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Abstract

In the late Pleistocene, most of British Columbial anorthern Washington
was covered by the Cordilleran ice sheet. The htedf the ice sheet caused up to
several hundred metres of depression of the Eacti'st. This caused relative sea
level to be higher in southwestern British Columiiéspite lower global eustatic sea
level. After deglaciation, postglacial reboundtioé crust caused sea level to quickly
drop to below present levels. The rate of seallfaleis used here to determine the
rheology of the mantle in southwestern British Qaltua.

The first section of this study deals with deteration of the postglacial sea-
level history in the Victoria area. Constraints sea-level position come from
isolation basin cores collected in 2000 and 2081yl as from previously published
data from the past 45 years. The position of seatlis well constrained at elevations
greater than -4 m, and there are only loose cansdraelow that. The highstand
position in the Victoria area is between 75-80 18ea level fell rapidly from the
highstand position to below 0 m between 14.3 an® 1iBousand calendar years

before present (cal kyr BP). The magnitude ofléinestand position was between -11



and -40 m. Though there are few constraints oratwetand position, analysis of the
crustal response favours larger lowstand.

Well constrained sea-level histories from Victorcgntral Strait of Georgia
and northern Strait of Georgia are used to model rtiteology of the mantle in
southwestern British Columbia. A new ice sheet ehofibr the southwestern
Cordillera was developed as older models systealBticunderpredicted the
magnitude of sea level in late glacial times. [Redibon dates are compiled to
provide constraints on ice sheet advance and tetiidee Cordillera ice sheet reached
maximum extent between 17 and 15.4 cal kyr BP.erAf5.4 cal kyr, the ice sheet
retreated, and by 13.7 cal kyr BP Puget Sound, @igafuca Strait and Strait of
Georgia were ice free. By 10.7 cal kyr BP, ice wesricted to mountain glaciers at
levels similar to present. With the new ice mo@eld using an Earth model with a
60 km lithosphere, asthenosphere with variable ogisg and thickness, and
transitional and lower mantle viscosity based a\WiVi2 Earth model, predicted sea
level matches the observed sea level constrainsouthwestern British Columbia.
Nearly identical predicted sea-level curves areébusing asthenosphere thicknesses
between 140-380 km with viscosity values betweeri03k and 4x18° Pas.
Predicted sea level is almost completely inseresitite the mantle below the
asthenosphere. Modeled present day postglacii tgies are less than 0.5 mm'yr
Despite the tight fit of the predicted sea leveldioserved late-glacial sea level
observations, the modelling was not able to fitehdy Holocene rise of sea level to

present levels in the central and northern Stfgideprgia.
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Chapter 1 - Introduction

1.1 Overview
During the late Pleistocene, continental ice sheewvered much of northern

North America and Europe, reaching a maximum betwie€000 and 21,000 yr BP
(Denton and Hughes, 1981; Fig. 1.1). The Cordiletce Sheet covered most of
southwestern British Columbia and parts of northemsBritish Columbia, though it
reached its maximum several thousand years afteer atorthern hemisphere ice
sheets €.9. Clague 1981; Clague and James, 2002). The weigttie ice sheets
caused tens to hundreds of metres of crustal dapresalong coastal areas in
southwestern British Columbia (Clagaeal, 1982; Jamest al, 2000). During this
time, relative sea level was higher than presespite global sea level being over
100 m lower. As the ice sheet melted, the crustkiyurebounded and relative sea
level fell.

Southwestern British Columbia is in an active sudbidn zone where the
North American Plate overrides the Juan De FucteRRucket al, 1997; Fig. 1.2).
In order to measure the amount of crustal motioa wutectonics, it is important to
remove any residual signal due to postglacial redoqdamest al, 2000). Relative
sea-level change provides the best constraintsostglacial rebound as the rate of
sea-level fall after deglaciation was fast enougit tectonic motion is unimportant.
Using glacial lake tilts from the Puget Sound amelvusly collected relative sea-
level data from the Strait of Georgia, Janeésl (2000) made an initial estimate of

upper mantle viscosity in southwestern British @uia of 5x16® - 5x10° Pa s
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Figure 1.1. Maximum extent of northern hemisphere ice sheetimd the last ice age
(Denton and Hughes, 1981)
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Figure 1.2. Configuration of the Cascadia subduction zonentQurs are the depth to
the top of the Juan De Fuca plate as it subduateruthe North American
Plate. Triangles indicate arc volcanos. (Flatkl, 1997)



using a lithospheric thickness of 35 km. Using antieaviscosity of 18’ Pa s, which
is an intermediate value between the Cordillerash@atonic North America mantle,
the calculated present day uplift rates with thegr sheet model were less than 0.1
mm yr. Clague and James (2002) used earth models withicker 60 km
lithosphere, which is more consistent with heatvfland seismological values of
lithospheric thickness, and an increased lower lmanscosity. They found that a
mantle viscosity of less than £@Pa s still produced the best fit to available date
that present day uplift rates were less than 1 mi y

Due to sparse data in the literature to providgn lgrecision relative sea-level
histories in southwestern British Columbia, newadaere collected in the Strait of
Georgia (Hutchinsoret al, 2004a; Jamest al, 2005, Fig. 1.3). The sea-level
highstand position happened between 13.5 and 1kyc&P. Data from the central
Strait of Georgia indicate that sea level fell diypifrom a highstand position of about
150 m to below present sea level in 1500-2000 yédtgchinsonet al, 2004a).
After reaching an uncertain lowstand position, smgel returned to near present
levels by 8000-9000 years ago. Sea level in tlitham Strait of Georgia fell from a
highstand position of about 175 m to present lewve&bout 2000-3000 years.
1.2 Objectives

The first objective in this study is to compileepiously published data and
describe recently collected cores to develop divelsea-level curve for the Victoria
area. Full descriptions and interpretations coodected in 2000 and 2001 are given.
Once constructed, this curve is compared with prgsly published sea-level curves

for Victoria (Mathewset al, 1970; Clagueet al, 1982; Linden and Schurer, 1988;
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Figure 1.3. Relative sea-level constraints and interpretedieeel curve for (a) the
central Strait of Georgia (Hutchinsem al, 2004a) and (b) northern Strait of
Georgia (Jameet al, 2005). The symbols correspond to the probability
distribution of the sample age, scaled by a fastdr000.

Jameset al, 2002; Mosher and Hewitt, 2004) and with the reéasea- level curves

for the central and northern Strait of Georgia @Hutsonet al, 2004a; Jamest al,

2005).

The second objective of this study is to modeltglasial rebound in
southwestern British Columbia using the relative-evel curves from Victoria and
the central and northern Strait of Georgia. Annowed ice sheet model is developed
to fit the improved sea-level data. A range otleanodels is investigated to find the
optimal mantle viscosity to fit the sea-level data.

1.3 ThesisOutline

This thesis is split into four sections. Chaj@eatescribes the sea-level history

of southwestern British Columbia and the synthe$ia detailed sea-level curve for



Victoria. Chapter 3 describes the history of tleedilleran ice sheet with constraints
on the advance and retreat during the late Plastc Chapter 4 describes the
parameters used for postglacial rebound modellimg) the tectonic setting of the
study area. Chapter 5 shows the results of paséglaebound modelling in
southwestern British Columbia.

Most of the constraints on relative sea level medsheet history come from
radiocarbon dates. All radiocarbon dates describethe text are corrected for
reservoir effects (Hutchinsaat al, 2004b) and denoted as “yr BP”. Dates calibrated
using the computer program Calib 5.0 (Stuiver apdhfer, 1993) are denoted as “cal
yr BP”. Dates older than 50,000 years are denatetka” (thousands of years ago)

or “Ma” (millions of years ago).



Chapter 2 - Late Quaternary Sea Level Changein Victoria,
British Columbia

2.1 Overview of sea level history in southwestern British Columbia and
northwestern Washington

2.1.1 Introduction
Perched deltas and marine deposits above preseniesel indicate that

relative sea level was higher than present aftglag&tion in coastal areas of British
Columbia and Washington (Easterbrook, 1963; Mathetnal, 1970; Clagueet al,
1982, Dethieret al, 1995; Jame®t al, 2000). Eustatic sea level, which is the
average sea level associated with the total volaihevater in the oceans, was
significantly lower during the late Pleistocene aaily Holocene (Fairbanks, 1989;
Bassettet al, 2005). Since sea level was higher than presemg deglaciation in
the study area, the Cordilleran ice sheet that reavenost of British Columbia and
parts of northern Washington State (Fig. 2.1) naste caused a significant amount
of depression of the surface of the earth. The madm of the depression more than
compensated the fall of eustatic level. The sealldighstand in southwestern
British Columbia and northwestern Washington vafremn more than 200 m in the
eastern side of the Strait of Georgia to about 2&nmorthwestern Vancouver Island
(Clagueet al, 1982). Hutchinsoet al. (2004a) and Jamex al. (2005) constructed
relatively well-constrained postglacial sea-levalhves in the central and northern
Strait of Georgia, respectively. This chapter déss the observations and presents a
detailed sea level history for the Victoria areg(R2.1). First, a brief overview is
given for postglacial sea-level observations intmeestern Washington State and

southwestern British Columbia.
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Figure 2.1. Location map showing the northern Cascadia sublmuzone (after
Jameset al, 2005). The locations of previously constructed-gvel curves
are from the central Strait of Georgia (Hutchinsginal, 2004a), northern
Strait of Georgia (Jame=t al, 2005) and Victoria (this study). Contour lines
show the depth to the top of the subducting JuakRuta Plate (Fluckt al,
1997). The thick line shows the maximum extenthef Cordilleran Ice Sheet
(Clague, 1981).

2.1.2 Northwestern Washington State
Many studies document the sea level history ofthwegstern Washington

(Easterbrook, 1963, 1969; Mathews al, 1970; Thorson, 1989; Anundsen al,
1994; Dethieret al, 1995). Glaciomarine sediments are found througinorthern
Puget Sound. The marine limit (maximum elevatidnttee sea-level highstand)

varies from 30 m in central Puget Sound to over iR2&t the Canada-United States



border (Dethieret al, 1995). Valley outwash terraces indicate thatleeal was at
least 9 m higher than present on the northwestgmc Peninsula (Bretz, 1920).
2.1.3 Southwestern Vancouver Island

Few data exist to constrain the late glacial se&llhistory in southwestern
Vancouver Island. Glaciomarine till is widespreadhe Tofino area, indicating that
sea level was higher than present after deglanigifalentine, 1971). Glaciomarine
sediments indicate that sea level was at least Zbove present after deglaciation
(Bobrowski and Clague, 1992). Bamfield, 50 km keast of Tofino, had postglacial
sea level that was higher than 15 m above pre8tatd, 1982). In Effingham Inlet,
near Bamfield, freshwater sedimentation in a basith a sill depth of -46 m
indicates that sea-level fell to a lowstand positd over -46 m (Dallimoret al, in
press).
2.1.4 Eastern Georgia Strait

Marine deposits exist at elevations of up to 20@lang the eastern Georgia
Strait (Mathewset al, 1970; Clague, 1981; Clage¢ al, 1982). For instance, in the
Fraser Lowland, sea level was 200 m above preaadtquickly subsided to below
present sea level (Clage¢ al, 1982). Data indicate that after 12 kyr BP, the @&t
sea-level fall slowed, possibly due to a readvasfabe Cordilleran ice sheet (James
et al, 2002). Sea level rose to near present duringnileHolocene (Clague, 1981;
Hutchinson, 1992).
2.1.5 Central Strait of Georgia

Hutchinsonet al. (2004a) presented new radiocarbon dates and oeenpid

data pertaining to sea-level change in the ce@tait of Georgia (Fig. 2.1). The



data suggest that sea level dropped from a loghiskand position of about 150 m to
below present levels in 1500 to 2000 years aftgladeation of the region. 1t is
uncertain exactly how much sea level fell during tlate Pleistocene and early
Holocene, though cores taken below -20 m do nowsawy evidence of subaerial
exposure (Barrie and Conway, 2002). By the midodehe, sea level rose to about 2
m above present, then slowly dropped to preseetddiHutchinsoret al, 2004a).
2.1.6 Northern Strait of Georgia

Jameset al. (2005) used newly collected observations fromaisoh basins,
archeological sites, natural exposures and maramepkes to develop a sea-level
curve for the northern Strait of Georgia. A laéwash delta indicates that the sea
level highstand was about 175 m elevation in treadMcCammon, 1977). Sea level
dropped rapidly, and less than 3000 years afteladiegion sea level dropped to the
present level (Jamest al, 2005). The lowstand position in the northerra®tof
Georgia is uncertain. A core taken in a bay witkilaat 8 m depth shows no
evidence of unconformities throughout the late ¥tmiene and Holocene, suggesting
that sea level did not drop below -8 m. The seallRistory in the northern Strait of
Georgia is similar to the central Strait of Georgiough there was a slight delay in
the timing of sea-level fall in the northern Straithe rate of sea-level fall may have
slowed in the northern Strait relative to the cain8trait after 13 cal kyr BP, though
this is not well constrained by radiocarbon dates.
2.1.7 Northern Vancouver Island

Howes (1981a) determined the maximum sea levelany areas in northern

Vancouver Island. The sea level highstand positemed from 25 m to over 150 m.
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The highstand was lowest on the northeastern panieasland, reflecting the further
proximity from the center of the ice sheet. Thestveoast of northern Vancouver
Island had much larger sea-level lowstand posititvas the eastern coast, due to

earlier deglaciation.

2.2 Radiocar bon dating

2.2.1 Introduction
Radiogenic carbon™{C) forms by the interaction of atmosphelftN with

cosmic rays (Libby, 1946). Organisms incorporagiagcarbon while they are alive
and are dated by measuring the amount of radionameonaining at present.
Radiocarbon has a half-life of 5730 * 40 yr, thoaghearlier measured value of 5568
yr is used when reporting the age of samples t@mewonsistent with samples dated
before the determination of the more accurate lifalfralue (Godwin, 1962; Stuiver
and Polach, 1977). Ages are stated in years béf@s® A.D. as a reference zero
time. Radiocarbon dating is ideal for the datifignaterial that grew within the past
50,000 yr, because of its short half-liied.Guildersoret al, 2005).
2.2.2 Reservoir corrections

A lag between the incorporation of atmospheridoarinto the oceans and
upwelling of water from the deep ocean causes ssnpl a marine or brackish
environment to have artificially old ages.q. Bard, 1988; Hutchinsoeat al, 2004b).
The correction for these effects is found by datpaired terrestrial and marine
samples in the same stratigraphic position. Inttseestern British Columbia and
northwestern Washington, marine samples older 182000 yr BP have an apparent

age that is on average 950 + 50 years older thatecgoraneous terrestrial dates
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(Hutchinsonet al, 2004b). This value may be a minimum, as factush as the
isolation from oceanic circulation due to seasoo@lvariations and the influence of
glacial meltwater make the correction as high @&0lyars in some areas (Kovanen
and Easterbrook, 2002a; Hutchinsstnal, 2004b). For the purposes of determining
the minimum ages of glacial retreat and late gla®a level history, this study uses a
reservoir age of 950 = 50 yr. For dates younganthO 000 yr BP, a smaller
correction of 720 £ 90 yr is used (Hutchinsetral, 2004b). The decreased reservoir
correction during the early Holocene is likely dtee lower amounts of oceanic
mixing when sea level fell. The modern reservarrection for western North
America is 790 + 35 yr (Southoet al, 1990), which is used for samples younger
than 3000 yr BP.

As sea level falls, organisms growing in recemsiylated freshwater basins
aquire a reservoir correction due to the incorponabf carbon from groundwater
leeching of the recently deposited sediments (Hosom et al, 2004b). This
correction is generally needed only for a shortqueof time after deposition begins
as the development of terrestrial plants and régsd of leechable carbon quickly
removes any “old” carbon in the vicinity of the bas The source for the carbon can
be from outcrops of limestone, coal, and graptsthists, decayed preglacial forest
beds, or dissolved marine shells if the basin igjleciomarine sediments. The
average reservoir correction for basal limnic matesuch as gyttja and peat for
southwestern British Columbia is 625 + 60 yr (Hunslonet al, 2004b). This value
is used in this study to correct all bulk basasin@ater radiocarbon dates. Caution is

required for dates from basal bulk freshwater malteas the reservoir correction can
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be much greater than this value depending on tbal lconditions. For instance,
paired terrestrial and basal freshwater sedimenta fakes that formed after glacial
retreat in northern Europe have reservoir corrastibetween 750 and 2000 yr
(Pazduret al, 1994; Hedenstrom and Possner, 2001).
2.2.3 Calibration

The radiocarbon time scale is not one-to-one Withtrue age of organisms
due to variations in the production rate of radiboca though time (Stuiver and
Suess, 1966). After local reservoir correctiotisjaes are calibrated to calendar age
using the Calib 5.0 program (Stuiver and ReimefQ3)9 Calibration of terrestrial
samples utilizes the IntcalO4 calibration datagsiferet al, 2004), while marine
samples use the Marine04 dataset (Hugtteal, 2004). Problems arise when dates
fall in known plateaus on the calibration scaletlsat even dates with small errors
may display a wide range of possible calendar d&g&p Guildersonet al, 2005).
Unless otherwise noted, all dates are in calibrgésas before 1950 A.D.

Uncertainties in reservoir ages compound the probieith radiocarbon
plateaus, as increasing a reservoir correction moane dates onto a calibration
plateau. Figure 2.2 shows the calibration proligof a marine shell from the Juan
de Fuca Strait with an uncorrected age of 13 690 ¥r BP (CAMS-58696; Mosher
and Hewitt, 2004). With a reservoir correction980 + 50 yr, the sample has a tight
probability distribution with a mean age of abo&t1l cal kyr BP. However, if the
reservoir correction is increased to 1250 + 50tlye, date falls within a radiocarbon

plateau, and the mean age is distributed betwegéhat#l 14.6 cal kyr BP. Since the
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Figure 2.2. Calibrated age probability for CAMS-58696 usindfatient reservoir
corrections. (a) 950 * 50 years, (b) 1250 + 50 yedar shows the 1-sigma
error range of the corrected radiocarbon age.

reservoir correction is uncertain, it should beeddathat some calibrated dates may be

significantly in error if the true reservoir cortn for a sample is different from the

one applied.

2.3 Constraintson sea level in Victoria

2.3.1 Introduction
A total of 47 radiocarbon dated samples were ueedetermine a sea level

curve for the Victoria area. Of these, 23 samplese from isolation basin (basins

that became isolated as sea level fell) cores aeliein 2000 and 2001. Cores
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Table 2.1. Radiocarbon ages of samples used for constrapostglacial sea level in the Victoria region

Location® Site (Fig.  Latitude Longitude Altitude (m)  Material Dated Lab No. Radiocarbon Corrected Calibrated Sea level
2.3) (N) (W) Age® Age® Age (1S.D.)  position
Colwood Delta’ 1 48.455 123.540 75 Wood B-109128 12360+ 70 12360 + 70 14128-14566  marginal
O'Donnell Flats 2 48.541 123.416 65 Plant detritus TO-9193 11100 + 80 11100 + 80 12938-13083  below
O'Donnell Flats 2 48.541 123.416 65 Gyttja TO-9194 12620 + 90 11995 + 108 13754-13970  marginal
O'Donnell Flats 2 48.541 123.416 65 Shell (Nuculana? TO-9195 13170+ 80 12220 +94 13941-14204  above
fragments)
Pike Lake 3 48.488 123.468 60 Plant fragments TO-9190 10890 + 330 10890 + 330 12397-13197  below
Pike Lake 3 48.488 123.468 60 Plant detritus TO-9191 12280 + 120 12280 + 120 13982-14458  above
Pike Lake 3 48.488 123.468 60 Shell (Nuculana? TO-9192 13240+ 80 12290 + 94 14007-14392  above
valves)
Maltby Lake 4 48.497 123.449 53 Plant fragments TO-9181 10600 + 140 10600 + 140 12395-12804  below
Maltby Lake 4 48.497 123.449 53 Organic mud TO-9182 12620 + 90 11995 + 108 13754-13970  marginal
Maltby Lake 4 48.497 123.449 53 Shell fragments TO-9183 13320+ 90 12370 + 103 14129-14596  above
Prior Lake 5 48.476 123.466 38 Twig TO-9186 11540 + 330 11540 + 330 13118-13735  marginal
Prior Lake 5 48.476 123.466 38 Twig TO-9187 12320 + 100 12320 + 100 14046-14489  marginal
Prior Lake 5 48.476 123.466 38 Shell (Nuculana? TO-9189 13070 + 90 12120 +103 13845-14073  above
fragments)
Gardner Pond? 6 48.683 123.433 30 Bison skull SFU-549 11750 + 110 11750 + 110 13472-13720  below
Blenkinsop Lake® 7 48.475 123.350 27 Shell GSC-246 12660 + 80 12110 £ 94 13844-14052  above
McKenzie Ave.* 8 48.471 123.362 26 Shell GSC-763 12720 + 80 12170 £ 94 13904-14133  above
Matheson Lake 9 48.361 123.597 23 Plant fragments TO-9184 12210 +£100 12210 +£100 13925-14206  marginal
Matheson Lake 9 48.361 123.597 23 Plant fragments TO-9185 12120 + 100 12120 +£100 13852-14076  marginal
Patricia Bay® 10 48.658 123.433 20 Shell GSC-418 12750 + 85 12200 + 99 13919-14179  above
Rithets Bog” 11 48.483 123.383 15 Gyttja GSC-945 11400 + 95 10775 £ 112 12709-12876  below
Saanichton® 12 48.592 123.392 8 Shell GSC-398 12440 + 115 11890 + 125 13606-13891  above
Cook St.° 13 48.413 123.353 1 Shell GSC-1114 12100 + 80 11550 + 94 13275-13474  above
Cook St.° 13 48.413 123.353 1 Freshwater shell GSC-1130 11200 + 85 10990 + 104 12857-13000  below
Cook St.° 13 48.413 123.353 1 Plant material GSC-1131 11500 + 80 11500 + 80 13269-13413  below
Cook St.° 13 48.413 123.353 1 Gyttja GSC-1142 11200 + 95 11200 * 95 13020-13193  below
Portage Inlet’ 14 48.463 123.423 -2 Peat GSC-4830 6220 + 80 6220+ 80 7015-7247 below
Helmcken Park® 14 48.460 123.428 -2 Peat GSC-4731 8580 * 65 8580 + 65 9438-9739 below

