as a broad apron of coalescing fluvial
material on steep sideslopes

Qb BOG DEPOSITS (HOLOCENE)--Peat and alluvium. Poorly drained and
intermittently wet annually. Grades into unit Qyal

Qyal YOUNGER ALLUVIUM (HOLOCENE)-- Moderately sorted cobble-gravel to
pebbly sand along rivers and streams. Generally unvegetated;
gradational with both Qf and Qb

Qoal OLDER ALLUVIUM (HOLOCENE AND PLEISTOCENE)--Similar material
to unit Qyal, but standing above modern
floodplain level and generally separated from it
by a distinct topographic scarp. In the Skykomish River
valley, terrace sequence is indicated by subscripts,

from 1 (oldest) to 3 (youngest)

GLACIAL DEPOSITS

ALPINE DRIFTS AND RELATED DEPOSITS (HOLOCENE AND PLEISTOCENE)=--
Divided into:

Qgt GLACIAL DEPQOSITS AND TALUSES--Similar material to unit Qt
but showing distinct lobate form indicating deposition
at terminus of small glacier or permanent snowfield,

or an active rock glacier. Generally unvegetated

Qag ALPINE GLACIAL DEPOSITS--Ranges from till
in uplands and upvalley to gravelly
outwash on broad valley floors. On valley sides
includes areas veneered with drift but also showing

bedrock, alluvial fans, colluvium, or taluses.



On valley floors may also include smail fans, bogs, and
modern stream alluvium. Areas of thin, sparse drift
with sporadic bedrock exposures generally included
in this unit as well. In the headward reaches of
alpine streams, grades into unit Qgt

Qat ALPINE TILL--Fresh diamicton of locally derived lithologies,
similar to most till mapped as part of unit Qag

Qams ALPIN

r

DRIFT OF MT. STICKNEY--Till and stratified drift
forming a broad morainal ridge extending northwest
from Mt. Stickney

Qoad OLDER ALPINE DRIFT, UNDIVIDED--Moderately to strongly
weathered diamicton. The Titholcgic composition
of this deposit indicates transport by alpine ice

DEPQSITS OF VASHON STADE OF FRASER GLACIATION OF ARMSTRONG
AND OTHERS (1965) (PLEISTOCENE)--Divided into:

Qvr* RECESSIONAL OUTWASH DEPOSITS--Stratified sand and gravel,
moderately to well-sorted, and well-bedded silty sand
to silty clay.

Roman numeral subscripts indicate specific depo-
sitional intervals, with I being the oldest. Multiple
subscripts indicate deposits spanning more than one
interval; the absence of subscripts indicates an
indeterminant age. This deposit represents predomi-
nantly outwash plain and valley-train environments in

the lowland areas that may, locally, be divided into:



Qvrs*

Qvrg*

Qvri*

Qvrm*

Qvi*

Qvik*

Qvim*
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Sand-dominated recessional outwash deposits

Gravel-dominated recessional outwash deposits

Fine-grained deposits of ice-dammed lakes associated
with specific recessional intervals

Deposits associated with marginal lakes dammed by ice

or debris in the major west-draining alpine valleys

Where units Qvr and Qvt are mapped together, topo-
graphic form of composite unit is controlled by the
underlying till, but is blanketed with near-
continuous fluvial sedimentary material. This

composite unit is gradational with units Qvr and Qvt

WATERLAIN ICE-CONTACT DEPOSITS--Deposits are often

similar in texture to unit Qvr, but show structure or

morphology that indicate(s) deposition in close proxi-

miity to active or stagnant ice. Numerical subscripts
follow same conventions as for the recessional
outwash deposits units. Locally divided into:

Kame and kettle deposits--Underlie areas with
characteristic topographic form indicative of
deposition around or above stagnant ice

Moraines and morainal embankment deposits--Includes
high percentage of Toose to compact diamicton
beneath and interstratified with fluvial materials,

deposited at or near active ice margins
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Qvt TILL--Mainiy compact diamicton with subangular to rounded
clasts, glacially transported and deposited. In ice-
marginal areas or where covered by a thin layer of
recessional outwash, contact with units Qvi or Qvr is
gradational.

