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Introduction:

During the last glacial, a relatively small ephemeral ice sheet lay between the moisture source of the North Pacific Ocean and the extensive Laurentide Ice Sheet (Figure 1). Known as the Cordilleran Ice Sheet, it differed in a number of important ways from its behemoth neighbor: It gained almost all of its moisture from the North Pacific via storms delivered to the North American continent by the jet stream. The ice sheet was strongly influenced by the moderately high relief landscape over which it formed, trapping moisture from incoming storms. In addition a significant portion of the ice sheet was warm-based (i.e. at pressure melting point at its bed; Clapperton 2000; Clague et al, 2002). These factors make the Cordilleran Ice Sheet a unique feature of the North American glacial landscape. The history of the Cordilleran Ice Sheet may provide important information about the position of the jet stream and consequently the Aleutian Low with major implications for the climate conditions downstream on the North [image: image1.jpg]Cordilleran |
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We propose to carefully examine the glacial-marine sediments off the coast of Vancouver Island to determine intervals of maximum ice extent, iceberg calving and meltwater input, while simultaneously generating estimates of sea surface temperatures (SST) and global ice volume within a strong chronological framework.

A number of important issues have emerged from terrestrial studies of the Cordilleran Ice Sheet. These include: 

1. The apparent asynchroneity of the ice sheet advance around the rim of the northwest Pacific Ocean (Clapperton, 2000). The early advances of the Alaskan limb of the Cordilleran Ice Sheet and the extremely late (post-Last Glacial Maximum or LGM) advances of the southern limb suggest the growth of this ephemeral ice sheet was controlled by moisture delivery via the jet stream as it shifted the entry of storm tracks onto the North American continent. Is this result, an artifact of the difficulty in dating terrestrial glacial sequences? Or does local climate play a role in this apparent asynchroneity?

2. The glaciers in the northwest Pacific alone make up 13% of the global mountain glacial area with some of the largest ice mass outside Greenland and Antarctica (Arendt et al., 2002). The incredible speed of ice accumulation and retreat of the Cordilleran Ice Sheet provides a timely warning for the future behavior of modern warm-based ice sheets. As rapidly as the ice sheet appeared to grow, it collapsed with similar alacrity, with apparently only minor readvances that may have occurred during the cool rapid climate shifts of deglaciation such as the Younger Dryas (Clague and Brown, 2002). What form did the Cordilleran Ice Sheet collapse take? 

3. Thus the Cordilleran Ice Sheet has the appearance of being short-lived. Is this ephemeral behavior again an artifact of the nature of terrestrial glacial records? Did this transient and asynchronous behavior occur during previous glacials? Dating of advances prior to 30 Ka has remained problematic, as unscathed glacial material remains scarce after the most recent major advance.  

4. Finally a possible coastal North Pacific route has been speculated for the migration of early humans to the western North American continent (Barrie and Conway, 1999: Fladmark, 1979). The presence of calving icebergs would have presented considerable difficulties for early humans attempting to occupy the American continent via the North Pacific coastal route. When was the British Columbian shelf ice covered and when did iceberg discharge occur? Such knowledge will test the feasibility of this route.

Here we propose to reconstruct the glacial history of the British Columbian limb of the Cordilleran Ice sheet using glacial-marine sediments off the coast of Vancouver Island, Canada. We will investigate particle size and sediment lithofacies to determine ice sheet growth and decay. At the same time we will generate high quality 14C dates and local sea surface temperatures based on planktonic foraminiferal 18O. We will use benthic 18O results to resolve changes in global ice volume. Our primary objectives will be:

1. Generate particle size data to use alongside the sediment fabric information from MD02-2496 to determine glacial-marine sediment lithofacies.  

2. Use the glacial-marine sediment lithofacies to establish intervals of ice sheet growth, maximum extent, retreat and confinement to mountain glaciers during the last glacial cycle by correlating with extensive terrestrial studies of recent local ice sheet behavior. 

3. Correlate ice sheet behavior with local and global climate change to determine relationships between storm tracks, the jet stream and climate forcing.

4. Assess downcore variations in glacial-marine lithofacies based on well-constrained ice sheet history from MD02-2496 alongside paleoclimate proxies within ODP Site 888.

5. Compare ice sheet behavior to local sea surface temperatures and global ice volume to determine Cordilleran Ice Sheet phasing over the last 500 kyr BP.

