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ABSTRACT 

 

South-Central Alaska is one of the most seismically active and climatologically 
sensitive places in the world. Within this region, Prince William Sound (PWS) receives 
abundant sediment from multiple sources, potentially housing a high-resolution 
environmental record spanning the past 4,000 years. Inputs to PWS are derived from 
local rivers and glaciers, and may include earthquake- and glacial-outburst-triggered 
sediment gravity flows. Therefore, this is an ideal location to investigate the long-term 
record of seismic, glacial, and riverine activity. This study examines the elemental, grain 
size, and stable isotope signatures in PWS to identify gravity flow deposits and the 
potential paleoseismic and paleoclimate record. Previous sediment core studies have 
focused on central and southern PWS, and this study fills a knowledge gap on sediment 
characteristics in northern PWS. Shelf sediments are transported into PWS via 
Hinchinbrook Inlet during winter storms, and the Copper River plume is advected into 
PWS during summer months. Local sources in PWS and the Copper River/Shelf 
sediments in southern PWS have unique signatures of Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and 
Rb/Ca. As a result, sediment gravity flows originating from different locations have 
distinct provenance signatures and can be distinguished from locally emplaced sediment. 
Six cores in central and northern PWS were collected and sedimentation rates were 
determined by 210Pb, 137Cs, and 239,240Pu geochronology. The cores were assessed for 
elemental content and grain size patterns to identify gravity flow deposits. Deposits, 
sedimentation rates, and provenance were correlated with five previously collected cores 
in southern and central PWS. The stable isotopic content of 13C and 15N were assessed 
across all eleven cores. The sedimentation rates, mean grain size, Sr/Pb and Cu/Pb all 
decrease moving northward through PWS, and sediments derived in northern PWS have 
the lowest Sr/Pb, Cu/Pb, δ13C, δ15N, and C/N and highest K/Ca, Rb/Sr, and Rb/Ca values 
observed.  This trend is due to decreasing influence from the Copper River and shelf 
sediments in the south and increasing influence of local PWS sources in the north. Using 
these distinct provenances, several earthquake deposits were identified.  Earthquakes of 
magnitudes 6.0 < Mw < 7.0 produced deposits in the central channel, and those of Mw ≥ 
7.0 with epicenters in PWS had distinctly mixed signatures from generating numerous 
flows throughout the region. We also identified a flow sourced near the Columbia Glacier 
region which may have derived from earthquake activity or the glacier’s rapid retreat. 
Based on spatial analysis of the eleven gravity cores, the most robust gravity flow records 
are captured within deep ponded sediment basins and the area spanning the southern end 
of the channel to the northern ponded sediment basin.  
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CHAPTER 1: INTRODUCTION 

Prince William Sound (PWS) is a deep glacially carved basin with a steep watershed 

traversed by glaciers and rivers amid the Chugach Mountains of south-central Alaska (Fig. 1). 

One of the most prominent sources of runoff and sediment is the rapidly retreating Columbia 

Glacier (CG; Fig. 1). PWS is connected to the Gulf of Alaska (GOA) through Hinchinbrook Inlet 

(HI). The Holocene sediments in HI contain seasonal layers corresponding to shelf-resuspension 

events during winter storms and the Copper River (CR) summer sediment plume (Marshall, 

2015) which is advected into PWS by the Alaskan Coastal Current (ACC) (Wang et al., 2014). 

The glacial, riverine, and oceanographic conditions of south-central Alaska are in part controlled 

by the mountainous topography, which captures moist air masses, and are sensitive to global 

climate drivers (e.g., Pacific decadal oscillation, El Niño Southern Oscillation, Pacific/North 

America teleconnection, and Arctic Oscillation; Mantua et al., 1997; Neal et al., 2002; 

L’Heureux et al., 2004; Fleming and Whitfield, 2010; Barron and Anderson, 2011; Kaufman et 

al., 2011; Wendler et al., 2016). The PWS region also experiences frequent and strong 

earthquakes because it is located along the Aleutian Megathrust Boundary, where the Pacific 

Plate is subducting under the North American Plate (Wesson et al., 2007; Shennan et al., 2014; 

Haeussler et al., 2015; Mueller et al., 2015). It is the location of the second strongest earthquake 

ever recorded, the March 27, 1964 Great Alaskan (“Good Friday”) Earthquake (Mw 9.2, USGS, 

2016). PWS is therefore an ideal location to potentially contain a sedimentary record of both 

paleoseismic activity and regional/global paleoclimate. 

In the deep central channel of PWS, approximately 100 m of sediment have been 

deposited within the last 4,000 years (Finn et al., 2015). In near surface sediments of this region 

the most distinctive deposits originate from episodic sediment gravity flows (Miller, 2014; Kuehl 
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et al., 2017), which are dense flows laden with sediments moving along the seabed under the 

action of gravity (Middleton and Hampton, 1973). The steep bathymetry of PWS allows 

sediment banks to accumulate which can readily undergo failure and generate gravity flows. 

Such accumulation may occur rapidly in regions receiving large sediment fluxes from the CG 

and CR. Source rocks in the Chugach Mountains (where the CG resides) are relatively high in K 

and Rb, while the CR drainage basin is comparatively higher in Sr and Ca. This leads to elevated 

K/Ca, Rb/Sr, and Rb/Ca ratios for local sediments from the CG region and minima associated 

with greater CR influence (Miller, 2014; Marshall, 2015; Kuehl et al., 2017). Thus, gravity flows 

from regions fed by the CG and the CR could mobilize large quantities of sediment with unique 

provenance signatures over long distances, distinguishing the deposits from locally emplaced 

sediment. 

Bank failure and gravity flows can be triggered during energetic events such as 

earthquakes (Kuenen and Migliorini, 1950; Heezen and Ewing, 1952). Kuehl et al. (2017) used 

the unique provenance signatures from the PWS watershed and the CR to identify deposits 

associated with the 1964 earthquake, the 1899 Yakutat magnitude Mw > 8.0 earthquake, and 

three earthquakes of lower magnitudes, the smallest being Mw 6.4. Historically, the predominant 

method for studying the frequency of severe earthquakes in South-Central Alaska has been 

through investigation of terrestrial tsunami deposits and terraces uplifted above sea level during 

megathrust earthquakes (Mw ≥ 8.0) (e.g., Plafker, 1969; Shennan et al., 2007; Carver and Plafker, 

2008; Shennan et al., 2014). However, this record is limited to large (Mw ≥ 8.0) earthquakes with 

proximal epicenters, thus the sensitivity of the marine sedimentary record to earthquakes both 

above and below Mw 8.0 offers a valuable tool for assessing the regional seismicity at a higher 

resolution. The marine sedimentary record also offers a valuable comparison with the terrace and 
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tsunami dating method. This has important implications for geohazard assessment and 

characterization of plate mechanics in the eastern Aleutian Megathrust Boundary. 

Gravity flows and bank failure can also occur during glacial outburst floods (Mulder et 

al., 2003). Outburst floods occur when a glacially dammed lake breaks the ice dam or the water 

levels rise enough to float the dam (Walder and Costa, 1996) and may potentially occur due to 

earthquake-induced dam failure (Mulder et al., 2003). Such outburst floods can trigger a 

hyperpycnal flow, which results when fresh flood waters are denser than surrounding marine 

waters due to their sediment load and therefore flow along the seafloor (Mulder et al., 2003). 

Two lakes previously dammed by the CG, Terentiev and Kadin, underwent numerous draining 

and refilling cycles during recent glacial retreat until the levels became stable when they became 

undammed in 2000 (Krimmel, 2001). These rapid draining events may have occurred as outburst 

floods (Krimmel, 2001). The growth and retreat of glaciers is heavily controlled by local climate, 

which in south-central Alaska is in part dictated by large-scale global oscillations (e.g., Mantua 

et al., 1997; Neal et al., 2002; L’Heureux et al., 2004; Fleming and Whitfield, 2010; Barron and 

Anderson, 2011; Kaufman et al., 2011; Wendler et al., 2016). Thus the presence or absence of 

outburst activity over time in the sedimentary record may be dictated by the glacial terminus 

position and has the potential to serve as a proxy for local and global climate shifts. Furthermore, 

gravity flows from earthquakes and outburst floods may be distinguishable from each other in 

PWS, as earthquake deposits generally have an erosive base with a fining upwards grain size 

trend (Bouma, 1962), while hyperpycnal deposits may first coarsen upwards from the base 

before fining upwards, and may contain higher levels of terrestrial organic matter (Mulder et al., 

2003; Zavala et al; 2012; Talling, 2014). 
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Previously, five cores were collected between HI and central PWS, and they contain 

distinct deposits related to the 1964 earthquake and events interpreted o be from earthquakes in 

1983, 1928, 1912, and 1899 (Miller, 2014; Kuehl et al., 2017). This study collects six new 

gravity cores from central and northern PWS to complete a south-north transect through the 

central channel with the previous cores (Fig. 2) and capture a regional-scale overview of gravity 

flow activity and sedimentation trends. A few studies have assessed the sedimentation rates in 

northern PWS (e.g., Klein, 1983; Jaeger et al. 1998) but none have assessed the sediment 

provenance or gravity flow record. We seek to identify gravity flow deposits in northern PWS 

and correlate them with the southern cores using the established provenance ratios and to attempt 

to identify the deposits as turbidity currents or hyperpycnal flows by analyzing deposit grain size 

and organic signatures (δ13C and δ15N).  We also wish to determine the location within PWS 

capturing the most robust record of historic gravity flow activity (for future long-coring studies) 

and to fill a knowledge gap on the sedimentary record of an understudied, climatically sensitive 

region. 

CHAPTER 2: BACKGROUND 

2.1 Geologic Setting 

 The geology of the PWS region is composed of the Southern Margin Composite Terrane, 

which is subdivided into the Chugach Terrane in the north and west and the Prince William 

Terrane in the central and southeastern PWS (Fig. 3) (Moffit, 1954; Dumoulin, 1987; Winkler, 

2000). Within the Chugach Terrane is the Late Mesozoic Valdez Group, containing primarily 

slates and phyllitic graywackes comprised of quartz, orthoclase and plagioclase feldspar, 

muscovite and chlorite (Sharma, 1979). South of the Chugach Terrane is the Prince William 

Terrane, predominately composed of the Orca Group deposited during the Paleocene-Eocene as 

a deep-sea fan complex along an uplifting continental margin (Moffit, 1954; Dumoulin, 1987; 
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Winkler, 1976, 2000). The Orca group makes up the basement rock of PWS (Finn et al., 2015), 

lies unconformably atop the Valdez group (Moffit, 1954), and is composed of sandstone, 

siltstone and mudstone with intermittent basaltic flows, breccia, and tuff (Dumoulin 1987; 

Winker, 1976, 2000). The Chugach Terrane began to build onto the North American continent 

during the early Mesozoic and continued in pulses through the late Cretaceous; the Prince 

William Terrane followed during the Eocene (Winkler, 2000). 

