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ABSTRACT

SEAFLOOR GEOLOGY, DEGLACIAL HISTORY, AND EARLY POST-GLACIAL

EVOLUTION OF EASTERN JUAN DE FUCA STRAIT

by
Antony T. Hewitt

University of Ncw Hampshire, May, 2002

Seismic-reflection data, bathymetric data, and sediment cores were used to map
the seafloor geology of eastern Juan de Fuca Strait, and interpret the stratigraphy in terms
of the latest deglacial episode and associated sealevel change. The surficial geologic
units comprise bedrock (unit 1), ice-contact diamicton (unit 2), glacial-marine sediments
(unit 3), and post-glacial sediments (unit 4). Bedrock crops out near Vancouver Island,
and diamicton crops out in the numerous morainal banks. A series of banks running
roughly north-south in the middle of the strait divides it into two areas based on the main
surficial units; post-glacial sediments dominate to the east and glacial-marine sediments
to the west. Subunits within the glacial-marine sediments suggest progression from an
ice-proximal to ice-distal depositional environment during glacier retreat. There is
currently little sediment input to the strait, so most modern sediments consist of reworked

glacial deposits that occur in banks and coastal exposures.
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The strait was deglaciated rapidly; in about 100 years at a rate of 475 m/yr. Ice
retreat was probably episodic, however, with times of rapid calving retreat separated by
periods when retreat paused on morainal banks.

After the period of maximum marine submergence following deglaciation,
isostatic rebound caused relative sealevel to fall to a level lower than present. A number
of drowned features indicate sealevel fell to 55 m below present sealevel (-55 m) by
11,280 yr B.P., then reached the low stand maximum of around —-60 m by 10,720 yr B.P.
During regression, sealevel fell 150.4 m at an average rate of 59.0 mm/yr; meanwhile the
eustatic rise was 37.3 m, yielding an average rate of crustal uplift of 73.6 mm/yr. During
the subsequent transgression, sealevel rose to a depth of -55 m by 10,630 yr B.P,, then a
depth of <44 m by 9,880 yr B.P., and =33 m by 8,910 yr B.P. by 10,700 yr B.P. most
isostatic adjustment was complete and eustatic rise dominated, resulting in a gradual
transgression toward the present. Relative sealevel rose 60.4 m during transgression at
5.6 mm/yr, while the eustatic sealevel rise was 61.4 m, giving an average rate of crustal

uplift of less than 1 mm/yr.
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CHAPTER1
INTRODUCTION

Juan de Fuca Strait is the principal marine connection between the Pacific Ocean
and inner shelf waters of southern British Columbia and Washington (Fig. 1), and is a
major international shipping route to two large cities, Vancouver and Seattle, and several
smaller settlements situated around the borders of the Strait. A growing population and
expanding industry and tourism in both countries will increase pressure on the Strait’s
usage. It has become increasingly important, therefore, to monitor the natural
environment, including the seafloor geology. Knowledge of the geology is required for
proper environmental protection and management of offshore resources, including
potential mineral deposits (e.g. aggregate), fish habitat, and installation of offshore cables
and pipelines. Seismicity along crustal faults may pose a significant hazard, especially
since earthquakes in the marine environment can generate tsunamis, impacting coastal
communities and facilities.
There have been few previous investigations into the seafloor geology of Juan de
Fuca Strait (Anderson, 1968; Mayers and Bennet, 1973; Linden and Schurrer, 1988;
Dethier, et al, 1995). This is the first to focus on the eastern portion of the strait (Fig. 1).
The study area will henceforth be referred to as eastern Juan de Fuca Strait. The
objective is to map the seafloor geology and study the stratigraphy in order to understand
the deglacial and sealevel history. The main near-surface geologic units will be

characterized in terms of their seismic-reflection character, lithology, physical properties,
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Figure 1. Map of the study area in eastern Juan de Fuca strait, showing places referred to in the text. Selected topographic
and bathymetric contours are in meters. The study area is about 80 km west-east, and 55 km north-south.




age, and then the distribution of these units will be mapped based on high-resolution
seismic-reflection records and bathymetric data. The mapping effort, along with new
radiocarbon dates, will complement interpretation of the late Pleistocene sequence
stratigraphy and lateral facies relationships (system tracks) in order to understand the
latest glacial and deglacial episode and subsequent sealevel change.