This study will significantly advance our knowledge of the poorly understood Cordilleran Ice Sheet. The results from this research should be applicable not only to the southern extent of the ice sheet during the Last Glacial, but also in:

(a) Understanding the glacial-marine sediment found offshore of Alaska and Northern British Columbia during the last glacial.

(b) Understanding Cordilleran Ice Sheet glacial-marine sediment deposition during previous glacial-interglacial cycles. 
This will be a breakthrough for paleoclimate studies and provide climate modelers, glacial geologists and geomorphologists with much needed constraints on glacial boundary conditions and ice sheet response to climate forcing. 
Background:

A number of excellent terrestrial studies have recently appeared on the Cordilleran Ice Sheet during the last glacial cycle (Barrie and Conway, 1999; Clapperton, 2000: Clague and Brown, 2002; Hicock et al., 1999, Mann and Hamilton, 1995). 

Today the heavily glaciated 1000 km long Alaska Range forms a major climatic barrier between moist maritime conditions to the south and the dry continental conditions of central Alaska. During the last glacial, a vast region including the northern Alaska, the Brooks and the Aleutian Ranges supported highland ice caps and valley glaciers, but little detailed mapping has been achieved in this expansive area. In contrast, during full glacial conditions the southern third of Alaska was covered by coalescent ice caps forming the northern limb of the Cordilleran Ice sheet. Glacial activity reached its maximum extent at ~20 to 18 14C kyr BP in the northern Alaska Range and ~23 to 16 14C kyr BP on the Alaska Peninsula, although there is evidence for advance prior to 24.2 14C kyr BP (Clapperton, 2000). 

Further south the Cordilleran Ice Sheet gained its greatest size in British Columbia where it was ~900 km wide and 2 km thick over much of the interior (Figure 2). The main source for the ice sheet was the high mountain ranges of British Columbia and the southern Yukon. In western British Columbia, ice streamed down the fiords and valleys of the Coast Mountains and covered much of the continental shelf (Clapperton, 2000; Clague & James, 2002). The maximum glacial extent in the southern limb of the Cordilleran Ice Sheet began after ~17 14C kyr BP, ending around 14.8 14C kyr BP (Clapperton, 2000).
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Figure 2. A. Growth and B. decay of the southern limb of the Cordilleran ice sheet during the Last Glacial (modified from Clague and James, 2002). Approximate glacier margins at 25, 20, 15, and 12 14C kyr BP are shown. Unglaciated areas within the confines of the ice sheet are not shown. Stars represent locations of cores discussed in this proposal.

During Marine Isotope Stage (MIS) 3 prior glacial activity in the Coast Mountains of southwest British Columbia and the northern Cascade Range was limited to alpine glaciers. Around ~ 25 to 30 14C kyr BP (Figure 2A) these local glaciers coalesced into the larger Cordilleran Ice Sheet. A short amelioration around 18 14C kyr BP coincides with Interstadial 2 recorded in the Greenland Ice Sheet (Table 1; Clague and James, 2002; Clapperton, 2000). After this interstade ice build up occurred extremely rapidly with the ice sheet doubling or quadrupling in area within 4,000 years. The Cordilleran Ice Sheet reached its maximum southern extent by ~14.5 14C kyr BP (Figure 2A.), covering all of southern British Columbia to thicknesses as great as 2 km, reaching the edge of the British Columbian continental shelf and extending south into Washington state (Blaise et al., 1990; Clague & James, 2002). The Coast Mountains were a very important source of ice during this interval, as demonstrated by the overtopping of the mountain spine of Vancouver Island from this ice source, as well as the nourishing of massive outlet lobes that flowed westward to the Pacific Ocean (Juan de Fuca Lobe) and south to Washington state (Puget Lobe; Clague & James, 2002). The Juan de Fuca Lobe flowed westward along the Juan de Fuca Strait delivering ice to the continental shelf of southern Vancouver Island (Clague & James, 2002). This Lobe would most likely be the source of ice rafted detritus (IRD) seen at the sites mentioned in this proposal due to the prevailing northwest current direction of the Alaskan Gyre on the North American Margin.  

Table 1. Radiocarbon and Calendar dates for the ages of glacier fluctuations in southwest British Columbia (adapted from Clague and James, 2002; Clapperton, 2000).

