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Calibrated radiocarbon dates of organic matter below and above
till of the last (Fraser) glaciation provide limiting ages that con-
strain the chronology and duration of the last advance-retreat
cycle of the Puget Lobe in the central and southeastern Puget
Lowland. Seven dates for wood near the top of a thick proglacial
delta have a weighted mean age of 17,420 = 90 cal yr B.P., which
is the closest limiting age for arrival of the glacier near the latitude
of Seattle. A time-distance curve constructed along a flowline
extending south from southwestern British Columbia to the cen-
tral Puget Lowland implies an average glacier advance rate of ca.
135 m/yr. The glacier terminus reached its southernmost limit ca.
16,950 yr ago and likely remained there for ca. 100 yr. In the
vicinity of Seattle, where the glacier reached a maximum thickness
of 1000 m, ice covered the landscape for ca. 1020 yr. Postglacial
dates constraining the timing of ice retreat in the central lowland
are as old as 16,420 cal yr B.P. and show that the terminus had
retreated to the northern limit of the lowland within three to four
centuries after the glacial maximum. The average rate of retreat
was about twice the rate of advance and was enhanced by rapid
calving recession along flowline sectors where the glacier front
crossed deep proglacial lakes. © 1998 university of Washington.

INTRODUCTION

the duration of ice sheet occupancy at specific locations (e.
Seattle), as well as average advance and retreat rates of
terminus. Booth (1986a), for example, estimated an advan
rate of 50 t0>200 m/yr using limiting radiocarbon dates and
assuming an advance rate half that of the retreat rate. Thors
(1989) suggested that overall advance and retreat rates like
exceeded 150 and 300 m/yr, respectively, and Anundsanh
(1994) estimated the average retreat rate of the glacier termir
to be 250-275 m/yr. Each of these estimates was based
limiting uncalibrated radiocarbon ages.

New radiocarbon dates for wood samples that predate tl
arrival of the ice sheet at the latitude of Seattle, together wit
previously dated preglacial and postglacial terrestrial organ
samples from sites in the central lowland, permit more precis
estimates to be made of the time when the glacier reached
maximum limit, the interval during which the glacier overlay
Seattle and other lowland sites, and average rates of advar
and retreat along the approximate midline of the Puget Lob

RADIOCARBON DATES

Although numerous radiocarbon dates have been obtain
for shells collected from widespread late-glacial glacialmarin
deposits in the northernmost Puget Lowland and adjace

During the last glaciation, the margin of the Cordilleran Icg,5ser Lowland, many of these dates are unsatisfactory f

Sheet expanded southward from the Coast Mountains gjgl

ermining rates of ice recession because (1) postdepositiol

Fraser Lowland of southwestern British Columbia into norttyjagenetic alteration of a shell may result in an anomalous!
western Washington. As it reached the Olympic Mountains, t%ung age, and (2) the isotopic composition of late-glaciz

glacier divided into two lobes; one moved west through tge|nyater and marine water in the Puget Lowland is unknowr
Strait of Juan de Fuca and across the now-submerged Cofiy sq the most appropriate marine reservoir correction f

nental shelf (the Juan de Ijuca Lobe), while a second (the Puggl|is of |ate-glacial age in the Puget Sound area is uncerta
Lobe) flowed south of 48° N latitude into the Puget Lowlangq these reasons, in this study we have elected to use or
between the Olympic Mountains and the Cascade Rangges of terrestrial plant samples (e.g., gyttja, peat, wooc

(Fig. 1). which avoid both problems.
The chronology of the Puget Lobe’s advance and retreat

during the Vashon Stade of the Fraser Glaciation (ArmstmngDates below Vashon Till

al., 1965) was previously based on a suite of conventional

radiocarbon ages of terrestrial and marine fossils sampled atWood samples previously collected from beneath the Va:
localities scattered throughout the lowland (e.g., Yoeinél., hon Till Member of the Fraser Drift at sites in Seattle date t
1980; Easterbrook, 1992). These ages have been used to iffgd00 + 300 and 15,000+ 400 “C yr B.P. (W-1305 and
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e P 124° 123 122° L3N branches (provisionally identified dicea sitchensisA. A.
\ Coast Mountains Bre!tsprec_her, per_son_al _commumcatlon, 199_2) e_xca\_/ated fro
o N fluvial sediments lie within 10 m of the overlying till. Six AMS
‘ \ dates and one convention4C date range from 14,608 100
e j)}r\) to 14,480+ 70 *“C yr B.P. (Table 1), the youngest ages ye!