2.2 Climatic Setting 

 The winter climate of Southern Alaska is primarily dictated by the Aleutian Low, a low-

pressure system which influences sea surface temperature and pressure, circulation, ice cover, 

storms, etc. in the North Pacific (Overland et al. 1999; Rondionov et al., 2005; Hartmann and 

Wendler, 2005). The Aleutian Low varies on a decadal time scale (Overland et al., 1999) and is 

directly related to the North Pacific Index (NPI), the area-weighted sea-level pressure over the 

region 30°N-65°N, 160°E-140°W (Trenberth and Hurrell, 1994). The Aleutian Low and NPI are 

intrinsically related to the PDO, which is an inter-decadal climate pattern visible in sea surface 

temperature, sea level pressure, wintertime land surface air temperature, precipitation, 

streamflow and salmon landing records (e.g., Mantua et al., 1997; Neal et al., 2002; L’Heureux 

et al., 2004; Fleming and Whitfield, 2010; Barron and Anderson, 2011; Kaufman et al., 2011; 

Wendler et al., 2016). An intensified Aleutian Low occurs during a positive/warm PDO phase, 

increasing the advection of warm, moist air and hence storminess in southern Alaska during 

winters (Mantua et al., 1997 Hartman and Wendler, 2005). These storms can generate 

precipitation in excess of 300-800 cm/year along the southeastern Alaskan coast (Paulson et al., 

1991; L’Heureux et al., 2004). During a negative/cold PDO phase, the Aleutian Low is 

weakened, and southern Alaska experiences fewer winter storms and less precipitation (Mantua 

et al., 1997 Hartman and Wendler, 2005). CR discharge is likely highly influenced by the PDO: 
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during warm PDO phases, monthly and seasonal streamflow increase during the winter due to 

increased rainfall, while cold PDO phases experience more winter snowfall and a larger 

meltwater discharge during the summer months (Neal et al., 2002). 

2.3 Oceanographic Setting 

PWS has a surface area spanning 8,400 km2 and it contains a volume of 1,700 km3 of 

water delivered by precipitation, snowmelt, glaciers and the GOA (Halverson et al., 2013). The 

tidal range within PWS is macro tidal and tidal amplitude varies between 4 to 6 m (Wang et al., 

2013; Schoch and McCammon, 2013). Currents within PWS are dominated by tides (Vaughan et 

al., 2001) with typical velocities ranging from 0.3 - 0.5 m s-1 (Niebauer et al., 1994). The main 

connection between PWS and the GOA is HI, which is approximately 20 km long, 12-20 km 

wide, and 350 m deep (Fig. 2) (Halverson et al., 2013). The average depth of PWS is 200 m; 

however a deep (~425 m) central channel approximately 15 km wide spans from the CG region 

south to HI (Fig. 2 and 4) (Halverson et al., 2013).  

 Within the GOA is the Alaskan Coastal Current (ACC), which is a buoyant, density 

driven current that flows north and westward along the coast (Royer, 1979; Johnson et al., 1988). 

The strength of the current is controlled by down-welling favorable winds and freshwater 

discharge inputs. During the summer months when coastal winds are relatively low, the flow is 

weak. During the months of September to February when the Aleutian Low dominates, strong 

westward winds create a more robust ACC. The ACC carries roughly a third of the freshwater 

surface CR plume into PWS through HI in the summer according to the model of Wang et al., 

2014. Of the portion of the CR plume entering PWS, the model indicates that two thirds 

eventually exit PWS through Montague Strait in the south (Wang et al., 2014). Seasonal 

influences from the ACC, tides, and winds set up an anticyclonic gyre in PWS from January to 
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April and a strong cyclonic gyre from September to December (Niebauer et al., 1994; Jin and 

Wang, 2004). 

2.4 Prince William Sound Sedimentation 

2.4.1 Copper River Sediments 

Seismic profiles through HI and central PWS show foreset beds of Holocene sediment 

dipping into PWS, with a maximum thickness around 200 m (CS4, Fig. 5) (Carlson and Molnia, 

1978; Stocks, 1996; Liberty and Finn, 2013; Finn et al., 2015). Clay mineralogy (Naidu et al., 

1976; Molnia and Hein, 1982; Klein, 1983; Stocks, 1996) and satellite images (Feely et al., 

1979) indicate that some of these sediments are likely derived from the CR plume. The 

sedimentation rate in HI cores PWS-07 and PWS-08 (Fig. 6 and 7) are 4.4 ± 0.5 cm yr-1 and 4.0 

± 0.4 cm yr-1 respectively, and X-ray fluorescence (XRF) core scans show cyclic variations in 

the Sr/Pb ratio (Miller, 2014; Kuehl et al., 2017). High Sr/Pb indicates coarser sediment and 

dominance of CR inputs while a low Sr/Pb ratio indicates finer sediments and/or dominance of 

local PWS inputs. This serves as a proxy for changes in seasonal CR sedimentation:  Coarser 

(high Sr/Pb) grained bands represent shelf sediment from the Gulf (derived from the CUR) 

resuspended by winter storms, and fine (low Sr/Pb) grained bands represent local sediments 

accumulated during the calmer summer months (Miller, 2014; Kuehl et al., 2017). 

 Marshall (2015) conducted an analysis of the 18-year record of waves in HI and 

concluded that winter storms frequently generate waves with bottom orbital velocities in excess 

of 0.19 m/s, sufficiently high to resuspend continental shelf sediments. The seasonal nature of 

the wave climate helps explain the banding observed in southern cores PWS-07 and PWS-08, 

with some larger events potentially impacting PWS-09 (Fig. 8). In HI, winter storm resuspension 

deposits account for 65% of the 200 m thick Holocene sediment deposit and are predominantly 

sourced from the shelf and originally sourced from the CR basin (Marshall, 2015). The CR 
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drainage basin rocks are relatively high in copper content, thus high ratios of Cu/Pb, along with 

aforementioned Sr/Pb, serve as proxies for CR sediment (Kuehl et al., 2017). Summer sediments 

show both CR and local PWS sources, however local sources dominate as local discharge within 

PWS is higher in the summer than in winter and there is decreased shelf resuspension of CR 

sediments (Marshall, 2015; Kuehl et al., 2017). 

2.4.2 Local PWS Sediments 

 Moving north from HI into PWS along the central channel, sedimentation rates decrease 

towards the center of PWS to 0.24-1.1 cm yr-1 (Klein, 1983; Miller, 2014). From central PWS 

north toward the CG, the sedimentation rates increase to 0.57-1.3 cm yr -1 (Klein, 1983; Miller, 

2014). The initial decrease in sedimentation rate moving away from HI is likely due to 

decreasing delivery of the CR sediment plume and shelf resuspension, while the increase moving 

northward from the center of PWS is likely due to increasing delivery from the CG.  

The central channel of PWS contains Holocene sediments spanning ~4,000 years down to 

a neoglacial unconformity (Fig. 5; Finn et al., 2015). There are also two deep (>450m depth) 

basins (Fig. 4), herein referred to as the northern and southern ponded sediment basins (Fig. 4). 

Based on seismic reflection data, a unit of highly reflective ponded sediments in the northern 

basin and has been interpreted as CG sediments / outburst flood deposits (Fig. 5; Stocks, 1996; 

Finn et al., 2015). Clay mineral abundances in these sediments are 40% illite and 60% 

kaolinite/chlorite, which is indicative of a CG source (Klein, 1983). Based on seismic reflector 

continuity to a dated sediment core in southern PWS (EW0408-98JC, IMLGS, 2004), the upper 

40 m of the northern ponded sediment basin is estimated to be underlain by Little Ice Age (LIA) 

sediments which are only 300 years old (Finn et al., 2015). This implies all 40 m have 

accumulated since the LIA and that rates of deposition are much higher (i.e., average >13 cm yr -

1) than the surrounding region. The flat sea bed and horizontal, parallel internal layering of the 
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northern ponded sediment basin suggests deposition by regular sediment gravity flows (Syvitski, 

1989). 

2.5 Earthquakes and Turbidites 

2.5.1 Subduction Earthquakes 

 Southern Alaska lies along the Aleutian Megathrust boundary (AMB), which is one of 

the three most tectonically active regions in the world (Ryan et al., 2011). Megathrust plate 

boundaries are regions where tectonic plates are actively subducting and are characterized by 

earthquake hypocenters along the interface between the subducting plate and the overriding 

plate. Convergent boundaries along continental margins such as the AMB, where less dense 

continental crust overrides denser oceanic crust, subduct at shallow angles resulting in high 

coupling of the plates and severe earthquakes (Condie, 1997). The AMB spans 3,000 km starting 

around Middleton Island in the GOA and stretches east, boasting at least 29 active volcanoes 

(Ryan et al., 2011). The offshore trench is 5 to 6 km deep, and the Pacific plate is subducting at a 

rate of 54-76 mm yr-1 (Ryan et al., 2001). The region has been tectonically active since the Late 

Jurassic or Early Cretaceous, but the most recent orogeny began in the Pliocene, 5.3 mya 

(Plafker, 1969). 

 Historical records (USGS, 2016) of earthquakes in Alaska are fragmented and incomplete 

prior to the 20th century. The earliest instrumentally recorded earthquake within PWS was a 

magnitude (Mw) 7.0 in 1912. The epicenter was either located northwest of CG (Engdahl and 

Villaseñor, 2002), or 32 km southwest of CG as recalculated by Doser et al. (2006) (Fig 9). 

USGS online records span back to 1925 and inventory several earthquakes of significant 

magnitude (Mw > 6.0) within PWS, the largest being the 1964 Great Alaskan Earthquake of Mw 

9.2. In 1899, an earthquake of Mw > 8.0 occurred over 300 km east of PWS near Yakutat. 
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Witness observations confirmed earthshaking and tsunamis generated by slope failures in Valdez 

from this event (Lander, 1996). 

2.5.2 Recurrence Intervals 

 Classically, earthquake source zones are characterized by a recurrence interval, which is 

the average amount of time between earthquakes of similar magnitude. In PWS, paleoseismic 

studies have utilized well-preserved Holocene marine terraces that were uplifted during great 

earthquakes (Mw > 8.0) (Plafker, 1969; Plafker et al., 1992; Plafker and Rubin, 1978; Shennan 

and Hamilton, 2006; Shennan et al., 2007; Carver and Plafker, 2008) and tsunami deposits (e.g., 

Ryan et al., 2011; Shennan et al., 2014) to estimate recurrence intervals. Radiocarbon dating of 

organic material on the terraces allows a minimum age to be assigned to the uplift event, and by 

comparing multiple events and dates it is possible to estimate the average time between great 

earthquakes. In the CR delta-PWS region, the recurrence interval has been estimated at between 

600 and 950 years (Plafker et al., 1992). The time elapsed between the 1964 and penultimate 

earthquake has been determined as 833 ± 34 years, and roughly 420 to 610 years between older 

earthquakes in PWS region (Shennan et al., 2014). This method limits recurrence interval 

estimates to only the greatest magnitude earthquakes in the region accompanied by many meters 

of uplift/subsidence (Mw>8.0). 