	14C Kyr BP
	Calendar ka
	Canadian chronostratigraphy
	European chronostratigraphy

	11.2
	13.1
	Sumas 2 Advance
	Younger Dryas

	12.5 to 11.9
	13.9
	Sumas 1 Advance
	Older Dryas

	17 to 14.8
	
	Vashon Advance
	

	18.7 to 17
	21.5 to 20.2
	Port Moody Interstade
	Interstadial 2

	21.3 to 18.7
	25.6 to 22.4
	Coquitlam Advance
	

	28 to 21.3
	33.9 to 25.6
	Olympia Interstade
	

	35 to 28
	42 to 33.8
	Oak Harbor Advance
	

	> 35???
	
	Interstade ???
	???


The collapse of the southern limb of the Cordilleran ice sheet within 3000 years following maximum extent was as impressive as the rate of ice growth. The grounded ice on the continental shelf off Vancouver Island and the Juan de Fuca Lobe both retreated rapidly as they came into contact with eustatically rising seas. A calving embayment began in the Georgia Strait about 13 14C kyr BP and the strait was completely deglaciated shortly thereafter (Figure 2B; Clague and James, 2002; Cowan, 2001). The Cordilleran Ice Sheet persisted until ~ 11 to 10.5 14C kyr BP, but later retreat was slow as the glaciers were stabilized at pinning positions in front of the Coast Mountains, fluctuating around those positions for 1.5 to 2 kyr. These minor advances (known as Sumas) were on the order of 2 to 20 km, with Sumas 1 occurring around 11.9 14C kyr BP (or 13.9 Ka) during the Older Dryas. Younger Dryas advances are recorded in the Canadian Rockies and in the Coast Mountains and in general the snowline was several hundred meters lower than during the neoglacial (Clapperton, 2000; Friele and Clague, 2002). By 9.5 14C Kyr BP the glaciers in the Coast Mountains were probably no more extensive than they are today. At the time of the ice sheet collapse in southern British Columbia, the glaciers in the northern limb of the Cordilleran Ice Sheet were readvancing (15 to 1314C kyr BP in the Alaska Range and 13.5 to 11.7 14C kyr BP on the Alaska Peninsula). 

Several regional paleoceanographic studies exist however, they do not penetrate beyond the LGM. An alkenone record was produced from a 4m core collected very near the site of MD02-2496 that demonstrates during the last 16 Ka, sea surface temperatures (SSTs) reflected a Northern Hemisphere climate response similar to the air temperatures over Greenland. SST shifts on the order of 5°C occur during the rapid climate events of deglaciation (the Bølling, Ållerød, and Younger Dryas) demonstrating a significant local response to global climate forcing (Kienast & McKay, 2001). These rapid rates of SST change imply a strong atmospheric coupling between the northeast Pacific and the North Atlantic either via the Arctic or the jet stream (Fawcett et al., 1997; Kienast & McKay, 2001). During the Younger Dryas depressed salinities and temperatures in the Queen Charlotte Sound have been implicated in a modification of regional weather patterns associated with a strengthening of the Aleutian Low (Mathewes et al., 1993; Patterson et al., 1995). 

Modern glacier distribution in the North Pacific is primarily controlled by topography and precipitation. Presently abundant moisture along the west coast of North America accompanies the dominant position of the jet stream by defining the main path of Pacific storms (low pressure systems; Clapperton, 2000; Hicock et al., 1999). The data indicate that despite MIS 2 cooling by the Last Glacial Maximum (LGM; 18 14C kyr BP based on CLIMAP data; CLIMAP project members, 1976) the Cordilleran Ice Sheet had not yet achieved maximum extent in southern British Columbia and Washington (Figure 2A; Clague & James, 2002; Clapperton, 2000). It also appears that advances in some regions of the Cordilleran Ice Sheet coincided with retreats in others. Potentially, the rapid growth of the Cordilleran Ice Sheet along the North Pacific rim was the product of precipitation from a storm track controlled by the jet stream. Changes in the position of the jet stream as it enters the North American continent would result from shifts in the positions and strengths of the Aleutian Low and North Pacific High, as well as growth of the Laurentide Ice Sheet. The lag of the southern limb of the Cordilleran Ice Sheet and the vigorous growth that occurred after the LGM has not been adequately explained (Clague & James, 2002). 