/ﬁ i obtained beneath Vashon till in the central Puget Lowland. Th
,.»_‘Fm}f‘ %ﬁfmmm seven dates are statistically identical (95% confidence inte
- 14" val), and their weighted mean age is 14,548 “C yr B.P.
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Six limiting dates for glacier recession come from five site:
in the northern and central Puget Lowland. Two samples
freshwater gyttja from near the base of a sediment core tak

g from Lake Carpenter near Kingston, Washington (Fig. 1), dat
g to 13,600+ 280 and 13,700+ 150 “C yr B.P. [QL-4065
A (12.00-12.03 m depth) and QL-4067 (12.39-12.41 m deptt
respectively; Anundseret al., 1994; Table 1]. Although a
slightly older date was obtained for marine shells somewh:
lower in the core (12.61-12.65 m), we do not include i
14" because of the uncertainty of the marine reservoir correction
this site.

Rainier Three dates have been obtained from the Lake Washingt
basin near Seattle. Rigg and Gould (1957) reported a date
_ 13,650+ 550C yr (L-346A) for basal limnic peat in a core

FIG. 1. Map of northwestemn Washington and southwestern British Cqz, 1y | ake Washington: shells (undated) were noted ca. 3.4
lumbia showing the extent of the Cordilleran Ice Sheet during the maximu . . . .
advance of the last (Fraser) glaciation. Contours (m) on the Puget Lobe E,eelow the peat in bluish marine clays. Because of its larg
based on Thorson (1980, Fig. 4); other contours are inferred from ice-flotandard deviation and the availability of more closely limiting
directional indicators and upper ice limits in adjacent mountains. Bold arrowfates, this date was ignored in our study. Basal gyttja in
indicat'e inferrgd f!ow directipn of ice mqving southeast along the Strgit' &fadiment core from northern Lake Washington has an age
Georgla_ and issuing from fjprd valleys in the Co_a_st MounFams of Brltls 3,430+ 200 14¢c yr B.P. (QL-1517; Leopoldet al., 1982). A
tcrglig:_la Black dots are radiocarbon sample localities and sites mentione dlgte of 13,610+ 80 14 yr B.P. (QL-1891) has been obtained
for basal gyttja in a core from Mercer Slough, a site adjacent t
Lake Washington at the southwestern edge of Bellevue (Tak

W1227, respectively; Table 1). However, new dates from twb E- B- Leopold, personal communication, 1998).
sites east and southeast of Seattle provide the closest limiting
ages for the ice advance. ICE-FLOW PATTERN AND SELECTED FLOWLINES

A date of 14,890+ 70 **C yr B.P. has been obtained for
detrital spruce wood collected near the top of outwash directlyWe have calculated the rate of advance and retreat of tl
beneath thick Vashon till at an excavation in Bellevue (Kathjuget Lobe using calibrated radiocarbon ages (Stuiver al
Troost, personal communication, 1998; Table 1). This dateReimer, 1993) and the inferred flow pattern of the glacier as
indistinguishable at one standard deviation from the two Seakpanded to its maximum size and then retreated. In th
tle samples collected at the same latitude, but it has a smalealysis, we use flowlines for the Puget Lobe reconstructed |
standard error than these two dates, making it the most imp®horson (1980) from ice-flow-directional indicators. We as-
tant of the three for close age control. sume that the glacier terminus during the advance was orient