2.5.3 Turbidity Currents 

 Great earthquakes can generate sediment gravity flows, which are density flows laden 

with sediments moving along the seabed under the action of gravity (Middleton and Hampton, 

1973). Gravity flows triggered by earthquakes commonly take the form of surge-induced 

turbidity currents, which occur when an underwater bed of sediments undergoes slope failure 

during the shaking (Kuenen and Migliorini, 1950; Heezen and Ewing, 1952). Once in motion, 

turbidity currents transport large quantities of sediment downslope over long distances and can 
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be highly erosive. When a surge-induced turbidity current initiates, the density is close to that of 

the in situ sediments at the failure location (1300-1700 kg m-3); as water is entrained, the density 

and concentration rapidly decreases, yet the current can continue to move downslope even with 

low particle concentrations due to the increase of density through salt water entrainment (Mulder 

et al., 2003). The concentration gradient across a turbidity current from top to bottom is strong, 

so the base and top may behave differently (Stacey and Bowen, 1988; Kneller and Buckee, 2000; 

Mulder et al., 2003). Based on field observations, laboratory experiments, and models, surge-

induced turbidity currents typically have velocities greater than 4 m s-1, can occasionally travel 

on the order of 30-40 m s-1 (Mulder et al., 1997; Piper and Savoye, 1993, Mulder et al., 2003), 

and accelerate to peak velocity rapidly after initiation (Mulder et al., 2003). Surge turbidity 

currents are unsteady flows, meaning the flows accelerate and decelerate abruptly, and they tend 

to be short lived events lasting on the order of minutes to hours (Mulder et al., 2003). 

 Dependent on the sea floor slope, the availability of erodible sediments, and flow 

velocity, turbidity currents can be classified into one of three different regimes described by 

Chen et al. (2013): decelerating, autosuspending, and accelerating. The accelerating regime 

occurs on steep slopes where there is stronger gravitational forcing on a flow’s velocity. This 

results in more turbulence along the bottom boundary, which generates upward lift to counteract 

the settling of suspended particles. If there is an erodible bed and enough turbulence, entrainment 

of additional sediment will cause the flow to gain velocity as it becomes denser and thus has 

greater gravitational forcing downslope. If the flow depletes all the readily erodible sediments 

(Pantini, 2001), and/or after other external forces (e.g., moving upslope) slow it down, it can 

enter the autosuspending regime (Bagnold, 1962). Autosuspending flows travel at a relatively 

constant velocity in steady state, while upward turbulent lift exceeds particle settling. Flows 
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traveling on gentle slopes experience less gravitational forcing and may not generate enough 

upward turbulent lift to counteract particle settling. As they lose suspended sediment, they 

become less dense and decelerate. This is known as the decelerating regime, and such flows tend 

to be short lived, have short runout distances (the maximum distance the flow travels before 

stopping), and deposit most of their mass as bedload along the flow’s main path (Chen et al., 

2013). 

2.5.4 Turbidites 

 Sedimentary sequences deposited by turbidity currents are known as turbidites (Kuenen, 

1957) and their grain size, erosional, and structural pattern is classically known as the Bouma 

sequence (Bouma, 1962). The Bouma sequence is composed of an erosive base with coarse grain 

sediments, such as medium to fine sand, and a fining upwards in grain size into a gradational top 

contact (Fig. 10). Structures which may be present in turbidites include ripple, cross, parallel and 

convolute laminations (Bouma, 1962). Turbidites have been recognized as volumetrically the 

most important clastic accumulations in the deep sea (Normark et al., 1993). Mud turbidites in 

particular make up a higher portion of material flux to the deep sea than sandy turbidites 

(Goldfinger et al., 2013). They are common structures in submarine fans at the mouths of 

submarine canyons. 

 Turbidites have been used as a proxy for great (Mw > 8.0) earthquake paleoseismicity 

(e.g., Noda et al., 2008; Goldfinger et al., 2003a, 2003b, 2012, 2013), and successfully dating 

earthquakes down to Mw 7.0 (Goldfinger et al., 2013). Instrumental records of earthquakes span 

a few centuries globally, encompassing only part of regional seismic cycles. To test concepts 

such as the seismic-gap hypothesis, clustering, and recurrence models requires longer records 

spanning multiple seismic intervals (Goldfinger et al., 2012). Sediment gravity flows can occur 
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during seismic activity without the extensive uplift required to generate terraces, offering a high-

resolution seismic record. However, it must be determined that the parent turbidity current was 

generated by an earthquake and not by local activities capable of triggering slope failure, such as 

storm waves or rapid sedimentation upslope (Noda et al., 2008). There are two ways to test if a 

turbidite was deposited by an earthquake (region-wide slope failure) and not other triggers: 

synchronous emplacement and confluence (Talling, 2014). 

Synchronous emplacement is tested by taking multiple widespread cores in an attempt to 

capture the entire local seismic event record and dating sediment layers in the cores just above 

and below each turbidite (Talling, 2014). If the same age bracket turbidites are deposited in 

numerous cores from different basins, it implies generation by regionally widespread slope-

failure events. To test confluence, the number of turbidites deposited in a channel or basin is 

counted and compared to the number deposited in a tributary flowing into the channel/basin 

(Talling, 2014). If the numbers are the same on the upstream and downstream side of a 

confluence, this also indicates synchronous wide-spread emplacement. This method supports 

generation by a very wide-spread event, such as a large earthquake, and can help rule out other 

triggers which can generate synchronous turbidity currents on smaller scales, such as hurricane 

winds (Talling, 2014). 

However, there are some complications with these two tests. Widespread slope failure 

can lead to synchronous turbidite deposits with different compositions, complicating correlation 

of deposits. Additionally, erosion at the base of a turbidite can complicate dating and thus if 

events were synchronous (Talling, 2014). During confluence tests, the number of detected 

turbidites within a channel/basin core is highly dependent on slope (Talling, 2014). A sloped 

location along the channel side may not capture deposits from every current as well as a location 
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on the channel floor. Both tests can be convoluted by the fact that slope failure (and thus 

turbidite generation) during an earthquake also depends on sedimentation rates and slope 

stability (Noda et al., 2008), thus a true earthquake turbidite may still not appear in all cores. 

Lastly, not all major earthquakes deposit extensive turbidites, as was the case with the 2004 and 

2005 Sumatran and 2010 Chilean earthquakes (all Mw>8.5), which results in an underrepresented 

paleoseismic sedimentary record (Talling, 2014).  

The bathymetry of PWS is characterized by steep slopes and deep channels, thus seismic 

events have been able to consistently generate turbidity currents. Cores PWS-10 and PWS-12, 

contain records of turbidites associated with events in 1983, 1964, 1928, 1912 and 1899 (Miller, 

2015; Kuehl et al., 2017). These are marked by shifts in the CG and CR provenance ratios. The 

1983, 1964, and 1912 events are correlated with earthquakes with epicenters near the CG. The 

1928 deposit is correlated with an earthquake in the central (USGS, 2016) or southern PWS 

(epicenter recalculated by Doser et al., 2001), and the 1899 deposit with slippage from the 

Yakutat great earthquakes near the CR (Kuehl et al., 2017). PWS-09 (Fig. 8; Miller, 2014) also 

contains a turbidite from 1964 at 70 - 80 cm with an increase from < 10% to > 60% sand, 

minimas in K/Ca and Rb/Sr and a maxima in Sr/Pb. 

2.6 Columbia Glacier 

2.6.1 The Glacier 

 The CG is a tidewater glacier sourced from the Chugach mountain range which 

terminates in Columbia Fjord on the northern edge of PWS (Fig. 11). Glaciers form as snow high 

in the mountains is continually packed down into ice with less annual melt than accumulation. 

Tidewater glaciers terminate directly into a marine body of water and their bases rest on the 

seabed instead of floating. The portion of the glacier grounded below sea level is called the 

marine-based reach. The CG margin was growing around 1020 CE, slowed growth in the 1450s 
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to late 1700s, and then accelerated to its maximum reach in 1810 (Beckwith-Laube et al., 2004; 

Barclay et al., 2009). This stable terminus was located on a combination of a submerged moraine 

shoal and Heather island, located near the mouth of Columbia Bay. 

In 1978 rapid retreat began due to surface lowering, causing the CG to recede from 

Heather Island, and it completely retreated from the shoal in 1983 (Meier et al., 1985). Since this 

period the glacier has been experiencing ongoing rapid retreat driven by calving in ~300 m deep 

water and increases in subglacial runoff (Brown et al., 1982; Sikonia, 1982). The retreat rate 

accelerated until the early 1990s, slowed for two periods from 1994-1997 and 2000-2006, and 

has since accelerated through present (O’Neel et al., 2005). These shifts in retreat rate were 

driven by retreat over a deep subglacial basin and the subsequent steepening of the glacier 

surface (Boldt et al., 2016). 

  CG has retreated 23 km at an average rate of 0.7 km yr-1 since the onset of retreat in the 

early 1980s (Boldt et al., 2016). As of 2015 it spanned 944 km2 of area and was receding at a rate 

of 0.519 km yr-1 (McNabb et al., 2015). It has lost over 50% of the volume it had in 1957 and has 

separated into two dynamically distinct branches known as the west branch and the main branch 

(Krimmel, 2001; O’Neel et al., 2005; Rasmussen et al., 2011; McNabb et al., 2012). 

The glacier is a prominent source of sediment to the northern regions of PWS. The 

average sedimentation rate within the fjord over the whole retreat period is 5 cm yr-1 (Boldt et 

al., 2016) and the rate beyond the terminus over the past 100 years is estimated as 0.2 cm yr-1 

(Jaeger et al., 1998). Within Columbia Bay there is low uniform 210Pb activity around 1.1 ± 0.2 

DPM g-1 with little to no excess 210Pb (Boldt et al., 2016). Low excess lead indicates that the 

sediment particles were unable to scavenge lead (i.e. cohesion of 210Pb in the water column to 

sediment particles) during deposition. This could be due to high settling rates from buoyant 



	

16	
	

surface plumes not allowing adequate time for lead scavenging (e.g., Jaeger and Nittrouer, 1999; 

Kuehl et al., 1986), which is supported by the 234Th estimated sedimentation rates of ~0.4 cm 

day-1 during the melting season (Boldt, 2014). 

It is also possible that sediment was delivered without settling through the water column 

(e.g., Mullenbach and Nittrouer, 2000), possibly by sediment gravity flows along the bottom. 

Within Columbia Bay there are horizontal parallel layers of sediment on the order of tens of 

meters thick (Boldt et al., 2014; 2016). The thickness of subglacial sediment packages pre-

retreat, as determined from boreholes through the glacier, were on the order of decimeters 

(Humphrey et al., 1993).  By comparing this to the thickness of the modern layers in the Bay, 

Boldt et al., 2016, determined it most likely these layers were emplaced by sediment gravity 

flows during the most recent retreat. Such flows typically play a large role in sediment transport 

in temperate fjords (such as Columbia Bay) and leave parallel laminations (Syvitski, 1989). 

Other redistribution processes such as slumping, iceberg gouging and melting, waves generated 

by calving, and deep tidal currents have likely also contributed to the formation of these layers 

(Boldt et al., 2016). 