15



Table 2.1. Radiocarbon ages of samples used for constrapostglacial sea level in the Victoria region (¢onéd)

Location® Site (Fig.  Latitude Longitude Altitude (m)  Material Dated Lab No. Radiocarbon Corrected Calibrated Sea level
2.3) (N) (W) Age® Age® Age (1S.D.)  position
Portage Inlet’ 14 48.463 123.422 -2 Peat 1-3673 5470 + 115 5470 £ 115 6032-6404 below
Portage Inlet® 14 48.463 123.422 -2 Peat 1-3674 6670 £ 120 6670 + 120 7435-7620 below
Portage Inlet® 14 48.463 123.422 -2 Peat 1-3676 9250 + 140 9250 + 140 10250-10575  below
Portage Inlet 14 48.459 123.422 -2 Shell (Ostrea TO-9885 4010 +50 3290 +103 3461-3727 above
Lurida)
Portage Inlet 14 48.459 123.422 -2 Peat TO-9886 11170 + 80 11170 + 80 12972-13140  below
Portage Inlet 14 48.459 123.422 -2 Shell fragments TO-9887 13140 + 80 12190 + 94 13921-14159  above
Anderson Cove 15 48.361 123.659 -4 Shell (Saxidomus TO-9888 4430 +50 3710 £ 103 4009-4311 above
Giganteus)
Anderson Cove 15 48.361 123.659 -4 Peat TO-9889 6900 + 60 6900 + 60 7673-7792 below
Anderson Cove 15 48.361 123.660 -4 Plant and wood TO-9890 5100+ 70 5100+ 70 5749-5917 marginal
fragments
Anderson Cove 15 48.361 123.660 -4 Wood fragments TO-9891 8160 + 80 8160 + 80 9011-9248 below
Anderson Cove 15 48.361 123.660 -4 Bark fragments(?) TO-9892 7760 + 80 7760 + 80 8434-8600 below
Anderson Cove 15 48.361 123.660 -4 Peat TO-9893 9010 + 80 9010 + 80 9941-10248 below
Juan de Fuca Strait™ 16 48.420 123.430 -32.8 Shell CAMS-62767 8910 + 50 8190 + 103 9118-9382 above
Juan de Fuca Strait™ 16 48.415 123.427 -41.7 Shell CAMS-62533 8490 + 50 7770 £103 8535-8841 above
Juan de Fuca Strait™ 16 48.415 123.427 -42.5 Shell CAMS-62534 13370 +50 12420 + 71 14212-14620  above
Juan de Fuca Strait™ 16 48.415 123.426 -42.7 Shell CAMS-58684 10640 + 50 9690 £ 71 11029-11196  above
Juan de Fuca Strait° 16 48.415 123.426 -44 Shell CAMS-58685 9880 + 50 9160 + 103 10296-10519  above
Esquimeilljlt 17 48.398 123.381 -55 Shell RIDDL-265 9670 + 140 8950 + 166 9949-10399 above
Harbour
Juan de Fuca Strait™ 18 48.400 123.414 -60.5 Shell CAMS-58695 10720 + 60 9770+ 78 11114-11229  above
Juan de Fuca Strait° 18 48.400 123.414 -61.3 Shell CAMS-58696 13690 + 50 12740+ 71 14912-15168  above

2 All dates are from this study unless notdonahan et al. (20005Hebda (1988)°Dyck et al. (1965);*Lowdon and Blake (19705Dyck et al. (1966);
®Lowdonet al. (1971);’"McNeely and Jorgensen (1998ycNeely and Jorgensen (1992Buckley and Willis (1970)*°Mosher and Hewitt (2004¥!Linden and
Schurer (1985)

® All dates + & limits

¢ Corrections applied include: -950+50 yr for margaenples >10 000 yr BP; -720+90 yr for marine saspl 10 000 yr BP; -625+60
yr for basal freshwater samples; 400-415 yr for G&€ine samples that were not normalized't€ = -25.0%o
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Figure 2.4. Sediment cores collected in 2000. Ages are imected radiocarbon
years BP. S and G indicate sharp and gradual dsntaspectively.
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present (yr BP). lan Hutchinson (Department of @aphy, Simon Fraser
University), John Clague (Department of Earth Soésn Simon Fraser University)
and Thomas James (Natural Resources Canada; UtyvefsVictoria) interpreted
the lithology of the cores. Figures 2.4 and 2.6vslthe cores collected in 2000 and
2001, respectively. Table 2.1 lists the radiocartdated samples used in this study.
The following section gives detailed stratigrapimformation related to sea level for
each locality given in Table 2.1. The descripti@ans in order of highest to lowest

elevation.

2.3.2 Colwood Delta
A radiocarbon sample of wood in the Colwood Deltavides an age for the

maximum highstand in the study area. The sampteimva horizontally bedded sand

and silt layer overlying foreset planar cross-bedsi@nd and gravel (Monahahal,
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2000; V. Levson, pers. comms., 2002). The elewmatiothe area is about 78 m, but
the sample was collected at approximately 2 m depthe sample has an age of
12 360 = 70 yr BP. The wood is found in toplap asfs, coarse sediments that
deposit when a river first enters a basin, possidycating that sea level was likely
near this elevation during the formation of thet@elThe delta formed when sea level
was between 80 and 65 m elevation. Deposition dea$en Saanich Inlet became
ice free (Howes and Naismith, 1983).
2.3.3 O’'Donnell Flats

A vibracore from O’Donnell Flats at an elevationGd m was collected on
June 30-31, 2000. The core was 7.8 m in lengtb.uiper 4.8 m were discarded due
to the homogenous peat composition. The core dsagmarine mud overlain by
gyttja and peat (Fig. 2.4). The mud was clayetyvgith some very fine sand. The
contact between the mud and gyttja occurred at B.@4pth and is sharp. The gyttja
layer is 0.14 m thick and is weakly stratified. ef¢éontact between the gyttja and peat
occurs at 6.50 m and is gradational. The peatgmtbundant plant fragments.

Three radiocarbon samples were taken from this. chbfarine shell fragments
(possiblyNuculana sptaken at 6.97 m depth in the mud yielded a coeceage of
12 220 + 94 yr BP. A bulk sample taken from theebaf the gyttja layer between
6.61-6.64 m depth had a corrected age of 11 9983+yt BP. This sample indicates
that sea level dropped below 65 m at around 12y0@P. A bulk sample of plant
detritus from the base of the peat layer betwedii-6.49 m depth had a corrected
age of 11 100 + 80 yr BP. The dates indicate $katlevel likely dropped below 65

m sometime between 12 200 and 12 000 yr BP.
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2.3.4 Pike Lake
A 5.45 m core was recovered from Pike Lake at amation of 60 m on June

30, 2000 (Fig. 2.4). The core comprised mud oweldg gyttja. The mud is mottled
silty clay or clayey silt at depths below 3.36 Between the lower mud unit and the
gyttja unit are a 0.04 m thick organic rich muddaynd a 0.03 m layer of weakly
laminated gyttja and organic rich mud layers. Tbatacts between the layers are
sharp. Above 3.29 m is a dark brown, massive @jyiat becomes less dense further
up the core. Tephra from the Mount Mazama eruptimpurs at 2.01 m depth.

Three radiocarbon samples were taken from the abreike Lake. Plant
detritus taken from 4.81-4.82 m depth in the clag#tygave an age of 12 280120
yr BP. An articulated marine shell (possibWuculana sp taken from the same
interval gave a corrected age of 12 29@4 yr BP. The paired plant detritus and
shell sample give the same date, suggesting tleatebervoir correction is likely
fairly accurate. These dates indicate that sea leas above 60 m at 12 300 yr BP.
Plant fragments taken at a depth of 3.32-3.33 rhéntransition between mud and
gyttja gave an age 10 890330 yr BP. This sample indicates that sea lex@gbmed
below 60 m by 10 900 yr BP.
2.3.5 Maltby Lake

A 4.1 m core was recovered from Maltby Lake at Bavaion of 53 m on
June 2, 2000 (Fig. 2.4). The upper 0.5 m of caae discarded. The core comprised
of gyttja overlying mud. A sharp contact betweee thud and gyttja was at 2.94 m.
Above 3.19 m, the mud becomes increasingly laméhated organic rich. Tephra

from the Mount Mazama eruption occurs at 1.58 ntldep
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Three radiocarbon samples were taken from this. chbfarine shell fragments
from between 3.49 and 3.97 m in the mud gave actad age of 12 376 103 yr
BP, indicating that sea level was higher at thiseti A bulk sample of laminated
organic mud, taken between 3.13 and 3.18 m gaweraated age of 11 996108 yr
BP. The laminated mud likely represents when seallfell below 53 m. Plant
fragments from 3.01 m in the mud just below thetaonhdated to 10 60& 140 yr
BP.

2.3.6 Prior Lake

A 7.3 m core was recovered form Prior Lake at @vation of 38 m on June
29, 2000 (Fig. 2.4). The upper 0.74 m of the coas discarded. The core comprised
gyttja overlying mud. The contact between the sumias gradational between 2.01-
2.34 m. Tephra from the Mount Mazama eruption gecliat 1.58 m.

Three samples were taken from the core for radmmcadating. A marine
shell (possiblyNuculana sp in mud from 4.25 m depth had a corrected dat&2of
120+ 103 yr BP. A twig taken at 2.40 m in mud dated 20320+ 100 yr BP. This
twig is just below the transition to gyttja, andsigghtly older and inconsistent with
the younger marine shell date located lower incttre. Another twig from 2.26 m in
the transition from mud to gyttja had an age ob40+ 330 yr BP. This sample is in
an interval that likely indicates the transitioorfr marine to freshwater conditions.
2.3.7 Gardner Pond

A bison skull was excavated from sediments at awagtion of about 30 m

(Mackie, 1987). The skull was at a depth of 1.5nna marl layer overlying marine
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clay. The skull dates to 11 750110 BP (Hebda, 1988). This indicates that seal lev
dropped below 30 m by that time.
2.3.8 Blenkinsop Lake

Marine shells were collected from Blenkinsop Lakeaa elevation of 27 m
(Dyck et al, 1965). The shellsMya truncata)were in a clay unit, and have a
corrected date of 12 11094 yr BP. This date indicates that sea level pedgbelow
27 m sometime after 12 110 yr BP.
2.3.9 McKenzie Ave, Victoria

Marine shells were collected from a drillhole onH&mzie Ave in Victoria at
an elevation of 26 m (Lowdon and Blake, 1970). FBhenples were whole shells
(Hiatella arctica) in a shelly layer between a silty clay and pegte corrected age of
the sample is 12 17094 yr BP. This sample indicates that sea lealext above 26
m until after 12 170 yr BP.
2.3.10 Matheson Lake

A 4.4 m core was recovered at Matheson Lake atle@raton of 23 m (Fig.
2.4). The core comprised mud and sand overlaigydtja. Below 3.75 m was
massive clayey silty mud with scattered pebblesom~3.56-3.75 m was medium
sand grading up to silty, very fine sand with rip-ciasts of clay, plant detrius and
shell fragments. Between 3.28-3.56 m was silty@dagey mud that fines upwards to
organic rich mud. From 3.13-3.28 m was a transitidayer between the mud and
gyttia. Mazama tephra was at 1.37 m depth.

Two radiocarbon samples were taken from the siltg alayey mud layer

overlying the sand layer. Plant fragments takeB.82 m dated to 12 120100 yr
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BP. Another sample of plant fragments at 3.47 tedléo 12 21& 100 yr BP. The
sand layer from 3.56-3.75 m suggests a high enemgironment, indicating sea level
was likely near 23 m when it was deposited. Thel tayer immediately above the
sand probably corresponds to when sea level dropgledv Matheson Lake.
2.3.11 Patricia Bay

A marine shell sample was collected from a grauehtpan elevation of about
20 m (Dycket al, 1966). The marine shellSgxidomus spwere taken from a shelly
layer in the lower part of a gravely shore deptist overlies marine clay. The shells
have a corrected age of 12 28094 yr BP. The top of the gravel unit is at an
elevation of 24 m, and the age of the shells lil@yresponds to when sea level was
near this elevation.
2.3.12 Rithets Bog

A gyttja sample was taken from Rithets Bog at avaion of 15 m (Lowdon
and Blake, 1970). The sample taken 5-8 cm abavedhtact between the gyttia and
underlying marine clay had a corrected age of 19 #7112 yr BP. This sample
indicates that sea level was below 15 m by 10.7B8r
2.3.13 Saanichton

Marine shell fragments were taken from a gravehp#n elevation of about 8
m (Dycket al, 1966). The fragments were in clay below a deltposit and have a
corrected age of 11 890 125 yr BP. The date indicates that sea level iesoa

above 8 m until after 11 900 yr BP.
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2.3.14 Cook Street, Victoria
An excavation along Cook Street, Victoria, revdadesection of freshwater

sediments overlying marine clay at about 1 m elewafLowdonet al, 1971). Four
radiocarbon samples were taken at this site. Amaashell Saxidomus gigantelus
taken 0.45 m below the contact has a correctedbde 550+ 94 yr BP. Freshwater
shells taken above the contact have a correctedfaf@ 990+ 104 yr BP. The gyttja
correction was applied to the freshwater shellshey derive their carbon from
plankton and material at the bottom of the basit(itchinson, pers. comms., 2006).
Bulk plant material taken above the contact wheeefteshwater shells were located
had an age of 11 58080 yr BP. No correction was necessary for thatphaaterial,
as they are vascular plants that derive their cantioectly from the atmosphere
Gyttja taken 15-18 cm above the freshwater sant@dsan age of 11 2Q095 yr BP.
No correction was made on the gyttja sample, asag not a basal gyttja. The
discrepancy in age between the freshwater shetisttan plant material in the same
interval indicates that a reservoir correction may be appropriate for the freshwater
shells. The dates indicate that sea level felblwel m elevation sometime between
11 500 and 11 000 yr BP.
2.3.15 Portage Inlet/ Helmcken Park

Three cores were taken at Portage Inlet on Ma@,8001, where the sill
depth is about -2 m. One 4.19 m core (01-01) wggdd and sampled (Fig. 2.5).
The core comprised two mud layers separated by fgelow 2.31 m was grey mud
with olive grey organic mud phases, shell fragmami black organic streaks. From
1.36-2.31 m was grey organic-rich mud, with a titmsal lower contact. Between

1.31-1.63 m was reddish brown to reddish grey myukeht with a transitional lower
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contact. Above 1.31 m was a grey to black mud walthndant marine shells. Two
other cores did not encounter a peat layer and n@reampled.

Three samples from the core were dated. Mariné Bhgments from 2.7-
2.73 m depth gave a corrected age of 1249@ BP. A sample from near the base
of the peat layer at 1.60-1.62 m dated to 11 48D yr BP. A marine shellQstrea
Lurida) taken at 1.29 m had a corrected age of 32203 yr BP.

Several radiocarbon ages have been taken fromadeorinlet in previous
studies. Three samples of peat were taken frorara collected in the late 1960s
(Buckley and Willis, 1970). Peat directly overlagithe glaciomarine clay had an
age of 925& 140 yr BP. Peat overlaying Mazama tephra dat&bi®+ 120 yr BP.
Peat underlying marine sediments dated to 54705 yr BP. A date from the base
of freshwater peat at Helmcken Park on the west gfdPortage Inlet gave an age of
8580 65 yr BP (McNeely and Jorgensen, 1992). Anotheat sample from the
north shore of Portage Inlet underlying silty saaties to 622& 80 yr BP (McNeely
and Jorgensen, 1993).

The data from Portage Inlet constrain the timihghe late Pleistocene sea-
level fall and a mid-Holocene sea-level rise. Tadiocarbon ages indicate that sea
level dropped below 2 m sometime between 12 2001d4n@00 yr BP. It stayed
below current sea level until sometime after 550B8.

2.3.16 Anderson Cove

Two cores were taken from Anderson Cove on Mag0®1, where a barrier

sill occurs at -4 m (Fig. 2.5). One 2.28 m cor&-08) comprised peat overlain by

sandy silt. Below 1.52 m was muddy peat, gradipgrards to greyish brown peat.
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Dark grey, fine sandy silt sharply overlies thetpeA second 2.92 m core (01-04)
comprised peat and sand. Below 1.90 m was peaim BE.35-1.90 m was muddy
sand and peat. Above 1.35 m was silty fine sartd @écasional shell fragments and
pebbles.

Two samples were dated from the first core (01-(Bg¢at from 1.54 m dated
to 6900+ 60 BP. A marine shelSaxidomus Giganteyfrom 1.29-1.34 m depth had
a corrected age of 371103 yr BP. Four samples were dated from the skbcore
(01-04). Peat from a depth of 2.85 m dated to 980 yr BP. A piece of bark from
1.94 m depth dated to 77&080 yr BP. Wood fragments from 1.70 m depth dabed
8160+ 80 yr BP. This anomalous age may indicate revngylaf this unit, or the
wood was old when it was deposited. Plant and woagginents taken at 1.2 m depth
within the silty fine sand had an age of 5%000 yr BP. The ages from the peat layer
indicate that sea level remained below -4 m betw&0 and 6900 yr BP. If the
silty fine sand unit represents when sea level ness -4 m, then sea level was at this
level by 5100 yr BP. By 3700 yr BP, sea level @bheve -4 m.

2.3.17 Juan De Fuca Strait/ Esquimalt Harbour

Linden and Schurer (1988) and Mosher and HewitD42Gampled marine
sediments offshore of Victoria (table 1). The demthge of the samples is between
-32.8 and -61.3 m. Eight dates from marine shalés used to determine lowstand
range. The age of the samples ranges betweenQld B190 yr BP. All of samples
indicate that sea level was higher when the sangps. Due to the lack of data, sea

level position is not well constrained below -4 m.
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2.4 Victoria sea-leve curve

2.4.1 Previous work
Mathewset al. (1970) constructed the first radiocarbon consedisea level

curve for the Victoria area. Using a small amooihavailable data, they estimated
that sea level fell from the highstand at 75 maoghly present levels within a 2000
year period. Excavations at a water depth of -91tb m in Esquimalt Harbour
exposed leached marine shells and hardened sedineditating that the sediments
were subaerially exposed at this depth. The asthtso indicate that river mouths
existed below present sea level in Saanich Inldagueet al. (1982) expanded on the
work of Mathewset al. (1970) and added that during the first half af tholocene,
sea level remained below -4 m elevation. They aislicated that sea level never
rose above 1.5 m during the Holocene.

Linden and Schurer (1988) collected cores andrseislata in the Juan de
Fuca Strait in the Victoria area. The seismic ipgsf identified an erosional
unconformity between an acoustically transpareritt aimd stratified sediments to a
depth of -70 m. Above -50 m it has an irregularesgppnce. The authors suggested
that the unconformity was due to a drop in sealleva depth of about -50 m based
on an incomplete sediment record and dense clay the seismically transparent
unit found only above this level. They attributbé unconformity below that level to
marine origins. They concluded that after 900k, sea level in the Victoria area
was influenced mainly by eustatic sea-level rise.

Jameset al. (2002) described the initial results of cores exittd in 2000
(described in detail earlier). The modern 800 yeservoir correction (Southoat

al., 1990) was used for marine samples, though itveasd that this correction may
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have been too small for late glacial samples. Tdisg note an inconsistency in bulk
basal gyttja ages, a problem addressed in Hutchias@l. (2004b). Jamest al.
(2002) noted that the rate of sea level fall dexedaafter 12 000 yr BP, and by 11
500 yr BP sea level dropped below present level.

Mosher and Hewitt (2004) did multibeam, seismifleaion and coring
surveys to find the maximum sea level lowstanchaYictoria area. The multibeam
and reflection surveys found a series of terrackradge features at -15, -35, -50 and
-65 m depth in post-glacial sediments overlyingcglamarine sediments. The
authors interpreted the terraces to be wave-c@#iaral features when sea level was
lower. They also found there were similar erosidaatures at -80 to -90 m depth,
though they attributed those to shallow water emoseffects. Given the peak
amplitude and period of waves in the Juan de FuigatShey used this as evidence
that sea level dropped to between -55 and -65 waete. The sea-level curve
proposed by Mosher and Hewitt has a lowstand posét these depths.

2.4.2 New sea-level curve

Figures 2.6 and 2.7 show the interpreted postgjlasa-level curve in the
Victoria area in radiocarbon and calibrated yeaspectively. The radiocarbon plot
shows 1-sigma confidence limits, while the calibcaplot shows the probability
distribution of the samples in calendar years. Jamples provide tight constraints
for determining the sea-level history for elevasoabove -4 m. The sea-level
highstand in the Victoria area is somewhere betwEgrand 80 m, given by the
deposition of the Colwood Delta at this level. Mreod sample provides a limiting

age of when sea level was at this elevation. Betwet.5 and 13.2 cal kyr BP (12
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500 and 11 500 yr BP), sea level dropped from ighstand to present sea level.
There is overlap between some marine and terrestai@s, with some terrestrial
dates (Matheson Lake and Prior Lake) dating oldantmarine dates. The Prior
Lake sample is a twig, and it may not ibesitu. The Matheson Lake samples are
unidentified plant material immediately above adsdeposit that likely corresponds
to a beach. This material may need a reservomecbon. Other than these two
points, the dates from the marine and terrestaales are consistent and indicate a
rapid sea level drop. The rate of sea-level fatibpbly slowed after sea level
dropped below about 30 m, as cores below this Btevdhave intervals of sand
corresponding to beach deposits. Beach depositaarevident at higher elevations
as sea level was likely dropping so rapidly thar¢hwas not enough time to create
developed beaches.
2.4.3 Lowstand position

The magnitude of the sea-level lowstand is poodgstrained, as there are
few radiocarbon dates between -4 and -40 m. Sisblgtegxposed deposits occur to a
depth of at least -11 m (Mathewsal, 1970). If the assumed rate of sea-level fall is
constant after 13.7 cal kyr BP (fig. 2.7), then khwwstand could have been as low as
about -40 m, limited by the marine dates colledtgdlosher and Hewitt (2004).

Though there are apparent unconformities to depth&0 m (Linden and
Schurer, 1988; Mosher and Hewitt, 2004), it is hkely the result of subaerial
exposure because it would require sea-level falidcelerate after 13.2 cal kyr BP.