A recently excavated section in a large borrow pit neassentially normal to these flowlines. However, during glacie
Issaquah, Washington (Fig. 1), exposed wood embedded in theession, calving retreat likely produced pronounced emba
topset beds of a thick proglacial delta that is capped by sevemants where the terminus crossed linear proglacial lakes tr
meters of stony Vashon till (Fig. 2). Both the proglacial deltavere up to several hundred meters deep (see below).
and an adjacent delta deposited during glacier recession lie din Figure 3, four flowlines are shown that extend to the
the downstream end of a meltwater channel that discharded-glacial limit from sites where limiting radiocarbon ages
water into an ice-dammed lake during glacier advance and alsve been obtained. The flowline from Lake Carpenter to tf
during recession (Glacial Lake Sammamish; Bretz, 1913; Cuce limit is 112 km long, whereas that from Seattle is 63 km
ran, 1965). Seven samples of the outer wood of tree trunks ahdt from Lake Washington is 43 km, and that from the
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TABLE 1
Selected Radiocarbon Dates Related to the Last Advance-Retreat Cycle of the Puget Lobe
Laboratory Age = 1o
number (**C yrB.P.) Age (cal yr B.P) Sample material Sample locality =~ Geographic coordinates Reference
Post-Vashon till samples (Washington)
QL-1517 13,430+ 200 16,349 (16,068) 15,771  Organic clay Lake Washington 47°3122°11.2 Leopoldet al. (1982)
QL-4065 13,600+ 280 16,659 (16,294) 15,904  Freshwater gyttia Lake Carpenter 47°482831.3 Anundsenet al. (1994)
QL-4067 13,700+ 150 16,631 (16,422) 16,207  Freshwater gyttia Lake Carpenter 47°482831.3 Anundsenet al. (1994)
QL-1891 13,610 80 16,446 (16,307) 16,167 Bog peat Mercer Slough 47°348°10.7 E. B. Leopold, personal
communication, (1998)
Sub-Vashon till samples (Washington)
CAMS-23160  14,45@- 90 17,446 (17,313) 17,182  Detrital wood Issaquah delta 47°312@°01.5 This report
CAMS-23170 14,620 100 17,643 (17,503) 17,365 Detrital wood Issaquah delta 47°32@°01.5 This report
CAMS-23171 14,58 70  17,573(17,459) 17,346  Detrital wood Issaquah delta 47°3P2@2°01.5 this report
CAMS-23175  14,60@= 90 17,611 (17,481) 17,352  Detrital wood Issaquah delta 47°312@°01.5 This report
CAMS-23176 14,480 70 17,463 (17,347) 17,233  Detrital wood Issagah delta 47°3222°01.5 This report
CAMS-23177  14,55G- 70 17,541 (17,426) 17,312  Detrital wood Issaquah delta 47°3P2@2°01.5 This report
QL-4620 14,560+ 60 17,544 (17,437) 17,331  Detrital wood Issaquah delta 47°3122°01.5 This report
W-1227 15,000+ 400 18,327 (17,916) 17,474  Detrital wood Seattle 47°38.92°19.0 Mullineaux et al. (1965)
W-1305 15,100+ 300  18,330(18,020) 17,692  Detrital wood Seattle 47°3182°19.5 Mullineaux et al. (1965)
Beta-112019 14,89¢ 70 17,915 (17,799) 17,687  Detrital wood Bellevue 47°371Q2°11.5 K. Troost, personal
communication, (1998)
Sub-Vashon till samples (British Columbia)
GSC-4355 16,00a: 180 19,086 (18,876) 18,685  Spruce wood Allison Pool 49°0341°48.2 Clagueet al. (1988)
GSC-4363 16,106- 150 19,168 (18,975) 18,802  Spruce wood Allison Pool 49°0321°48.2 Clagueet al. (1988)

2 Obtained using CALIB 3.0.3c program (Stuiver and Reimer, 1993). Value in parentheses is cal age. Values outside the parentheses are maxir
minimum age ranges obtained from intercepts.

Issaquah delta is 23 km; the potential measurement error fodust prior to overriding the sites of Seattle and Bellevue
flowline lengths is estimated to bhe2 km. the terminus of the Puget Lobe lay north of the bold dashe
line labeled 17,530 cal yr in Figure 3a. By ca. 17,420 cal y
ago the advancing margin lay immediately north of Issa
guah, having earlier impounded a proglacial lake to the leve
During the Vashon Stade, the Cordilleran Ice Sheet agt which the proglacial delta topset beds are graded. Tt
vanced south from British Columbia and reached the northestated detrital wood from the topset strata may have bee
limit of the Puget Lowland about 18,000 cal yr ago (Fig. 4). Adeposited only a few decades before the glacier overrode t
it entered the lowland, the terminus likely was grounded arntklta.
advancing across a landscape standing ca. 120-150 m abowv&dvancing along the trends of the three easternmost flov
river floodplains that were graded to a marine embaymentlines, the glacier terminus reached the front of the Casca
the outer Strait of Juan de Fuca. At that time, the landscaBange successively later from northeast to southwest. At tl
supported an open mesic subalpine forest (Barnosky, 1981).rasge front it piled up against steep interfluves and flowe
the advancing glacier blocked northward-flowing streams, miato the lower reaches of valleys, producing a digitate mat
jor valleys were dammed, forming proglacial lakes. Dropstongé (e.g., Thorson, 1980; Booth, 1986b). The mean altitud
in the lacustrine Lawton Clay Member of the Vashon Drifof the ice margin declined from ca. 790 m at the terminatio
(Mullineaux et al., 1965) that would provide evidence of aof the Issaquah flowline to 610 and 500 m, respectively, ¢
calving terminus have not been reported. Therefore, we infille southern ends of the Lake Washington and Seatt
that the terminus was grounded and separated from progladiawlines (Fig. 3b). At the end of the Lake Carpenter flow-
lakes by morainal shoals or prograding deltas. Outwash deplise the glacier terminated in relatively gentle terrain nea
ited beyond the advancing glacier formed the Esperance Sahe southern limit of the lowland at an altitude of ca. 150 m
Member of the Vashon Drift (Mullineaugt al., 1965), which ~ To obtain estimates of advance and retreat rates for tt
filled topographic depressions in the landscape (Booth, 199Ruget Lobe, the Lake Carpenter flowline was selected as t