It is also possible that early in the retreat large quantities of sediment were delivered 

beyond the terminal moraine into PWS. From 1982-1995 annual sediment flux was estimated as 

3 million m3 yr-1
, and while the terminus was still within 2 km of the moraine it is approximated 

that 15% (50 million m3) of the total that sediment flux crossed the moraine into PWS (Boldt et 

al., 2016). Thus, there may be a record of changing glacial activity captured in the sediments of 

northern PWS. 
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2.6.2 Glacial Outburst Floods 

Glacial outburst floods occur when subglacial water or a lake dammed by a glacier 

rapidly drains. The dams may also be a moraine composed of till and ice pushed up by the 

glacier. Glacial ice dams can be broken by earthquakes (Mulder et al., 2003) and floated when 

the lake water levels become sufficiently deep (Walder and Costa, 1996). Further possible causes 

of dam break and erosion include water pressure, turbidity currents, and overfilling, such as 

occurred at Hubbard Glacier in Russell Fjord in 1986 and 2002 (Mayo, 1989; Trabant et al., 

2003). One of the most famous outbursts occurred in Iceland at the Vatnajokull ice cap when the 

Grímsvötn volcano erupted beneath the ice in 1996 (Gudmundsson et al., 1997). The flood 

waters will drain through subglacial conduits, transporting large volumes of glacial sediment. 

Two lakes were historically dammed by the CG: Terentiev and Kadin (Fig. 11). Lake 

Kadin (and presumably Terentiev) was fed partially by direct glacier melt and by precipitation 

from an off-glacier drainage basin (Meier et al., 1994). There are sparse records of lake water 

levels prior to 1976, but given the stability of the glacier during this period it is presumed that 

they remained stable or periodically underwent outbursts (Krimmel, 2001). Between 1976 and 

2000, the average lake water levels decreased about 8.5 m per year. This rate is similar to the ice 

ablation rate during this period, suggesting that ice thickness controlled the lake levels (Krimmel, 

2001). Terentiev’s levels stabilized in 1992 at 13m depth, and Kadin reached 15 m depths in 

2000, even though ice still dammed its outlet at the time. Currently the lakes are completely 

undammed and therefore no longer produce outburst floods (Fig. 11, personal communication 

with R. Krimmel, 2017).  

During the rapid retreat of CG the lakes underwent many draining and refilling cycles 

(Fig. 11). Refilling of the lakes between outburst events occurred periodically during 
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precipitation and wind-driven glacier melting events (Meier et al., 1994). Lake Terentiev 

underwent water level drops on the order of 80 m in 1986 and 1989. Lake Kadin experienced 

lake level drops on the order of 90 m during 1982, 1986, 1990, 1993, and 1995, followed by two 

smaller events on the order of 50 m in 1997 and 2000. Lake Kadin outflow was either zero or 

very low under normal conditions (Stone, 1988), indicating that decreases in water level 

occurred entirely during large events. These events were likely subglacial outbursts which lasted 

on the order of hours to days, as there was never observed evidence of supraglacial flow 

(personal communication from R. Krimmel, 2017).  

Another type of outburst flood may have been triggered by rapid evacuation of a 

subglacial reservoir of sediment and water during the early stages of retreat. Thinner regions of 

the glacier have less pressure at the base and are frozen, while areas under thicker portions 

(greater pressure) induce basal melting and allow water to flow (Rothlisberger, 1972). When the 

base of a glacier is frozen, water and sediment in the subglacial system are trapped and rapidly 

accumulate in a subglacial reservoir, raising the reservoir and glacier base over time until the bed 

slope is sufficient to allow melting and an outburst flood occurs as the reservoir empties (Alley et 

al., 2003). Boldt et al. (2016) discovered that this phenomenon occurred two times during the 

retreat of CG, both as the terminus retreated over sills between subglacial basins. When the 

terminus reached the reverse slopes on the northern sides of the sills, the retreat slowed as the 

terminus ice was thinner and allowed basal freezing. Water and sediment gradually pooled in the 

up-glacier basin, raising the basal surface until the reservoirs rapidly emptied via gravity flows. 

While the terminus of CG was pinned on the moraine early in retreat, the ice was substantially 

thinner than portions up-glacier as it resided on a reverse slope (Boldt et al., 2016; McNabb et 
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al., 2012). Thus, a similar phenomenon could have occurred in the early 1980s as the terminus 

retreated over the reverse slope on the northern side of the terminal moraine. 

2.6.3 Hyperpycnal Flows 

Outburst floods entering marine waters may result in a type of gravity flow known as a 

hyperpycnal flow. Hyperpycnal flows are negatively buoyant freshwater flows that move along 

the seafloor due to having greater density than the ambient water from the suspended particle 

load they carry (Mulder and Syvitski, 1995). Hyperpycnal flows are generated when large 

quantities of sediment-laden freshwater (concentrations in excess of 36 - 43 g L-1) empty into a 

standing body of marine water, usually during an event such as a river flood, dam erosion, or 

glacial outburst flood (Mulder and Syvitski, 1995). They can also be generated by settling due to 

convective fingering in sediment plumes with concentrations as low as 1 g L-1 (Mulder et al., 

2003). In Columbia Bay, concentrations in excess of ~30 g L-1 exceed the density of the ambient 

fjord seawater (Boldt et al., 2016). 

Hyperpycnal flows are characterized by their suspended sediment load and their 

freshwater content (Mulder et al., 2003). These flows move on the order of < 2 m s-1, do not 

carry a bed load, and can persist for minutes to weeks (Mulder and Syvitski, 1995; Mulder et al., 

2003). They are composed of three semi-distinct regions: the plunging point, the main body, and 

the leading head. The plunging point is the location where the surface floating stream flow ends 

and the underflow or density current begins (Singh and Shah, 1971). When rapid flowing 

freshwater meets relatively static reservoir water, the flow momentum creates a pressure gradient 

between the bodies of water. Together with friction and slope of the seabed, the plunging point 

develops as the bottom moving portion of the flow pushes out before the surface portion of the 

flow. Eventually the surface portion plunges to join the newly formed main body (Singh and 

Shah, 1971). The main body is in balance between gravity, entrainment, seabed and internal 
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friction, and sedimentation rate (Siegenthaler and Buhler, 1985), and is responsible for any 

sustained scour and deposition on the seafloor (Kassem and Imran, 2001). Mixing in the leading 

head dictates how far a flow can travel before losing its identity (Kassem and Imran, 2001). The 

flows are maintained as entrainment of sea-water increases the density of the water and dilutes 

the suspended sediments, decreasing internal friction; and as erosion of the sea floor increases 

the flow density (Mulder et al., 1998).  

Hyperpycnal flows can be autosuspensional, but in gentle slope conditions they are 

decelerating and primarily supported through wave- or current-induced velocity shear (Wright 

and Friedrichs, 2006). Hyperpycnal flows have weaker gravitational forcing compared to 

turbidity currents due to lower densities and hence move too slowly to be highly erosive (Mulder 

et al., 2003). Travel via accelerating regime may be possible if there are readily erodible mud 

beds (Chen et al., 2013). 

2.6.4 Hyperpycnites 

Hyperpycnal flows deposit recognizable layers called hyperpycnites. Mulder et al. (2003) 

developed a model of hyperpycnite structure where they are composed of two units: an upper 

and a lower. The lower unit displays a coarsening upwards sequence (inverse grading), which is 

deposited by three different mechanisms: incorporation of mud clasts at the base, freezing of 

successive laminar boundary layers, and a steady waxing flow discharge over time (Fig. 10). The 

upper unit is a classical fining-upwards sequence deposited by the waning flow. The contact 

between these two units may be erosive if peak discharge was large enough to prevent 

sedimentation and to erode the recently deposited particles (Mulder et al., 2001). Hyperpycnites 

may also contain climbing ripples (Migeon et al., 2001; Mutti et al., 2003), laminae representing 

hydrodynamic fluctuation in the bottom boundary layer (Hess and Chough, 1980), and terrestrial 
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flora/fauna material (Mulder et al., 2003, Zavala et al., 2012). According to this model, 

hyperpycnal flows generated by a rapid surge in freshwater, such as an outburst flood, leave 

hyperpycnites that may lack the lower unit and appear turbidite-like with a highly erosive base 

and fining-upwards unit. 

 Another model proposed by Talling (2014) claims that hyperpycnal flows move on the 

order of < 50 cm s-1, are dilute (< 0.01 vol.% sediment) and leave behind deposits similar to that 

seen in freshwater lake and reservoir hyperpycnal flows: mm to 2-10 cm thick fine grained 

deposits. Fine sand may be present but the hyperpycnites are mainly mud and may be rich in 

organic matter. The thin nature of the deposit is due to dilute sediment concentrations and slow 

aggradation rates during the flows, and there is little or no erosion. There may be inverse 

grading, but variations in grading and flow can produce complex gradational patters. 

Talling (2014) supports that grain size patterns, terrestrial organic matter, compositional 

changes, and thickness/pinching are helpful tools to identifying hyperpycnites from other 

deposits. However, Talling (2014) cautions against using these as the only diagnostic tools in any 

model due to the complex nature of the formation of these different signals. For example changes 

in grading may be due to more than simply flow velocity; there could be changes in flow 

concentration. Turbidites can also have similar grain size and terrestrial organic content as a 

hyperpycnite if the sediment bank that failed was loaded with sediments derived from a 

continental freshwater source. Dating a deposit and comparing the age with the dates of known 

floods is another way to identify hyperpycnites. However, if the deposit date is not well 

constrained, or if historical trigger events occurred close in time, it can be hard to correlate the 

dates. By counting the number of hyperpycnal deposits between two well-dated horizons (e.g., 

the 1964 earthquake deposit and the core-top) the frequency of the flows can be estimated. 
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Problems with this method arise due to assumptions regarding the regularity of flow occurrence 

and the successful representation of every flow at the coring site. 

Both of these models indicate that hyperpycnites may be rich in organic matter and may 

contain inverse grading with no erosional base. This contrasts with the theoretical structure of a 

turbidite, which has an erosional coarse base that fines upwards and may not be rich in organic 

matter. 

CHAPTER 3: METHODS 

3.1 Core Collection 

 The six new sediment cores analyzed for this study were collected July 20 – 24 2016 

onboard the R/V Auklet. Cores were collected with a gravity corer using 2-m polycarbonate tubes 

with 9.5 cm inner diameters and saw-tooth design core catchers. The cores were collected in a 

south-to-north transect in the central channel of PWS spanning from central PWS to the mouth 

of Columbia Bay (Fig. 2; refer to Table 1 for coordinates). Gravity cores were not recovered in 

the northern ponded sediments basin with the corer used in this study.  Coring equipment was 

deployed multiple times at three separate locations within the basin, and for each attempt the 

equipment returned covered with streaks of mud, indicating that penetration had occurred but the 

core catcher was unable to retain the sediment.  This suggests the northern ponded sediment 

basin contains highly unconsolidated surface sediments. 