Figure 2.8 shows all the radiocarbon ages from é&im@nd Schurer (1988) and
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Figure 2.6. Sea-level curve for the Victoria area in radibcar years BP. The two
curves below present sea level indicate the passitshimum and maximum
sea level lowstand scenarios, based on subaegigtlysed sediments found at
-11 m depth and marine shell dates assuming a ansea-level fall from
Mosher and Hewitt (2004) respectively. Given tlbastraints on the rate of
regression and radiocarbon dates from samples dftshore of Victoria, it is
unlikely that the irregular conformity found to epth of -50 m by Linden and
Schurer (1985) was due to subaerial exposure.
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Figure 2.7. Sea level for the Victoria area in calibrated geBIP. All dates are
calibrated using Calib 5.0 (Stuiver and Reimer, 3)99The symbols
correspond to the probability distribution of theargle age, scaled by a factor
of 1000.
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Mosher and Hewitt (2004) in the eastern Juan de Biait with respect to present
water depth. There are no radiocarbon dates fre®-11.5 cal kyr BP, suggesting
the change from glaciomarine to post-glacial sediat@®n may correspond to the
Younger Dryas period (Fairbanks, 1989). By 11.2 Ri?, sea level was above -40
m. If sea level was lower than -40 m, it was shiggd. The post-glacial sediments
are interpreted to be derived mainly from reworkafglder sediments (Hewitt and
Mosher, 2001), so it cannot be ruled out that theonformities are the result of
submarine slumping or tidal currents.

Isostatic depression is caused by the flow of neanthterial away from an area
covered by ice sheets (Turcotte and Schubert, 2002)en the ice sheets melt away,
the Earth slowly returns to its original form in axponential fashion. The local
crustal depression is determined by removing thstatic (global) sea-level
component from the local relative sea level. Seellat Barbados is used as eustatic
sea level (Bassett al, 2005; Fig. 2.9). Figure 2.10 shows the crusisponse of the
minimum and maximum uplift scenarios. The maximsea level drop scenario has
a steady exponential decay of crustal response. miihimum sea level drop scenario
has an irregular form, with an initially slower dgcbetween 9-13 cal kyr BP
followed by a more rapid decay. This situation Wdaequire local ice sheets to grow
between 11 and 8 cal kyr BP to slow the crustgbaese. This indicates that the
minimum sea-level drop scenario is unlikely becdasal ice sheets were completely

melted before 10 cal kyr BP (Clague, 1981).
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Figure 2.8. Radiocarbon age (calibrated limits) of marine shell samples from the
eastern Juan de Fuca Strait (Linden and Schur&8; Mosher and Hewitt,
2004) and inferred minimum and maximum sea-levelstand positions
scenarios for the Victoria area (Fig. 2.7). Aldwwn is the time period
corresponding to the Younger Dryas (Fairbanks, 1989
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Figure 2.9. Eustatic sea level from Barbados (Basse#tl, 2005). Eustatic sea level
was over 100 m lower than present at 16 cal kyrdid, rose to within a few
metres of present 4-6 cal kyr BP.

The decay time of the maximum sea level drop seenarl250 years (Fig.

2.10), which is similar to the initial responsetlie northern Strait of Georgia (James

et al, 2005). There possibly is a shorter decay timahkaut 630 years during the

early response, though a constant 1250 year désaihé observed crustal response
fairly well. In the northern Strait of Georgia.etimitial decay time was found to be
the combination of 500 and 2600 year times, whidternvcombined produced an
apparent early decay time of 1200 years. The etitthe shorter decay time was
negligible within 1000 years after deglaciationheT1250 year decay time observed
in the response at Victoria is similar to the supposed 500 and 2600 year decay

times. If there is a longer decay time in the oesge at Victoria, it is not resolved due

to the poor constraints on sea level after 13.XgaBP. The implication of a longer
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Figure 2.10. Crustal response from the Victoria area for theimmum and maximum
sea-level lowstand scenarios. The best fit lineth@ maximum lowstand
scenario has a decay time of about 1250 yearslogascale showing the
exponential decay of the maximum lowstand scenamosus the irregular
behavior of the minimum lowstand scenario (b) @usesponse with the
predicted 1250 year decay curve.

decay time at later times would be that the lowstposition would be less than the

maximum scenatrio.

2.4.4 Holocene sea level
During the early Holocene (10 to 6 cal kyr BP) ttate of sea-level rise is

unknown, and depends on the assumed magnitudes dbwstand. A marine shell

date indicates that sea level was higher than -3% @4 cal kyr BP. If the sea level
lowstand was about -40 m, then sea-level rise waslugl and likely followed

eustatic sea-level rise. If sea level did not fallch below 11 m below present, then

sea level would have been relatively stable foruaBt00 years before rising to
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present sea level sometime after 6 cal kyr. Seeal lmse above -4 m sometime
between 6.0 and 4.3 cal kyr BP. Once above thil,Isea level stabilized, indicated
by the mid-Holocene change from marine to freshivagglimentation at Anderson
Cove and Portage Inlet.

Hutchinson (1992) compiled dates relating to Helae sea level in the
Victoria area. These dates were recalibrated dotted along with new dates from
this study on Fig. 2.11. The dates indicate tleat level likely did not rise above
present in the late Holocene, with the exceptiom gkction of Island View Beach.
Variability in the elevation of samples labeledt@sestrial come from uncertainty in
measured elevation and choice of datum. Sea leaglremained within 2 m of
present since 4.5 cal kyr BP.

Island View Beach, located on the eastern shoi®aohich Peninsula, shows
evidence of a recent sea-level rise that is anamsatmmpared to the rest of the
Victoria area (Clague, 1989; Hutchinson, 1992).islunknown whether or not the
late Holocene sea level history at Island View Bescdue to tectonic motions or
some local feature (Clague, 1989). The Southermdiddy Island fault zone, which
extends to just south of the Saanich Peninsula,amadarthquake about 2.8-3.2 cal
kyr BP, and caused 1-2 m of uplift north of thelfd{elseyet al, 2004). Though
this event predates the apparent sea-level ri¢gaaid View Beach by at least 800
years, it shows that the region has active fatli$ tan produce a local 1-1.5 m sea-
level rise. A similar sea-level rise event happknest of the study area in Muir

Creek, though the material dated there indicated the sudden sea-level rise
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Figure 2.11. Age probability distribution (scaled by a factdr 100) of calibrated
radiocarbon samples that provide limits on seal learethe Victoria area in
late Holocene time (Hutchinson, 1991). The datdicates that sea level
remained relatively stable near present level for past 4000 years. A
transgression at Island View Beach appears tolbeahevent as it contradicts
all other samples from the Victoria area.

happened at least 1000 years before Island ViewclBélsilcNeely and Jorgensen,

1992). Due to this, any observed late Holocendesed change in the Victoria area

could be subjected to tectonic motions that ext¢kedate of eustatic sea-level rise or

postglacial rebound effects. Regardless, givenatheunt of terrestrial based dates
from levels above present sea level (Hutchinso®21%ig. 2.11), the samples at

Island View Beach are likely a result of a locatiZeature.
2.4.5 Comparison with previous curves

Figure 2.12 compares the sea-level curve from s$tigly with previous
studies. Early studies (Mathews, 1970; Clagteal, 1982; Linden and Schurer,

1988) did not use reservoir corrections and hacefesata points, so there is up to
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1000 year difference in the initial timing of seavé¢l fall. Due to the lack of data
below present sea level, the sea level curves dh&taset al. (1970) and Claguet
al. (1982) had a smaller lowstand than this studye 3&a level curve of Linden and
Schurer (1988) is most similar to the present study construct their sea-level
curve, they extrapolated between the observed taigisat 75 m and an irregular
unconformity surface at -55 m using the timing fr@fagueet al. (1982) for the
Victoria area and Petersat al. (1984) for Alsea Bay, Oregon, respectively. The
sea-level curve of Mosher and Hewitt (2004) usetrobthe same data as this study.
The increased highstand position of 90 m is thelred an erroneous elevation of
one of the samples (CAMS-33492), which is from eeda Saanich Inlet at a depth
of -90 m (Blais-Stevenst al, 2001). The earlier sea level drop and lowstané@
m instead of at a shallower depth is due to theleses curve being drawn through
marine samples, rather than above them.
2.4.6 Comparison with central and northern StrdiGeorgia sea level

The late glacial sea level curve in Victoria shdahat there are differences in
sea-level history compared with the central andtheon Strait of Georgia
(Hutchinson et al., 2004a; James et al., 2005; EiB). The sea-level highstand in
Victoria is about 75 m, which is far less than %-175 m observed further north.
There is a similar rapid drop in sea levels ingiabut because of the smaller and
earlier highstand in the Victoria area, sea leealched present level about 1000 yr
before the central Strait of Georgia, and as mscR0®0 yr before the northern Strait

of Georgia. The observed sea-level lowstand déadt -11 m in the Victoria area is
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Figure 2.12. Comparison of the Victoria sea-level curve frohiststudy with
previous studies. The dashed and dotted dashesl dre the minimum and
maximum sea-level lowstand scenarios, respectively.
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Figure 2.13. Comparison of sea level curves from Victoria,tca@nStrait of Georgia
(Hutchinsoret al, 2004a) and northern Strait of Georgia (Jastesd, 2005).

lower than in the north Strait of Georgia (aboveng though it may be comparable
to the central Strait of Georgia. Sea level intdi@ rose to within 2 m of present
levels at least 2000 years after the central antham Strait of Georgia.

Figure 2.14 shows the difference between the M&tand the central and
northern Strait of Georgia sea-level curves. Tifier@nce in sea level denotes the
amount of crustal tilting between the locationsheTmaximum difference happened
when the central and northern Strait of Georgialsgals were at their highstand

position, as the Victoria area was already undegyaignificant rebound at that
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Figure 2.14. Difference between the Victoria sea-level curvel ahe central and
northern Strait of Georgia curves. The curveshes constrained 13-14 cal
kyr BP and after 4-6 cal kyr BP. The grey and blegrves are the minimum
and maximum sea-level lowstand scenarios, resggtiv

point. Given the distance to the central StraiGebrgia from Victoria is about 150

km, this gives a maximum tilt of 0.6 m Km The northern Strait of Georgia is about

230 km from Victoria, which results in a maximurtt 6f 0.5 m kni*. By the time

that the sea level in Victoria reached presentisesieortly before 13 cal kyr BP, there

was still a difference of 40 m to the central $tcdi Georgia and 70 m to the north

Strait of Georgia.

Due to the poorly constrained lowstand positioVictoria, the difference in

sea level varies between 6 and 13 cal kyr BP depgrzh the choice of lowstand
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scenario (Fig. 2.14). By 5 cal kyr BP, the diffece in sea level between Victoria
and the central and northern Strait of Georgia ss than 5 m. If isostatic rebound
was largely complete in Victoria earlier than i ttmore northern locations, then the
difference between the sea level curves shouldmeleean exponential decay at late
times. The maximum lowstand scenario producesoaecl approximation to an
exponential decay than the minimum scenario foh bmirve comparisons. In the
minimum lowstand scenario relative to the centrahiS of Georgia, the difference
between the curves approaches zero by 11.5 cdRythen rises to 10 m by 8 cal
kyr BP. For this situation to happen, it would ugg 10 m of depression in the
central Strait of Georgia relative to Victoria, whi seems unlikely if the ice
conditions were similar to present by the Holocensouthwestern British Columbia
(Clague, 1981; Dyke, 2004). More likely, the minim lowstand scenario
underestimates the amount of sea-level drop inovet and that it is closer to the
maximum scenario.
2.5 Summary

A sea-level curve for Victoria is determined usnegently collected isolation
basin cores and data from previous studies. Tadesel history is well constrained
above -4 m elevation. The magnitude of the sed-leglastand was about 75-80 m at
about 14.3 cal kyr BP, and rapidly fell to belovegent elevation by 13.2 cal kyr BP.
This rapid sea-level fall after deglaciation is g&mto that observed in the central and
northern Strait of Georgia, though the highstand wmaller in magnitude and sea
level dropped to below present elevation at anesarime. After 13.2 cal kyr BP, sea

level dropped to a lowstand position between -1d &® m elevation. Analysis of
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the crustal response and comparison with the desntih northern Strait of Georgia
relative sea-level curves indicates that the lomgtaosition was likely closer to the
maximum scenario. Between 6 and 4 cal kyr BP, @ea Fose near present elevation

and remained there since.
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Chapter 3 - History of the southwestern Cordilleran ice
sheet and Quater nary Geology

3.1 Introduction
Many episodes of glaciation shaped the landscapesarficial geology in

southwestern British Columbia and northwestern Weggbn during the Quaternary
(Boothet al, 2003). The last major glaciation, known as tresEr Glaciation, began
over 28 cal kyr BP, and reached a maximum abowvdest 17 and 15 cal kyr BP.
This glaciation correlates with the Wisconsin gidicin of eastern North America.
The ice sheet retreated rapidly from its peak dxtamd within about 5000-6000 yr
the ice sheets attained their present extent. histery of the ice sheet extent and
thickness is necessary to model glacio-isostafgsatient. This chapter summarizes
the limiting ages from radiocarbon dates and gecébgnarkers to determine the

extent and thickness of the ice sheets.

3.2 Quaternary geology of southwestern British Columbia and northwestern
Washington

3.2.1 Pre-Fraser glacial and interglacial sediments
Most Pre-Fraser sediments appear in sparse exgsoand provide a relatively

incomplete record for the Pleistocene (Boethal, 2003). In the Puget Lowlands,
there are many isolated Pleistocene deposits thahagnetically reversed, indicating
an age greater than 788 ka (Easterbrook, 1986;hBstoal, 2003). Among these
sediments are at least three drift units. The ol@e8ng Drift, which may be over 2
Ma, shows evidence of a Canadian source by an abgedof garnet grains within
the sediments. The Stuck drift dates to aboutMa6 and is primarily derived from

the Cascade Mountains. The Salmon Springs driftsdto about 1 Ma based on
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tephra dates overlying this unit. There are novwkmediments that indicate that
glacial events from about 1 Ma to later than 300 Rdne Double Bluff drift dates
between 300 and 100 ka (Boahal, 2003). The Westlynn Drift, found in the Fraser
Lowland, corresponds to a previous glaciation, bgolder than 128 ka (Clague,
1994). The drift comprises glaciofluvial sands gnavels, bedded silt and clay with
sand and gravel lenses, massive glaciomarine diamiand till (Armstrong, 1975).
Before the Wisconsin glacial interval, there arellwpreserved sediments
corresponding to the last interglacial and ice shegance (Fig. 3.1; Clague, 1994).
The Muir Point formation on Vancouver Island, thighbury Sediments in the Fraser
Lowlands, and the Whidbey Formation in the Pugewlbaad correspond to the last
interglacial (Alley and Hicock, 1986). The Muir iRb Formation contains gravel,
silt, sand and peat, with abundant plant fossitglicating a non-glacial origin.
Radiocarbon ages from this unit are infinite, inmplyan age greater than 40 cal kyr
BP. The Dashwood Drift on Vancouver Island and S&moo Drift in the Fraser
Lowland overlie the Muir Point Formation and HiginpuSediments respectively
(Hicock and Armstrong, 1983). These units are awsed of till and glaciomarine
sediments. Pollen analysis indicates that the Wasd and Semiahmoo were
deposited by the same glacial event. These ulsibscarrelate with Possession Drift
in Washington, which has an age between 50 anda80 khese sediments likely

represent the retreat of ice sheets in the last\pseonsin glaciation.
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Figure 3.1. Late Quaternary stratigraphy of southwesternigdriColumbia (Clague,
1994).

3.2.2 Olympia nonglacial interval
The Cowichan Head Formation overlies the driftoagged with the second

last major glaciation, representing ice free caadg during the Olympia nonglacial
interval (Armstrong and Clague, 1977; Clague, 198Rpdiocarbon dates from this
formation range from 28 to over 45 cal kyr BP. Tawichan Head Formation has
two members; the lower member consists of sandpaithly sand of marine origin
and the upper member consists of silt, sand andebraith disseminated organic
matter representing a fluvial and estuarine origifhe Cowichan Head Formation
represents a non-glacial period, and the contaitt thie underlying Dashwood Drift
is an unconformity (Hicock and Armstrong, 1983heTime when the formation was
deposited represented a relative fall in sea leafedr the last pre-Wisconsin

glaciation. From the analysis of pollen, the clienat the time of deposition was
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cooler than present, equivalent to present dayhaontBritish Columbia and southern
Yukon (Armstrong and Clague, 1977).
3.2.3 Fraser advance

The Quadra Sand comprises well sorted sand anelgtaposited at the onset
of the Fraser glaciation in the Georgia Basin (G&gL976). It was deposited in a
floodplain with braided rivers and streams and &kad by cross bedding and a lack
of organic material. Exposures are limited, betytindicate that the floodplain likely
encompassed the entire Strait of Georgia. Theceaumaterial for the Quadra Sand is
from the Coast Mountains on the basis of mineralgand paleocurrent information,
and does not have any significant contribution @ftenal from Vancouver Island.
The contact between the Quadra Sand and the umae@pwichan Head Formation
is sharp, distinguished on the basis of compositidaifferences and presence of
crossbedding (Armstrong and Clague, 1977). The aigghe Quadra Sand is
progressively younger towards the south, with tbehern Strait of Georgia deposits
having ages over 34 cal kyr BP and the southerretPigund deposits having ages
around 18 cal kyr BP (Clague, 1976). This progogseeflects the advance of the ice
sheets into the Georgia Strait from the north. P&int Grey in Vancouver, finer
sediments and organic deposits in the lower poiothe Quadra Sand indicate that
relative sea level was higher during the onsetladigtion, despite eustatic sea level
being up to 85 m lower than present (Clague e805). Relative sea level rose at
least 18 m higher than present between 27-30 caBRywhen the lower Quadra
Sand was first deposited in the Vancouver aredacatidg that isostatic depression

was over 100 m. The upper part of the Quadra $anthins no microfossils, but the
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balance between sediment accumulation and rateepdsition indicates that there
was continuous sea level rise.
3.2.4 Fraser glacial and post-glacial sediments

The late Wisconsin Fraser glaciation depositedt dnroughout southwest
British Columbia (Armstrong, 1981). There are @adt 3 major drift units: the
Coquitlam Drift, Vashon Drift, and Sumas Drift (F&gl). The drift units comprise a
mixture of till, glaciofluvial, glaciolucustrine @nice-contact deposits. The Fort
Langley Formation comprises mainly interbedded neand glaciomarine sediments
and glacial drift. These sediments represent #teeat of the ice sheets after the
glacial maximum. The Capilano Sediments compriglesiofluvial, glaciomarine
and marine sediments. These sediments contairstorogs, but no diamiction or ice
contact deposits. Deposition of glacial and gla@ane deposits ended about 11 cal

kyr BP when the ice sheets retreated a sufficiestédce from the Georgia Basin.

3.3 Ice sheet history

3.3.1 Introduction
The Fraser glaciation is the last glaciation thatupied most of southwestern

British Columbia and parts of the northwestern BaiStates (Armstrongt al, 1965;
Clague and James, 2002; Fig. 3.2). There wergaeadvances and retreats between
40 and 10.5 cal kyr BP. The glaciation lagged ltherentide glacial maximum,
which achieved maximum extent about 21.5 cal kyr BRJ reached a maximum

between 15-17 cal kyr BP (Porter and Swanson, 1B9Be, 2004). After reaching
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Figure 3.2. Maximum extent of the Cordilleran ice sheet dgrihne Fraser glaciation
and major ice flow directions (Clague and Jame6220

its maximum, the ice sheet retreated to its preleyat by the start of the Holocene,
interrupted by periods of stagnation and readvé@tague, 1991; Dyke, 2004).
3.3.2 Early Fraser advance

The advance of the Fraser Glaciation is markedHhey deposition of the
Quadra Sand (Clague, 1994). Between 40 and 30kgalBP, the climate
progressively shifted from conditions similar tod&y to tundra-like in southern
Vancouver Island (Alley, 1979). The ice sheet Imetgagrow during this time, and
advanced to the Fraser Lowland by 28 cal kyr BR@Gtet al, 2005). The Fraser
Lowland region was depressed over 100 m by 28ywaBR, indicating that there was

a significant ice load present during the earlyaambe.



50

The earliest advance of the Frasier Glaciationndiipersist, and by 23.5 cal
kyr BP, the ice sheet retreated from the Fraserldwodv(Clague, 1994). The deposits
from the earliest advance of the Fraser Glaciaton called the Coquitlam Drift
(Hicock and Armstrong, 1981). The Coquitlam Dliés within the Quadra Sand in
the Fraser Lowland and dates between 26 and 2RycaBP. The Quadra Sand
deposited below and above the Coquitlam Drift idishnguishable lithologically.
The Coquitlam advance did not affect all areashm Eraser Lowlands, such as the
Chehalis River, probably due to a lack of precimtafurther to the northeast (Ward
and Thomson, 2002). Pollen records indicate tentperavas 8°C lower than present
during the recession, so the ice free conditiorferbe21 cal kyr BP in the Fraser
Lowland probably represent a time when there wasets precipitation than during
glacial advances (Hicockt al, 1982). The period when glaciers retreated in the
Fraser Lowlands is known as the Port Moody intelsst@Vard and Thomson, 2002).
In Washington State, the Coquitlam Drift correlateshe Evans Creek Drift, a drift
produced from glaciers in the Cascades and Mt. iRaiArmstronget al, 1965;
Barnosky, 1984).

3.3.3 Olympic Mountains glaciation

There were at least six advances of Olympic gtacia the Wisconsin
(Thackray, 2001). The latest major advance happsnenetime before 21.8 cal kyr
BP, which is similar to the timing of the glaciabmimum of the Laurentide ice sheet.
This date indicates that the Olympic glaciers redcltheir maximum extent
thousands of years before the Cordilleran ice shBgtthe time Cordilleran ice sheet

reached the latitude of the Olympics, the Olymplacgrs may have retreated
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significantly. The difference in timing of the mmum of the Olympic glaciers is

likely due to dryer conditions after 21.8 cal kyP Bwhich impeded growth of the
glaciers. There is one late undated advance (TGxaeks 2), which may correspond
to the same time as the Cordilleran maximum, thotighas not of great extent

(Thackray, 2001). The size of the Olympic glacwes not likely significantly larger

than present during the late glacial times.