Pilot Study results:

In order to test the potential of deep sea cores off Vancouver Island a pilot study has been undertaken on MD02-2496. The planktonic 18O record and IRD counts (>150µm grains) have been compared with shipboard data (color reflectance and magnetic susceptibility) and then correlated with terrestrial data summarized by Clague & James, (2002). The results (Figures 3 & 4) demonstrate the outstanding promise of this site for understanding of glacial-marine sediments along the northwestern margin of the North American continent, and consequently the Cordilleran Ice Sheet response to climate change. 

MD02-2496 was cored on the slope of Vancouver Island during the summer of 2002 at 1190m water depth. The core consists of 38m of hemipelagic mud with sufficient carbonate content to undertake paleoclimatic studies. The 18O record of the surface dwelling planktonic foraminifera G. bulloides closely resembles the temperature of the Greenland Ice Sheet (Figure 3). If the MD02-2496 record is roughly correlated (‘wiggle matched’) to Greenland, a preliminary age model can be developed (note this age model
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is not publishable in its present form, but rather provides a framework for further study; Figure 3). Confirmation of the age picks from the correlation comes from comparison of the record with the published alkenone data from a nearby short piston core (Kienast & McKay, 2001). To aid with comparison, 18Ocarbonate values have been predicted using the alkenone SST record based on the equation of Epstein et al. (1953). This demonstrates that sedimentation rate changes between the two cores are very similar (note by nature of the coring technique used to retrieve the jumbo piston core MD02-2496, the core stretched near the top). A second salient point is that the Younger Dryas appears to show a distinct change in 18Owater, with 18Ocarbonate being <1‰ greater than predicted. No anomalously negative 18O values are evident, suggesting that 18Owater from meltwater did not influence 18Ocarbonate. Thus we believe we are unlikely to find meltwater spikes in the planktonic stable isotope record.

One purpose of the pilot study was to determine the significance of changes in sediment lithofacies and particle size. Low magnetic susceptibility and color reflectance toward yellow appear to indicate organic carbon rich sediment, while high magnetic susceptibility and color reflectance toward blue indicate increased terrigenous input or glacial-marine sediment (Figure 4). Therefore we have determined that glacial-marine sediment was being deposited from just prior to IS 2 (25 m) to just after the Older Dryas (7 m). Between 19 and 16 m cyclic turbidites correlate well with the maximum extent of the ice sheet on the shelf (16 14C kyr BP in Figure 2A; Clague pers com), suggesting delivery of sediment to the shelf by glacial activity, oversteepened the continental slope off Vancouver Island, triggering small turbidites. Ice rafted detritus (IRD) deposition occurs after the ice sheet reaches the shelf, signifying the occurrence of iceberg discharge. We cannot tell at this time whether this discharge was associated with ice advance or ice sheet collapse. 

Extremely large changes in sedimentation rate are implied by the age model (Figure 4). An increase in estimated sedimentation rate (from 165 to 210cm kyr-1) occurs after the ice sheet has reached its maximum extent and during IRD deposition points to ice sheet collapse. A further increase in sedimentation rate (230cm kyr-1) during the Bølling (12 14C kyr BP in Figure 2B) suggests continued ice sheet collapse and additional input of glacial material. Could rock flour deposition from turbid, sediment-laden meltwater plumes be the cause of the large changes (up to 200cm kyr-1) in sedimentation rate? We propose to examine the <2µm particle size in order to determine the fine fraction or rock flour input. Warm intervals appear to have much lower sedimentation rates (35cm, kyr-1). 