Juan de Fuca Strait was the main conduit to the Pacific for late Pleistocene
glaciers flowing from the mainland in southem British Columbia and Washington, but
compared with surrounding land areas and Puget Sound, details of the straits deglacial
history were less well known, including its complex post-glacial sealevel history. In
particular, the magnitude and age of the low stand is a missing control point critical in
establishing an accurate sealevel history for this region, and separating the eustatic,
isostatic, and neotectonic contributions to sealevel change. Obtaining this information
about the low stand bares directly on assessment of the seismic hazard in southern British
Columbia and Washington State. The eastern strait was deeply buried by ice during the
last glaciation, and once ice retreated, some of the isostatic readjustment would have
occurred along crustal faults as earthquakes. In the marine environment, such
earthquakes have the potential to be particularly destructive because of the danger of
tsunamis. Earthquake frequency was probably greater during the early Holocene than at
present, as this is when most of the isostatic adjustment occurred (Thorson, 1996). In
order to use the geologic record of past earthquakes as an indication of future frequency
requires knowledge of when the crust had recovered from ice loading. The elevation and

timing of high and low sealevel stands is also important, since this allows quantiﬁcation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of the total amount and rates of vertical motion, both critical parameters in models of

crustal dynamics.

Geologic Settin

Juan de Fuca Strait lies within the structurally complex continental margin of the
Pacific Northwest, where subduction of the Juan de Fuca Plate occurs beneath North
America. Within this setting, the strait is part of a linear topographic depression (Puget
Sound, Eastern Juan de Fuca Strait, and Georgia Strait) bounded by Vancouver Island
and the Olympic Mountains to the west and the Cascade Range volcanic arc to the east.
Juan de Fuca Strait has been a marine embayment since its formation, a result of crustal
compression and folding during the Eocene (Mayers and Bennet, 1973). Since then,
tectonic processes, igneous intrusion, erosion, and deposition of clastic sediments have
modified its morphology. The regional geology has been summarized by Johnson ez al.
(2001b), but in brief, the pre-Quaternary geology consists of pre-Tertiary meta-sediments
and igneous rocks, middle-Eocene submarine volcanics, Oligocene and Pliocene
nearshore marine sedimentary rocks, and Eocene-Oligocene gabbros. The strait occurs
over a major northwest-trending crustal boundary between basement rocks of the pre-
Tertiary Cascades province to the northeast and the Eocene Coast Range province to the
southwest. The province southwest of this boundary is part of a forearc sliver consisting
of Eocene volcanic basement and overlying sedimentary rocks. Major crustal faults
trending through the study area include the Southerm Whidbey Island fault, the Leech
River fault, and the Devils Mountain Fault. These faults are potentially active (Mosher et

al., 1997; Johnson et al., 2001a).
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The bathymetry of the strait is quite variable as a result of the many shallow
banks and intervening deep troughs. These were formed from glacial erosion and
deposition during the late Quaternary, when the strait was occupied several times by
lobes of continental ice. The Quaternary sequence consists of glacial and interglacial
deposits that are locally as thick as 1,100 m (Johnson et al., 2001c). The uppermost
section of the sequence is the product of retreating glaciers of the last glaciaton, which
left a thick sequence of ice-contact and glacial-marine sediments. Previous investigations
of these sediments in the western strait (Anderson, 1968; Mayers and Bennet, 1973), in
the approaches to Esquimalt Harbour (Linden and Schurrer, 1988), and on Whidbey
Island (Domack, 1983), each identified similar lithologic units: post-glacial mud and sand
overlying one or more units of glacial-marine mud. The glacial-marine sediments, in
turn, overlie either ice contact sediments of the last glaciation, or in rare cases when this
is absent, older Quaternary sediments or pre-Quaternary basement rocks. Currently, there
are only a few small rivers flowing into eastern Juan de Fuca Strait. As a consequence,

there is relatively little modem-day sediment input.