3.3.4 Vashon Glaciation

The Vashon Stade represents the largest advandeeoin southwestern
British Columbia and northwestern Washington (Ammsg et al, 1965). At its
maximum, the ice sheets covered Vancouver Islamel,Juan De Fuca Strait, and
extended south into the Puget Lowlands (Clague,1198The advance phase
happened between 20 and 15 cal kyr BP. Ice fraditon existed in the Chilliwack
Valley in southwestern British Columbia until 1&al kyr BP, when the ice sheet
reached the Canada-United States border (Clajuat, 1988).

In order to analyze the history of the Cordillereme sheet, radiocarbon
samples must be corrected for reservoir effectsmastioned in Chapter 2
(Hutchinson et al., 2004b). Previous analysex@fsheet history did not correct for
these effects or used early estimates of reseceoiections €.9. Alley and Chatwin,
1979; Clague, 1981; Booth, 1987; Easterbrook, 19@%hieret al, 1995; Porter and
Swanson, 1998; Swanson and Caffee, 2001). Theatdtrstory in this study is up to
1000 yr different than in previous studies becanfsthese corrections. Tables 3.1

and 3.2 lists dates pertaining to the advance atrdat of the Cordilleran ice sheet,
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respectively. Only dates with a corrected erros lésan 250 years were used to
determine ice sheet history as samples with langeseare deemed to be unreliable.

Figure 3.3 shows the distribution of radiocarbosted pertaining to the
Vashon advance. The distribution of samples islisitiugh they do indicate that
the ice sheets did not reach low lying areas bei®&eal kyr BP. Dates in Puget
Sound indicate that the Puget Lobe did not reaamaimum until after 17 cal kyr
BP. The dates from the Puget Sound are from pe@dldeltas, so the ice sheets had
entered the Sound by that time (Porter and Swarig98). Given the sparse dataset,
it is not possible to accurately map out an advaateern.

Figure 3.4 shows the distribution of radiocarbaied pertaining to the retreat
of the Vashon glaciation in southwestern British|u@tbia and northwestern
Washington State. Most samples are younger thamalSyr BP except a few
samples from the margins of the ice sheet, suchnaBuget Sound, Olympic
Peninsula and western Vancouver Island. Most @fdites from the eastern Juan de
Fuca Strait and San Juan Islands are younger thaallkyr BP. Within the Strait of
Georgia, there is no apparent spatial pattern éendéites, indicating that organisms
repopulated the area contemporaneously shortlyréefd cal kyr BP (Barrie and
Conway, 2002). The range of ages indicates thizlideglaciation of the margins of
the ice sheets was slow, and accelerated when ttl@ 8f Georgia deglaciated.
Because a lack of data near the margins of theheets, it is not possible to constrain
the exact time when deglaciation began, other thhegan between 16 and 15 cal
kyr BP. The ice sheets retreated rapidly and bythé cal kyr BP the ice sheets had

retreated to the northern end of the Strait of Gi@or
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3.3.5 Everson Interstade and Sumas readvance
Between 13.5 and 11 cal kyr BP, southwestern®ri€olumbia experienced

extremely variable climate with substantial tempam fluctuations (e.g. Pellagt
al., 2002). The influx of glacial meltwater depositgdciomarine, glaciofluvial, and
marine sediments throughout southwestern Britishui@bia (Armstrong, 1981).
During this time, ice sheet retreat slowed andraes ice readvanced down valleys
and fjords (Mathewst al, 1970; Clagueet al, 1997; Kovanen and Easterbrook,
2002b; Friele and Clague, 2002). Though thesetsvadicate that ice sheet retreat
was not uniform, by 10-11 cal kyr BP, the Cordglerice sheet was near its present
extent (Clague, 1981; Dyke, 2004).
3.3.6 Holocene Advances

During the Holocene, temperatures in southerndBri€olumbia remained 2-
7° C higher than late glacial times, with a gradu@dling trend since 10 cal kyr BP
(Walker and Pellatt, 2003). Fluctuations in climatlowed for minor readvances of
mountain glaciers several times. The advances wetrenore than a few km from

their present position on high elevation mountaing valleys (Osborat al, 2007).

3.4 | ce sheet thickness and extent

3.4.1 Ice sheet growth and decay
Ice sheet growth and retreat followed a four stegelution (Clague and

James, 2002). During interglacial times, ice wastéd to mountain glaciers at high
elevations, similar to present. As the climatengjeal to cooler and wetter conditions,
the mountain glaciers began to migrate down vallefs ice continued to build up,

the Cordilleran ice sheet covered all but the héglpeaks in the mountains. At the
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glacial maximum, ice built up enough to form an wmss that flowed almost
independent of topographg.¢. Stumpfet al, 2000). Ice flow indicators suggest that
there were several ice divides in the interiorhaf Cordilleran ice sheet.

There are two ways the Cordilleran ice sheet agte downwasting and
calving (Fulton, 1967; Clague, 1981; Clague andelgrd002). In coastal areas, ice
wasted away rapidly due to the influence of wataysing calving. In interior areas,
the primary method of retreat was by downwastirithis process involves the ice
sheets melting top down, eventually stagnating atleys. Because of this, the
volume of ice in the Cordilleran ice sheet dimigdhrapidly when downwasting
started.

3.4.2 Ice sheet thickness

At its maximum, the Cordilleran ice sheet flowegeomountains as high as
2500 m above sea level (Wilsat al, 1958; Mathewset al, 1970; Booth, 1987,
Stumpfet al, 2000). The ice sheets sloped gently towardsPihafic Ocean, and
may have been up to 1000 m thick at the margins.th& ice dome centers moved
further inland, the ice surface gradient becamelge(Stumpfet al, 2000). In low-
lying areas, ice thickness exceeded 1500 m. Wimwnwasting began, ice flow
centers moved back to local mountains, and thickiéghe reduced ice sheets did
not exceed 700 m.

3.5 Summary

The Cordilleran ice sheet has a history that sframs 40-10 cal kyr BP. The

largest advance reached a maximum sometime betifeand 17 cal kyr BP, when

ice was thick enough to flow independently of toaminy. The ice sheet attained a
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peak elevation of over 2500 m at the maximum intregérBritish Columbia. The
retreat of the ice sheets started before 15 caBRyrand was initially slow. By 14 cal
kyr BP, the ice sheets retreated out of the SwéitGeorgia. Standstills and
readvances slowed deglaciation between 14 andlXKyicaBy 10-11 cal kyr BP, the
ice sheets were reduced to high elevation mountam$ valleys and remained

restricted throughout the Holocene.
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Table 3.1. Dates pertaining to the advance of the CordillécanSheet

Location Latitude Longitude Laboratory Material dated Corrected Calibrated age Reference

(N) (W) number age (yr BP)? (cal yr BP)
Fraser Lowlands
Allison Pool 49.085 121.803 TO-193 wood 15950 +110 19000 - 19246 Clague et al., 1988
Allison Pool 49.085 121.803 GSC-4355 wood 16000 + 90 19049 - 19284 Clague et al., 1988
Allison Pool 49.085 121.803 GSC-4355 wood 16100 £ 75 19185 - 19403 Clague et al., 1988
Chehalis Valley 49.331 121.967 TO-9158 wood 17380 + 130 20327 - 20698 Ward and Thomson, 2004
Coquitlam Valley 49.338 122.778 GSC-2297 wood 17800 + 75 20825 - 21210 Clague et al., 1980
Chehalis Valley 49.331 121.967 TO-9157 wood 17820 + 140 20799 - 21290 Ward and Thomson, 2004
Coquitlam Valley 49.338 122.778 GSC-2371 wood 18000 + 75 21087 - 21483 Clague et al., 1980
Chehalis Valley 49.349 122.019 AA-46118 wood 18180 + 160 21371 - 21961 Ward and Thomson, 2004
Port Moody 49.288 122.878 GSC-2322 wood 18300 + 85 21605 - 22029 Clague et al., 1980
Chehalis Valley 49.331 121.967 AA-48004 wood 18380 + 100 21618 - 21622 Ward and Thomson, 2004
Chehalis Valley 49.331 121.967 AA-46122 elderberry seeds 18600 + 200 21954 - 22409 Ward and Thomson, 2004
Vancouver Island
Port Eliza 49.867 127.000 CAMS-88275 Sparrow bone 16270 170 19205 - 19564 Al-Suwaidi et al., 2006
Port Eliza 49.867 127.000 CAMS-74625 Vole bone 16340 60 19438 - 19536 Al-Suwaidi et al., 2006
Port Eliza 49.867 127.000 CAMS-102798 Mountain Goat 16340 + 60 19438 - 19536 Al-Suwaidi et al., 2006
Tofino 49.092 125.847 CAMS-111667 wood 16430 * 40 19485 - 19568 Al-Suwaidi et al., 2006
Tofino 49.092 125.847 GSC-2768 wood 16700 £ 75 19610 - 19659 Clague et al., 1980
Saanich Peninsula 48.532 123.380 GSC-2829 mammoth bone 17000 +£120 19985 - 20257 Clague et al., 1980
Puget Lowlands
Issaquah Delta 47.543 122.025 CAMS-23160 wood 14450 + 90 17116 - 17624 Porter and Swanson, 1998
Issaquah Delta 47.543 122.025 CAMS-23176 wood 14480 £ 70 17184 - 17657 Porter and Swanson, 1998
Issaquah Delta 47.543 122.025 CAMS-23177 wood 14550 + 70 17351 - 17807 Porter and Swanson, 1998
Issaquah Delta 47.543 122.025 QL-4620 wood 14560 + 60 17386 - 17817 Porter and Swanson, 1998
Issaquah Delta 47.543 122.025 CAMS-23171 wood 14580 + 70 17425 - 17864 Porter and Swanson, 1998
Issaquah Delta 47.543 122.025 CAMS-23175 wood 14600 + 90 17453 - 17917 Porter and Swanson, 1998
Issaquah Delta 47.543 122.025 CAMS-23170 wood 14620 +100 17482 - 17951 Porter and Swanson, 1998
Bellevue 47.617 122.192 BETA-112019 wood 14890 + 70 17998 - 18203 Porter and Swanson, 1998
Seattle 47.633 122.317 W-1227 wood 15000 * 400 17695 - 18752 Porter and Swanson, 1998
Seattle 47.625 122.325 W-1305 wood 15100 + 400 17837 - 18831 Porter and Swanson, 1998

@ All dates have a 1-sigma error
P Dates calbrated using Calib 5.0 (Stuiver and Reitt93). Age range is 1-sigma
limits
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Table 3.2. Radiocarbon dates pertaining to the retreat@f3rdilleran Ice Sheet

Location Latitude Longitude Laboratory Material dated Corrected Calibrated age Reference
(N) (W) number age (yr BP)? (cal yr BP)
Puget Lowlands, Washington
Covington 47.352 122.070 L-269D peat 10200 + 500 11243 - 12637 Broecker et al., 1956
Belmore 47.003 122.915 W-394 basal peat 10875 + 306 12398 - 13167 Rubin and Alexander, 1958
Double Bluff 47.967 122.533 QL-4608 shell 11310+78 13120 - 13250 Swanson and Caffee, 2001
Moss Lake 47.699 121.848 L-269A basal peat 11275 + 365 12854 - 13500 Broecker et al., 1956
Cedarville 46.867 123.283 W-940 wood 11640 + 275 13248 - 13766 Ives et al., 1964
Double Bluff 47.968 122.545 USGS-64 shell 11720 +103 13446 - 13682 Robinson, 1977
Sequim 48.048 123.112 WSU- twigs, plant 12000 + 310 13425 - 14258 Peterson et al., 1983
1866/1867 material
Marysville 48.054 122.152 USGS-808 shell 12350 + 74 14101 - 14485 Dethier et al., 1995
Simpson Lake 47.013 123.337 UW-146B wood 12430 + 160 14166 - 14771 Fairhall et al., 1976
Basalt Point 47.967 122.717 AA-10077 shell 12520 + 103 14386 - 14903 Swanson and Caffee, 2001
Simpson Lake 47.013 123.337 UW-147 wood 12620 + 150 14489 - 15097 Fairhall et al., 1976
Lake Carpenter 47.805 122.522 Ua-765 shell 12700 + 182 14581 - 15253 Anundsen et al., 1994
Simpson Lake 47.013 123.337 UW-146A wood 12700 + 160 14643 - 15231 Fairhall et al., 1976
Lake Washington 47.582 122.187 QL-1517 organic clay 12805 + 209 14739 - 15454 Leopold et al., 1982
basal
Mercer Slough 47.580 122.178 QL-1891 Enog pgat (basal) 12985 + 100 15150 - 15510 Porter and Swanson, 1998
Lake Washington 47.633 122.250 L-346A basal peat 13025 + 553 14501 - 16178 Broecker and Kulp, 1957
Lake Carpenter 47.805 122.522 QL-4067 basal gyttja 13075 + 162 15196 - 15707 Anundsen et al., 1994
Lake Carpenter 47.805 122.522 T-6798 shell 13660 + 345 15737 - 16729 Anundsen et al., 1994
Lake Washington 47.633 122.250 L-330 peat 14000 + 900 15526 - 18036 Broecker and Kulp, 1957
Western Olympic Peninsula, Washington
Lake Dickey 124.467 UW-144 wood 12660 + 220 14418 - 15198 Fairhall et al., 1976
Olympic Penninsula 48.110 124.485 RL-139 wood 13010 + 240 15039 - 15746 Heusser, 1973
Olympic Penninsula 48.052 124.506 Y-2449 wood 13100 + 180 15208 - 15764 Heusser, 1973
Olympic Penninsula 48.140 124.549 RL-140 wood 13380 + 250 15487 - 16240 Heusser, 1973
Olympic Penninsula 48.150 124.550 Y-2452 organic silt 14460 + 200 17045 - 17794 Heusser, 1973
Western Juan de Fuca Strait
Juan de Fuca Strait 48.450 124.475 1-2169 organic-rich mud 11300 + 800 11051 - 13000 Clague, 1980
Juan de Fuca Strait 48.450 124.583 1-? marine mud? 12200 + 403 13719 - 14824 Anderson, 1968
Juan de Fuca Strait 48.367 124.383 -2 marine mud? 13450 + 403 15374 - 16504 Anderson, 1968
Southern Vancouver Island
Cowichan Lake 48.817 124.050 1-8450 peat 10280 + 150 11760 - 12385 Alley and Chatwin (1979)
San Juan Ridge 48.533 124.217 GSC-2041 peat 11200 + 55 13054 - 13181 Alley and Chatwin (1979)
Lens Creek 48.700 124.033 GSC-2182 peat 12200 +70 13974 - 14145 Alley and Chatwin (1979)
Harris Creek 48.717 124.183 GSC-2223 peat 13100 + 65 15300 - 15646 Alley and Chatwin (1979)
Victoria
Matheson Lake 48.361 123.597 TO-9184 plant fragments 12210 + 100 12395 - 12804 This study
Matheson Lake 48.361 123.597 TO-9185 plant fragments 12120 + 100 12709 - 12876 Clague, 1980
Collwood Delta 48.455 123.540 B-109128 wood 12360 + 70 12397 - 13197 This study
Saanich Inlet 48.591 123.503 CAMS-33490 shell 12130 + 86 12850 - 12934 Mosher and Hewitt, 2004
Saanich Inlet 48.633 123.500 CAMS-33492 shell 12320 £78 12938 - 13083 This study
Juan de Fuca Strait 48.367 123.488 CAMS-58673 shell 10950 £ 71 13020 - 13193 Clague, 1980
Rithets Bog 48.450 123.483 GSC-945 basal gyttja 10775 £ 112 13214 - 13452 Clague, 1980
Pike Lake 48.488 123.468 TO-9192 shell 12290 + 94 13269 - 13413 Clague, 1980
Pike Lake 48.488 123.468 TO-9191 plant detritus 12280 +120 13118 - 13735 This study
Pike Lake 48.488 123.468 TO-9190 plant fragments 10890 + 330 13389 - 13727 Clague, 1980
Prior Lake 48.476 123.466 TO-9189 shell 12120 + 103 13443 - 13666 Clague, 1980
Prior Lake 48.476 123.466 TO-9187 twig 12320 +100 13501 - 13728 Clague, 1980
Prior Lake 48.476 123.466 TO-9186 twig 11540 + 330 13536 - 13769 Clague, 1980
Maltby Lake 48.497 123.449 TO-9183 shell 12370 +103 13845 - 14073 This study
Maltby Lake 48.497 123.449 TO-9182 mud (basal) 11995 +108 13852 - 14076 This study
Maltby Lake 48.497 123.449 TO-9181 plant fragments 10600 + 140 13871 - 14072 Blais-Stevens et al., 2001
McKenzie Ave 48.460 123.443 GSC-763 shell 12170 £ 94 13925 - 14206 This study
Patricia Bay 48.658 123.433 GSC-418 shell 12200 + 99 13941 - 14204 This study
Esquimault Harbour 48.415 123.427 CAMS-62534 shell 12420 £71 13982 - 14458 This study
Portage Inlet 48.463 123.422 1-3675 organic-rich mud 11700 £ 170 14055 - 14418 Blais-Stevens et al., 2001
O'Donnell Bog 48.541 123.416 TO-9195 shell 12220 + 94 14046 - 14489 This study
O'Donnell Bog 48.541 123.416 TO-9194 basal gyttja 11995 +108 14128 - 14566 Monahan et al. (2000)
O'Donnell Bog 48.541 123.416 TO-9193 plant detritus 11100 + 80 14129 - 14596 This study
South Victoria 48.400 123.414 CAMS-58696 shell 12740 £71 13665 - 15094 This study
Saanichton 48.592 123.392 GSC-398 shell 11890 +125 14212 - 14620 Mosher and Hewitt, 2004
Cook St Victoria 48.413 123.353 GSC-1131 plant material 11500 + 80 14620 - 15084 This study
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Location

Latitude

(N)

Longitude

(W)

Laboratory
number

Material dated

Corrected
age (yr BP)?

Calibrated age
(cal yr BP)b

Reference

Eastern Juan de Fuca Strait — Southern Strait of Georgia — San Juan Islands — Northern Washington

Bellingham
Dodge Valley
Bellingham
Penn Cover Park
Cattle Point
Lummi

Little Sucia
Davidson Head
Polnell Pt
Cattle Point
Orcas Island
Everson

Hope Island
Middle Fork-Deep
Kettle Bog
Mount Vernon
Whidbey Island
Orcas Island
Potholes
Coupeville Boat
Davis Bay
Axton Pit

Cedarville

Kiket Island
Middle Fork-Deep
Kettle Bog

Middle Fork-Deep
Kettle Bog

South Fork-
Cranberry Bog
Middle Fork-Deep
Kettle Bog

Middle Fork-Deep
Kettle Bog

Big Lake South
Deming, Wa
South Fork-
Cranberry Bog
Middle Fork-Deep
Kettle Bog

Middle Fork-Deep
Kettle Bog

Middle Fork-Deep
Kettle Bog

Middle Fork-Deep
Kettle Bog

Middle Fork-Deep
Kettle Bog

Penn Cove, Wa
North Bellingham
South Fork-
Cranberry Bog
Middle Fork-Deep
Kettle Bog

South Fork-
Cranberry Bog
Juan de Fuca Strait
Juan de Fuca Strait
Pear Point

Penn Cove

Bellingham Bay

Seattle, Wa

Sedro Woolley, Wa
Middle Fork-Deep
Kettle Bog

Middle Fork-Deep
Kettle Bog

Big Lake

South Fork-
Cranberry Bog
Juan de Fuca Strait
Juan de Fuca Strait
Juan de Fuca Strait
Whidbey Island
Whidbey island

48.365
48.750
48.233
48.450
48.767
48.767
48.617
48.283
48.233
48.683
48.831
48.400
48.776

48.443
48.233
48.617
48.129
48.221
48.461
48.850

48.867
48.421
48.776

48.776

48.567

48.776

48.776

48.373
48.808
48.567

48.776

48.776

48.776

48.776

48.776

48.243
48.800
48.567

48.776

48.567

48.358
48.233
48.524
48.233

48.800

48.472
48.565
48.776

48.776

48.395
48.567

48.283
48.300
48.349
48.339
48.324

122.467
122.438
122.467
122.667
122.983
122.667
122.917
123.133
122.550
122.983
122.933
122.273
122.550
122.116

122.322
122.767
123.017
123.134
122.678
122.928
122.467

123.283
122.560
122.116

122.116

122.233

122.116

122.116

122.213
122.200
122.233

122.116

122.116

122.116

122.116

122.116

122.708
122.483
122.233

122.116

122.233

122.990
123.168
123.007
122.700

122.533

122.305
122.214
122.116

122.116

122.242
122.233

122.844
123.040
122.808
122.687
122.653

1-1035
USGS-124
W-996
1-1448
1-2156
1-2157
1-1471
1-1470
1-2154
1-1469
1-969
BETA-1324
1-2286
AA-22210

BETA-1321
1-1079
1-1881
BETA-1323
USGS-1304
BETA-1717
B-145457

1-1037
BETA-1715
AA-22209

AA-22204
AA-27075
AA-22207
AA-22205

USGS-787
1-1447
AA-12733

AA-22206
AA-22203
AA-22208
AA-22202
AA-20749

Uw-32
W-984
AA-27064

AA-22199
AA-27077

CAMS-58689
CAMS-58690
BETA-70791
PC-01
(UWAMS)
B-135695

uw-8
W-398
AA-20750

AA-22198

USGS-782
AA-27065

CAMS-58681
CAMS-58694
CAMS-58701
BETA-1716
BETA-1319

wood
shell
shell
shell
shell
shell
shell
shell
shell
shell
shell
pine stump
shell
wood

shell
shell
shell
shell
shell
shell
shell

wood
shell
wood

wood
Basal Peat
wood
wood

shell
shell
Basal Peat

wood
wood
wood
wood
wood

shell
peat
plant fragments

wood
plant fragments

shell
shell
shell
shell

shell

peat
basal peat
wood

wood

shell
plant fragments

shell
shell
shell
shell
shell

10370 + 300
10380 + 86

10710 £ 354
10900 * 245
10950 £ 177
11000 + 187
11050 + 294
11210 £294
11350 +187
11400 + 354
11400 + 403
11455 £ 125
11450 + 196
11520 + 190