The Holocene and MIS 3 intervals are dominated by biogenic sediments (organic carbon) with high yellow reflectance and low magnetic susceptibility, while MIS 2 and 4 sediments are dominated by terrigenous sediments with high blue reflectance and high magnetic susceptibility (Figure 4). Thomas Pedersen at the University of Victoria in British Columbia will determine the organic carbon content of MD02-2496 and we will collaborate using the results. The interval of organic carbon deposition between 25 and 32m depth encompasses the interstadial events of MIS 3, but sedimentation rates drop to such an extent that individual events cannot be distinguished. We estimated possible maximum and minimum ages for MIS 3 in an attempt to estimate the age of the interstadial event (IS) at 31.5m. Using the Holocene sedimentation rate of 35cm, kyr-1 an age of 47 Ka was produced suggesting the interstadial event was IS 13?. If the sedimentation rate that occurred during the maximum ice advance (210 cm, kyr-1) is used, an age of 31 Ka results suggesting the interstadial was IS 5?. Thus we have a probable age bracket of 31 to 47 Ka for the termination of previous glacial-marine sedimentation at the site. This interval of further glacial sediment deposition from 32m to the bottom of the core is presently the first definitive evidence that there was a major [image: image4.jpg]Depth MBSF
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 Figure 4. Correlation within between A. Ice rafted detritus (IRD) as indicated by the number of >150 and >250 µm grains, B. b* (color reflectivity) of the core showing color between blue and yellow or blue glacial-marine sediment versus organic carbon, C. Magnetic susceptibility indicating amount of lithogenic input, D. planktonic foraminifera G. bulloides 18O record, orange shading representing organic carbon dominated sediment, light blue representing glacial-marine sediment and dark blue, cyclic turbidites. E., Section of core between 1950 and 1650 cm demonstrating cyclity of turbidites. F. Estimated sedimentation rates. G. Glacial activity as described in Clague & James, 2002 is correlated with sediment characteristics of core MD02-2496. Green shaded boxes represent intervals of ice berg discharge.
glacial advance of the southern limb of the Cordilleran Ice Sheet during MIS 4 or the early stages of MIS 3. This advance was a significant event as IRD and drop stones are present and are indicative of iceberg discharge from the Juan de Fuca Lobe. In fact, there is more IRD deposition during this interval than after the known maximum extent of the ice sheet at 14.5 14C kyr BP, suggesting the ice sheet may have been more prominent during MIS 4.The conclusions of the pilot study undertaken on MD02-2496 are:

A. Planktonic foraminiferal 18O is similar to Northern Hemisphere climate records, clearly recording regional climate changes.

B. Sediment color reflectance and magnetic susceptibility changes represent the relative dilution of organic carbon rich sediment by glacially derived silty-clay.

C. Small cyclic turbidites are co-incident with the local maximum extent of the ice sheet on the shelf.

D. IRD sediment is present and represents the production of icebergs from the ice sheet.

Therefore the history of the British Columbian lobe of the Cordilleran Ice sheet during the last glacial can be reconstructed with the added additional benefit of high quality 14C dating and local sea surface temperatures. This will be the first study where climate (sea surface temperatures) can be directly compared to the Cordilleran Ice Sheet expansion and collapse. This will also provide the first datable evidence for significant glacial activity prior to MIS 3. These will be significant advances in our understanding of the Cordilleran Ice Sheet. The obvious conclusion is that these nearshore deep-sea cores have great potential for providing a history of Cordilleran Ice Sheet activity prior to the LGM. We now intend to reconstruct, through glacial marine sediment, the history of the Cordilleran Ice Sheet through earlier glacial cycles to determine the pervasiveness and phasing of the southern limb of the Cordilleran Ice Sheet.

Testable Hypotheses:

As we can now reconstruct previous glacial cycles, there are a number of exciting hypotheses that can be tested using deep sea cores off the Vancouver Margin. The following questions cannot presently be answered, and moreover are unlikely ever to be answered by terrestrial investigation alone:

1. When was glacial activity confined to mountain glaciers during the Last Glacial Maximum? When were icebergs discharged?

2. When did the ice sheet begin to grow during the Last Glacial? Was it in phase or out of phase with global climate change?

3. Was there a lead/lag relationship between sea surface temperature change and ice sheet collapse?

4. Can MD02-2496 be used as a ‘Rosetta Stone’ for deciphering past Cordilleran Ice Sheet history?

5. Did the position of the Aleutian Low control the build-up of the southern Cordilleran Ice Sheet? What does this tell us about the state of the jet stream during ice sheet growth/decay?
We would test these hypotheses by determining the flux of glacial sediment during the Last Glacial Maximum, and timing of IRD delivery and turbidite activity. Furthermore data including organic carbon content as well pollen and dinaflagellate populations will be provided by international collaborators Thomas Pedersen at the University of Victoria and Ann de Vernal at UQAM that will assist with constraining local climate conditions. Dating of the events would be completed through 14C dating and a careful age model determination where instantaneous events such as turbidites are methodically removed. Once the relationships between sediment lithofacies, particle size and Cordilleran Ice Sheet behavior is understood, then we will use ODP Site 888 to extend the history of the Cordilleran Ice Sheet before the Last Glacial Maximum, perhaps back 500kyr BP. We will determine local sea surface temperature changes from planktonic 18O and global ice volume from benthic 18O. We will then compare local SSTs with ice sheet buildup/decay to determine when increased delivery of precipitation was occurring, and therefore when the jet stream was deflected south over Vancouver Island.