GLACIER ADVANCE
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spruce wood lying beneath Vashon till have ages of 16,180
180 and 16,100+ 150 yr B.P. (Table 1). The calibrated
equivalents of these dates indicate that the advancing ice-sh
margin reached the latitude of this site sometime after c
18,925 cal yr B.P. (mean of the two calibrated dates). Althoug
other radiocarbon dates for sub-Vashon till samples betwet
Seattle and the Canadian border have been reported (e
Clague, 1980; Easterbrook, 1969, 1992; Minard, 1985), the
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FIG. 2. Issaquah delta complex at the margin of Lake Sammamish valley 4
(a) Map showing the location of wood-bearing proglacial delta sedimentd N . ]
adjacent to the postglacial delta, and the associated meltwater channel. (p) g @\ VAW

Section (A-A) across the deltas illustrating the position of wood samples| | 123 16,950 122° |
beneath Vashon till having ages ranging from 14,4500 to 14,620+ 100 ! ! L l 1 L
14C yr B.P.

Lake Wash;,

1200 Lake CaSea,uengton Issaguap

primary transect because it lies near the middle of th& 1000 thenter
glacier, extends to the southern terminus of the lobe, ang s 790 m

passes through the site of the oldest of the postglacial dates. 6% 610m

However, the youngest dates beneath Vashon till (at Seattl§, 400 o
Bellevue, and Issaquah) all lie east of this flowline. A line  2*F b 150m
lying just north of Seattle and Bellevue and oriented normal §5 o0 7S % 2Is b
to the four flowlines (labeled S-BM in Fig. 3) is inferred to DISTANCE FROM TERMINUS AT GLACIALMAXIMUM (km)

mark  the margin of the advan_cmg _gIaCIer aF the time it FIG. 3. Radiocarbon sample localities in the central and northern Puge
overrode the Seattle and Belleview sites. Carried westwai@wiand and associated flowlines along which radiocarbon dates have be
this line intersects the Lake Carpenter flowline ca. 23 kmbtained. (a) Map showing radiocarbon sample localities (black dots: LC, Lak
south of Lake Carpenter. A similar line (Issaquah ice margfgrpenter; LW, Lake Washington; S, Seattle; B, Bellevue; MS, Merce
(IM) in Fig. 3) marks the ice limit shortly before theSIough; 1, I§saquah) and flowlines passing through them, basgd on f|OW|!I
Issaquah delta was overridden. When extended westw reconstruction by_‘l_'horson (1989, F|_g._2). Length of ﬂowllr_1es (kllometers) |§
; q . - aflf sample localities to the glacial limit. Seattle—Bellevue ice margin (S-BM
this line intersects the Lake Carpenter flowline 10 km SOUHag issaquah ice margin (IM) mark approximate positions of the glacie
of the Seattle—Bellevue line. terminus at 17,590 and 17,420 cal yr ago, respectively. Ages of ice margi
To obtain the average rate of advance of the glacier down ting retreat are based on limiting ages from Lake Carpenter (16,420 cal y
Puget Lowland, we extend the Lake Carpenter flowline inMercer Slough (1§,310 cgl yr), and Lake Wtashmg.ton (16,070 cal yr). Inferre
i . . . time that the glacier terminus reached the ice limit along the Lake Carpent

SOL_‘them British Columbia, where the AII|_son Pool sl_te In thﬁowline is shown as large bold number near limit. (b) Profiles along flowline:
Chilliwack valley east of Vancouver constitutes a critical CONshown in (a) and altitudes of terminus at the glacier limit. Abrupt terminatior
trol point (Clagueet al., 1988). At this site, two samples of of profiles marks position of glacier margin at the front of the Cascade Rang
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GLACIER RETREAT

To construct the recessional part of the time—distance cun
(Fig. 4) and calculate rates of ice retreat, we must make seve
assumptions regarding (1) the rate of retreat in proglacial lak
along the Lake Carpenter flowline, (2) the time lag at the Lak
Carpenter site between deglaciation and revegetation, and |
the length of time the glacier remained at its maximum limit