3.2 Core Processing 

 Split cores were subsampled at 1 cm resolution. The wet samples were weighed and dried 

at ~80°C for the analysis of water content. The dried samples were then ground and stored in 7 

ml borosilicate glass vials to be used for δ13C and δ15N analyses. The remaining dry sediment 

was composited in 3 cm intervals and tightly packed into 70 ml petri dishes for gamma 

spectroscopy. The photographs and X-radiographs were analyzed for fine sediment structures. 
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The X-radiography shows differences in sediment density which can often be correlated with 

changes in grain size, ripple structures, and erosional/depositional contacts. Regions of interest in 

the cores as indicated by the photographs, X-radiographs and the XRF elemental ratios (see 

section 3.4) were subsampled as necessary from the remaining core halves at higher resolution 

for grain size and δ13C and δ15N analyses. 

3.3 Geochronology – Radioactive Isotope Analyses 

3.3.1 210Pb Dating 

Sediment age dating was performed using 210Pb, a naturally occurring radioactive isotope 

with a half-life (t1/2) of 22.3 years. As part of the 238U decay series, there are two mechanisms by 

which 210Pb is supplied to sediments: atmospheric fallout produced by the decay of 222Rn 

(unsupported or excess) and in situ decay of 226Ra (supported; Krishnaswamy et al., 1971; 

Nittrouer et al., 1979). Excess 210Pb adsorbs onto particles in the water column and accretes in 

the seabed.  Over time, the quantity of excess lead in the seabed decays until only in situ 

supported quantities remain.  Using the Constant Flux Constant Sedimentation Rate model 

(CF:CS), the activity of excess and supported lead present at core-top (C0) and the background 

supported levels at depth z (Cz) are used to determine the rate of sedimentation S. Using the 

decay constant λ for 210Pb (0.0311 yr-1), S is calculated using equation 1 (Nittrouer, 1984): 

! = #$
%&	()*)+)

       (1) 

This equation assumes a steady sediment flux and negligible mixing in the region of steady 

decay. After completing a linear regression of ln(excess 210Pb) versus depth, equation 1 can be 

rearranged into equation 2 to determine the sedimentation rate (S): 

! = − #
.             (2) 
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where m is the slope of the linear regression line. This is also known as the linear sediment 

accumulation rate (LAR). The age of a layer can then be estimated as a function of distance 

downcore using the LAR. 

The activities of 210Pb were directly measured via gamma ray spectroscopy at VIMS. The 

petri dishes were then sealed with electrical tape, and left to sit for at least three weeks to allow 

the 214Pb and 214Bi daughters to achieve secular equilibrium. The samples were counted with 

Canberra germanium detectors for 24 hours to measure gamma radiation. The detector counts 

were recorded using GenieTM and ORTEC® MAESTRO® spectroscopy software, corrected for 

detector background readings, and converted to units of decays per minute per gram (DPM g-1). 

During 210Pb decay, a beta particle (electron) is released from the nucleus with a gamma ray of 

energy 46.5 keV, allowing for measurement of total 210Pb radioactivity. The supported lead 

levels were measured using the average radioactivity of in-situ parent isotopes 214Pb at 295 keV 

and 352 keV, and 214Bi at 609 keV. Excess 210Pb activity is then calculated as the total activity 

minus the supported activity. An attenuation factor (A) to correct for self-sample attenuation was 

calculated using equation 3 (Cutshall et al., 1983): 

/ = %&	(01)
0
1 23

             (3) 

T is the attenuated beam intensity determined by counting samples with a 210Pb source on top for 

300 s and subtracting the intensity of the 210Pb generated from within the sample. I is the 

unattenuated beam intensity of the 210Pb source counted on top of an empty petri dish for 300 s. 

The attenuation factor was multiplied by the raw counts per minute value from the detector 

activity reading at 46.5 keV before conversion to DPM g-1.  
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3.3.2 137Cs and 239,240Pu Dating 

 The 210Pb sedimentation rates were compared sedimentation rates obtained from 137Cs 

(t1/2 = 30.17 y) and 239,240Pu (t1/2 = 24,100 and 6,561 y, respectively) geochronology.  Both 

isotopes were anthropogenically introduced by atmospheric fallout during nuclear weapon 

testing, which began in 1954 and had a global peak in 1963. Combined, these isotopes can be 

used to quantify sedimentation rates within the last century. The 137Cs emissions at 661 keV in 

each sample were measured using Canberra germanium detectors at VIMS over a 24 hour 

period. The activities were calculated in decays per minute per gram (DPM g-1) and plotted 

downcore to locate the 1963 peak and 1954 first appearance. 

The combined amount of 239+240Pu isotopes present was determined through chemical 

separation (at VIMS) and measurement on a Thermo X Series II quadrupole inductively coupled 

mass spectrometer (ICP-MS) at the University of Northern Arizona based on the procedures of 

(Ketterer et al., 2002; Ketterer et al., 2004). Briefly, dried sediment samples (3-4 g) were ashed 

at 600 °C for 8 hours to remove organic material, then mixed with 20 mL of trace metal grade 

HNO3 and underwent microwave digestion.  The mixture was vortexed, and the supernatant was 

decanted into borosilicate vials and evaporated to incipient dryness. Then 3 mL of 8 M HNO3 

(Nitric Acid) and 0.5 mL of NaNO2 (Sodium Nitrate) were added to convert all Pu to Pu (IV). 

EIChrom UTEVA resin columns were conditioned with 2mL of 8M HNO3 containing 0.3% 

H2O2 (Hydrogen Peroxide), then the aqueous solution was passed through the column. Pu was 

eluted from the column by conversion from Pu (IV) to PU (III) with 2 mL of 2 M HNO3 

containing 0.02M NH2OH.HCL (Hydroxylannonium Chloride) and 0.02M C6H8O6 (Ascorbic 

Acid). Samples were evaporated to incipient dryness and brought to 10 mL with 2% HNO3 for 

direct ICP-MS analyses.  
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Both 137Cs and 239+240Pu have been used as an independent check on 210Pb derived 

sedimentation rates (e.g., Krishnaswamy et al., 1971; Nittrouer et al., 1984; Kuehl et al., 1986; 

Kuehl et al., 2012). The Pu isotopes’ longer half-lives make them useful in modern sediment 

dating as 137Cs activity approaches the limit of detection because two half-lives have passed 

since peak global deposition in 1963. The distance downcore to the 1963 peak or the first 

appearance in 1954 of 137Cs and 239+240Pu  divided by the number of years elapsed yields a 

constant sedimentation rate for comparison to the 210Pb calculated sedimentation rate (Nittrouer 

et al., 1984). 

3.4 Elemental Analysis - X-Ray Fluorescence 

 Core scanning X-Ray Fluorescence (XRF) was performed to determine relative downcore 

elemental ratios. XRF scans were conducted at the University of Minnesota’s Large Lakes 

Observatory using the ITRAX XRF Core-scanner. The core-scanner X-radiographed the cores at 

60 keV/50mA (voltage/current), then radiated the cores with 30 keV/55mA energy X-rays 

generated from a 3kW Mo X-ray tube and sampled at 0.5 cm resolution with a dwell time of 20 

s. The scans measured most elements from Al to U, but this study focuses on K, Ca, Cu, Rb, and 

Sr. Downcore elemental profiles were aligned and compared to assess relative elemental ratios 

between cores. 

3.5 Grain Size - Laser Diffraction 

Subsamples from the newly collected cores PWS-(17-28) were analyzed via laser 

diffraction at Texas A&M University to assess grain size fluctuations downcore. Samples were 

mixed with a sodium hexametaphosphate as a dispersant, and directly analyzed on a Malvern 

Mastersizer 2000 with HydroG dispersion unit under constant sonication. Each sample was 

measured in triplicate, and reported values are an average of those results. High resolution 
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subsampling intervals of 1 cm and 0.5 cm were taken in layers of interest as indicated by changes 

in XRF ratios, visual color, and X-radiography. The remaining ‘background’ areas of each core 

were taken in 1 cm increments every 10 cm downcore. 

3.6 Stable Isotopes 13C and 15N – Isotope Ratio Mass Spectrometry 

  The stable carbon (δ13C), nitrogen (δ15N), and C/N ratios were measured to help identify 

varying signatures of terrestrial versus marine organic sources of C and N in the sediment 

samples. The predominant plant types present in the Copper River Delta are C-3 marsh plants 

(Boggs, 2000). C-3 plants have higher 12C content, resulting in δ13C values in the range of -23 to 

-30 ‰, while marine phytoplankton (-18 to -24 ‰) and other sources such as C-4 salt marsh 

plants and benthic macroalgae (-12 to -18 ‰) are more enriched (higher values) (Cloern, et al., 

2002; Bianchi, 2007; Bianchi and Canuel, 2011). Nitrogen isotopes can also have lower 

terrestrial signatures (vascular plants, soils, C-3 plants; -2 to +6.4 ‰) than marine sources 

(phytoplankton, C-4 plants, benthic microalgae; 0 to 9 ‰) (Bianchi, 2007; Bianchi and Canuel, 

2011). Vascular terrestrial plants tend to have higher carbon content due to higher amounts of 

cellulose and lignin, while marine microalgae and microbes have higher nitrogen content from 

higher amounts of amino acid proteins. Thus a higher C/N ratio (>15) can indicate a greater 

terrestrial organic carbon content, while lower ratios (~5-10) indicate marine dominated organic 

carbon (Hu et al., 2006; Bianchi, 2007). Use of these ratios in conjunction may help to identify  

sediment samples derived from different regions, such as the CR, CG, and locally emplaced 

PWS sediment. 

 For the δ13C and δ15N analyses, cores PWS-10 and PWS-12 from Kuehl et al. (2017) and 

all newly obtained cores were finely subsampled in regions of interest identified in the XRF,  X-

radiograph and visual images, and were coarsely sampled (~ every 10 cm) throughout the rest of 
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the core. Cores PWS-(07, 08, 09) were measured using the surface 3-cm interval composited by 

Miller (2014). Homogenized samples were acidified with 3 mL of 1 M HCl, dried at 60° C for 

48 hours, and 50-60 mg of sediment was weighed into 5x9 mm tins. The samples were then 

combusted and analyzed via Isotope Ratio Mass Spectrometry using a Costech Elemental 

Analyzer (Costech EA) at Baylor University. 

CHAPTER 4: RESULTS 
4.1 Core Descriptions 

Coordinates for 2016 cores are in Table 1 and locations are shown in Fig. 2. Core 

descriptions are based on visual photographs and X-radiographs of structure, texture, and color 

taken immediately after the cores were split. The visual and X-radiograph mosaics are plotted 

alongside grain size, XRF, and stable isotope data of PWS-17 through PWS-28, respectively in 

Figs. 12-17. The sediments collected for this study are generally dark greenish gray in color 

(Gley 1 4/10Y), fine grained, and have little to no structure outside potential gravity flow 

deposits. Such deposits are marked by faint laminations and in some cases a dark gray (Gley 1 

4/N) color, with coarse bases in the X-radiograph mosaics. With the exception of PWS-17 and 

PWS-28, the cores show faint mottling. PWS-28 (Fig. 17) has a dark gray color and sporadic 

gravel and cobbled sized particles, with occasional faint dark laminations. In the X-radiograph 

the laminations indicate thin fine grained layers spaced ~10-20 cm apart downcore. 