Glacial Histo

During the Pleistocene, eastern Juan de Fuca Strait was occupied several times by
lobes of continental ice. Blunt et al. (1987) and Easterbrook (1992, 1994) described
several distinct glacial drift units on land. These units comprise till, outwash, and
glaciomarine deposits of the Double Bluff and Westlynn Drifts (~250,000-120,000 yr
B.P.), and the Possession, Semiahoo, and Dashwood Drifts (~80,000-60,000 yr B.P.).

Associated interglacial strata deposited in fluvial environments include the Whidbey and
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Muir Point Formations (~120,000-80,000 yr B.P.) and the Olympia beds and Cowichan
Head Formation (~60,000-30,000 yr B.P.).

Late Wisconsinan (Marine Isotope Stage 2) glaciation, known locally as the
Fraser Stade glaciation, began after 28,800 + 740 'C yr B.P. (GSC-95) in British
Columbia (Clague., 1981), when alpine glaciers advanced down mountain valleys and
coalesced in the northern Strait of Georgia. From there, the ice cap began a slow
southward expansion, reaching the vicinity of Victoria on Vancouver Island by 22,600
“C yr B.P. (Clague er al., 1980), where the advance stalled and large quantities of
proglacial outwash were deposited (Clague, 1977). After 16,000 + 180 to 16,100 + 150
'*C yr B.P. (GSC-4355 and GSC-4363; Clague et ai., 1988), the Vashon stade began and
ice advanced westward and southward as the Juan de Fuca and Puget Lobes, respectively
(Armstrong et al., 1965; Mullineaux et al., 1965; Armstrong and Clague, 1977; Hicock et
al., 1982; Easterbrook, 1992; Porter and Swanson, 1998). Ice reached the northern Puget
Lowland (48°N) at around 15,000 '“C yr B.P. (several dates in Porter and Swanson,
1998). There are no dates closely constraining the time when ice was at its terminal
position in the Puget Lowland, but based on the average advance rate, it arrived at its
terminal position at about 14,150 '*C yr B.P. (Porter and Swanson, 1998). The Juan de
Fuca Lobe reached the shelf edge through Juan de Fuca Strait (Herzer and Bomhold,
1982) shortly before 14,460 + 200 e yr B.P. (Y-2452; Huesser, 1973). Estimates of ice
thickness at the glacial maximum are 1500 m near Victoria, 800 m at the western end of

the Juan de Fuca Strait, and 1000 m near Seattle (Alley and Chatwin, 1979; Thorson,
1989).
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The Puget Lobe probably remained at its maximum limit for 100 years or so
before it began retreating (Porter and Swanson, 1998). By 13,600 + 280 to 13,700 £ 150
e yr B.P. (QL-4065 and QL-4067), it had receded to a position near Seattle (Porter and
Swanson, 1998). Deglaciation of the Juan de Fuca Lobe is not nearly so well known, but
it seems to have begun around 14,460 * 200 '*C yr B.P. (Y-2452; Huesser, 1973) and
retreated rapidly, reaching Whidbey Island by 13,595 + 145 "C yr B.P. (Dethier et al.,
1995). When the retreating Juan de Fuca Lobe reached Admiralty Inlet, ice blocking the
entrance to Puget Sound was removed, allowing marine incursion and accelerated
destruction of the remainder of the Puget Lobe (Thorson, 1980). At approximately the
same time that the Puget Lowlands and adjacent areas were inundated, glaciers calved
rapidly northward toward the San Juan Islands and had receded to the international

boundary, north of the study area, by 13,000 **C yr B.P. (Armstrong, 1981).