Calving in Proglacial Lakes

We infer that calving bays developed along the margin of th
Puget Lobe wherever the retreating terminus crossed a de
proglacial lake and that the calving retreat rates were greate
in the deepest, broadest lakes. Lake Russell (Bretz, 191
which formed during an early phase of ice retreat, draine
southward through the Black Lake spillway (Fig. 5) and occu
pied both the Puget Sound trough along the Lake Carpent
flowline and the Lake Washington basin. Lake Bretz (Thorsor
1989), a subsequent, lower phase of the same lake syste
drained northward into the deglaciated Strait of Juan de Fut
via the Leland Creek spillway.

Reconstructed water depths along the Puget Sound trou
are expressed as the difference between the present floor of
sound and the levels of Lake Russell and Lake Bretz, whic
FIG. 4. Time—distance curve depicting advance and retreat of the Pugety e been isostatically tilted (Thorson 1989). Water deptf

_Lobe along the Lake Carpenter flowllne. The average advance rate of 135 rgﬁ)gring calving recession were at least 280-320 m (Fig. 6
is based on the mean age of radiocarbon samples (cal yr B.P., rounded to

nearest 5 yr) at Allison Pool and Issaquah; if youngest Issaquah date is udd@wever, late-glacial and postglacial sediments be_neath t
the mean advance rate decreases to 125 m/yr. Assumptions regardingflie@r of Puget Sound that locally are at least 200 m thick (M. L

retreat include: (1) a 100-yr lag between deglaciation and initial organidolmes, personal communication, 1998) suggest that wat
sedimentation in Lake Carpenter; (2) an average calving retreat rate of Ftﬂ’@pths may have reached or exceeded 500 m a|ong S0

m/yr along Lake Russell and Lake Bretz:i#800 m of water; and (3) the time . . . .
that the terminus remained at the glacial limit (0, 100, or 200 yr) befor%ectors of the trough. Water depth is a critical factor in calvin

retreating at a uniform rate to the point where calving retreat began. Based'66€SSion, for empirical studies of calving glaciers have show
the time—distance curve, the glacier covered the site of Lake Carpenter #3at calving rate correlates closely with the depth of water at
1230 yr and Seattle for 1020 yr. calving terminus (Browret al., 1982; Funk and Rihlisberger,
1989).
In Glacier Bay, Alaska, where water depths during degls

all are sufficiently older than the Allison Pool dates that thegiation following the Little Ice Age maximum reached 400-
can be rejected in this analysis. 500 m, the calving retreat rate exceeded 500 m/yr (Bretvn

If the youngest dates of sub-Vashon wood at the Allisoal., 1982). Columbia Glacier in Prince William Sound, since
Pool and Issaquah delta sites represent close limiting agesdatering its present recessional phase, has been calving bac
the arrival of the glacier, then the ice margin traversed the @n average rate of 600 m/yr along a fjord having dimensior
200 km between these sites in about 1500 yr (18,925 to 17,42fhilar to those of late-glacial Puget Sound (5—6 km wide, c:
cal yr B.P.) at an average rate of ca. 135 m/yr (Fig. 4); if the00 km deep) (Meier, 1994). Based on these and other mode
dates are not closely limiting, then the average rate of advararelogues, we adopt a calving-retreat rate of 500 m/yr for tt
would be higher. This rate is extrapolated along the Lal&b-km-long sector of the Puget Sound trough between the poi
Carpenter flowline beyond the Issaquah ice margin to thehere calving retreat began, north of the Steilacoom delta, a
southernmost limit of the glacier to derive the time of théake Carpenter (Fig. 5). Selection of a calving retreat rate 1C
glacial maximum (16,950 cal yr B.P.; Fig. 4). An alternativen/yr faster or slower does not appreciably affect the following
rate of advance (125 m/yr) is obtained by using the youngestrekults.
the Issaquah radiocarbon dates (17,315 cal yr B.P.), rather thafihe basal dates from Lake Carpenter indicate that the r
the average age, and results in arrival of the terminus at ésding glacier margin had passed this site prior to ca. 16,4
maximum limit about 100 yr later than if the average age al yr ago (Fig. 4). We think it likely that this site was
used (Fig. 4). deglaciated earlier than other sites at this latitude because |