11550 + 139
11585 + 304
11650 + 196
11650 + 206
11690 + 158
11790 + 158
11810 64

11800 + 400
11915 £ 121
11940 +180

11945 + 84

11971 £ 100

12035 + 95

12045 +85

12090 + 82
12020 + 284
12108 + 96

12120 £90

12145 +90

12150 +£90

12160 + 90

12165 + 95

12150 £ 177
12090 + 350
12215 +85

12230 + 80

12255 + 84

12280 +71
12300 £71
12290 + 86
12280 +103

12300 + 216

12300 + 200
12275 335
12365 £ 115

12380 + 90

12420 + 86
12425 +90

12440 £71
12520 £ 78
12550 £71
12645 + 153
12700 + 354

11758 - 12700
12035 - 12555
12090 - 12996
12638 - 13134
12809 - 13077
12829 - 13100
12766 - 13282
12865 - 13345
13058 - 13397
12954 - 13602
12919 - 13667
13199 - 13426
13110 - 13492
13214 - 13588

13262 - 13549
13181 - 13751
13315 - 13694
13309 - 13703
13386 - 13706
13453 - 13782
13599 - 13758

13221 - 14121
13646 - 13914
13610 - 14010

13723 - 13901

13738 - 13943

13795 - 13987

13809 - 13987

13839 - 14021
13461 - 14233
13845 - 14058

13861 - 14068

13890 - 14103

13895 - 14110

13906 - 14123

13903 - 14134

13761 - 14258
13599 - 14599
13961 - 14186

13979 - 14197

13980 - 14253

14012 - 14257
14030 - 14320
14012 - 14362
13989 - 14396

13955 - 14670

13974 - 14654
13834 - 14794
14120 - 14615

14156 - 14596

14199 - 14641
14206 - 14662

14233 - 14653
14427 - 14893
14490 - 14943
14499 - 15140
14236 - 15337

Trautman and Willis, 1966
Dethier et al., 1995

Ives et al., 1964

Trautman and Willis, 1966
Easterbrook, 1969
Easterbrook, 1969
Trautman and Willis, 1966
Trautman and Willis, 1966
Easterbrook, 1969
Trautman and Willis, 1966
Trautman and Willis, 1966
Dethier et al., 1995
Easterbrook, 1969
Kovanen and Easterbrook,
2001

Dethier et al., 1995
Trautman and Willis, 1966
Buckley et al., 1968
Dethier et al., 1995
Dethier et al., 1995
Dethier et al., 1995
Kovanen and Easterbrook,
2002b

Easterbrook, 1969

Dethier et al., 1995
Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Dethier et al., 1995
Easterbrook, 1969
Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Fairhall et al., 1966

Ives et al., 1964

Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Mosher and Hewitt, 2004
Mosher and Hewitt, 2004
Dethier et al., 1995
Swanson and Caffee, 2001

Kovanen and Easterbrook,
2002b

Dorn et al, 1962

Rubin and Alexander, 1958
Kovanen and Easterbrook,
2001

Kovanen and Easterbrook,
2001

Dethier et al., 1995

Kovanen and Easterbrook,
2001

Mosher and Hewitt, 2004
Mosher and Hewitt, 2004
Mosher and Hewitt, 2004
Dethier et al., 1995
Dethier et al., 1995
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Location Latitude Longitude Laboratory Material dated Corrected Calibrated age Reference
(N) (W) number age (yr BP)? (cal yr BP)"

Fraser Lowlands

Nicomekl River Flat 49.083 122.797 GSC-519 shell 9880 + 90 10619 - 10936 Clague, 1980

Surprise Lake 49.317 122.567 1-6967 basal gyttja 9715 + 166 10772 - 11254 Clague, 1980

Furry Creek 49.583 123.217 GSC-2279 shell 10750 £107 11940 - 12544 Clague, 1980

County Line 49.100 122.500 GSC-186 shell 11130 £103 12677 - 12851 Clague, 1980

Overpass

Burnaby 49.267 122.933 L-391C shell 10950 + 304 12412 - 13233 Clague, 1980

Fort Langley 49.167 122.583 GSC-168 shell 11380 + 107 12846 - 13000 Clague, 1980

Coquitlam 49.293 122.787 GSC-2177 shell 11450 £ 71 12905 - 13037 Clague, 1980

Cultus Lake 49.033 122.025 GSC-2523 wood 11300 +£50 13136 - 13232 Clague, 1980

Norrish Creek 49.195 122.157 L-331A wood 11450 + 150 13162 - 13446 Clague, 1980

North Delta 49.133 122.917 GSC-64 marine worm 11510 £ 99 13253 - 13437 Clague, 1980

tubes

Deas Island 49.042 122.783 GSC-226 wood 11590 + 140 13301 - 13593 Clague, 1980

Highway

Sumas Mountain 49.067 122.192 L-221D wood 11500 + 12059 - 15020 Clague, 1980

1100

Mt. Lehman Road 49.105 122.380 GSC-1675 wood 11600 + 140 13310 - 13603 Clague, 1980

Port Moody 49.210 122.812 GSC-2612 shell 12050 + 78 13400 - 13601 Clague, 1980

Bradner Pit 49.017 122.450 B-144099 wood 11660 +50 13428 - 13584 Kovanen and Easterbrook,
2002b

Axton Pit 48.850 122.467 B-145455 wood 11670 £50 13438 - 13594 Kovanen and Easterbrook,
2002b

Bradner Pit 49.017 122.450 B-144097 wood 11680 +50 13447 - 13605 Kovanen and Easterbrook,
2002b

Axton Pit 48.850 122.467 B-145455 shell 11730 £ 64 13480 - 13664 Kovanen and Easterbrook,
2002b

Haney 49.275 122.583 1-5959 shell 11740 + 196 13388 - 13775 Clague, 1980

Bradner Pit 49.017 122.433 B-120446 wood 11740 £70 13494 - 13688 Kovanen and Easterbrook,
2002b

East Delta 49.127 122.900 GSC-2604 shell 12150 + 90 13483 - 13703 Clague, 1980

King George 49.017 122.750 1(GSC)-6 shell 11675 £ 453 13078 - 14042 Clague, 1980

Highway

Axton Pit 48.850 122.467 B-145456 shell 11770 £ 64 13544 - 13726 Kovanen and Easterbrook,
2002b

Bradner Pit 49.017 122.450 B-144095 wood 11770 +£40 13581 - 13717 Kovanen and Easterbrook,
2002b

Axton Pit 48.850 122.467 B-145460 wood 11790 +50 13598 - 13738 Kovanen and Easterbrook,
2002b

Axton Pit 48.850 122.467 B-145459 wood 11830 £50 13648 - 13764 Kovanen and Easterbrook,
2002b

Websters Corner 49.233 122.493 GSC-2193 shell 12350 +99 13713 - 13920 Clague, 1980

Bradner Pit 49.017 122.450 B-144094 shell 12000 + 64 13780 - 13924 Kovanen and Easterbrook,
2002b

Bradner Pit 49.017 122.450 B-144096 shell 12000 + 64 13780 - 13924 Kovanen and Easterbrook,
2002b

Bradner pit 49.017 122.450 B-144098 shell 12020 + 64 13797 - 13943 Kovanen and Easterbrook,
2002b

Central Strait of Georgia

Parksville 49.360 124.365 CAMS-51007 shell 9980 + 71 11248 - 11617 Barrie and Conway, 2000

Denman Island 49.583 124.817 L-441B shell 10550 + 206 12214 - 12800 Clague, 1980

North Hornby Island 49.549 124.673 CAMS-52959 shell 10970 £ 71 12855 - 12950 Barrie and Conway, 2000

Wood Farm Bog 49.290 124.180 TO-9894 shell 10950 + 112 12828 - 12982 Hutchinson et al., 2004a

Lasqueti Island 49.477 124.269 TO-8282 basal gyttja 11225 +108 13025 - 13227 Hutchinson et al., 2004a

Comox Bog 49.690 124.870 TO-9901 shell 11320 +103 13107 - 13277 Hutchinson et al., 2004a

Nanaimo 49.150 123.970 GSC-80 shell 11870 £ 90 13239 - 13397 Clague, 1980

Strait of Georgia 49.696 124.696 TO-9315 shell 11550 + 94 13275 - 13474 Guilbault et al., 2003

Courtney 49.645 125.005 1(GSC)-9 shell 11550 +453 12952 - 13860 Clague, 1980

Buckley Bay 49.510 124.830 GSC-6496 shell 11650 + 78 13400 - 13601 Hutchinson et al., 2004a

Lasqueti Island 49.483 124.337 TO-8286 shell 11790 +121 13490 - 13759 Hutchinson et al., 2004a

Wellington 49.205 124.000 GSC-389 marine worm 11790 +99 13505 - 13756 Clague, 1980

Texada Island 49.683 124.510 CAMS-52955 shell 11790 £ 71 13563 - 13747 Barrie and Conway, 2000

Boundary Bay 49.017 123.067 1(GSC)-248 shell 11850 + 182 13468 - 13863 Clague, 1980

Courtney 49.642 125.003 1(GSC)-10 peat 11780 + 450 13138 - 14166 Clague, 1980

Fanny Bay 49.483 124.817 L-391F wood 11850 + 300 13364 - 14026 Clague, 1980

Hornby Island 49.476 124.644 CAMS-33804 shell 11950 +78 13727 - 13892 Barrie and Conway, 2000

Strait of Georgia 49.607 124.430 LLNL51004 shell 12190 +71 13959 - 14132 Guilbault et al., 2003

Texada Island 49.604 124.433 CAMS-51004 shell 12190 £ 71 13959 - 14132 Barrie and Conway, 2000

Strait of Georgia 49.387 124.527 TO-9326 shell 12190 +103 13903 - 14170 Guilbault et al., 2003

Strait of Georgia 49.384 124.542 TO--9326 shell 12190 + 103 13903 - 14170 Barrie and Conway, 2002

Puntledge River 49.683 125.033 GSC-24 wood 12200 + 80 13959 - 14159 Clague, 1980

Strait of Georgia 49.607 124.508 LLNL51003 shell 12230 +71 13992 - 14173 Guilbault et al., 2003

Texada Island 49.604 124.510 CAMS-51003 shell 12230 £ 71 13992 - 14173 Barrie and Conway, 2000

Texada Island 49.689 124.673 CAMS-50333 shell 12250 £ 71 14003 - 14199 Barrie and Conway, 2000

Parksville 49.283 124.267 Gsc-1* wood 12180 +190 13791 - 14389 Hutchinson et al., 2004a

Hornby Island 49.470 124.615 CAMS-33803 shell 12320 +78 14055 - 14418 Barrie and Conway, 2000
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Location Latitude Longitude Laboratory Material dated Corrected Calibrated age Reference

(N) (W) number age (yr BP)? (cal yr BP)"
Northern Strait of Georgia
April Point Marina 50.063 125.228 TO-9909 shell 9840 +103 11123 - 11361 James et al., 2005
Loveland Marsh 50.057 125.455 TO-10818 seeds 10830 +90 12795 - 12891 James et al., 2005
North Comox 49.811 124.981 CAMS-52086 shell 11120+ 71 12951 - 13087 Barrie and Conway, 2000
Graham's Gravel Pit ~ 50.035 124.987 TO-9916 shell 11140 +103 12939 - 13120 James et al., 2005
Whittington's Bog 50.027 125.174 TO-10817 poplar bud 11480 + 90 13249 - 13408 James et al., 2005
Piggott's Pond 50.045 124.995 TO-9915 shell 11660 + 112 13389 - 13641 James et al., 2005
Belansky's Well 50.118 125.028 TO-9897 shell 11670 £121 13392 - 13656 James et al., 2005
Ballard's Bog 50.179 125.161 TO-9896 shell 11740 £ 112 13458 - 13707 James et al., 2005
Gowlland Harbour 50.074 125.224 TO-11634 shell 11790 £ 112 13501 - 13756 James et al., 2005
Strait of Georgia 49.818 124.974 LLNL33802 shell 11870 +78 13646 - 13812 Guilbault et al., 2003
Saxon Creek Pond 50.207 125.266 TO-9895 shell 11880 +103 13618 - 13849 James et al., 2005
Beaver Lake 50.156 125.248 TO-9911 shell 12030 + 112 13774 - 13996 James et al., 2005
Strait of Georgia 49.896 124.865 CAMS-52091 shell 12160 +71 13925 - 14101 Barrie and Conway, 2000
Strait of Georgia 49.895 124.860 LLNL52091 shell 12160 +78 13916 - 14107 Guilbault et al., 2003
Gorge Harbour 50.092 125.012 TO-11637 shell 12360 + 121 14102 - 14611 James et al., 2005
Northern and Central Vancouver Island
Port McNeill 50.600 127.194 WSU-2019 shell 11300 + 226 12958 - 13347 Howes, 1981b
Port McNeill 50.567 127.025 WSU-1710 shell 11980 + 168 13664 - 14027 Howes, 1981b
Tofino 49.167 125.967 BETA-42922 barnacle 12020 + 94 13780 - 13971 Friele and Hutchinson, 1993
Broken Islands 48.906 125.381 GSC-3617 shell 12050 + 74 13815 - 13978 Blake, 1982
Port Eliza 49.867 127.000 CAMS-97342 mountain goat 12340 +50 14112 - 14404 Al-Suwadi et al., 2006
Hesquiat Harbour 49.472 126.444 GSC-2976 wood 13000 +55 15193 - 15491 Blake, 1983
Bear Cove Bog 50.717 127.467 WAT-721 basal peat 13005 + 316 14932 - 15891 Hebda, 1983
Offshore Vancouver Island
Explorer Ridge 49.876 130.460 RIDDL-673 foraminifera 11710 + 206 13356 - 13755 Blaise et al., 1990
Explorer Ridge 49.876 130.460 RIDDL-674 foraminifera 12640 + 206 14408 - 15148 Blaise et al., 1990
Explorer Ridge 49.876 130.460 RIDDL-806 foraminifera 13580 + 177 15841 - 16435 Blaise et al., 1990
Explorer Ridge 49.876 130.460 RIDDL-807 foraminifera 14330 +187 16837 - 17557 Blaise et al., 1990
Explorer Ridge 49.876 130.460 RIDDL-808 foraminifera 14620 + 177 17309 - 18000 Blaise et al., 1990
Central Shelf 48.900 126.883 LLNL-? foraminifera 10260 +130 11720 - 12285 McKay et al., 2004
Central Shelf 48.900 126.883 LLNL-? foraminifera 10550 + 121 12352 - 12745 McKay et al., 2004
Central Shelf 48.900 126.883 LLNL-? foraminifera 10650 + 94 12620 - 12817 McKay et al., 2004
Central Shelf 48.900 126.883 LLNL-? foraminifera 11510 + 130 13222 - 13479 McKay et al., 2004
Central Shelf 48.900 126.883 LLNL-? foraminifera 11690 +103 13421 - 13657 McKay et al., 2004
Central Shelf 48.900 126.883 LLNL-? foraminifera 12460 + 94 14238 - 14720 McKay et al., 2004
Central Shelf 48.900 126.883 LLNL-? foraminifera 12570 + 86 14576 - 14985 McKay et al., 2004
Central Shelf 48.900 126.883 LLNL-? foraminifera 13190 + 86 15399 - 15797 McKay et al., 2004

& All dates have a 1-sigma error. Reservoir coiwestinclude 950450 for marine
organisms and 65060 for basal gyttja and peat
P Dates calbrated using Calib 5.0 (Stuiver and Reit93). Age range is 1-sigma

limits



63

Chapter 4 - Glacio-isostatic adjustment, sea level theory and
tectonic setting

4.1 Introduction
Glacial loading on the surface of the Earth caasdsrmation as the crust and

mantle respond to the weight of the load. In amakred by ice sheets the sea level
was locally high relative to present levels dugltacial depression and gravitational
attraction due to the mass of ice sheets. Thisgrasts with areas far away from the
ice sheet where sea level was lower than presemtt@wvater being transferred to
continental ice sheets. The earth response dueetoveight of the ice sheet is
determined by subtracting the far-field sea leveirf the sea level near the ice sheet.
When the ice sheets retreat, the Earth slowly metuo its original shape. The
response is a combination of elastic effects oflithesphere and the viscous mantle.
The duration of postglacial rebound depends largelythe viscosity of the mantle
and thickness of the lithosphere. The rate of leeal fall during and after

deglaciation can be modeled to determine the riggzdbproperties of the earth.

4.2 Earth rheology

4.2.1 Elastic and viscous materials
An elastic material deforms instantly to an apgplferce, and returns to its

original shape when the force relaxes. Mathemiftidhese materials act in a linear
relationship of stress and strain, known as Hookeais. A simple case is for a body
that has the same properties in all directionsywknas an isotropic body. For this

case, Hooke’s Law is:

gy = A60; +2ue; 1)
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whereg; is the stress tensaf; is the strain tensof) is the sum of the normal strain
(6= e11+ €22+ €33), Or dilatation, o is the Kronecker delta is the shear modulus or
rigidity, andA is a Lamé parameter related to the compressilafithe material. The
compressibility term only applies for normal strggs) and involves a volume
change. The mean normal stressjs obtained by taking the trace of (1) by setting

=
JO:(/H%/JJH:—p (2)

wherep is the pressure. For deviatoric stragg)(Hooke’s Law becomes:

o, =2/, 3)

The mechanical analog of an elastic body is angp(Fig. 4.1). A spring
instantaneously shrinks in response to compressioh will expand once the
compression relaxes. At low pressure and temperagsuch as near the Earth’'s
surface, most rocks act elastically (Turcotte adau®ert, 2002).

A viscous body is one that is able to change shbapetime depending on the
amount of force exerted (Ranalli, 1995). The s#spliscous materials are known as
Newton bodies, and expressed as:

g; ==pg; + 20, (4)
wherep is the confining pressurg,is the viscosity of the material argdis the strain
rate tensor. In this case, an instantaneous isergastress will not amount to any

deformation. A viscous material will flow when th&ress is deviatoriaj).
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Figure 4.1. Mechanical equivalents of rheological models @an1995). (a) elastic
or Hooke, (b) viscous or Newton, (c) viscoelastic blaxwell, (d)
firmoviscous or Kelvin, (e) general linear or Burge

(d) (e)

The mechanical analogue of a viscous body is aptdagRanalli, 1995; Fig.
4.1), a device commonly used to prevent doors fstamming. In a simplified case
where the applied stress is constant, the straangds linearly with time. The
deformation is permanent unless there is a resjdoirce.
4.2.2 Viscoelastic body

A viscoelastic, or Maxwell, body has both an etaahd viscous component.
Mechanically, it is analogous to putting a sprimgl @lashpot in a linear combination
(Fig. 4.1). The formula that describes a Maxwelliis:

2u 20
In the case where the applied stress is constansttain will vary linearly with time.
The elastic component of stress will respond irtsta the introduction of stress,
while the viscous component will provide a continsa@eformation. When there is a

relief of stress, the elastic component will imnaeiy relax, while the viscous
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component is permanent. A three-dimensional vareioa viscoelastic body is used
in this study to model postglacial rebound.
4.2.3 Firmoviscous body

A firmoviscous, or Kelvin, material is a combiratiof a viscous and elastic
body. Mechanically, it is analogous to a paradl@nbination of a spring and dashpot
(Fig. 4.1). The relationship is:

O =2UE+2né (6)
In this case, there is damping of the elastic nespo If the stress is constant, the
strain will logarithmically reach a plateau equalst2u. When there stress relaxes,
the strain will exponentially decay to zero.
4.2.4 General linear body

A general linear, or Burgers, body is a linear baration of an firmoviscous
and viscoelastic body (Ranalli, 1995; Fig. 4.1)t ¢ is the firmoviscous strain
component, and; is the viscoelastic strain component, the genegalation for a

general linear rheology is:

2/715+2ulg=id—+(ﬂ+ﬂ+1jo'—+ﬂa (7)
, 4 1,

In the case of a constant stress, the Burgers bioalylifies to having elastic, viscous,
and exponential transient creep components. #duation, after the stress relaxes,
the elastic component recovers instantly, the teatsreep component decays over
time, while the viscous component is permanentrg8is rheology can explain the

behavior of materials over a large frequency spettr
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4.2.5 Non-linear rheology
In certain geological situations, strain rate &srinon-linearly with stress

(Turcotte and Schubert, 2002). Rocks that are urelatively low stress levels tend
to flow by the diffusion of atoms or molecules vititka crystal lattice, and behave as a
linear Newtonian fluid. In high stress situatiom®tion is predominantly through
dislocation creep, where the motion of crystal defecause flow. These situations
are also known as power law rheology, as stra@ isaproportional to the stress to
some exponent. Experimental data on olivine clystadicate that the mantle
probably flows by dislocation creep, where higlessrand high temperatures control
the rheology.
4.2.6 Rheology for glacio-isostatic adjustment ntote

The behavior of the earth to stress depends ontithe period involved
(Turcotte and Schubert, 2002). The mantle actstiedly on short time scales
(<10*s), as shear waves travel through the mantle litite attenuation. At the
longest long time scales (>1s), the mantle behaves like a viscous fluid aseni
from mantle convection and the motion of lithospherates. Because the mantle
acts elastically at short time periods and visopwdl long periods, a viscoelastic
rheology is appropriate to describe the behaviapii-linear effects are negligible.

Karato and Wu (1993) determined the response nbws linear and non-
linear mantle rheology models to postglacial relubwignals. Observations of
seismic anisotropy to depths of 200-300 km indicttat the uppermost mantle
undergoes dislocation creep to align minerals, Wwh&g a non-linear rheological
deformation process. However, dislocation creely txappens in the uppermost

mantle and at time scales less than plate tectoais may show effects on the time
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scale of postglacial rebound. Using a selectiolinefar, non-linear, and combination
models, Karato and Wu (1993) found there is neglegdifference in the response
due to a uniform linear mantle or one with a th#2@0 km) layer of non-linear
mantle overlying linear mantle. Models with a #i>200 km) non-linear upper
mantle do not fit observed sea-level data in aadfested by the Laurentide ice sheet,
as the mantle flowed back to the center of defaonatoo quickly. Peltier (1998)
argued that if the mantle was significantly noreén it would require different
parameters for rotational momentum to explain glasostatic adjustment and long-
term mantle convection. He also suggested thathanylinear components, such as
at the 670 km discontinuity, would be transparenthte observed glacio-isostatic
adjustment effects. Since postglacial rebound issensitive to non-linear effects,
this study uses an assumption that the mantle leshasco-elastically.