Sealevel History

In eastem Juan de Fuca Strait, the relationship between glacio-isostatic
depression, postglacial rebound, and eustatic sealevel change is complex, and likely
further complicated by neotectonic activity. The region has undergone two
transgressions separated by a regression since the last deglaciation. Evidence for high
stands is found in land exposures of former marine sediments deposited when the crust
was still isostatically depressed shortly after ice retreated. The marine limit during the
initial transgression appears to have been fairly uniform from west to east, but increases
northward from +50 m along the Olympic Peninsula to +90 m near Victoria (Dethier et

al., 1995; Huntley ez al., 2001); a result of the thicker ice cover in the north. The period
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of maximum submergence in the Victoria area, of +90 m, occurred at 13,270 + 60 '*C yr
B.P. (Huntley ez al., 2001). Isostatic rebound then caused sealevels to fall, eventually
reaching a level the same as today at 11,700 + 170 "*C yr B.P. (I-3675; Clague et al.,
1982), but sealevel continued to fall since eustatic sealevel was still lower than present,
resulting in emergence of areas now underwater.

Near Ediz Hook, submerged shoreline features have been observed at -30 m (U.S.
Army Corps of Engineers, 1976), and on southern Vancouver Island, there are many
features that suggest at least 10-15 m lowering. These features are discussed in Mathews

et al. (1970) and Clague et al. (1982), and summarized below:

1. Subaerially leached shells and oxidized marine sediments in Esquimalt

Harbor at -9 m.

2. Drowned post-glacial river mouth at Ladysmith 80 km north of Victoria
at -10m.

3. Drowned post-glacial river mouths at Metchosin 25 km west of Victoria
at-10 m.

4. Unconformities and wave-cut terraces formed below the modem level of
wave erosion are seen in seismic-reflection profiles at -9 to -15 m in

numerous bays and inlets on southern Vancouver Island.
There are no dates from the above features, and previous to this study, there are

only a few published dates that constrain sealevel in the area. In Portage Inlet, Victoria, a

peat layer at -6.1 m is found between marine sediments. The sequence consists of
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glacial-marine clay grading upward into glacial-lacustrine clays, overlain by peat, then
marine sediments of non-glacial origin. The glacial lacustrine clay dates to 11,700 + 170
'“C yr B.P (I-3675). Dates within the peat layer are 9250 + 140 '*C yr B.P. (I-3676) near
its base and 5470 £ 115 '“C yr B.P. (I-3673) near the top, suggesting Portage Inlet was
subareal between these dates. Eustatic rise eventually submerged Portage Inlet again
after 5470 + 120 '*C yr B.P. as sealevel rose toward the present level (Clague er al.,
1982). Oceanographic conditions and a depositional environment similar to the present
were probably established by this time throughout the strait.

The evidence discussed above does not unequivocally indicate the greatest depth
of the low stand, for which the only evidence was (before this report) an erosional
unconformity in glacial-marine sediments off Esquimalt that was traced to a depth of -55
m, and dated between 9670 + 140 '*C yr B.P. and 10,650 * 230 '*C yr B.P (RIDDL-265
and RIDDL-258, respectively; Linden and Schurrer, 1988). It was suggested this
unconformity is a result of shallow water erosion (Linden and Schurrer, 1988), but
without supporting evidence for the regional continuity of the unconformity, the claim for
a low stand of this magnitude has not been accepted, generally. The magnitude and age
of this low stand is a critical control point in establishing an accurate sealevel history for

this region, and for separating the eustatic, isostatic, and neotectonic contributions to

sealevel change.
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CHAPTER 11
METHODS

Seismic Data

High-resolution seismic-reflection profiles were collected using Huntec and
IKB™ Seistec boomer systems (Hutchins et al., 1976; Simpkin and Davis, 1993), and an
airgun single-channel system described in Mosher et al. (1998). A total of 2169 km of
Huntec profiles were collected in 1996 and 1997 (Mosher and Johnson, 2001), and
several hundred kilometers of Seistec data were collected along the Victoria waterfront
(Mosher and Bomhold, 1995). During the 1997 survey, around 800 km of single-channel
airgun seismic-reflection data were simultaneously collected with Huntec boomer
operations. Survey track-lines are shown in Figure 2.