180 160 140 120100 80 60 40 20 0 20 40 60 80 100
DISTANCE FROM SEATTLE-BELLEVUE ICE MARGIN (km)
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Inlet in Glacier Bay, Alaska, where Decker (in Goldthwait
al., 1966) documented the rate of reforestation following gla
cier retreat. He noted that initial pioneer and alder—willow-
thicket stages were followed within 50 yr of deglaciation by the
appearance of scattered spruce, and that a spruce forest de
oped within an additional 25—40 yr. At Icy Bay, Alaska, terrain
along the fjord system that was exposed by recent rapid calvir
recession became colonized with dense alder and scatte
spruce seedlings within a decade of deglaciation (S. C. Port
unpublished data). If colonization of pioneer vegetation in th
Puget Lowland during late-glacial time kept pace with degla
ciation, as it has more recently in Alaska, then revegetation ar
initial influx of organic matter to the Lake Carpenter and Lake
Washington pollen sites may have lagged local deglaciation
these sites by no more than a century. In Figure 4, we assul
that this lag interval was 100 yr; a longer lag time would
require faster rates of ice retreat than we derive here.

Duration of Ice at the Glacial Limit

By backward (southward) extrapolation from Lake Carpen
ter of the inferred average calving retreat rate (500 m/yr), th
interval of calving retreat would have begun ca. 16,630 cal y

FIG. 5. Map of the Puget Lowland showing distribution of meltwaterago’ or 320 yr after the gIaC|er reached the terml.natlon of th
lakes during glacier recession (after Thorson, 1980, 1981, 1989) reIativeLt@ke Carpenter flowline ca. 16,950 cal yr ago (Fig. 4). If the
four flowlines. In the shaded areas, the retreating glacier margin was ground&@freat began immediately (i.e., 16,950 cal yr B.P.), then th
whereas in the areas covered by meltwater lakes, calving retreat is inferraderage retreat rate through the southernmost 60 km of t
The extent and depth of the lakes changed progressively as the ice frgaiyline to the 16,630-yr ice margin would have been ca. 18
retreated northward, exposing lower outlets. During the early phases of | . . . .
retreat, Lake Russell occupied the Puget Sound trough and adjacent valIeys_@ZXr' prever' V_ve infer that the terminus remained at or nex
drained southward via the Black Lake spillway. When the Leland credls maximum limit for at least 100 yr (from 16,950 to 16,850
spillway opened as the ice front retreated north of Seattle, the altitude of ®@l yr B.P.; Fig. 4). This inference is based not only on the
lake surface lowered to form Lake Bretz (Thorson, 1989). Triangles shdarge volume and extent of ice-contact stratified drift anc
deltas used to reconstruct water-surface profiles (Fig. 6). The dashed line n§g@fwash near the glacial limit, but also on the impressive siz
Richmond delta shows the position of the terminus when the Leland Cregk . . : :
spillway opened and the level of Lake Russell fell to that of Lake Bretz. SIF |ce—marg|nal meleater channels in thpf t_ermmal zone. Th

Puget Lobe had high rates of basal sliding and meltwate
discharge (Booth, 1987), and high associated rates of fluvi

the Lake Carpenter dates are as old as or older than the b%srg?'on and deposition, but the extent and size of erosional a

dates from Lake Washington and Mercer Slough, even thou %posmonal fea_tures near the glacial limit imply that they
. ; . rmed over an interval of at least several decades, and prc

the latter sites lie farther south, and (2) the glacier would hay : .
; S ably longer. Assuming a 100-yr pause of the ice front at the er
retreated rapidly along the Lake Carpenter flowline in progla;

cial Lake Russell across a 6- to 8-km-wide front in water thz(;\)t]c the Lake Carpenter flowline, the minimum average rate ¢

. . rounded recession from this limit is 275 m/yr (Table 2). If,
generally exceeded a depth of 300 m (Fig. 6). The Imcerr(?rtljstead, an interval of 200 yr is assumed, a grounded retre

history of ice retreat is consistent with the pattern of successiveie of 500 miyr is required (Fig. 4 Table 2), a rate equalin

ice-margin positions reconstructed by Thorson (1980, Fig. 2%ﬂat we have used for an actively calving ice margin. Becau
which imply rapid recession of the glacier terminus in th i )

central Puget Lowland through the widest and deepest secttores I_atter_rate IS ur_lacceptably_ h'g.h’. we conclude that th
. erminus likely remained at the ice limit no more than 150 yr

of Lake Russell and Lake Bretz (Figs. 3, 5, and 6). .

and most likely for about 100 yr.