The most prominent deposits in the X-radiograph and visual images occur in PWS-(17, 

18, 22). There are fine laminated layers apparent in the X-radiograph of PWS-17 (Fig. 12, 60-70 

cm), and in both the X-radiograph and visual image of PWS-22 (Fig. 15, 40-50 cm). PWS-18 

(Fig. 13) contains two thick deposits (16-48 cm and 70 cm – bottom) with uniform color and 

structure separated by a region with some mottling. The upper deposit from 16 - 48 cm is dark 

gray (Gley 1 4/N) and the lower deposit is dark greenish gray (Gley 1 4/5GY) from 43 - 49 cm. 
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4.2 210Pb Behavior and Sedimentation Rates 

Profiles of 210Pb and 137Cs activity were determined in all cores, and additionally 239,240Pu 

was measured in PWS-17 and PWS-18. Sedimentation rates and associated errors for 210Pb and 

137Cs are shown in Table 2 (Appendix 1), and the average rates are plotted as age models of 

depth versus time (Fig. 18). The 239,240Pu maxima/appearance in cores PWS-17 and PWS-18 

closely resembled that of the 137Cs (Fig. 19), so a separate rate is not reported. 

Three distinct types of 210Pb profiles are apparent: steady state, non-steady state, and 

quasi-steady state (Fig. 20). Profiles defined at steady state display a region of exponentially 

decreasing activity with occasional fluctuations in event layers followed by a region of uniform 

activity supported by 226Ra decay. The quasi-steady state profiles display steady state-like 

exponential decay, but also contain fluctuations in the 210Pb activities that are not associated with 

event layers. The non-steady state profiles contain large regions of negligible excess 210Pb 

activity, rendering the steady-state assumption invalid in calculating the sedimentation rate. 

Cores PWS-17 and PWS-20 are treated as steady state. Sedimentation rates are calculated 

using the CF:CS model and equation 2. There is good agreement between the 210Pb 

sedimentation rate and the rates estimated by the 1963 peak and 1954 first appearance in 137Cs 

and 239,240Pu (Table 2). The average sedimentation rate in PWS-17 is 1.28 ± 0.18 cm yr-1 and in 

PWS-20 is 1.41 ± 0.11 cm yr-1. 

The 210Pb profiles in cores PWS-25 and PWS-22 are treated as quasi-steady state. The 

137Cs profiles in PWS-25 does not show a distinct peak associated with 1963 (Figs. 19 and 21), 

thus the Cs-estimated sedimentation rates use only the first appearance. The 210Pb profile in 

PWS-25 contains some fluctuations in total 210Pb activity between 10 cm and 20 cm, however 

there are no event layers evident in the visual, X-radiograph, or XRF scans, and the profile 

appears otherwise steady-state. PWS-22 contains three small 137Cs peaks, and the peak around 35 
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cm is taken as 1963 because of its proximity to the inferred 1964 turbidite (Fig. 21). PWS-22 

contains fluctuations in activity associated with event layers interpreted as the 1983 and 1964 

events. However, there is a region with no indication of an event layer in any other data that 

shows negligible 137Cs activity from 60 – 90 cm followed by a reappearance deeper in the core 

(~90 cm) with a corresponding increase in excess 210Pb (Fig. 21). Since this region does not 

appear to be a gravity flow deposit, everything above 90 cm is treated as steady state.  The 137Cs 

and 210Pb profiles in PWS-25 and the activity below 90 cm in PWS-22 are further explored in the 

section 5.2.3. The sedimentation rates in both cores are calculated using equation 2. The average 

sedimentation rate calculated in PWS-22 is 0.99 ± 0.11 cm yr-1 and in 25 is 0.77 ± 0.14 cm yr-1. 

 PWS-18 and PWS-28 are both regarded as non-steady state. PWS-18 contains two large 

mixed regions of low 210Pb and 137Cs, 239,240Pu activity (Fig. 19) which are associated with 1983 

and 1964 based on their provenance (see section 4.3). The 1964 deposit is not entirely cored 

through in PWS-18, thus everything from the core base and up accumulated during/since the 

1964 event. We considered excluding the regions of low activity to attempt a CF:CS model 

calculation, however it is not clear where the top of the 1964 deposit ends and background 

conditions resume. The CF:CS model applied to the upper 20 cm above the 1983 layer gives an 

accumulation rate of 0.44 ± 0.5 cm yr-1. 137Cs and 239,240Pu are uniformly mixed within the 1964 

event layer and are present through the core bottom. As a result, the apparent peak in activity 

(Fig. 19) cannot be confidently labeled as 1964 since it is likely the isotope profiles are truncated 

by the underlying mixed region. Assuming all the sediment in the core accumulated post-1964 

(i.e., using the bottom as 1964, this results in an estimated rate of > 2.46 cm yr-1. 

In PWS-28, the first appearance of 137Cs occurs around 20 cm while excess 210Pb is 

detected only down to 5 cm (Fig. 19). The remainder of the core is composed of uniform (1.6 ± 
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0.05 DPM g-1) 210Pb activity. Assuming the first appearance of 137Cs corresponds to 1954, this 

results in an estimated sedimentation rate of 0.32 cm yr-1
. Using the top two sample points with 

excess 210Pb and the CF:CS model, the rate calculated is 0.12 cm yr-1. However, the steady state 

assumption is violated by the observation of 137Cs ~15 cm below the first appearance of 210Pb, 

thus the CF:CS model is not plausible. Therefore, we were not able to confidently assign an 

accumulation rate to this core. 

4.3 X-Ray Fluorescence Core Scans 

 XRF core scans produced downcore profiles of emission intensities (i.e., counts) for all 

measured elements. Ratios determined by Miller (2014), Marshall (2015), and Kuehl et al. 

(2017) as indicative of the local PWS watershed (K/Ca, Rb/Sr, and Rb/Ca) and CR sediment 

(Sr/Pb and Cu/Pb) are plotted alongside core mosaics for PWS-(17-28) (Figs. 12-17, Appendix 

2). The XRF ratios are the primary data used to identify unique deposits in the cores and to 

delineate their upper and lower boundaries.  Any sediments from outside these regions is 

henceforth referred to as ‘background’ sediment. The core-averaged background K/Ca ratio 

increases northward while the Sr/Pb ratio generally decreases (Table 3). The highest observed 

ratio of K/Ca occurs near CG in PWS-28 (0.68 ± 0.06) and is approximately two to three times 

higher than seen in all other cores. 

Trends in the provenance signatures are compared between sediments of similar age in 

each core. Any trends which are consistent between cores and fall in the same age bracket are 

assumed as having been deposited by the same mechanism at the same time. We identify 

deposits which date near 1983 and 1964 in PWS-(17, 20, 22) and which correlate to the large 

deposits in PWS-18. PWS-17 additionally contains deposits from 1928, 1912, and 1899 events 

(Fig. 12). 
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4.4 Grain Size Profiles 

In cores PWS-(17-28) the background mean grain size and sand+silt content decrease 

northward, while the clay content increases (Table 4, Appendix 3). The northern-most core 

PWS-28 has the lowest sand and silt content (1.0 ± 2.1% and 41.9 ± 3.1%, respectively), highest 

clay content (57.1 ± 3.8%), and smallest mean grain size (8.1 ± 4.7 µm) of all cores. Sediments 

associated with gravity flow deposits are not included in the core-averaged grain sizes and 

percentages. 

The gravity flow deposits from 1983 were sampled in PWS-(17, 18, 20, 22). In PWS-18 

the deposit is thick (~30 cm) with lamina in the base overlain by fine sediment (mean grain size 

7.3 ± 3.3 µm) (Fig. 13) and in 20 it is composed of a coarse layer (mean grain size 318.6 ± 145.9 

µm) (Fig 15). There are no significant grain size shifts in the deposits of PWS-17 and PWS-10 at 

the resolution they were sampled. The gravity flow deposits from 1964 in PWS-(17, 20, 22) were 

sampled in high resolution, and in PWS-18 the deposit was coarsely sampled. The deposit has a 

coarse base which fines upward in PWS-(17, 20, 22); PWS-18 appears to contain finer grains 

than the background. The 1928 event layer in PWS-17 (Fig. 12) was sampled in high resolution, 

but contains no distinct shifts in grain size. The 1912 and 1899 events were only sampled with a 

single point in each in the middle of the deposits, and both are finer grained than the background. 

4.5 Stable Isotopes δ13C and δ15N 

 Stable isotopes were analyzed in surface samples (0-3 cm) from PWS-(07, 08, 09) and 

downcore (every 10 cm and in higher resolution in deposits) in PWS-(10-28).  The values of 

δ13C, δ15N, and C/N are plotted downcore in the individual core mosaics for PWS-(17-28) (Figs. 

12-17, Appendix 4) and for PWS-10 and PWS-12 (Figs. 22 and 23). The surface samples in 

PWS-(07, 08, 09) display a slight increasing trend in δ13C and a decreasing trend in C/N moving 

northward with no clear trend in δ15N (Fig. 24).  Core-averaged background δ13C, δ15N, and C/N 
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remain relatively consistent across PWS-17 to PWS-25 (Table 5). PWS-28 has the lowest mean 

stable isotope values (-24.87 ± 0.2 ‰ δ13C, 3.90 ± 0.3 ‰ δ15N, and 8.40 ± 0.8 C/N) of all cores. 

The extrema values (i.e., maximum value if the ratio increases, minimum value if it decreases) of 

the 1983 and 1964 deposits are generally lower in δ13C, higher in δ15N, and lower in C/N than 

the background (Fig. 24). The 1928 deposit was only coarsely sampled, but contains the lowest 

δ13C sample in all of PWS-10 (-25.9 ± 0.04 ‰) (Fig. 24). The 1912 deposit δ13C signatures are 

lower than the background in PWS-12 and PWS-17. The 1899 deposit is lower with respect to 

background in both PWS-12 and 17. 