The Huntec system uses a deep-towed boomer source with a frequency bandwidth
of 0.5 to 6.0 kHz. The Huntec tow fish contains an internal receiving array designed for
acquiring high frequencies and yields a vertical resolution of about 0.10 m. The system
also was fitted with a 20-element external receiving array, which, through channel
summation, has a higher signal to noise ratio for lower frequencies and, therefore, yields
better subbottom penetration, but poorer resolution (approximately 0.25 m). The Seistec
system uses a surface-towed boomer source with a frequency bandwidth of 1.0 to 10.0
kHz and an internal receiving array that can resolve layering to better than 0.10 m. The
single-channel source employed two 1.64 L (10 in’) airguns suspended in a frame, 0.5 m

apart and towed at a depth of 0.5 m, 15 m behind the ship. The source frequency

10
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inset maps in the left corner indicates the location of the 1999 cores and the area where Seistec data was collected. The
location of selected figures are indicated by thick lines.



spectrum spans 1.4 kHz. Two different streamer receiving arrays were used: (1) A
Benthos array, having 50 hydrophones with 0.15 m spacing, towed just below the
surface, 30 m behind the ship; and (2), a Teledyne array, having 25 hydrophones
separated by 1 m, towed at 3-m depth, 50 m behind the ship. The two receiving arrays
provide different imaging characteristics. The Benthos array is designed for high
frequency acquisition. The Teledyne array is longer, sums more channels, and is
designed to acquire lower frequencies and image deeper into the subsurface. Seismic
profiles imaged from the data acquired with the Benthos array proved the most useful,
although in some profiles prominent water-bottom multiples obscure subsurface details.
Vertical resolution with the Benthos array is better than 0.5 m.

Seismic data were processed and imaged using Kingdom Suite 2D/3D PAK from
Seismic-Microtechnology, Inc. On seismic imagery, depths to seafloor are from
bathymetric data, and depths to sub-seafloor reflections are based on measurements of
average sound velocity in the sediment (see following section on sediments cores), or
where these measurements are unavailable, a velocity of 1500 m/s was assumed. All

depths are expressed in meters below present sealevel.

Bathymetric Data
Over 600,000 single-beam bathymetry soundings were provided by the Canadian

Hydrographic Service (CHS) and National Oceanic and Atmospheric Administration
(NOAA) of the United States. In addition, several multibeam sonar surveys were
conducted off southern Vancouver Island using Simrad EM3000 and EM1002 systems.

The surveys were conducted by the CHS, the Geological Survey of Canada, and the
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Department of National Defense. The EM3000 is mounted on the H/V Revisor, and the
EM1002 is mounted on the CCGS R.B. Young. The EM3000 is a high frequency (300
kHz) system designed for mapping in shallow water (< 150 m). It has 127 beams per
ping in an angular sector of up to 130 degrees, and can map a swath as wide as 4 times
the water depth. The EM1002 operates at frequencies of 98 kHz for the inner swath
(nadir £50°) and 93 kHz for the outer swath (>50°), and is designed for mapping in water
up to 1000-m deep. It has 111 beams per ping in an angular sector of up to 150 degrees

and is capable of mapping a swath of up to 7.5 times the water depth.