The lithosphere behaves generally in an elasticnma(Ranalli, 1995). The
thickness of elastic rheology depends on the ltabnic situation. For instance, in
stable continental areas, the elastic thicknessase than 100 km. In areas where
active tectonism occurs, it can be less than 20 Kinere is also depth dependence,
and towards the bottom of the lithosphere rocksobwr increasingly soft,
approaching mantle viscosity. Near the surface,lithosphere deforms in a brittle
fashion. There also may be layers of weaknessiginaut the lithosphere controlled
by temperature and lithology. The Moho acts as@dpling layer between the crust
and mantle and is rheologically weak. In generatkrstrength increases to the
middle of the lithosphere, and then slowly decrsdsdhe base as the rocks act more

ductile. Parts of the lithosphere deform plashcat times of the order of 1G/ears
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(Turcotte and Schubert, 2002), so it is not sigaifit on for postglacial rebound

analysis.

4.3 Glacio-isostatic adjustment theory

4.3.1 Crustal motions due to loading
Adjustment of the Earth due to dynamic loadingte surface is a classic

geophysical problem (Haskell, 1935; Niskanen, 19MgConnell, 1965; Farrell,
1972; Peltier, 1974; Cathles, 1975, Peltier, 2004he way the Earth deforms
depends largely on the size and duration of théiexpppad and the rheology where
the load is applied. For the simple case of aaumifhalfspace, the vertical uplift

after the removal of a sinusoidal load is (Turcaitel Schubert, 2002):

W=Ww, exp{_—tj (8)
Z-|’

wherew, the initial displacement,is the time, and, is the characteristic decay time.
The response due to the load will decrease over éisithe exponential function goes

to zero. The decay time depends on density amdsity, given by:
I, =—— (9)

wherey, is the viscosity of the half-spagejs the density of the earty,is the gravity
at the surface, andis the wavelength of the load.
4.3.2 Response of a layered Earth

Though the response of a uniform halfspace toréasel load is a simple
calculation, a layered rheology is more realistic the Earth (Niskanen, 1943;
McConell, 1965). The Earth models used in thiglgtuse spherically symmetric

layers that have uniform elastic properties, dgnaitd viscosity. The method to
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calculate the response follows the work of Jam88X)1L Instead of one decay time
as in a uniform halfspace model, a layered Earth decay times associated with
every rheological contrast. The expression forrdsponse is a Legendre function,
and each degree has its own decay time. At hidbgrees, many of the decay times
become very small in magnitude, and contributkelith the response.

The response due to a surface load is often esgulesn terms of
dimensionless Love numbers (Farrell, 1972; Peltid74; James, 1991). The

equation for this is:

U, (r) h,(r)/ g,
V() =221 1)/, (10)
cDZn(r) me _kn(r)

where U,, V,, and &,, are the vertical displacement, horizontal dispiaeet and
gravitational potential due to deformation respesii, go is the initial gravitational
accelerationa is the radius of the Earthy is the mass of the Earth, r is the distance
from the center of the Earth, amhg, |,, andk, are the Love numbers. The Love
numbers are related to the boundary conditionshfiermodel. Like the decay times,
the response of the Love numbers depends on thendeg degree. Each Love
number has an elastic and viscous component, thaulginge values af, the elastic
component becomes very small compared to the véscomponent.

With the introduction of a layered Earth structuttegre are decay times for
each boundary where there is a density or rheotmyyrast (Peltier, 1985; James,
1991). The effect of increasing the density widpith creates decay modes that are
longer than the homogenous model. At greater @sgréhe magnitude of the

displacement and potential dissipates. When aosisc contrast is added, decay
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times known as T-modes are introduced. ThereveoeTtmodes for each interface
between viscous layers. The T-modes generally laaxagpid decay time and very
little effect on the displacement and gravitatiopatential, except at small degrees.
The small amplitude of the T-modes can cause aioul problems as the two T-
modes expected between the layers become indighagale. This is especially
prevalent when the viscosity contrast is very lafgeer two orders of magnitude).
There is only one decay mode associated with alog®al contrast involving an
elastic or fluid layer.
4.3.3 Sea level change

Many factors affect sea level including changirajume of continental ice
sheets, gravitational attraction due to contineniz sheets, glacio-isostatic
adjustment, ocean density changes (changes in tatope in the water column),
tectonic motions, ocean circulation, atmospheresgure, terrestrial water storage
and human activities (Bindo#t al, 2007). During the deglaciation of the large
continental ice sheets in the late Pleistocengjroemtal ice mass changes, solid-earth
response and gravitational effects of the ice ldachinated sea-level change (Farrell
and Clark, 1976). In areas near the ice sheeatslesel was higher than present due
to the depression of the earth and gravitationad@ton of the load (Fig. 4.2). In
areas far away from the ice sheets, sea level aasrlthan present due to the
removal of ocean water to the ice sheets. Durieglatiation, the land in areas
previously covered by ice sheets rebounded, logeralative sea level, while sea

level in far field locations rose due to the additof water to the ocean.
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Figure 4.2. Sea level at glaciated and far-field locationsdiaring a glacial episode
and (b) during deglaciation. (modified from Fareld Clark, 1976).

Sea level is defined as the relationship betwhergeoid, solid earth surface,
and the volume of water in the ocean (Farrell atedkC 1976; Mitrovica and Peltier,
1991; Mitrovica and Milne, 2003). Sea level is tiiéference between the geoid
surface G) and the surface of the solid ear®):(

SL6,¢.,1) =G(6,¢.1) ~R(6,¢,1) +c(t) (11)
The termc(t) is the conservation of mass term to account ferthter mass balance
between the ice sheets and oceans. This studythesegmplification that global far-
field sea level represents this term. The geomhigquipotential surface that defines
the shape of the ocean surface. If there was énwader to cover the entire surface
of the earth, this would be a smooth function. atoount for land at elevations above
the ocean surface and grounded ice, a delta fundétioapplied to the sea level

equation:
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S(6,¢,t) = SL(,¢,t)C(0,¢,t) (12)
The functionC relates to height of the geoid relative to thedselrface. In places
where the geoid height is greater than the solitheaeight, it equals one, while
where the solid surface is greater (basically whieeee is exposed land), the function
equals zero. During times when the growth of cwenrital ice sheets lowered global
sea level, this function takes into account th@islp bathymetry of the continental
shelf, and the surface area of the ocean surfameales.
4.3.4 Global sea level

In order to find the glacio-isostatic responsainarea, the globally averaged,
or eustatic, sea level signal must be added tdaited sea level to account for the
conservation of mass (Farrell and Clark, 1976). idenl far-field location should
have minimal interactions with ice sheets and kndggtonic motions. Figure 4.3
shows far field sea-level curves from Barbados frbaed coral (Fairbanks, 1989;
Bassettkt al, 2005), Barbados calculated from the ICE-5G md@Beltier, 2004), and
Tahiti from dated coral (Bassedt al, 2005). Despite different methods of analysis,
the difference between the three curves at Barbisdess than 5-10 m after about 15
cal kyr BP. The sea-level history from Tahiti deels greatly from the Barbados
history, especially before 15 cal kyr BP and innfed-Holocene.

Between 13 and 11 cal kyr BP, there is a 5-10 nfedihce between the
Barbados and Tabhiti sea-level curves. Basgedt. (2005) suggest this discrepancy is
due to an Antarctic source for meltwater pulserhag-1a), a sudden increase of sea
level due to the rapid collapse of ice sheets betm&t.5 and 13.5 cal kyr BP, and

isostatic adjustment due to the ocean load. Thbd8ms sea-level curve is relatively
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Figure 4.3. Comparison of three eustatic sea-sea level cdregas Barbados and one
from Tabhiti.

insensitive to an Antarctic source for mwp-la. HEmalysis also indicates that in
southwestern British Columbia there is little chang predicted sea level regardless
of the source of mwp-la. The source of mwp-la mtroversial topic, as some
models suggest that an Antarctic source of the veatienot be proven (Peltier, 2005),
so having a eustatic curve that is unaffected bystturce of rapid sea-level change is
necessary. Another issue is sea floor subsideneetal the increased ocean load
when the ice sheets melt. This is evident in sanatfPacific sea-level curves, as there

is a slow fall in sea level from a mid-Holocenehstand (Barcet al, 1996; Fig. 4.3).
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Due to these issues, study uses a recently putllBasbados sea-level curve (Bassett

et al. 2005) to calculate relative sea level in southemsBritish Columbia.

4.4 Tectonic setting

4.4.1 Cordilleran Orogen
The Canadian Cordillera has a complex historynspay the past 2100 Ma

(Gabrielse and Yorath, 1989). Throughout moshefRroterozoic and Paleozoic, the
western margin of Canada was a passive marginstates of rifting. The formation
of the Cordillera began in the Late Triassic andyedurassic. From the Jurassic to
Paleogene, the accretion of ocean island terraimessting of older margin sediments
and the formation of volcanic arcs built the Cdedd. Throughout the Neogene,
mountain building was primarily due to arc volcaniby the subduction of the Juan
de Fuca Plate.
4.4.2 Cascadia subduction zone

The Cascadia subduction zone is the result ottim¥ergence of the Juan de
Fuca Plate with the North American plate (refer Rigure 1.2 in introductory
chapter). The northern Juan de Fuca plate conseage rate of 40-47 mm‘a
relative to North America (Riddihough, 1984). Thsebducting plate causes
significant deformation along the coast of the Radiorthwest due to the locking of
the Juan de Fuca and North American plates betweest earthquakes. There is
evidence of a number of major subduction thrusthgamkes over the past few
thousand years, the last being about 300 years ago.

Seismic profiles define the lithospheric structofethe Cascadia subduction

zone in southwestern British Columbia (Clowatsal, 1995; 1997). The data show



76

that the upper crust is highly complex, and thedowrust has velocities between 6.4
and 7.4 km $ (Cloweset al, 1995). Throughout most of the Cordillera, thestal
thickness is between 33 and 38 km with the cer@aidillera having the lowest
values. Closer to the plate margin, the crustatktiess shows along-strike
variability, thinning slightly from south to nortih Vancouver Island (Clowest al,
1997). This is likely due to the transition frohetsubducting Juan de Fuca Plate to
the slower converging part of the Explorer Plate.

The depth to the subducting Juan de Fuca platefised to a depth of 60 km
from seismic surveys and observations of seisminityorthern Cascadia @. Flick
et al, 1997; McCroryet al, 2004). Throughout most of northern Cascadiapthte
motion is roughly perpendicular to the subducti@neh. In the Olympic Peninsula-
southern Vancouver Island region there is a sigaifi bend in the downgoing slab,
and the angle of the subduction thrust is muchi@val than the rest of Cascadia. In
most of the forearc region between the continecriadt and the subducting oceanic
plate is a rigid mantle wedge (Wadtal, in press). This wedge exists up to depths
of about 80 km downdip of the subducting Juan deaHFalate. The angle of the

descending plate becomes very steep at depths thage60 km.

45 Earth modd

4.5.1 Introduction
Southwestern British Columbia presents a comm@itagarth structure with

lateral variability due to the subducting Juan Ded Plate, interactions with the
converging Explorer plate, and high heat flow ie ttackarc region. Due to these
complications, it is necessary to simplify the kamodel in order to make the

determination of the response less complicated.e ffimiee dimensional earth is
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simplified into a simple one dimensional layeredtleao accomplish this. The
parameters for the uppermost layers are chose lmsédte average structure for the
Strait of Georgia and Victoria area. Parametersdeeper layers are based on
globally averaged values.
4.5.2 Density and rigidity

Earth models for this study use rigidity and dgnparameters based on the
Preliminary Reference Earth Model (PREM) (Dziewanakd Anderson, 1981).
PREM has nine boundaries based on sudden seistoimtyechanges, and assumes
that the properties between the interfaces arealjtehomogenous. To simplify
calculations, the core and lithosphere propertiesvalumetrically averaged together
in this study. The mantle is split into two layatsove and below the 670 km seismic
discontinuity.  For the purposes of this study, thgidity and density is
volumetrically averaged for each rheological layer.
4.5.3 Viscosity profile

The viscosity profile used in this study is a niiedi version of the VM2
model with the upper mantle allowed to vary in kimess and viscosity (Peltier,
1998). The determination of the VM2 viscosity miode/olved the inversion of
relaxation times for the Laurentide and Fennos@angostglacial sea levels, with the
two-layer VM1 model used as a starting mod€igure 4.4shows these models as
well as the simplified model used in this studyor Fhis study, the mantle was
sectioned off into four parts, using a viscosityugabased on VM2 except for the

uppermost layer. All viscosity values are rountiedhe nearest tenth of an order of
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Figure 4.4. Viscosity profile on the mantle. The dashed aalid grey lines are the
VM1 and VM2 models are from Peltier (1998), and sloéd black line is the
simplified model used in this study based on VM2.

magnitude. For the mantle above the 670 km diswoity, there are two layers: an

upper layer with variable thickness and viscostrried “asthenosphere”), and a

lower layer that has a viscosity of 4¢1®a s. Below the 670 km discontinuity, there

are two layers separated at 1291 km depth. Therulggyer has a viscosity of
1.6x1G* Pa s, while the lower layer is 3.2¢¥1®a s. The core, assumed to begin at

2891 km depth, is fluid. In our models, the lithbsre is elastic, with a thickness as

described in the next section.

4.5.4 Effective elastic thickness
The elastic thickness in the backarc of southwestnitish Columbia is

controlled by high heat flow from asthenospherionaxtion and water from slab

dehydration, which results in a thin lithosphereg/iimanet al, 2005). The effective

elastic thickness describes the average depthedotittle-ductile transition in the
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crust or mantle (Fluclet al, 2003). One method to measure this is to find the
coherence between topography and gravity field ipred to be caused by
topography. In southern British Columbia backé#ne, average elastic thickneds,
is less than 20 km. For instance, the observedairbslge in the Queen Charlotte
Islands region due to Pleistocene glaciation indigahat the elastic thickness is
between 10 and 20 km (Hetherington and Barrie, 2004

The elastic thickness in the subduction zone isptimaied by the combined
effects of the continental and oceanic lithosphefide best way to determine the
depth to which elastic conditions prevail is byssacity, as it indicates brittle
behavior. Seismic tremors associated with sileptevents extend to depths over 40
km under southern Vancouver Island (Ketoal, 2005). Seismicity associated with
the subducting Juan de Fuca plate extends to depting to 65 km in southwestern
British Columbia (Cassidy and Waldhauser, 2003hesk events are located within
the subducting oceanic crust and upper mantle, iwbhecomes decoupled from the
overriding continental plate at depths of less tharkm (Wadeet al, in press). The
crustal thickness in the Vancouver Island regiobeveen 30 and 35 km (Clowes
al., 1997). The effective elastic thickness calculat®m gravity and topography
data in southern Vancouver Island is about 40 ktheat flow data from Vancouver
Island and the Strait of Georgia have values betv@geand 45 mW ify which is at
least half the value in the backarc region (Leetial, 1988). The lower heat flow is
a result of a cool wedge that exists between timirgental crust and the subducting
Juan de Fuca Plate beneath Vancouver Island an8tthié of Georgia. Clague and

James (2002) used a 60 km thick elastic layerhiasis average depth to the top of
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the Juan de Fuca plate in the study area and Heusnaximum depth of the cool
mantle wedge. The mantle wedge exists at depthgpdb 80 km (Wadat al. in
press), though the average thickness of the wedgetbe study range is less than
that. This also study also uses a consistent 60thiok elastic layer (termed
“lithosphere”) to reflect this.
4.6 Summary

This chapter describes the various parametersregtor modelling glacio-
isostatic adjustment in southwestern British Colianblrhe PREM and VM2 models
are the basis for the Earth models used in thidystuThe Earth models have an
elastic lithosphere that is 60 km thick, Maxwellrntia with several layers of different
viscosity and density, and a fluid core. In ortlepredict relative sea level due to
glacial loading, this study uses the far-field s®mael curve from Barbados to account

for global sea level since deglaciation.
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Chapter 5- Modelling of sealevel in southwestern British
Columbia

5.1 Introduction
Jameset al. (2000) completed the first detailed study of tetion between

Earth viscosity structure and postglacial sea lavedouthwestern British Columbia
and northwestern Washington State. This study teddéhe tilts of dammed
proglacial lakes in the Puget Sound, and some spsea level data from eastern
Vancouver Island. The ice sheet model used disaslosimilar to ICE-3G
(Tushingham and Peltier, 1991), but used a smaiteform disc size with a diameter
of 55 km to provide a more accurate coverage ofGbedilleran ice sheet. They
assumed a uniform viscous mantle. They found tt@tmantle viscosity values in
the area range between 5x8nd 5x16° Pa s. They calculated that the present day
uplift rate was less than 0.1 mni‘ythroughout southwestern British Columbia using
this ice model.

Clague and James (2002) expanded the ice sheatl madented in James
al. (2000) to include a far field ice sheet. Theyalsed a layered mantle model with
interfaces at the major seismic discontinuitiebiey found that the modeled sea level
observations were relatively insensitive to deemtieastratification, but increasing
the lithosphere thickness significantly lowered thagnitude of the modeled sea
level. A low asthenosphere viscosity (€1®a s) still provided the best fit to the
relative sea level observations. Using a low neaviscosity (<16’ Pa s), the present
uplift rates due to glacio-isostatic adjustmentenstill less than 1-1.2 mmyr

Clagueet al. (2005) studied the advance phase of the last ngégoration and

the amount of glacial depression required to erplhé sea-level observations. The
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ice sheet model was converted to calibrated agermhaied an earlier advance at 28
cal kyr BP. They based the amount of ice needédemmodel on the elevation of the
Quadra Sand in the Fraser Lowland, which occuseatations of up to 18 m above
present sea level. Since global sea level attithis was at least 85 m below present
at the time, there was at least 100 m of depresgitime time. To account for this, the
ice model assumes over 1 km of ice existed withen3trait of Georgia at 28 cal kyr
BP.

Since these original modelling exercises, new ®fag®ns from the central
and northern Strait of Georgia (Hutchinsenal, 2004a; Jamest al, 2005) and
Victoria (Chapter 2) provide tight constraints @fative sea level. New radiocarbon
reservoir corrections determined by Hutchingoral. (2004b) provide more accurate
constraints on ice sheet history. The ice moddlanfiest al. (2000) and Clague and
James (2002) has also been converted to calendes te@ provide a more realistic
chronology.

In this chapter, the previous ice sheet modelsuaesl to predict sea level in
regions where sea level is well constrained. Modiions to the ice sheet model are
made to improve the sea level predictions. Theifiwations on ice sheet history are
based on previously published radiocarbon datdherativance and retreat of the last
glaciation and attempting to create smooth slomrgheet topography. The new ice
model provides predictions that fit the observeatle®el observations over a variety
of different asthenosphere thickness and viscosdjues. Finally, there is a

discussion of the various limitations of the moitejl
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5.2 Initial sealevel modelling

5.2.1 Modelling parameters
The first step in the modelling process is to camephe relative sea level data

to the predicted sea-level changes of various eadtiels to the ice history used in
Jameset al. (2000) and Clague and James (2002). The timirtgeofce sheet history
was converted to calendar years using Calib 5.0(&t and Reimer, 1993). The fit
is derived using the root mean squared error no$fihe predicted sea-level curves to

the observed curves:

RMS= \/%Z;(trueSL— predsL)’ 1)

The sea-level curves are best constrained duri@liserved rapid sea level fall that
happened shortly after deglaciation. The timeqguricorresponding to the rapid fall
are 13.9-12.3 cal kyr BP for the central StraiGaforgia, 13.7-12.0 cal kyr BP for the
northern Strait of Georgia and 14.1-13.1 cal kyrfBPVictoria. These intervals are
used for determining how well the predicted seall@ompares with observed sea
level. The earth models use the VM2 model of Pe(ti®98) for the viscosity below
the asthenosphere, a 60 km elastic lithospherevandble asthenosphere thickness
and viscosity. All modeled sea-level curves usebBdos as the basis of eustatic sea
level (Bassettet al, 2005). The initial modelling focuses only on theell-
constrained initial sea level fall.
5.2.2 Results of the unmodified ice model

Before changing any modelling parameters, it issesary to assess the fit of
predicted sea-level curves to observed sea leweg uke ice model of Jamex al.

(2000) and Clague and James (2002). This ice mosksli the ice margin retreat
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history of Dyke (1996) for the Canadian portiortloé ice sheet and Booth (1987) for
the Puget Lobe. Ice elevation was based off tleenstruction by Wilsoret al.
(1958) and Thorson (1980)Figure 5.1 shows the calculated sea-level curves fo
earth models with an asthenosphere thickness okB0@nd variable asthenosphere
viscosity. In general, the predicted sea levelvesirunderpredict the maximum
highstand positions observed in southwestern Bri@®lumbia. An asthenosphere
viscosity of 18° Pa s provides the best fit to the curves, butnilenpredicts the
highstand positions by over 60 m, and the sea-ldvep is too slow. Viscosity
values of 16" and 18° Pa s provide nearly identical responses with ptedisea
levels that are too low and decay too rapidly. ddiothe misfit with a viscosity of
107! Pa s is better than viscosity values less thahR®s, sea level does not drop fast
enough to account for the observations. A viscosit§0'° Pa s provides a sea-level
drop that matches the shape of the observed fétlarsea-level record, though it still
significantly underpredicts the observed highstaositions, especially in Victoria.
Figure 5.2 shows the RMS misfit of predicted se&el using Earth models
with a range of asthenospheric thickness and witscos the sea-level curves in
southwestern British Columbia. In all cases, thgnoum fit is with an asthenosphere
viscosity between 8 and 16' Pa s. There is only a weak dependence on
asthenosphere thickness, as this viscosity rangés|¢éo a nearly uniform upper
mantle. This viscosity is at least an order ofgmtude larger than the preferred

viscosity found by Jame=t al. (2002) and Clague and James (2002).
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Figure 5.1. Comparison of predicted and observed sea levedsuthwestern British
Columbia using the ice model of Janetsal. (2000) and Clague and James
(2002). The Earth models used to predict sea leaed an elastic thickness of
60 km, asthenosphere thickness of 300 km and \ariasthenosphere
viscosity. RMS misfit of the central Strait of Gg@a (CSG) sea-level curve
is noted for each comparison. Asthenosphere visessire (a) 1 Pa s, (b)
10 Pas, (c) 18 Pa s, (d) 18 Pa s and (e) tbPa s.
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5.2.3 Results of the original ice model with in@ed ice thickness
Since there was a general underprediction of thgmiude of the highstand

positions in the predicted sea-level curves fortlsoastern British Columbia, the
next step was to increase the size of the loadte3othe effect of increasing the ice
load, each element from the ice model of Jastes. (2000) and Clague and James
(2002) was increased by 1.3 times. This changkéehs the ice sheet by up to 450
m. Figure 5.3 shows the predicted sea-level curwgth a 300 km thick
asthenosphere and variable asthenosphere viseatitghe 1.3x load. Though there
is a much larger modeled highstand position irthtatte curves, the extra load is not
enough to match the observations. The responde avit@® Pa s comes close to
matching the sea level observations in the norti&trait of Georgia, though the sea
level fall is too slow to match the observatioriBhe best match to the speed of the
sea level fall is the model with a viscosity of1Pa s.