Proposed work: 

1. Glacial-marine lithofacies characterization:

If glacial marine sediments are indicative of expansion and contraction of the Cordilleran Ice sheet, then sediment particle size and lithofacies as well as sedimentation rate should correspond to recent relatively well-dated terrestrial deposits. In 2002, a series of cores were drilled off the coast of Vancouver Island, Canada, including MD02-2496 (480 58’ N; 1270 02’ W; 1190 meters water depth; 38.38m core length). In order to understand glacial-marine sediment characterization, we propose to increase the resolution of study on the jumbo piston core MD02-2496 from 20 to 10 cm, increasing the number of samples from 180 to 360. We then intend to complete the following analysis to determine sediment particle size and lithofacies:

(i) Counts of sediment grains in the >250µm fraction (IRD) from 180 samples.

(ii) Coulter counter analysis of the <2µm fraction (rock flour) from 360 samples
(iii) Detailed core description of turbidite deposits.

We intend to produce an age model for the upper ~30m of the core by

(iv) 14C dates of planktonic foraminifera from 20 samples.

Age models developed on both cores will need to assume turbidite facies are instantaneous events, and therefore turbidite layers will be carefully removed from the age model calculation. At the same time care during sampling will be taken to avoid sampling in turbidite facies, which are obvious by their sharp basal contacts. Although some bioturbation smears the upper contact, the change in particle size is fairly apparent.

2. Cordilleran Ice Sheet Response to Climate Forcing

(v) If the growth of the southern limb of the Cordilleran Ice Sheet is dependent on moisture delivery from storms via the jet stream, then the ice sheet buildup should occur during the coolest interval of the last glacial when the Aleutian Low was at it’s strongest and most southerly position. Using MD02-2496 we propose to correlate variations in the geographic position of the Aleutian Low with expansion and contraction of the Cordilleran Ice Sheet indicated by glacial-marine sediment delivery rates and particle size characteristics of these sediments. Comparing these with the regional climate history during the last glacial should provide key information about the mechanisms of ice growth and decay. We propose to complete the following analyses in order to understand Cordilleran Ice Sheet response to climate:

(vi) 18O analyses of the planktonic foraminifera G. bulloides from 180 samples.
(vii) 18O analysis of the benthic foraminifera Uvigerina sp from 360 samples.
3. Cordilleran Ice Sheet History:

If the ephemeral behavior of the Cordilleran Ice Sheet was pervasive through previous glacial cycles and if the southern limb was repeatedly out of phase with Northern Hemisphere ice sheet growth, then a similar relationship between glacial-marine sediments and climate should be found persistently through time as seen in the core MD02-2496. We intend to examine these questions with a second core.

ODP Site 888 lies in the outer Nitinat Fan, 7 km seaward of the toe of the accretionary wedge that forms the continental slope of Vancouver Island. The holes at site 888 penetrated 566m of late Pleistocene glacial marine sediment of interbedded dark greenish gray clayey silts, fine to medium sands and thin beds of pebbles, volcaniclastic fragments, and wood (Shipboard Scientific Party, 1994). This site was drilled in order to understand gas hydrate formation on the northwest Pacific margin. An apparently continuous sequence of upper Pleistocene sediments was cored with both planktonic and benthic foraminifera occurring in many intervals. Paleomagnetic data suggests that the entire core was deposited during the Brunhes Chron, but a short duration reversed-polarity event at 98 to 101 MBSF probably represent the Blake Event at 0.110 Ma (Shipboard Scientific Party, 1994). The planktonic foraminiferal assemblages are dominated by Globigerina bulloides, Neogloboquadrina pachyderma (sinistral), Globorotalia scitula and G. quinqueloba. Benthic faunas are predominately lower bathyal consisting of rare Cibicidoides wuellerstorfi and Uvigerina senticosa, however middle bathyal and shallow faunas are found in the turbidites where they may have been transported into deeper water (Zellers, 1995). Thus care will be taken to avoid sampling within turbidites. 

(viii) Detailed core description of turbidite deposits.