Sediment Cores

Coring targets were selected to provide stratigraphic information and to
investigate targets identified from seismic-reflection data. A total of 36 cores were
collected using a Benthos™ piston corer or an Aymers-MacLean™ vibro-corer. Their
locations are shown on Figure 2. After recovery, all cores were sealed and kept in
refrigerated storage. Cores were later split, described and measured for the following
physical properties: (1) particle grain-size was measured using a Sedigraph™ (X-ray
absorption) for the fine fraction (<63 um), and by settling tower (particle settling
velocity) for the sand fraction (>63 um and <2 mm), and by sieve for grains larger than 2
mm. Samples for grain-size analysis were taken at intervals of ~20 cm in selected cores
that are considered representative of the various seismic-geologic units; (2) magnetic
susceptibility was measured at S-cm intervals, using a 6-cm-wide, 10.5-cm diameter
whole-core coil sensor from Sapphire Instruments™; (3), micro-resistivity was measured

at an interval of 5 cm, with a 4-pin Wenner array probe. The pins were 4-mm long and
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separated by 2 mm; (4) the velocity of sound in the sediment was measured with an IKB
Technologies™ digital sound velocimeter that uses a pair of transducers, separated by ~7
cm and inserted longitudinally into the core. These data were acquired at an interval of
10 cm; (5) undrained shear strength was measured with a motorized Wykeham-
Farrance™ miniature shear vane, at 20-cm intervals; (6) wet bulk density and dry bulk
density were measured on constant volume samples (~10 cms) at an interval of 10 cm.
Additional information on physical properties measurements is given in Appendix A.

A total of 40 samples were removed from the cores, identified, and submitted to
Laurence Livermore National Laboratory for AMS radiocarbon dating (Table 1). Marine
Mollusc shells were used as the source of carbon, except in two instances where a piece
of wood and a fish bone were used. If whole shells existed, they were selected for dating
as they were more likely to represent an in situ, undisturbed sample. More typically,
however, reworked shell fragments were all that were available. The ages reported in
Table 1 are in radiocarbon years determined using the conventions of Stuiver and Polach
(1977). To account for differences between atmospheric and ocean carbon reservoirs,
there are two suitable corrections for marine shell dates from eastern Juan de Fuca Strait.
Robinson and Thompson (1981) determined a reservoir correction of -801 £ 23 yr from
samples collected in Sooke, and a correction of -798 + 50 yr was determined for a single
wood/shell pair from Saanich Inlet (Bommhold ez al., 1998). Since these two corrections
are similar, the correction of 801+ 23 yr is adopted since it minimizes error. Reservoir
corrected ages were converted to calendar years B.P. using CALIB 4.3 (Stuiver et al.,
1998) (Table 1; Figure 3).
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Table 1. Cores, their assignment to seismic-geologic units (see text), and AMS radiocarbon dates
along with their reservoir corrected and calendar age equivelents. Table is continued on following page.