In certain areas where both till and bedrock are
mapped together, overall topographic form of unit is con-
trolled by bedrock, with exposures of both materials
present. Composite unit includes areas with colluvium
of angular clasts and uniform lithology in close proxi-
mity to till, with or without corresponding bedrock
exposures.

Also, Tocally includes:

Qvts Intra-till stratified sedimentary deposits--Minor
oeposits of inferred subglacial fluvial origin
interbedded with till

Qva ADVANCE OUTWASH DEPOSITS--Well -bedded gravelly sand to fine-

grained sand, generally firm and unoxidized; deposited
by proglacial streams

Qvu DRIFT, UNDIVIDED

NON-GLACIAL AND GLACIAL DEPOSITS
Qtb TRANSITIONAL BEDS (PLEISTOCENE)--Pre-Vashon and early-Vashon age
deposits of laminated clayey silt to clay; occasional drop-

stones present. Grades upward into unit Qva



Qpf

Qtu

Qdu

Ts

Ti

Tvs
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GLACIAL AND NON-GLACIAL SEDIMENTARY DEPOSITS OF PRE-FRASER
GLACIATION AGE (PLEISTOCENE)--

Deeply weathered stratified sand and gravel, or clay-
rich diamicton. Strong in-place weathering
is indicated by oxidation, grussification, rind
development, and clay-mineral development throughout the
depth of exposure. Consists of deposits with a wide age
range (pre-dating the Fraser glaciation)

TILL, UNDIVIDED (PLEISTOCENE)--Compact diamicton for which
weathering and stratigraphic position are insufficient to
assign to either unit Qvt or Qpf. On the western edge of

the map, may include small areas of non-glacial sediments

GLACIAL DRIFT, UNDIVIDED

BEDROCK
SEDIMENTARY ROCKS (TERTIARY)--Moderate to deeply weathered sandy
pebble-conglomerate to fine-grained sandstone. Quartzose
pebbles common in coarser-grained deposits; mica common
in finer-grained sands
INTRUSIVE ROCKS (TERTIARY)--Mostly biotite-hornblende and
oornblende-biotite granodiorite and tonalite, but locally
includes guartz diorite, quartz monzonite, and granite
VOLCANIC AND SEDIMENTARY ROCKS (TERTIARY)--Mostly andesite and
andesitic breccias and tuffs with minor basalt, dacite, and
rhyolite. Southwest of the Snoqualmie River, sandstone,

siltstone, and conglomerate predominate
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br  BEDROCK, UNDIVIDED (TERTIARY AND MESOZOIC)

Mm  MELANGE (MESOZOIC)--Argillite, phyllite, graywacke, chert,
greenstone, marble, amphibolite, metatonalite, and
metagabbro; pervasively sheared and disrupted. Sheared
argillite commonly forms a matrix for blocks that
are composed of the other lithologies, whose

dimensions may range from one to thousands of meters

—~—" Contact
PAVANE Contact (gradiational)
,/51, High angle fault--bar and ball on downthrown side
//(ZE Strike and dip of bedding
/”f;O Strike and dip of foliation in metamorphic rocks
/451;5 Strike and dip of bedding in glacial outwash deposits

/??/ Till fabric--symbol aligned with consistant horizontal
trend of the long axis of pebbles

Striation--direction of motion indicated by arrow head

//-///a Flow of glacial meltwater inferred from surface

morphology
e
e Ice-flow indicator--elongated hills, valleys, and
//’ closed depressions inferred to show direction

of basal ice motion
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Approximate 1imit of Puget-lobe ice sheet

Crest of moraine associated with Puget-lobe ice sheet

Crest of moraine associated with alpine glaciers

Channelway

Direction of landsiide motion

Spillway controlling altitude of impounded
meltwater (number corresponds to recessional
interval)
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Mapped bY D.B. Booth (1479-1982.)
sith assistance from S.A. Sandberg,
F Moecer and F Reall (1981).