Figure 5.4 shows the RMS misfit of predicted seweel for various earth
models with different asthenosphere viscosity amdkhess when the original ice
load thickness is multiplied by 1.3 times. Theuits of the central and northern
Strait of Georgia curves have a much better fitdvatith lower viscosity and there is
a clear relationship between asthenosphere thiskawas viscosity. In particular, the
minimum misfit of 16 m in the central Strait of Gg@ and 24 m in the northern

Strait of Georgia and Victoria is about 60% the Rié8ues for the thinner ice model.
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Figure 5.3. Comparison of predicted and observed sea levedsuthwestern British

Columbia using the ice model of Janetsal. (2000) and Clague and James

(2002) with the thickness of the ice sheet mukiglby a factor of 1.3. The
Earth models used to predict sea level have anielisckness of 60 km,
asthenosphere thickness of 300 km and variableerssiphere viscosity.
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each comparison. Asthenosphere viscosities ark0taPa s, (b) 18 Pa s, (c)

10 Pa s, (d) 18 Pa s and (e) tbPa s.
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5.2.4 Initial changes to the ice model
The systematic misfit between the predicted anseoied relative sea level

using the ice model of Jamesal. (2000) and Clague and James (2002) indicate that
the history and thickness of the ice load need fioadion. Gowan and James (2006)
showed the results of the initial changes to teenodel. The goal was to match the
observed sea level curves in the central and nortB#&ait of Georgia. The Victoria
relative sea-level curve was not complete during #xercise and not used in the
modelling. They added significantly more ice irdadjacent to the Strait of Georgia
and increased the thickness of all other ice elésneyn 1.3-1.4 times. The timing of
deglaciation was adjusted so that ice persistetbfager and deglaciated more rapidly
in the Strait of Georgia, matching the nearly syoobus range of age of
repopulation of the Strait of Georgia (Fig. 3.4nfr@Chapter 3). Ice elements within
the Strait of Georgia were divided into a finerdgto allow for a more finely tuned
deglaciation history. The timing of the maximunteax of the ice sheet was not
changed.

Figure 5.5 shows the predicted sea-level curvesh® model presented by
Gowan and James (2006) with a 300 km thick astipreys. With a sufficiently low
viscosity (<10® Pa s), the response to deglaciation is almosaritesteous. With
larger viscosities (>F8 Pa s), the response is too slow to account forahi drop
in sea level after deglaciation. At'®®a s, the modeled response closely follows the
observed response, and reaches close to the obiskiylestand positions for the
central and northern Strait of Georgia. The dgwalent of this ice model did not
include the Victoria sea-level curve, and so forct¥fia there is still a 40 m

discrepancy between the predicted and observedtaigth position.
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Figure 5.5. Comparison of predicted and observed sea levedsuthwestern British
Columbia using the ice model of Gowan and Jame8gR0 he Earth models
used to predict sea level have an elastic thickoé€0 km, asthenosphere
thickness of 300 km and variable asthenospheresitsc RMS misfit of the
central Strait of Georgia (CSG) sea-level curvaated for each comparison.
Asthenosphere viscosities are (aj"1®a s, (b) 18 Pa s, (c) 18 Pa s, (d) 18
Pa s and (e) TbPa s.

Figure 5.6 shows the misfits of various earth ni®de the ice sheet history
presented by Gowan and James (2006). Comparedetgeneral 1.3 times load
increase of the original model, the lowest mistiturs with a viscosity that is about
0.6 orders of magnitude lower. Depending on thihessphere thickness, the

optimal viscosity is between ¥0and 2.5x1&° Pa s. The best fits occur in the same

viscosity range for the central and northern SwéiGeorgia. The fit for the Victoria
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curve is not as good, though the fit follows themeaasthenosphere viscosity-
thickness relationship as the other two curves.

The Cordilleran ice sheet likely had a smooth gypphy that sloped gently
down from the interior mountain belts to the océatumpfet al, 2000). One way to
test the validity of the ice sheet model is to detae the ice surface height. The ice
surface is the sum of the elevation and model eekness, minus the isostatic
depression due to the ice load. An earth modél wiB00 km thick asthenosphere
and a viscosity of I8Pa s produced the isostatic depression surfacefasélke ice
surface calculation. Figure 5.7 shows the iceasarfcontour map for the model of
Gowan and James (2006) at 16.8 cal kyr BP, whenPihget Lobe was at its
maximum extent. The map shows that there is a80@0m depression of the ice
surface within the Strait of Georgia. There isoadsvery steep dropoff of the ice
surface on the west side of Vancouver Islandhédfite surface flowed smoothly over
top of the Strait of Georgia and Vancouver Islaraht the Coast Mountain®.Q.
Clague and James, 2002), then there should begagssively decreasing ice surface
height towards the southwest. Though this modglthie observed sea-level change
in the central and northern Strait of Georgia,Hartchanges appear to be needed to

the ice model.



93

Victoria
140 ' ' '
€
= 180 :
)]
7]
€ 220
< i i
£ ® %
|_
260 @ :
3 % kR
<
& 300 - Q :
2 a2
2
£ 340 -
<
380 : . .
17 18 19 20 21

©

2

Central Strait of Georgi
140 ' .

180

220

260

80

300

72

340 1

Asthenosphere Thickness(km)

380

T
19

—
e
Nosd

-

)

. . Northern Strait of Georgi

140

180 —\ -

220 % B

260 "\ B

% %% 2u\zPal\ls
\\\i %gp

19 20

Asthenosphere viscosity (log(Pa s)

Q)

88
80
T

Asthenosphere Thickness(km)
72

S ®
300
340
380 T
18

21

—~
O
-~

)

Figure 5.6. RMS misfit of predicted sea-level curves to thalwonstrained sea-level
curves for Earth models with a 60 km elastic lifftere and a range of
asthenosphere thickness and viscosity values ubigce model of Gowan
and James (2006). (a) Victoria, (b) central SwéiGeorgia and (c) northern
Strait of Georgia



94

50°N %

490N -

480N -
16.8 cal kyr BP

47N | m—————— ™, .
0 50 100 km lfvf‘ - \

i I I - | [
127°W 126°W 125°W 124°W 123°W 122°W
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southwestern British Columbia for the ice modelspreed by Gowan and
James (2006).

5.3 Review of ice sheet constraints

From above, the history and thickness of the ioeet provides a strong
control over the modeled sea-level response. T eesponse to the original ice
sheet model of Jame=t al. (2000) and Clague and James (2002) were unable to
match the observed postglacial sea levels in sagtesn British Columbia regardless
of the choice of earth model. Even with unrealaty high volumes of ice on
Vancouver Island, the observed sea-level highsiaictoria could not be matched
with the modified ice sheet models. The isostagponse at a location due to the ice

sheet has a strong dependence on the local iden#ss and history. This section
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provides an overview of the constraints on ice sheory in southwestern British
Columbia and northwestern Washington used for teeeldpment of a new ice
model. Figures 5.8 and 5.9 show the location easrdescribed in the following
sections. All chronologies are based on the assamghat deglaciation happened
within 500 years of the oldest age constraints.

5.3.1 Puget Lobe

In the Puget Lowlands, the ice sheets reached gneatest extent sometime
after 17.25 cal kyr BP and quickly retreated (Poated Swanson, 1998; Swanson and
Caffee, 2001). These authors suggest the Pugetridiched its maximum extent
about 16.9 cal kyr BP, and retreated to the nonmthierits of the Puget Sound about
400-500 years afterwards. This chronology is dssed on older calibration
methods, uncorrected or undercorrected basal frateivand marine shell dates (see
comments by Easterbrook, 2003). To determine hel eonstrained the ice sheet
history is for the Puget Lobe, the dates useddeisheet advance and retreat in Porter
and Swanson (1998) and Swanson and Caffee (200 ewerected for reservoir
effects based on Hutchinsat al. (2004b) and re-calibrated (tables 3.1 and 3.2
chapter 3).

The advance history proposed by Porter and Swaunsed dates from three
locations (fig. 5.10). The recalibrated ages apetw several hundreds of years
different than that determined by Porter and Swar{$898). The dates from Seattle
and Issaquah are from wood in an ice proximal d&jausing a 500 year limit on a

linear advance, the Puget Lobe reached its maximxtent 16.2 to 16.7 cal kyr BP
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(Fig. 5.10). The advance history is not well cosmisted by available radiocarbon
dates, and given a likely complex advance histibrig,is only a rough estimate.
There are few dates that closely constrain theeaetof the Puget Lobe, as
many samples have a large error (>250 years) amdair considered. The oldest
sample is at Lake Carpenter with an age of aboud t&l kyr BP (Porter and
Swanson, 1998; Fig. 5.11). The only samples thatoaer 15 cal kyr BP are dates
from bulk basal freshwater material, which may betthe most reliable constraints
given the uncertainty in the reservoir age of thesmples. If these dates are not
considered, all other dates are younger than 15kgalBP and show no spatial
pattern. Using the oldest marine shell samplethadimiting dates, deglaciation of
the Puget Lobe began sometime between 15.7 anccabk®r BP. Using a 500 year
interval, the ice sheet retreated to the northeh &f Whidbey Island between 15.3

and 14.8 cal kyr BP. Note that the basal datdisfalli within this range at the one
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sigma confidence limits. The consequence of tlve nre¢reat history is that the dead
ice terrain at Simpson Lake may have persistedets than 700 years, which is 700
years less than suggested by Porter and Carsod)(197 the extreme situation, the
dead ice terrain may have existed for only 100s/ear

The retreat history of the Puget Lobe is also kahiby the draining of glacial
Lake Russell and Lake Bretz (Thorson, 1989). LakedRll flowed southwards, and
occupied the area south of about 48.5°. Once tlam He Fuca lobe retreated
eastward to the San Juan Islands, a spillway opdoedllow water to flow
northwards, and Lake Bretz formed. This means ttatPuget Lobe did not fully
retreat until after the Juan de Fuca Lobe had feltseated.

Between 17.3 and 15 cal kyr BP, there are few bbligated materials to
determine the history of the Puget Lobe. Thithésdonsequence of a combination of
the area being covered in ice, glacial lakes, andnlg an environment that did not
allow for the growth of organisms. The dead iceaie at Simpson Lake (Porter and
Carson, 1971) suggests that ice remained in Pugatdsuntil after 15 cal kyr BP.
When basal freshwater samples are corrected fervas effects and samples that
have & errors larger than 250 years are excluded, thee slaggests that retreat of the
Puget Lobe did not begin until after 16 cal kyr BFhe best existing constraint is that
the Juan de Fuca Lobe fully retreated before trgePluobe, which will be discussed

in the next section.
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5.3.2 Glaciation of the Juan de Fuca Strait

At its maximum, the Cordilleran ice sheet coverkd entire Juan de Fuca
Strait, much of the Olympic Peninsula, and extendbdut 15-20 km into the
northern limit of the Olympic Mountains (Bretz, X2 Vashon till deposits are
found as far south as Cape Johnson (47° 56 N, BB3°W) on the Olympic
Peninsula. Granitic erratics found in the North@&gmpic Mountains at elevations
up to 1500 m indicate that the ice was of conshlerahickness in the Strait.
Considering that the Strait is about 200 m deep Mosher and Hewitt, 2004), there
was at least 1700 m of ice in the eastern Juarude SGtrait.

The western extent of glaciation in Juan de FucaitSs difficult to discern
due to high sedimentation rates found in the motithe strait (Herzer and Bornhold,

1982). Bretz (1920) proposed that it extended aldd@i20 km offshore citing
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evidence of the western extent of Juan de Fucamc&ancouver Island. Strait-

normal flutings along the coastal areas of Vancoisland also indicate that the Juan
de Fuca Strait was glaciated to a considerableartist beyond the Victoria area
(Alley and Chatwin, 1979). Northwestward flowinggiin the strait likely coalesced

with ice from Vancouver Island to produce the westeost extension of the ice sheet
(Herzer and Bornhold, 1982).

The Juan de Fuca Lobe of the Cordilleran Ice Stesethed the western limit
of the Strait, and covered part of the Olympic Rsnla and southern Vancouver
Island (Heusser, 1973). Much of the northwesteynic Peninsula is covered with
thick till derived from the Juan de Fuca Lobe, &nmalerlies till from Olympic alpine
glaciers, indicating they coalesced. Glacial mahkisediments are found at the
western mouth of the Juan de Fuca Strait, indigatat the entire Strait was covered
in ice (Herzer and Bornhold, 1982). The ice sheatsed erosion at the mouth of the
Juan de Fuca Strait, and deposited morainal feattoredepths of up to 400 m,
indicating the ice sheet extended some distanaetbetshelf.

The Juan de Fuca Lobe likely flowed from a Stra&iGeorgia source through
much of its duration, and merged with ice from Vaneer Island. Ice flow indicators
on southern Vancouver Island show a clear southveedttrend (Alley and Chatwin,
1979). When ice on Vancouver Island was thick ghott likely flowed southwards
over Juan de Fuca Strait onto the Olympic Peninsé#laits maximum extent, this
southwestward flowing ice reached its maximum limit the mapped boundary.
After ice stopped flowing over Vancouver Island stime after the glacial

maximum, the Juan de Fuca Strait became dominatedthwestern ice flow from
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Strait of Georgia sourced ice, and remained resttito the Juan de Fuca Strait. This
likely explains why dates from the northwestern@byc Peninsula are significantly

older than in the eastern Juan de Fuca Strait §Rig). Dammed glacial lakes on

Vancouver Island indicate that the Juan de Fuca femained at least 600 m above
present sea level as ice was downwasting on taedglAlley and Chatwin, 1979).

The retreat of the Juan de Fuca Lobe is only camsd at the eastern end of
the Strait. Herzer and Bornhold (1982), based oodgpreservation of meltwater
troughs within the strait, suggest that the retdate from the Juan de Fuca Strait
was primarily by downwasting and not by calvinghisTindicates that the retreat of
the lobe was likely slow. A shell from sedimentsthe eastern Juan de Fuca Strait
south of Victoria dates to 15.04 cal kyr BP (Moshad Hewitt, 2004). Other dates
from the eastern Juan de Fuca Strait, Victoriaoreghind San Juan Islands are
younger than 14.8 cal kyr BP, indicating that thié fetreat of the lobe did not
happen until shortly after 15 cal kyr BP (Fig. 5.12

The Juan de Fuca Lobe had to retreat far enoughiceaow the draining of
Lake Bretz northwards while ice still remained e tnorthern Puget Lowlands
(Thorson, 1989). The age constraints indicate tf@atJuan de Fuca Lobe retreated
almost contemporaneously with the Puget Lobe, thomigeached the San Juan
Islands slightly before the Puget Lobe did. Thiggests that the Puget Lobe did not

fully retreat until after 15 cal kyr BP.
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5.3.3 Strait of Georgia

After the Juan de Fuca and Puget Lobes retrei@edetreat may have stalled.
Flutings from Whidbey Island indicate that ice flashanged from a north-south
direction to an east-west trend (Haugerud et @032 Kovanen and Slaymaker,
2004). This indicates that after the Juan de H.aiae retreated to the San Juan
Islands, ice flow changed direction long enougbyerprint the landscape to a certain
extent. This probably represents a standstileadvance of ice for a period of time.
Furthermore, there appears to be a lag in the cadhon dates from the San Juan
Islands and mainland Washington (Fig. 5.12). pesps that there is a 400 year delay
between when the Juan de Fuca and Puget LobesrétitBated and when the Strait
of Georgia started to retreat. By 14.3 ka, the 3aan Islands were ice free (Fig.

5.13).
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When the Strait of Georgia deglaciated, it was prity due to downwasting,
evident from the thin ice proximal sediment layentormably overlying till and the
lack of iceberg scouring (Barrie and Conway, 20Bgilbaultet al, 2003). There are
few radiocarbon constraints between the southethl&ands and Parksville, though
they suggest that there is no spatial pattern gfade@tion along that part of the strait
(Fig 5.13). The ice sheets retreated north of alik by 14.2 cal kyr BP. Other
than one outlier, the radiocarbon dates suggestl\slprogressive retreat of the ice
sheets north of Parksville. By 13.8 cal kyr BR ite sheets retreated to the northern

end of the Strait of Georgia. The data indicateak about 500 years for the Strait to

deglaciate.

5.3.4 Glaciation of Vancouver Island
Vancouver Island was extensively glaciated dutirgVashon Stade (Clague,

1981; Howes, 1981a; 1981b). There are few datgsipeg to the advance of the
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ice sheets over Vancouver Island. Two wood sanfpbes Tofino date between 19.8
and 19.4 cal kyr BP (Claguet al, 1980; Al-Suwaidiet al, 2006, Table 3.1 from
Chapter 3). Three bone samples from a cave neaiEhpa date between 19.5 and
19.3 cal kyr BP (Al-Suwaidiet al, 2006). These dates indicate that coastal
Vancouver Island did not become glaciated untératthat time.

There are few dates that constrain the degladstbry of northern and
western Vancouver Island. A basal peat sample ffom Hardy has a corrected date
of 15.4 cal kyr BP (Hebda, 1983), though the frestaw basal reservoir correction
makes this uncertain. A wood sample from Hesgdetbour dates to 15.4 cal kyr
BP (Blake, 1983), which is a better constraint ttuéhe lack of reservoir age. This
date indicates that the ice sheets retreated mirffig by that time to allow forests to
grow along the northwest coast of Vancouver Isladmountain goat bone from
Port Eliza dates to 14.3 cal kyr BP (Al-Suwatlal, 2006), further indicating that the
ice sheets had retreated far enough back to supgadtmammals. Marine shells
from northern and western Vancouver Island datevéen 14.0 and 13.1 corrected
cal kyr BP (Howes, 1981b, Blake, 1982; Friele anddHinson, 1993).

Previous studies by Alley and Chatwin (1979) st that the ice sheets on
southern Vancouver Island had melted down to ava&tn of 400 m above current
sea level by 15.5 cal kyr BP, based on a single d@aHarris Creek (Table 3.2 chapter
3). Two other dates in that study taken at elewatigreater than 700 m gave
significantly younger dates of 14.1 and 13.1 cal BY. It is possible that these
samples require a reservoir correction to accoamold carbon influx when the bogs

formed (Hutchinsoret al, 2004b). When reservoir corrected, the age ofHhgis
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Creek sample is 13.9 cal kyr BP. W.ithout the resiercorrection, this date is
anomalously old compared to other samples in soutiancouver Island.

Blaiseet al. (1990) examined a core offshore of northern Vameousland to
determine the sedimentation patterns during theefrglaciation. They found that
there was a marked increase in sedimentation rata before 17.6 to 14.7 ka,
indicating a time period of extensive ice raftethrie deposits. This indicates that ice
sheets were on the continental shelves duringtitmis period. Due to the distance
offshore of Vancouver Island, this record likelglundes ice rafted debris from further
north, and therefore may not record the exact gmuh retreat from Vancouver
Island.

Kienast and McKay (2001) and McKay al. (2004) analyzed a core offshore
western Vancouver Island to determine the sedinientghanges in the late glacial
and deglacial times. These samples were recahnasing the reservoir correction
of Hutchinsonet al. (2004b) for comparison with other data (Table &@m
Chapter 3). The authors state that the climaterdednterpreted from the core
matches the climate record found in Greenland. ghiBtant increase in terrestrial
and marine carbon material in sediments happenwedeba 14.7 to 13.5 cal kyr BP,
coinciding with a large increase in sedimentatater Before that time, the terrestrial
carbon accumulation was high, while the marine @arlaccumulation was low.
McKay et al. (2004) suggest that this increase in marine car@occtumulation
indicates the start of deglaciation on Vancouvimid. In the preceding paragraphs,
samples from coastal Vancouver Island suggestdbglaciation started by 15.4 cal

kyr BP, and that Vancouver Island had an envirortreaitable for land mammals by
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14.3 cal kyr BP. The timing of the high sedimeotatrate suggests that early ice
sheet retreat was restricted to coastal areaswasdnot continuous. After 14.7 cal
kyr BP, ice sheet retreat accelerated, and by t&8l5kyr BP, the ice sheets had

retreated enough that little terrestrial materaahed the offshore setting.

5.4 New glacio-isostatic adjustment results

5.4.1 Ice model
The creation of the new ice sheet model involvedticimng the history

constrained by radiocarbon dates and sea levelgehaand creating a smooth ice
sheet surface at the glacial maximum. The devedmprof the model involved fitting
each constraint progressively. The ice sheet mwdslfirst changed so that the earth
response fit the Victoria sea level curve. Onde thas done, the ice model was
changed so that it produced a smooth surface dpated off towards the edge of the
ice sheet. This involved adjusting the modelstsd the sum of the land elevation
and ice thickness, minus the isostatic depression td the ice load produced a
smooth surface. Finally, the model was refineditdhe radiocarbon constraints
described in the previous section.

The finer grid areas allowed the ice thickneseeftect the high variability of
the topography. Figure 5.14 shows the ice modethat glacial maximum in
southwestern British Columbia and northwestern Wagbn. The grid is finer in the
areas adjacent to where there are detailed sehdat@ The ice is significantly
thicker in the low lying areas than in mountainoegions. In some areas of the Strait
of Georgia, there is in excess of 2500 m of icegufe 5.15 shows the ice surface
produced by the combination of the elevation, estdepression and ice thickness.

Where the grid is finer, the ice surface from tlea& Mountains to the Pacific Ocean
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is a gently sloping surface. Where the ice mosiédss fine, the ice surface is not as
smooth, though it averages out to about 2400-270@iich is consistent with the

model by Stumpét al. (2000).
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The final ice model consists of twenty time pesadarting at 35 cal kyr BP,
based on the chronologies discussed in the pregectson. The glacial maximum is
set to be between 17 and 15.4 cal kyr BP. Thead&tlon of the Puget Lobe, Juan
de Fuca Lobe and Strait of Georgia is split up eight sections between 15.2 and
13.9 cal kyr BP to fit the constraints discussetieza Between 13.9 and 12.9 cal kyr
BP, there is significant ice loss on all grid eleitse Between 12.9 and 11.5 cal kyr
BP, there is an increase of ice thickness on ghanents in mainland British

Columbia to simulate readvances that happenedgltiiis time. Since the sea-level

data from this time period are of low resolutidmere was no attempt to simulate the
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various readvances and retreats discussed by Cletigae (1997), Kovenan and
Easterbrook (2002b) and Freile and Clague (200®er 10.7 cal kyr BP, the ice
model has no ice on any grid element to signifyrétarn to present ice levels.