Based on an assumed calving retreat rate of 500 m/yr, al
assuming a 100-yr pause of the terminus at the glacial limit, tt
The Lake Carpenter site was deglaciated prior to ca. 16,42@rgin of the Puget Lobe retreated to Lake Carpenter |
cal yr ago (the age of the basal gyttja in the lake), but how lomtistance of 112 km) in ca. 330 yr; assuming a 150-yr paus
did it take the site to be revegetated and organic sedimentattbis interval is reduced to 280 yr. The corresponding mea

to commence in the lake? A possible analog is seen at Mugtreat rates (groundet calving) between the glacial limit and

Revegetation at Lake Carpenter
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FIG. 6. Section along the Puget Sound trough showing the minimum depth of water during ice recession based on present submarine topograph
levels of Lake Russell and Lake Bretz obtained from the topset—foreset contact in late-glacial deltas (Thorson, 1981, 1989). The southward slope of for
surfaces reflects postglacial isostatic rebound (Thorson, 1989).

Lake Carpenter assuming 100- and 150-yr pauses are 340 alwhg the former flowline in contrast to the largely grounde

400 m/yr, respectively (Table 2). retreat along the latter flowline (Fig. 5). The ice front remaine
at the southern limit of the Lake Washington flowline substan
LAKE WASHINGTON FLOWLINE tially longer than at the end of the Lake Carpenter flowline

because the former terminated farther north against the Ce

Of the other flowlines shown in Figure 3, both minimum angade front. The glacier likely reached its limit there severa
maximum constraining dates are available for only the Lakfindred years earlier than it did along the Lake Carpent
Washington flowline. However, as shown in Figure 4, thgowline and began to retreat only after the thick ice pilec
Bellevue limiting age may predate the passage of the glacigfainst the Cascade front (Fig. 3b) had thinned to the level
across the S-BM line by several hundred years. The minimufie Puget Lowland.
limiting date from Mercer Slough is equivalent to the younger
of the two Lake Carpenter dates and older than the date from DURATION OF GLACIER COVER
Lake Washington (Table 1). The apparent more rapid recession
of the ice front to the Lake Carpenter site than to the Lake Knowing both the duration and changing thickness of the ic
Washington site may reflect the importance of calving retrelaad at sites in the Puget Lowland is important for assessir

TABLE 2
Alternative Rates of Retreat of the Puget Lobe
Alternative dates for Mean retreat rate of grounded Mean retreat rate (groundet
beginning of retreat from Duration of terminus ice to latitude where calving calving)’ from glacial
glacial limit (cal yr B.P.) at glacial limit (yr) commences(m/yr) limit to Lake Carpentér(m/yr)
16,750 200 500 485
16,800 150 350 400
16,850 100 275 340
16,900 50 220 295
16,950 0 190 265

& Calving commences at 16,630 cal yr B.P., 60 km north of glacial limit (Fig. 4).
b Assuming a calving retreat rate of 500 m/yr (see text).
¢ Retreating terminus reaches Lake Carpenter, 112 km north of glacial limit, at 16,520 cal yr B.P. (Fig. 4).
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isostatic response of the crust to glaciation and deglaciation 300~
(Thorson, 1981). Using the time—distance curve for the Lake
Carpenter flowline and the inferred regional pattern of glacier
advance and retreat, intervals during which specific sites along
the flowline were ice-covered can be derived. For example, at% 200
Lake Carpenter, the landscape was covered by ice for ca. 123
yr. Along the Lake Washington flowline, at the latitude of w
Seattle and Bellevue, the duration of ice cover was ca. 950 yru

Lake Carpenter flowline:
Seattle-Bellevue ice limit
to full-glacial limit (85 km)

©
5
E

135 f----mmmm oSS ;

MEAN RATE OF ABV/

(Fig. 4). 100} ! 1100 yr
COMPARISON OF ADVANCE AND RETREAT RATES i
Based on the available calibrated radiocarbon ages, and 0 L L L |
100 200220 300 400

assuming that the terminus did not pause at the glacial limit,
the mean retreat rate between the glacial limit and Lake
Carpenter would be 265 km/yr (Table 2). Adding the in- FiG. 7. Curves showing the possible range of mean advance and retre
ferred 100-yr pause at the glacial limit increases the meaites along the Lake Carpenter flowline for ice-covered intervals of 900, 100
rate to 340 m/yr (Table 2). This rate is ca. 2.5 times thaid 1100 yr at the position of the S-BM line. For example, assuming a
mean advance rate of 135 m/yr between the Allison Pool a grage advance rate of 135 m/yr, the average grounded retreat rate woulc