" Core Longitude Lattude Water Core  Sample Depthin Raw "C Age’ +-Emor _ Comecled™ Colondar age range  Material  Unit
Number o) o) m (m) Number core(cm) (Vr8.P) (VrBP) “CAge(VrBP) Max.-Min. (Yr-B8.P.°) Dated
TULGGB-01 12267772 4B.19557  131.0 1.2 - - - - - - - [
TULS6B-02 -123.67477 4B.19542 1375 164 . - . - - - - 33
TULDGB-03 -12348792 48.38683  71.3 are 58672 20 1720 40 919 953.749 shell  4a
TULGEB-03 -12348792 48.36683  71.3 are 58673 360 11900 50 11099 13158 - 12861 sheil  3a
TULOEB-04 -12283417 48.28350  118.9 363 58674 63 1190 40 389 502 - 328 shell  4a
TUL96B-04 -122.83417 4828350 1189 363 58675 319 8310 50 7509 846 - 8257 shell  4a
TULO6B-05 -12283677 48.28313 1207 5.83 58676 63 8560 40 (4] 8883 - 8520 shell  4a
TULGBB-05 -122.83677 48.28313  120.7 5.83 58677 210 10630 50 9829 11591 - 10843 sholl 42
TULDEB-05 12283677 48.28313  120.7 5.83 50678 3713 10780 50 9079 11696 - 10867 shell  4a
TULOGB-08 12283895 4B8.28305 1225 5.65 56679 85 10690 50 9889 11625 - 10855 shell  4a
TULSBB-0B -122.83895 48.28305 1225 565 50680 479 10930 50 10129 12074 - 10887 shell  4a
TULSGB-07 -122.84350 48.28283 1244 347 56681 64 13300 60 12589 15523 - 14172 shell  3a
TULOEB-08 -122.78783 48.38317  82.0 403 . - - - - . . 4
TULGEB-09 -122.68107 4838343  93.0 aro . - - - - . - 4
TULOGB-10 -123.10567 4830013 87 0.19 . - - - . . - 4
TULO6B-11  -123.10670 4828973 880 026 - . - - - . . 4a
TUL96B-12 -123.39400 4840133 648 203 - . - . . - - 4
TULGGB-13 -12346425 4828478  158.0 0.10 - - . . - - - 3
TULOEB-14 -123.20867 4838333 720 204 . - - - - - - 3
TULOGB-16 -123.23217 4838283  87.0 0.10 . - - . - - . 4
TULOTB-01 12342075 4841652  36.1 263 - - - . - - . 4a
TULETB-02 12342630 48.41535  41.7 236 58682 3 190 40 190 190 wood  4a
TULGTB-02 -12342630 4841535  41.7 236 50683 45 1090 40 289 459 - 268 shell  4a
TULOTB-02 -12342830 4841535 417 236 58685 96 10640 50 9639 11595 - 10845 shell  4a
TULOTB-02 -12342630 4841535  41.7 236 58684 224 9880 50 9079 10545 - 9833 shell  4a
TULOTB-03 12341665 48.40960  51.0 azo - - - - - - - 4ada
TULOTB-04 -12270883 48.38283 857 448 58686 13 3660 40 2859 3223 - 2040 shell  3a
TULOTB-05 -12209042 4835807 1536 513 50688 114 10630 40 9829 11588 - 10845 shell  4b/4a
TULOTB-05 -12290042 4835807 1536 5.13 50687 123 10950 50 10149 12080 - 10889 shell 4
TULOTB-05 -12200042 4835807 1536 5.13 58680 205 13230 50 12420 15305 - 14113 shell  3a
TULE7B-08 -122.89117 4835623 1533 319 - - - - - . - 4
TULOTBOT -123.16820 48.23322 1557 165 58690 3 13250 50 12449 15411 - 14120 shel 3
TULO7B-08 12397573 48.26287 1216 347 58691 33 4320 50 3519 4049 - 3743 shell___ 4b

]

Raw '*C ages were determined using the Libby half life of 5568 years and following the

conventions of Stuiver and Polach (1977).

** Corrected "*C ages were determined using the resvoir correction of -801 +/- 23 years (Thomson, 1981).
*** Calendar age was determined using CALIB 4.3 (Stuiver, et al., 1998) and employs the

resevoir correction of -801 +/- 23 years.
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Table 1. Continued