Sediment lithofacies at ODP Site 888 appears to be very similar to MD02-2496 perhaps because the two cores are closely located. Therefore we believe ODP Site 888 will provide similar high quality paleoclimate data with the added advantage of significantly deeper penetration so that we can delve further into the history of the Cordilleran Ice Sheet. 

We propose a low resolution study using 730 samples from 365 m of ODP Hole 888B at 50 cm intervals. We then intend to complete the following analysis to determine sediment particle size and fabric: 

(viii) Counts of sediment grains in the >250µm fraction (IRD) from 730 samples.

(ix) Coulter counter analysis of the <2µm fraction (rock flour) from 730 samples.

(x) To determine regional and global climate, we intend to undertake the following analyses:

(xi) 18O analysis of the planktonic foraminifera G. bulloides from 730 samples. 

(xii) 18O analysis of the benthic foraminifera Uvigerina sp from 730 samples.

We intend to produce an age model for the upper portion of the core by:

(xiii) 14C dates of planktonic foraminifera from 10 samples.
4. Summary of Proposed Work:

Table 2 summarizes the work planned for this proposal. This is intended to be the doctoral thesis of a graduate student (Timothy Cosma) presently attending the University of Michigan.

Table 2. Proposed cores for glacial-marine sediment study.

	Core ID
	Location
	Water depth 
	Estimated max. age
	Core length (mbsf recovered)
	Sampling interval
	No. of samples

	MD02-2496
	48°58.5N; 127°02.1W
	1190 m
	50 ka
	38.5
	10 cm
	360

	ODP Hole 888B
	48°10N; 126°39.8W
	2516
	500 ka
	365
	50 cm
	730


Timeline of proposed research will be as follows:

Year 1: Undertake sampling at the TAMU Gulf Coast Repository and visual characterization of ODP Hole 888B. Begin stable isotope analyses.

Year 2: Complete stable isotope analyses and radiocarbon dating. Begin particle size analyses and publication of chronology and SST response.

Year 3. Complete particle size analyses. Complete data publication.

Methods

Sediment Lithofacies:

Sediment lithofacies characteristics will be determined by detailed visual inspection of the core sections. The face of the split archive half will be carefully scraped with a negatively charged blade to reveal details of even subtle or partially obscured sedimentary structure. Sedimentary facies will be logged at 1 cm intervals (Behl, 1995). This visual inspection will require that a moderate amount of time be spent at the TAMU Gulf Coast Repository for the Ocean Drilling Program at College Station, TX.

Stable Isotope Analysis

Samples will be processed using standard techniques. Sediment samples will be wet sieved using the in-house purified water system, collecting both the >63 µm (in the sieve) and <65µm fractions (in a 1 L beaker). Between 8 to 40 specimens of surface dwelling G. bulloides and 2 to 8 specimens of the benthic foraminifera Uvigerina sp. will be picked for each stable isotopic analysis using a Finnigan/MAT 251 light stable isotope mass spectrometer coupled to a Finnigan Kiel automated preparation device at the University of Mighigan. Where possible the benthic species Cibicidoides weullerstorfi will be analyzed, however bottom water oxygen concentration have fluctuated at the site since 16 ka, making the probability of a continuous record of this species unlikely.

Particle Size

Two procedures will be used to produce two distinctly different particle size data sets; Ice rafted detritus (IRD) and <2µm fraction (turbid meltwater plumes). Standard techniques for the determination of percent IRD will be undertaken by counting the number of grains larger than >250µm. Fine grain sediment will be determined on the extracted terrigenous component using a Beckman Multisizer 3 Coulter Counter at the University of Michigan using a 30µm tube according to the methodology presented by Rea & Janecek, (1981). The <65µm fraction remaining from wet sieving of samples will undergo a chemical extraction in order to remove the biogenic component. The terrigenous component will be calculated by comparing the weight of each sample before and after chemical extraction. Terrigenous component yields will also be compared to estimated terrigenous input based on % opal and % organic carbon determined by collaborators. Visual inspection of the yields using a dissecting microscope will be undertaken. Finally total digestion on a few bulk sediment samples before and after chemical extraction will be undertaken on the ICP-OES at the University of Michigan to determine how the geochemistry of the samples has changed due to the chemical extraction. 