. m/yr if the glacier covered the S-BM line for 1020 yr and began to retree
Issaquah sites and e_llong the 85'km'|0ng_ Se_gment of tl ediately after reaching the glacial limit. A slower rate of advance or
Lake Carpenter flowline between the glacial limit and th@nger time at the glacial limit would result in higher rates of retreat.
S-BM line. Within the constraints of the radiocarbon dates,

a slower rate of advance or a longer pause of the terminus at

the glacial limit would require higher mean rates of retreggcession of the Puget Lobe was restricted to less than 25%
(Fig. 7). its retreating southern margin where it terminated in meltwate

Few data are available from modern glaciers that can Rges. Only after the ice lobe had largely receded from th
compared directly with advance and retreat rates obtained fjget Lowland was a large sector of its front in contact witt
the Puget Lobe. Alaskan calving fiord glaciers are the largegbep marine water that would have favored overall retreat rat

comparable glaciers for which advance and retreat histories gignparable to the highest recorded for modern Alaskan gl
known. During the last two advance/retreat cycles of the Igyers.

Bay glacier system, each advance phase lasted ca. 300-500 yr,
during which mean advance rates were ca. 110—120 m/yr; the CONCLUSIONS
retreat phases were only about 100-130 yr long and mean
retreat rates were ca. 500—-550 m/yr, giving an advance:retreat. During the last glaciation, the southern margin of the
ratio of ca. 1:5 (Porter, 1989). For most large coastal Alaské&rdilleran Ice Sheet advanced southward from British Cc
calving glaciers, measured advance rates are generally loWbia, crossed the latitude of the international boundary afte
(e.g., 32 m/yr for Hubbard Glacier, 22 m/yr for Harvard Glaca. 18,750 cal yr ago, reached the latitude of Seattle ca. 17,6
cier, 12 m/yr for Meares Glacier), whereas historic retreat rategl yr ago, and overrode a proglacial delta at Issaquah shor
are an order of magnitude or more higher [(e.g., 600 m/yr fafter 17,400 cal yr ago.
Columbia Glacier (Meier, 1994), 350 m/yr for McCarty Gla- 2. Assuming an average advance rate near its midline of c
cier (Wiles and Calkin, 1993), and 400—-600 m/yr for thd35 m/yr, based on the average maximum advance rate t
Glacier Bay glacier system (Viens, 1995)]. tween southern British Columbia and Seattle, the Puget Lot
These resulting advance:retreat ratios for modern glacigesiched its southern limit ca. 16,950 cal yr ago, having tr
contrast with the ratio we have derived for the Puget Lobeersed the length of the Puget Lowland in about 1000 yr.
However, the Alaskan fjord glaciers advance into deep marine3. The ice margin likely remained near its maximum limit
water, and their rate of advance is partly determined by tifer ca. 100 yr, after which it receded along the Lake Carpente
extent to which frontal calving can be obviated by the corilowline at an overall average rate of 340 m/yr, reached th
struction of a morainal shoal at the terminus (Post, 197Btitude of Lake Carpenter by ca. 16,500 cal yr ago, and pass
Viens, 1995). Unlike these fjord glaciers, the Puget Lokife northern limit of the Puget Lowland ca. 450-500 yr afte
(south of 48° N latitude) advanced rapidly across a nonmarirgireat began.
landscape and apparently did not calve into the relatively4. Different segments of the ice margin retreated at differer
shallow lakes impounded beyond the terminus. Whereas Alaates, depending on whether the terminus was grounded
kan fjord glaciers tend to retreat rapidly backward in their deegpland interfluve platforms or calving in a system of deej
fiords at rates averaging close to 500 m/yr, rapid calvingroglacial meltwater lakes.

MEAN RATE OF RETREAT (m/yr)
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5. The maximum interval that the glacier covered the lan@urran, T. A. (1965). “Surficial Geology of the Issaquah Area, Washington.

scape was ca. 1230 yr at Lake Carpenter and ca. 1020 yr athpublished M. S. thesis, University of Washington.
Seattle. Easterbrook, D. J. (1969). Pleistocene chronology of the Puget Lowland a

6. Available dates for wood, peat, and gyttja permit a lim- San Juan Islands, Washingtdaeological Society of America BulletB0,

. K . 273-2286.

ited range of possible advance and retreat rates, but imply tha _ _

the average ( rounded) rate of alacier retreat was about tWIIECasterbrook, D. J. (1992). Advance and retreat of Cordilleran ice sheets
ge (g g svashington, U.S.AGeographie physique et Quaternaivs, 51— 68.

that of gIaC|er advance. Funk, M., and Rthlisberger, H. (1989). Forecasting the effects of a plannec
reservoir which will partially flood the tongue of Unteraargletscher in
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