CHAPTER 5: DISCUSSION 
5.1 South-North Background Sedimentation Trends 

Results from the new cores collected for this study (PWS-(17-28)) were combined with 

those of previous studies (PWS-(07-12); Miller, 2014; Marshall, 2015; Kuehl et al., 2017) to 

elucidate trends throughout PWS, from HI to CG. The ensemble dataset generally shows 

decreasing sedimentation rate and mean grain size moving north from HI to CG, consistent with, 

but extending, the trends observed by Miller (2014) in PWS-07 through PWS-12 (Fig. 25). The 

sedimentation rates in PWS are highest in HI (4.4 ± 0.5 cm yr-1) and decrease northward until 

PWS-10 (1.1 ± 0.1 cm yr-1). The rates remain relatively consistent from PWS-10 to PWS-20 with 

the exception of PWS-18 which is located in the southern ponded sediment basin. The rates then 

continue to decrease northward until PWS-25, which has the lowest sedimentation rate 

calculated (0.77 ± 0.14 cm yr-1). The core-averaged grain size and sand/silt content decrease 

northward, while the clay content increases (Fig. 25). The HI cores (PWS-07 and PWS-8) have 

mean grain sizes around 45 µm, while the southern cores PWS-09 through PWS-17 range from 

22.3 to 18.1 µm. The northern cores PWS-18 through PWS-28 have smaller mean grain sizes 

ranging from 14.3 to 8.1 µm.  
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Miller (2014) and Marshall (2015) found the elevated sedimentation rates and mean grain 

size in HI and southern PWS are due to a combination of sediments directly deposited from the 

CR plume during summer, and winter storm resuspension events on the continental shelf which 

mobilize previously deposited coarser CR sediment from the GOA into HI. This influence is 

supported by elevated Sr/Pb in HI which decreases northward as K/Ca increases (Fig. 26). The 

progressive increasing δ13C and decreasing C/N moving northward through PWS-(07, 08, 09) 

(Fig. 24) may also be related to changing influence from the CR and shelf sediments. Suspended 

sediment samples from the CR have δ13C values of -24.5 ± 0.6 ‰ and C/N values of 12.7 ± 4.8 

(Personal communication with J. Williams, 2017) and surface samples from the delta are in the 

range of -23.4 to -23.7 ‰ (Walinsky et al., 2009), while surface samples in HI (PWS-07) have 

δ13C values of -24.33 ± 0.04 ‰ and C/N values of 14.5 ± 0.7, which further supports the CR as a 

potential source of the HI signatures. 

The CG may act as a source of fine particles, high K/Ca, and low Sr/Pb, δ13C, δ15N, and 

C/N signatures (as seen in PWS-28) from northern PWS. However, the sedimentation rate in 

PWS-28 could not be calculated using 210Pb, and it is not clear if the glacier still actively delivers 

substantial quantities of sediment beyond the moraine into PWS. The low 210Pb values (1.6 ± 

0.05 DPM g-1) throughout PWS-28 are similar to the constant 1.1 ± 0.2 DPM g-1 observed within 

Columbia Bay that Boldt et al. (2016) attributed to high sedimentation rates from plume settling 

and sediment gravity flows that yielded no excess 210Pb activity (Bolt et al., 2017). The 

possibility exists that sediment beyond the moraine currently accumulates by similar processes as 

within the fjord. PWS-28 contains faint banding every 10-20 cm in the visual and X-radiograph 

images (Fig. 17) that may indicate the occurrence of numerous sediment gravity flows. However, 

these gravity flows may have only occurred during early/prior to retreat, and the sedimentation 
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rate since this period may have dropped to the order of a few mm per year. Around ~1985 the 

glacier retreated beyond 2 km from the moraine, when Bolt et al. (2016) estimate significant 

sediment delivery to PWS ceased. If there was a significant decrease in the sedimentation rate or 

a cessation of gravity flows at the location of PWS-28 at this time, excess 210Pb scavenging may 

have begun. If the first appearance of excess 210Pb at 5 cm corresponds to ~1985, this indicates a 

sedimentation rate of 0.16 cm yr-1 since. 

5.2 The 1964 Great Alaskan Earthquake 

5.2.1 Regional Deposit Structure and Provenance 

The 1964 deposit is identified and correlated using analogous trends in the provenance 

ratios in sediments that are of similar age in multiple cores (Fig. 27). The age ranges of the 

deposits are calculated using the LAR (Table 6) for the cores in this study and from Miller 

(2014). The 1964 deposit depth is plotted on the age models (Fig. 18), and there is good 

agreement between the date and the models of steady state cores PWS-17 and PWS-20. The 

northern cores PWS-(12, 18, 22) contain slightly coarser bases, with respect to background, and 

fine upwards (Fig. 27). PWS-18 did not capture the base of the flow, but the lower half is slightly 

coarser, suggesting a coarse base exists. The deposit is likely thicker (> 50 cm) in this core 

compared to all other sites because it is located in the southern ponded sediment basin, which 

acts as a retention area for flows. PWS-09 and PWS-17 also contain coarse bases which fine 

upwards. Excluding the deposit in PWS-18, the mean thickness is 12.3 cm with the thinnest in 

PWS-10 (7 cm). The coarse base and fining upward structure in most cores supports that the 

deposit is a turbidite created as a result of a turbidity current generated by the 1964 earthquake. 

The extrema values of K/Ca and Sr/Pb (Fig. 26) and stable isotopes (Fig. 24) in the 1964 

deposit are plotted alongside the average background values for each core. There are no clear 
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south-to-north trends, however the K/Ca value of the deposit is significantly different from that 

of the background (i.e., heteroscedastic t-test p < 0.05) in PWS-(10, 12, 17, 18, 22). The δ13C 

deposit extrema values are significantly different in PWS-(12, 18, 22). To further compare the 

distinct signatures in the deposit, the XRF data is plotted as K/Ca versus Sr/Pb (Fig. 28) and the 

stable isotope data as δ13C versus δ14N (Fig. 29). These plots emphasize the deviation of deposit 

values from the background and allow the intensity of the deviations to be compared between 

cores. Within the deposits there are generally lower Sr/Pb, higher K/Ca, and lower values of δ13C 

and δ14N than the background. This trend is most distinct in PWS-12 and PWS-18 where the 

1964 deposit plots outside the background. 

A coarse (88% sand+silt) deposit around 80 cm in PWS-09 (Fig. 8 and 27) was 

previously inferred by Marshall (2015) to be from a period of increased CR discharge dated to 

1977 by Miller (2014). Marshall speculated the deposit should also appear in PWS-08, however 

the 1977 interval dates to 150 cm depth and there is no clear deposit in the XRF ratios or grain 

size (Fig. 7). The 137Cs peak associated with 1964 in PWS-09 occurs near 80 cm (Miller, 2014), 

which supports it may instead be from a 1964 gravity flow near HI. This also may explain why 

the deposit is not present in PWS-08 as the core is not long enough to capture the 1964 interval. 

If this deposit is from a HI-sourced flow, it may explain why the coarse layer in PWS-09 has 

higher Sr/Pb and lower K/Ca. 

5.2.2 Central Channel Turbidity Current 

Strong earthquakes can trigger submarine and terrestrial landslides in regions with steep 

slopes. Submarine slides can displace large quantities of water and cause localized tsunamis. 

There were 20 documented local tsunamis generated within minutes of the 1964 earthquake 

across different regions in PWS (Lander, 1996). Of the documented locations, those connected to 
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the central channel occurred around the Valdez arm in Tatitlek, Jack Bay, Valdez, Anderson 

Bay, and Shoup Bay. Several of the sites explicitly documented submarine landslides which 

damaged docks and generated tsunamis (Ryan et al., 2010; Haeussler et al., 2014; Brothers et al., 

2016). The most extreme case was Valdez, where thirty people died when the dock sunk during 

the slide and the resultant tsunami destroyed all waterfront facilities (Nicolsky et al., 2013). All 

sites were struck by the tectonic tsunami waves (generated offshore by large scale vertical 

displacement) within 24 hours of the earthquake (Lander, 1996). The arrival of the tectonic 

waves could have disturbed the coastline and triggered additional gravity flows. Given the 

synchronous occurrence of the observed slides and tsunamis across PWS, it is likely that such 

activity was ubiquitous in PWS during the 1964 earthquake (Ryan et al., 2010; Haeussler et al., 

2014; Brothers et al., 2016). The observed 1964 deposit in PWS-(09, 10, 12, 17, 18, 20, 22) 

supports the occurrence of widespread gravity flow activity. The subsequent turbidity current in 

the central channel would have been supplied with sediment from many different regions, giving 

it a heavily mixed signature in the proxies (Figs. 28 and 29). 

The main gravity flow likely started at the channel head in the north and flowed 

southward. This is supported by the elevated PWS signatures in the deposits and the observed 

slides which started in the Valdez Arm. The only northern deposit with a sandy base (61.6% 

sand) is in PWS-20 (Fig. 27). This site is only 2 km east of PWS-12, but there is a submarine 

ridge over 40 m high between the sites (Fig. 4). PWS-20 may have received a separate turbidity 

current from the northeast near Tatitlek instead of the central channel which contained larger 

quantities of sand. The great decrease in thickness and structure between the northern cores 

(PWS-(18-28)) and PWS-10 suggests the northern turbidity current reached the limit of its 
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runout in southern PWS at the end of the central channel and the base of the slope towards PWS-

09 and HI (Fig. 4). 

The 1964 event deposit in PWS-17 contains coarser material (Fig. 27) and higher δ13C (-

20.5 ± 0.04 ‰; Fig. 29) than observed in PWS-(12, 18, 22). Starting from the base and moving 

up, there is an initial decrease in K/Ca and Rb/Sr, followed by increasing values. The δ13C is 

high in the base which then shows a sharp decrease followed by a secondary peak. The presence 

of northern signatures in the 1964 deposit at PWS-10 and the upper portion of the PWS-17 

deposit suggest this region received sediment from the northern flow. However, the lower sand 

content (< 10%) in most northern deposits suggests it is unlikely that PWS-17 received sand 

(28.1%) from the northern flow. This unique grain size compared to the other deposits and the 

sharp reversal of XRF and stable isotope signatures in PWS-17 may be due to inputs from 

multiple gravity flows. 

PWS-17 may have received the HI-sourced flow present in PWS-09 composed of coarser 

particles and decreased PWS ratios, and later distal deposition of fine grains and PWS signatures 

from the northern flow. However, the surface samples in PWS-(07, 08, 09) do not indicate that 

HI contains higher (-20 ‰) δ13C values. One possibility is that these 3 cm thick samples 

homogenized the summer and winter deposits in HI, which may have different signatures of 

δ13C.  The summer deposition contains sediment transported directly from the CR plume, which 

has lower δ13C (-24.5 ± 0.6 ‰, personal communication with J. Williams, 2017). Winter deposits 

are composed of sediment that has been on the GOA shelf for an unknown length of time and 

may have amassed higher (more marine) δ13C signatures.  Winter deposits are also the primary 

source of coarse material in HI and likely contributed most of the coarse material in the flow to 

PWS-09, and potentially PWS-17. Another possibility is that a flow sourced east of the central 
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channel delivered the unique δ13C signatures. A 1964 deposit is observed in Orca Bay in core 

PWS-13 (Fig. 2) of Miller (2014). Further, samples from Simpson Bay (fjord connected to Orca 

Bay) contain δ13C signatures around -22 ‰, with the highest observed at -19.47 ‰ (Pondell, 

2008), supporting that an eastern PWS flow could have supplied the unique signature to PWS-

17. 

The wide-spread occurrence of turbidites associated with 1964 and their high degree of 

structural and compositional variability across PWS indicate that the entire region experienced 

numerous synchronous surge-induced currents which flowed into, mixed together, and overlaid 

one another within the central channel. Thus a megathrust earthquake turbidite may stand apart 

in the sedimentary record from smaller magnitude events based on the spatial extent of its 

deposition, the mixture of proxies in its composition, and layering from numerous flows. 