Core Latitude _ Water Core  Sample Depthin Raw "CAge’ +-Emor _ Corected™ Calendar age range  Material  Unit
Number (o) (0)  Depth(m) Length(m) Number corefcm) (Yr8BP) (Vr-B.P) "'CAge(Yr-B.P) Max -Min (YrBP") Dated
TULB7B-09 -123.05173 48.28973 1565 457 58693 93 12670 50 11869 14047 - 13437 shell  3a
TULOTB-09 -123.05173 48.29973 1565 457 58692 133 13250 50 12449 15411 - 14120 fishbone  3a
TULSTB-10 -123.03968 48.20998  101.0 0.59 - - - - - - . 2
TULOTB-11  -123.03968 48.20993  173.7 0.10 58694 182 13470 60 12669 15603 - 14203 shell  3a
TULOTB-12 -12341362 48.39950 580 a7 58695 246 10720 60 9919 11663 - 10858 shell  4ai3a
TULBTB-12 -12341362 4839950  58.0 an 58696 325 13690 50 12889 15649 - 14381 shell  3a
TULS7B-13 -123.51308 48.33342  96.0 0.93 - - - - . . - 4a
TULB7B-14 -122.73705 48.39185 733 0.86 - - - - - - - 4
TULOTB-15 -122.80808 48.34887 1049 483 . . - - - - . 4
TULOTB-16 -122.80785 48.34905 1036 5.1 58697 k] 2510 50 1709 1823 - 1548 shell  4a
TULO7B-16  -122.80705 48.34905 1036 5.1 58698 179 11810 50 1109 13160 - 12865 shell  3a
TULBTB-16 -122.80795 48.34905  103.6 5.1 58699 192 13030 50 12229 15222 - 13708 shell  3a
TULE7B-16 -122.80795 46.34805  103.6 5.11 58700 342 13150 50 12349 15330 - 14085 shell  3a
TULOTB-16 -122.80795 48.34905  103.6 5.1 58701 504 13500 50 12699 15630 - 14213 shel  3a
TULOTB-17 -122.94027 4841022  94.9 1.10 - 0 - - . - - 4
TULOTB-18  -122.90070 48.27907  114.8 337 58702 61 9340 50 8539 9618 - 9083 shell  4a
TULOTB-18 -122.90070 48.27907  114.8 337 58703 206 9530 50 8728 9962 - 9495 shell  4a
TULO7B-18  -122.90070 48.27807  114.8 337 58704 320 9840 50 2039 10539 - 9823 shell  4a
TULS7B-19  -122.88048 48.28373  107.0 0.54 - - - - - - . 4
TULB7B-20 -122.80155 48.23363 720 0.69 - - - - . . . 3
TULGTB-21 -122.05383 48.33507 1325 38 58705 221 10580 50 9778 11576 - 10826 shell  4a
TULB7B-22 -123.23278 48.38305  75.7 0.10 - - - - - . - 4
TULS7B-23 -123.51300 48.33355 946 1.31 - - - - . - - )
TULSTB-24 -123.23375 4838288  73.0 0.10 - - - - - - - “
TULS7B-25 -123.68488 48.37483  98.6 1.53 - . - - . - . @
TULOTB-26 -123.23287 48.38285 766 0.10 - . - - - - - 4
TULES-15  -123.43000 4841960  30.7 217 62167 213 8910 50 8109 9312- 8854 shell  4a
TULSS-16  -123.42200 48.40880  48.7 169 62768 164 3600 50 2788 3165 - 2644 shell  4a
TULPS-17  -12342500 4841240  48.0 205 62531 “ 5020 50 4218 4952 - 4727 shell  4a
TULSS-17  -123.42500 48.41240  46.0 205 62532 77 6460 50 5659 6614 - 6351 shel  4a
TULGE-18  -123.42700 4841540  41.2 203 62533 55 8490 50 7689 8722 - 8404 shell  4a
TULES-18 _ -123.42700 4841540  41.2 2983 62534 132 13370 50 12569 15503 - 14168 shell _ 3a

* Raw ''C ages were determined using the Libby half life of 5568 years and following the
conventions of Stuiver and Polach (1977).

** Corvected *C ages were determined using the resvoir correction of -801 +/- 23 years (Thomson, 1981).

*** Calendar age was determined using CALIB 4.3 (Stuiver, et al., 1998) and employs the
resevoir correction of -801 +/- 23 years.



1$$$
#$3$$
"$$$
'$$%
$$%
$$8%
<8888
H$$$
3$$%
1$$$
J$S$S
#$$$

!
1$$$ A4 4 |

>888 4 #
0,
555 Z[_Z % SRA4 #

) 3

$ 335 FES IS "TSSHIIPLIFTHITSS 1SSFHESFSSSS $8F SIS 155 "$35#53%8%

14 # +?2 -' .,
# 7 % % 4 # + ( . $ )
>7 " P $ <2:<, + . $
# o+ , P # 4 6 ' 7 + ) $ <22,

<H





































































































































































































































































































































