Radiocarbon dating

Samples processed for stable isotope analysis will also be involved in radiocarbon analysis. As the biogenic sediments deposited during the last glacial are relatively diluted by terrigenous material there are unlikely to be sufficient numbers of single planktonic species for radiocarbon analysis, mixed planktonic species assemblages consisting mostly of Neogloboquadrina pachyderma and G. bulloides will be used. It may also be necessary to take larger samples in regions on the core where we expect to complete radiocarbon analysis. 14C/13C ratios will be measured by accelerator mass spectrometry (AMS) at the Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory using standard techniques for carbonate analysis.

Broader Impacts:

The broader impacts of this proposal fall into two categories:

Educational:

1. This project will form the core of a PhD thesis for a student currently enrolled at the University of Michigan (Timothy Cosma). Having completed the classroom requirements for his PhD thesis, Tim is now firmly dedicated to research. Tim has been deeply involved in the pilot study presented in this proposal and has already presented some of this research at Fall AGU, 2003. Through completion of the proposed research he will learn important analytical skills. Publications and conference presentations based on the results from this proposal will significantly assist his professional development. Finally Tim is a non-traditional student who spent 20 years as an electrical engineer in the Navy but is now committed to education. 

2. The micropaleontology and biogeochemical lab managed by the PI employs and trains undergraduate students. The PI is also involved in the Undergraduate Research Opportunity Program (UROP) that creates research partnerships between first and second year students and University of Michigan faculty. UROP was one of several initiatives created to improve the retention and academic achievement of under-represented students on the University of Michigan campus. Today, the program includes both minority and majority students but maintains its original emphasis on underrepresented minority students and an emerging focus on women in science students. Small, well constrained research projects that develop from larger ongoing research programs such as discussed in this proposal are routinely offered to potential undergraduate researchers.

Scientific:

1. Our present knowledge of the growth and decay of Cordilleran Ice Sheet is poor. In particular we have little knowledge of Cordilleran Ice Sheet activity prior to the Last Glacial Maximum. This proposal represents a major advance in our understanding of this wet-based ice sheet.

2. The maritime climate of the North Pacific was ideal for the nucleation, persistence and coalescence of glaciers with cool summers, mild winters and heavy precipitation all year. Today glaciers in Alaska and Canada cover about 13% of the mountain glacier area on Earth, including some of the largest ice masses outside of Greenland and Antarctica. Understanding the growth and decay of the Cordilleran Ice Sheet during the last glacial will improve our ability to predict the future of these presently thinning glaciers.

3. The North Pacific Ocean greatly affects the climate (including the jet stream) over the surrounding landmasses, especially downwind in North America. This proposal will enhance our understanding of atmospheric and consequently oceanic circulation in the North Pacific.

4. Ice cover and the presence of icebergs would have presented considerable difficulties for early human attempting to occupy the American continent. Knowledge of when the British Columbian shelf was ice covered and when iceberg discharge occurred will test the possibility that the North Pacific coastal route brought the first humans to the American Continents.

All of these scientific benefits together provide insight into many aspects of contemporary climate change, a topic of immense public and political interest.

Figure 3. Correlation between A. the Greenland Ice Sheet 18O record (GISP2; Grootes et al., 1993) and B. planktonic foraminifera G. bulloides 18O record from core MD02-2496 overlain by the predicted 18Ocarbonate value based on alkenone temperatures from a nearby short piston core (Kienast & McKay, 2000). Dotted lines represent matched wiggles. Arrows indicate 14C and calendar dates inferred from wiggle matching. Red diamonds represent rerun samples








American Continent. As well it maybe key to understanding future warm-based glacial behavior in an era of anthropogenic climate forcing.


Terrestrial records of glacial sediments have previously been the only means of evaluating the growth and decay of the Cordilleran Ice Sheet in response to global climate change (Clapperton, 2000: Clague and Brown, 2002; Hicock et al., 1999, Mann and Hamilton, 1995). Providing a glacial history for an ice sheet is inherently difficult: Records are often discontinuous because ice sheet advances destroy or obscure evidence for earlier glacial activity and most significantly it is difficult to correlate glacial sediments with either local or global climate forcing without a ‘thermometer’. As yet no comprehensive study exists that has examined glacial-marine sedimen-tation beyond the continental shelf of western North America and placed it in the context of glacial-interglacial climate change. 





Figure 1. The maximum extent and ice-flow pattern of the Cordilleran Ice Sheet during the last glacial cycle (modified from Clague & James, 2002). The location of the proposed study site is displayed.