5.4.2 Earth modelling

Figure 5.16 shows the predicted sea-level curveséoth models with the
optimal viscosity for various asthenosphere thiclses. With the exception of the
model with the thinnest asthenosphere, the respensémost identical. With an
asthenospheric thickness of 140 km, the fit to\fietoria sea level curve is not as
good as the thicker models. This is likely duentcreasing sensitivity of the mantle
below the asthenosphere as it gets thinner.

Figure 5.17 shows the fit of earth models withialsle asthenospheric
thickness and viscosity. The optimal viscosityuesl with thickness are slightly
higher than what was found with the previous maagllattempts. The optimal
viscosity lies between 3xtband 4x18° Pa s. The results show that there is no
apparent optimal asthenosphere thickness and wgcpairing. This range is
consistent with the results of postseismic deforomatmodels of subduction zones
around the world (Wang, 2007). For example, in @lean subduction zone, the
viscosity of the continental mantle is 2.5x1®a s (Huet al, 2004). Overall, the
optimal misfit range is tighter in the central amorthern Strait of Georgia sea-level
curves than the Victoria sea-level curve. The &fiet sea-level curve fits slightly

better with a thicker asthenosphere.
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5.4.3 Assessment of fit
To get a better assessment of the fit, the radiecaconstraints are plotted

against the predicted relative sea-level (Fig 5.18)e model used to predict sea level
has a lithosphere thickness of 60 km, asthenosptiec&ness of 300 km and
asthenosphere viscosity of 2.5%x1®a s. The sea level highstand positions fit well
with the timing of deglaciation in the ice modelThe modeled sea-level fall is
consistent with the radiocarbon dates from the $tmyind positions to present sea level
in all cases.

After 12 cal kyr BP, there are few constraintdhie sea-level position at the
three sites. The predicted Victoria sea level eulavours the maximum lowstand
scenario, and reaches a position of -35 m. Sea Bmes within 4 m of present
levels at about 6 cal kyr BP, which is consisteithwhe observations. In the central
Strait of Georgia, the modeled sea level dropR@m before rising to within 2 m of
present by 6 cal kyr BP. The radiocarbon dategestghat sea level rose to with 2 m
of present by 8 cal kyr BP. The modeled sea-leueVe for the northern Strait of
Georgia violates none of the radiocarbon conssaimit the lowstand position of -20
m is probably too low. According to Jamesal. (2005), the maximum possible
lowstand position for the northern Strait of Gearigi -8 m.

The sea-level modelling was successful in fittihg tightly constrained late
glacial sea-level fall in southwestern British Guhia. The modelling also closely
fits the mid-Holocene sea level rise in the Viciosea-level curve. This indicates

that the southwest Cordilleran ice sheet and singpleerically symmetric earth
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models work well in explaining the crustal motionghe late Pleistocene. However,
the magnitude of maximum sea-level fall and theleeal rise from early Holocene
to present in the central and northern Strait odr@i@ was not successfully modeled.
This might be due to the lack of a far-field iceeshin the ice model. Another
possibility is that the assumption that the Coeddh ice sheet returned to roughly
present levels by 10.7 ka is not correct. These alay be problems with assuming a
constant lithospheric thickness and mantle visgasitucture throughout the study
area. There may be complex changes in rheologyaltiee variability in curvature
of the subduction zone. It is also possible that WM2 viscosity model below the
asthenosphere might be not be appropriate. Thaugh not yet possible to
investigate lateral variability in rheology struatuthe other issues are examined in
the following sections.
5.4.4 Viscosity below the asthenosphere

Figure 5.19 shows the result of changing the #@ggf the mantle below the
asthenosphere. In all cases, the asthenosphekmdss was set to 300 km, and the
asthenosphere viscosity was 2.5X1Pa s. The viscosity of the mantle had the same
magnitude of viscosity contrasts as VM2, but wasdased by the factor indicated.
The results show that increasing the viscosityhefrhantle by 4.0 times produces the
largest difference in the calculated sea-level esy\corresponding to a transitional
zone viscosity of 1.6x¥ Pa s. Increasing the viscosity by this amounticed the
lowstand position by 5-7 m. The effect on the gkted sea level immediately
following deglaciation is negligible. Increasinbet viscosity more than this has

virtually no effect on the calculated sea level.ecieasing the transitional zone
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viscosity to 2.5x1% Pa s had a somewhat more profound effect, incrgasie
lowstand position by about 5 m. From visual analythe response of the Earth is
relatively insensitive to the choice of viscosigitw the asthenosphere, though it has

a slight impact on the highstand and lowstand wost
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Figure 5.19. Modeled sea level curves for earth models witithasphere thickness
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5.4.5 Far-field effects
The Laurentide ice sheet occupied most of contale@anada and the

northern United States, reached its maximum extetween 19 and 22 cal kyr BP
and was greater than 3000 m thick over much adres (Dykeet al, 2002). Retreat
of the Laurentide ice sheet from its maximum extegan by 14 kyr BP (16.4-16.9
cal kyr BP), and thinning may have started as easl{6.5 kyr BP (19.5-19.8 cal kyr
BP). This indicates that by the time the Corddleice sheet reached its maximum,
the Laurentide ice sheet was already retreatiniggu@ and James (2002) calculated
the response of the farfield signal and suggedtedhs very small due to the low
viscosity of the mantle and thin lithosphere. Titneological structure changes
significantly east of the Cordillera. For exampthe effective elastic thickness
determined from gravity and heat flow data varietween 20 and 60 km in the
Cordillera and Interior Plains region, and thickém®ver 120 km in the Precambrian
cratonic areas (Fluaoht al, 2003).

Figure 5.20 shows the response of the ICE-3G ioden(Tushingham and
Peltier, 1991) with the southwestern Cordillerarrtipa removed. Since lateral
variations in viscosity structure cannot be taketo iaccount, the plot shows the
response of a uniform VM2 model and a represematiisscosity model from
southwestern British Columbia with an asthenophdhickness of 300 km and
viscosity of 2.5x1&” Pa's. The VM2 model produces 35-48 m of uplifi ka.
There is about 13 m more uplift in Victoria thantire northern Strait of Georgia.
The difference in response between the differeeaasabecomes negligible in mid-

Holocene times. With a thinner lithosphere anddowasthenosphere viscosity, the
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Figure 5.20. Modeled response of ICE-3G with the southwesBxnitish Columbia
elements masked out. The response of a uniforith @dth a lithosphere
thickness of 60 km, asthenosphere thickness ofKe@0and asthenosphere
viscosity of 2.5x1&° Pa s (SW-BC) and a lithosphere thickness of 120 km
asthenosphere thickness of 320 km and asthenospieosity of 4x16° Pa s
(VM2) are shown.

response is more uniform. There is still a sigiifit forebulge of 40 m at 14 cal kyr

BP. This quickly decays to less than 10 m by the &f the Holocene.

Either of the preceding cases produces a signifitzrebulge in late glacial
times, which would significantly lower sea-level southwestern British Columbia.
If there was a significant forebulge, then in |IBteistocene and early Holocene times,
there should be evidence of sea levels droppingwbadustatic sea level for an
extended period of time. This is not the casehm ¢entral and northern Strait of
Georgia, and unlikely the case for Victoria frome ttcompiled radiocarbon
constraints. Significantly more ice in the soutbteen Cordillera ice sheet would be

needed to account for the observed high sea |léguwblsre was a large forebulge. This

is not realistic given the geological constraintsae surface elevation.
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There are few studies that look into the role ohtleaheterogeneities in the
postglacial response. Wat al (2005) and Wang and Wu (2006) found that lateral
variations in the lithosphere and upper mantle ltave a significant impact on the
calculated earth response. In areas where thesptiere is thinner and the mantle
viscosity is lower, the late glacial response wagsaiseveral 10s of m different from
using a uniform VM2 earth model. For instance,Newfoundland, a laterally
heterogeneous earth model produced a calculatedesehthat was about 50 m
higher than with the VM2 model. Having a thinnghdsphere and a lower mantle
viscosity at the margins the Laurentide ice shegtears to dampen the forebulge
effects. Therefore, the assumption that the fedfice sheets has only a minimal
effect on Earth deformation in southwestern Britsflumbia is probably sound.

5.4.6 Slower deglaciation

The timing of deglaciation of the Cordilleran isbeet away from coastal
areas is based on several widely distributed sasripbe date earlier than 9000 yr BP
(10 cal kyr BP) (Clague, 1980). Hetherington aratr® (2004) noted there were
areas in the Queen Charlotte basin where significarstal depression persisted well
into the Holocene, similar to that observed in ttemtral and northern Strait of
Georgia. One possible cause for continued cruggplession is that stagnant ice
persisted in the central part of the Cordillerathe early Holocene. Figure 5.21
shows the results of having ice persist north ¢f \wéll into the Holocene. In both
cases shown, up to 1000 m of ice remains in ceBtitish Columbia. In the first

case, ice persists until 4000 cal yr BP. Theraagligible response at Victoria,
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Figure 5.21. Modeled sea level for scenarios where the fujlal@ation of central
British Columbia is delayed to (a) 4000 cal yr Bfel ¢b) 6500 cal yr BP.

though the sea level reaches up to 8-10 m aboveempiren the central Strait of
Georgia. This case is unlikely, as sea level rapaiibelow 6 m throughout the
Holocene in the central Strait of Georgia (Hutcbim®t al, 2004a). Given the
number of radiocarbon constraints in central BritSolumbia (.e. Clague, 1980;
Dyke, 2004), it seems unlikely that stagnant icesigéed until 4000 cal yr BP. The
second case shows the predicted sea level reaBhimglevation at 6500 cal yr BP.
Rapid deglaciation causes the mantle to flow qui¢kivards the rebounding area,
and causes up to 10 m of additional depressiomarnVvictoria area at 6000 cal yr BP.
From these results, it seems that delayed deglaciaf the Cordilleran ice
sheet in central British Columbia might be respblesfor some of the differences in
the observed Holocene sea levels in the study ateas unlikely that it is fully
responsible for the observed differences, as itireq significant amounts of ice to
remain in central British Columbia throughout tlstf half of the Holocene, which

contradicts geological observations (Hetheringtow &8arrie, 2004; Dyke, 2004).
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The observed forebulge indicates the lithosphdrickhess in the Queen Charlotte
region is very thin, possibly a low as 10-20 krhislIpossible that a complex response
due to differing rheology structure between the €u€harlotte Islands area and the
Cascadia subduction zone may be responsible farabpiEference in Holocene sea

level within the Strait of Georgia.

5.4.7 Current crustal uplift

Determining the uplift rates due to incomplete tglaxial rebound is
important in making accurate assessments of cormamptectonic motions (James
et al, 2000). Figure 5.22 shows the uplift rates dumtomplete glacial rebound of
the Cordilleran ice sheet using an asthenosphkic&riess and viscosity of 300 km
and 2.5x18° Pa s respectively. The results show that thesefeesent uplift rate of
about 0.09-0.1 mm/yr. Measured contemporary updifes from GPS data for the
central Strait of Georgia and Victoria area rangemeen 1 and 2 mm yr though
these estimates have a large error range (Mazzoti, 2003). This means that
incomplete rebound from the Cordilleran ice shegghinmake up 5-10% of the
measured uplift rates. Ultimately, the calculaigdlft rate is so small that it probably
cannot be differentiated from other sources, ssceetonism.

Due to the problem with lateral changes in rhepl@yedicting the uplift rates
due to far-field ice sheets is difficult. Figure28 shows the results of the
contemporary uplift rates for the masked ICE-3G elodsing a asthenospheric
thickness and viscosity of 300 km and 2.5Xa s, as well as the VM2 Earth model.
These results are combined with uplift rates from southwest BC ice model. Using

a uniform, thin lithosphere and mantle viscositypresentative of southwestern
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British Columbia causes an uplift rate of 0.35-@Bn yr' in eastern Vancouver
Island. This is likely due to mantle flow towartie former center of the Laurentide
ice sheet. As noted in figure 5.20, the far-figld sheet causes a forebulge, which
still exists at present if the VM2 earth model $£d. In this case, there is a 0.05-0.25
mm yr' subsidence rate in eastern Vancouver Island. e#tity, the true vertical
motion due to far-field ice sheets is likely intednmate between -0.25 and 0.5
mm yr'. Three-dimensional earth modelling would be regglito resolve this issue.
5.5 Paleo-shoréelines

Large areas of the continental shelf north of \baver Island were exposed
during the Late Pleistocene and early Holocene Hetetgtonet al, 2003, 2004;
Hetherington and Barrie, 2004), though there aneefestudies to determine whether
or not this also happened in southwestern Britisflu@bia. In southwestern
Vancouver Island, sea level dropped to 45-50 mvb@iesent in the late Pleistoscene
(R. Enkin, pers comms, 2007). If the continentadlswas exposed during the Fraser
Glaciation, it would serve as a route for the pewpbf the Americasif. Dixon,
2003; Hetheringtoet al, 2003).

Figure 5.23 shows the position of sea level retaty present. The relative
sea level is compared to the topography of ETORGBAA, 1988). At 16.0 cal kyr
BP, ice sheets covered most of southwestern Bri@shumbia. Because of
depression caused by the ice sheets, the contiremdd did not become exposed

during the glacial maximum. By 14.5 cal kyr BP, chuof the west coast of
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Vancouver Island and the Juan de Fuca Strait wegtadiated. At this time, the
coast was still near present. By 13.5 cal kyr BE éntire Strait of Georgia was
deglaciated. Sea level in the Strait of Georgia Wagher than present, causing the
Strait to be much more extensive than present. t&ed/ancouver Island shoreline
was still near present, indicating that the shedswstill depressed. By 11.5 cal kyr
BP, large areas of the continental shelf were eaghas western Vancouver Island.
This indicates that glacio-isostatic adjustment aksost complete by this time and
the shelf was exposed due to low eustatic sea.level

People migrated to the Americas by about 12.588/(14.3-14.8 cal kyr BP),
indicated by cultural deposits found in Monte Ver@ile (Dillehayet al, 1982).
Ice free conditions existed in central coastal suaaBritish Columbia as early as 13
790 = 150 yr BP (16.2-16.7 cal kyr BP, TO-3738),iahhlends support to the
hypothesis of a west coast migration route for jeeop the Americas (Hetherington
et al, 2003). However, from modelling of sea level be tvest coast of Vancouver
Island, relative sea level was high enough thatetm&re shelf remained submerged
during the Fraser maximum. Therefore, the coastdke became available only after
coastal areas became deglaciated. The oldesbleeliate from coastal Vancouver
Island is a wood fragment, which has an age of-15.% cal kyr BP (Blake, 1983;
Table 3.2 in Chapter 3). This date is likely adlomaximum, and the entire west
coast probably did not become deglaciated untdraf6.0 cal kyr BP. A mountain
goat bone dates to 14.1-14.4 cal kyr, indicatingt the retreated far enough away

from the coast to allow animals to populate wes¥éancouver Island (Al-Suwadi et
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al., 2006). Though nunataks near the coast may hapported life during
throughout the Fraser glaciation (Hebda al, 1997), they probably remained
inaccessible to migrating people during the Frasexximum. The west coast
migration route likely remained unavailable whileetCordilleran ice sheet reached
the Pacific Ocean, an interval that lasted betw#®f9 cal kyr BP. Since the
younger date only allows a few hundred years fapfeto reach the Monte Verde
site, it is more likely that people migrated beftine Fraser maximum if the coastal
route is the way that people first entered the Acast
5.6 Summary

A new ice model that fits geological, radiocarb@md relative sea-level
observations in southwestern British Columbia isspnted here. The modelling
found that there is no unique asthenospheric mamt®osity to explain the relative
sea-level data. The mantle viscosity that bestthe observations depends on the
asthenospheric thickness. The optimal viscositjies are between 3x¥0and
4x10"° Pa s over a range of thickness from 180-380 knis Viscosity is 1-2 orders
of magnitude lower than the asthenosphere in the2 \fivbdel (Peltier, 1998). A
thicker asthenosphere (>240 km) with a larger \8gggprovides a better fit to the
Victoria sea-level curve, though the central andtheon Strait of Georgia fit well
regardless of asthenosphere thickness. The resp®asmost completely insensitive
to the mantle viscosity below the asthenosphere.

Several issues remain unresolved. The effectaoffiéld ice sheets is
unknown at this point, due to the vastly differe@rth structure of southwestern

British Columbia compared to continental North Amoay though it is expected to be
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small. The observed sea-level change during tHg Balocene is not fit regardless
of ice sheet or earth model. This is likely retbte a combination of changes in earth
structure north of the Cascadia subduction zone skoer deglaciation of central
British Columbia. Current vertical motion due tlago-isostatic adjustment is less
than 1 mm yr, though this value may be different due to therexfeentioned
problems.

Modelling of paleo-shorelines indicates that thentmental shelf off
Vancouver Island remained submerged during theeFrsiaximum. The shoreline
remained near present until after 13.5 cal kyr B.11.5 cal kyr BP, large areas of
the shelf became exposed as glacio-isostatic awgugtcompleted. The implication
of this is that any coastal migration route for ge®pling of the Americas was cut off

during the Fraser maximum when the ice sheets eebitte Pacific Ocean.



129

Chapter 6 - Conclusions

6.1 Victoriarelative sea level
A new relative sea level curve was developed fmtdria, British Columbia

for postglacial times. The constraints were takem several cores from isolation
basins collected in 2000 and 2001, as well as fpoeniously published data over the
past 45 years. The samples range in age from 8526 000 cal yr BP. The data
provide tight constraints on relative sea leveVintoria at elevations greater than -4
m. Below -4 m, there are only loose constraintsedative sea level due to a lack of
data.

Relative sea level in Victoria rapidly droppednfra highstand position to
below present levels during late glacial times befasing to near present levels in
the Holocene. Shortly after the Victoria area waglaciated at about 14 300 cal kyr
BP, sea level stood at a 75-80 m highstand positi®ea level fell rapidly to 0 m at
about 13 200 cal yr BP. The lowstand position Wetsveen -11 and -40 m, though
analysis of crustal response favours the maximuse.céSea level slowly rose after
reaching the lowstand position, and by 4000 to 6€41Q/r BP, sea level was within a
few metres of present.

Relative sea-level in Victoria differs somewhaonfr that observed in the
central and northern Strait of Georgia. The highdtposition in Victoria is 75-100
m lower than in the central and northern StraiGebrgia, probably due to the closer
proximity to the edge of the Cordillera ice sheed @arlier deglaciation. Sea level

fell below present levels sooner than further nolty up to 1000 to 2000 years.
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Relative sea level in the central and northernitSéfaGeorgia rose to within a couple
of metres of present up to 2000 years before Mitor
6.2 Modelling

The new relative sea-level curves from Victortee tentral Strait of Georgia
and the northern Strait of Georgia provided tigbhstraints on postglacial crustal
movements. The earth models had a 60 km elatti@sphere, an asthenosphere of
variable thickness and viscosity, and a transitemme and lower mantle with
viscosity based on VM2 (Peltier, 1998). Predicsed-level using the ice model of
Jameset al. (2000) and Clague and James (2002) was unablet tthef good
postglacial sea-level constraints from southwedBgitish Columbia.

A new ice model was developed to improve the fippredicted sea level.
Based on a review of constraints on ice sheet advand retreat, changes were made
to the ice sheet model. The ice sheet reachedkarmm position sometime between
17 and 15.4 cal kyr BP. After 15.4 cal kyr BP, ibe sheet rapidly retreated, and by
13.9 cal kyr BP, the ice sheets no longer occuthiedtrait of Georgia. The ice sheet
model has a significant loss in volume between 38® 12.9 cal kyr BP. From 12.9
to 11.5 cal kyr BP, there is a slight increasece volume, coinciding with ice sheet
advances that happened at this time. By 10.7yaBR, the remnant portions of the
ice sheet were at present levels.

The newly developed ice sheet model provides porese that fits late glacial
sea level in southwestern British Columbia. Foche&hoice of asthenosphere
thickness, there is a viscosity value that fits thea-level constraints. For

asthenosphere thicknesses between 140-380 km,ptif@ab viscosity is between
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3x10'® and 4x16° Pa s. The modelling showed that there is almostensitivity to
the viscosity of the mantle below the asthenosph&te modelling could not resolve
the early Holocene sea-level rise observed in thetral and northern Strait of
Georgia. The predicted lowstand position for Vi@os closest to the maximum
scenario.

The modelling results allow for the calculation @plift rates and paleo-
shorelines. The predicted present day uplift raresless than 0.5 mm¥iand are
smaller when the effects of farfield ice sheets ao¢ taken into account. The
predicted shorelines during glacial and postglaamaés show that sea-level remained
high throughout the Cordilleran ice sheet maximang that the continental shelves
did not become exposed until after 13 cal kyr BFhe implication of this is that
people would not be able to migrate down the Racibast while the Cordilleran ice
sheet was at its maximum.

6.3 Recommendations for futurework

Although the modelling was successful in predigtiate glacial sea level in
southwestern British Columbia, there are severastanding issues to deal with.
First, the modelling over-predicted the sea-lewgldtand position in the central and
northern Strait of Georgia. Although the modeled-fevel rise to present in the mid-
Holocene for Victoria was close to observed tirhe, modelling could not predict the
earlier rise to present levels observed central modhern Strait of Georgia. A
farfield ice sheet model was not incorporated i@ thodelling, due to the different

Earth structure outside the Cascadia subduction.zon
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Several things could be done to improve future rimgde studies. It is
recommended that a three-dimensional earth modeldoeporated into the analyses
to provide a more accurate viscosity model witthie Juan de Fuca subduction zone.
If this three-dimensional model was extended eastwa modern far-field ice sheet
model such as ICE-5G (Peltier, 2004) could be ipoated. More relative sea level
observations would improve the constraints on megjipostglacial crustal response.
Finally, additional constraints on ice sheet higt@uch as exposure dating, would

provide better constraints on ice sheet history.
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