5.2.3 Northeastern Channel Flank 

PWS-25 was the shallowest of the northern PWS cores (379 m) and was taken along the 

northeastern flank of the central channel (Fig. 2 and 4), thus a gravity flow channelized in the 

deeper portions of the channel may not pass over this site. There is a single coarse sample at 10 

cm (increase in sand content from less than 1% to 35%) coincident with a sharp maxima in Sr/Pb 

(Fig. 16). The core contains no other indication of a deposit related to the 1964 turbidity current 

in the other XRF ratios, stable isotopes, or visual/X-radiograph images. While there is no clear 

1963 peak in 137Cs, the highest value of 137Cs occurs around 10 cm coincident with the sandy 

layer (Fig. 21). However, the 1954 first appearance depth requires that 40 cm of sediment were 

deposited over the 10 year period between the first appearance and ‘apparent’ 1963 peak. The 

CF:CS sedimentation rate is 0.77 ± 0.14 cm yr-1, supported by the low sedimentation rate (0.65 

cm yr-1) in nearby core 204 of Jaeger et al. (1998) (Fig. 4). This indicates that the rates in this 
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region cannot account for 40 cm of deposition over 10 years. Additionally, if this layer 

corresponds to the 1963 137Cs peak or the 1964 earthquake, an additional 40 cm of sediment 

should have accumulated overtop by the coring year 2016, which is not the case. It is not clear 

why the sandy layer and higher 137Cs occur at 10 cm depth, but given the discrepancy between 

this depth and the LAR age estimates, it is likely this layer does not correspond to the 1963 137Cs 

peak or 1964 earthquake. 

At the base of the eastern channel flank just 6 km south of PWS-25 is PWS-22 (427 m 

depth). Although there is a clear 1964 turbidite in PWS-22, suggesting the main channel flow 

passed over this site, the region of low 210Pb and negligible 137Cs activity (60 – 90 cm) may also 

have resulted from the 1964 event (Fig. 21). One possible explanation is that the 1964 

earthquake generated nearby slides of older (low 210Pb and negligible 137Cs) material that moved 

downslope and were deposited over younger sediments. This could leave behind no unique XRF, 

stable isotopes, or grain size signatures if there was no turbulent mixing and if there is no 

significant difference in the provenance signatures between the upper and lower sediment 

packages. The slide deposit could then be topped by the 1964 turbidity current, which may have 

occurred simultaneously or arrive from a distal location shortly after the slump (Fig. 21). 

5.3 The 1983 Gravity Flow 

5.3.1 Regional Deposit Structure and Provenance  

A deposit from the 1983 event is present in cores PWS-(10, 12, 17, 18, 20, 22), indicating 

it was a large flow on par with the 1964 northern turbidity current (Fig. 30). The age ranges of 

the deposits are calculated using the average LAR and are shown in Table 6. The 1983 deposit 

ranges from 2-10 cm thick in all cores with the exception of PWS-18 (32 cm). PWS-20 is the 

only core with a coarse layer (80% sand+silt) indicating it may have been disconnected from the 

central channel flow by the submarine ridge (Fig. 4) and received a separate proximal flow from 
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the northeast near Tatitlek. The deposits in PWS-12 and PWS-18 are characterized by thin 

lamina in the base topped by finer grains (< 10 μm) and have a dark gray color (Fig. 30). The 

XRF ratios display consistent signatures across all cores with an increase in local PWS 

signatures and a decrease in CR signatures, and the stable isotopes show lower signatures than 

the background (Fig. 30). According to the model of Talling (2014), the thin, fine grained 

structure and increased signatures of terrestrial organics suggests the deposit may be a 

hyperpycnite. 

Sediments from the 1983 gravity flows are plotted as their extrema values alongside core-

averaged background of K/Ca and Sr/Pb (Fig. 26) and of stable isotopes (Fig. 24). The deposit is 

significantly different (t-test, p<0.01) from the background in PWS-12 in K/Ca, in PWS-10 in 

δ13C, and in PWS-18 in both K/Ca and δ13C. The extrema in K/Ca and δ13C in PWS-12 and 

PWS-18 are close to the values observed in the core-averaged background of PWS-28 (Fig. 24 

and 26), which serves as an endmember for CG (i.e., local PWS) sediment. The PWS-12 and 

PWS-18 deposits are also have more distinct signatures from the background than the 1964 

deposit and have similar values to that seen in PWS-28 (Figs. 28 and 29). The dark gray color 

and finer grain sizes (7.3 to 9.2 µm) of the deposit in these cores is also similar to that seen in 

PWS-28 (8.1 ± 4.7 um). 

Compared with the 1983 deposit, the 1964 turbidite in PWS-18 has an intermediate color 

between that of the background and 1983 deposit. The K/Ca and stable isotope signatures of the 

turbidite likewise fall between the background and 1983 deposit (Figs. 28 and 29).  This suggests 

the 1964 turbidity current contained glacial sediment which was heavily mixed with other 

sources from around PWS during the earthquake, while the 1983 event appears to have been 

comprised largely of undiluted CG-derived sediment. 
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5.3.2 Timing and Triggering Mechanisms 

The distinct provenance of the 1983 deposit from the 1964 turbidite and the similarity to 

CG sediment indicates the 1983 gravity flow was sourced solely from the northern reaches of 

PWS. With deposits up to 30 cm thick (PWS-18), over 40 km away from the potential source 

region (i.e., CG), the 1983 event was evidently a large gravity flow. Miller (2014) interpreted 

this deposit to be derived from seismic activity. In 1983, on July 12th there was a Mw 6.6 

earthquake approximately 12 km west of Columbia Bay, and another on September 7th of Mw 6.4 

approximately 23 km west (Fig. 9). It is unlikely that an earthquake of this magnitude could 

generate slides or slumps across the entire PWS as did the magnitude 9.2 (~8000 times more 

energy released), but it is possible that slopes near the CG region rapidly accumulated sediment 

and could have undergone failure during the earthquake(s), thus initiating a turbidity current. It is 

also possible that the earthquake(s) caused the ice-dams in the lakes to break (Post and Mayo, 

1971; Mulder et al., 2003), or caused the glacier to release a subglacial outburst flood, potentially 

resulting in an earthquake-generated hyperpycnal flow. However, Meier et al. (1984) 

documented no visible surface water discharge from the terminus during either of these events. 

The sedimentation rates in PWS-10 and PWS-12 date the deposit across the mid- to late 

1980s (Miller, 2014), with 1983 representing the oldest age. Age models for cores PWS-(17, 20, 

22, 25) indicate that the depth of the 1983 deposit (plotted as a blue bar, Fig. 18) dates from the 

mid-1980s through 1990s. Therefore, the 1983 earthquakes do not correspond exactly with the 

event deposit age. Another potential trigger could have been the fall in the levels of Lake Kadin 

in 1982 and/or both lakes in 1986, which may have flushed large quantities of subglacial 

sediment into PWS. Alternatively, during the early onset of retreat off the moraine in the early 

and mid-1980s a large subglacial reservoir of freshwater and sediment may have rapidly 

discharged into PWS. There are documented occurrences from later in the retreat of CG 
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experiencing large increases in sedimentation while the terminus passing over submarine shoals 

(Boldt et al., 2016), so it may be possible such a phenomenon occurred at the onset as well. If the 

lake level fall or potential subglacial reservoir flushing caused an outburst flood, substantial 

quantities of CG sediment would have been transported to PWS via hyperpycnal flow. Any 

resulting deposits would be within the dating range of the observed deposit. 

While deposit structure and composition indicate the gravity flow originated from the CG 

region, it cannot be confidently concluded that it was delivered via hyperpycnal flow. For 

example, glacially derived sediment may build up in northern PWS over time via plume settling 

or local gravity flows from the glacier. This sediment would have lower stable isotope 

signatures, finer grain sizes, higher K/Ca, Rb/Sr, and Rb/Ca signatures, and possibly a color 

similar to that seen in PWS-28. This sediment could then be remobilized during earthquakes or 

tsunamis as a turbidity current which could leave a deposit similar to that seen in our cores. 

While the majority of the deposits do not have bases as coarse as in 1964 (i.e., a turbidite), they 

also do not display the characteristic coarsening upwards base of theoretical hyperpycnites (Fig. 

30 and 10). Therefore, in this case, the available data on thicknesses, grain size, XRF, and stable 

isotopes offer no conclusive insight into the type of flow which mobilized the sediment. Though, 

the known occurrence of the earthquakes, the glacial signature of the deposit, and the established 

occurrence of earthquake-induced gravity flows in PWS indicate that it was most likely 

deposited by a northern turbidity current triggered by the 1983 earthquake(s). 

5.4 Additional Event Deposits 

PWS-17 contains three additional deposits which are correlated with the 1928, 1912, and 

1899 deposits (Fig. 31) observed in PWS-10 and PWS-12 by Miller (2014) and Kuehl et al. 

(2017). The 1928 deposit is present in PWS-10 and PWS-17 and was most likely caused by a Mw 
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6.8 earthquake in southern PWS (Fig. 9). Dosier et al. (2001) recalculated the epicenter as being 

located along northern Montague Island (southwestern PWS). Both cores display increases in 

PWS signatures. There is no related deposit present at PWS-12, suggesting that local slumps or 

flows were generated within southern PWS, deposited at sites PWS-10 and PWS-17, and reach 

the limit of runout before PWS-12. 

The 1912 deposit is present in PWS-12 and PWS-17, and may also be present in PWS-10 

from 96 – 103 cm (Fig. 31; previously unnoted by Miller (2014)). In PWS-10 the center of the 

deposit dates to 1921. It is possible an earthquake that occurred in 1925 (Mw = 6.6) in 

northwestern PWS (Fig. 9) generated the PWS-10 deposit instead of the 1912 earthquake. 

However, it seems unlikely a northern earthquake would generate a localized deposit in southern 

PWS without leaving a record in northern PWS (i.e., there is no 1925 deposit in any other core), 

which has proven sensitive to seismic activity. Thus, this deposit is interpreted as part of the 

1912 event. In 1912 a Mw 7.0 (recalculated as 7.25 by Doser et al. (2006)) earthquake occurred 

west/southwest of Columbia Bay (Fig. 9) which may have triggered wide-spread activity around 

PWS. In PWS-10 the deposit has an increase in Sr/Pb and δ13C while there is a decrease in K/Ca 

and no change in Rb/Sr (Fig. 31), suggesting a possible flow from HI or another location in 

southern PWS. In PWS-12 the deposit has elevated levels of K/Ca, lower Sr/Pb, and a lower 

δ13C signature compared to the background (Figs. 31), and the signatures plot between the 1964 

and 1983 events (Figs. 28 and 29) indicating a northern source. In PWS-17 the base of the 

deposit appears to have CR signatures and a small peak in δ13C which reverse into PWS 

signatures moving upwards (Figs. 31), suggesting there may have been separate flows from 

northern and southern sources similar to that discussed for the 1964 gravity flow in section 5.2.2. 
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PWS-17 and PWS-12 contain deposits dating to around 1899. In September of 1899, the 

Yakutat Bay region (Fig. 9) experienced	a series of severe earthquakes occurring on Sept. 3rd, 

10th, and the 23rd (Martin, 1910). The most severe earthquake occurred on the 10th and was 

upwards of Mw 8.0, generating submarine landslides and tsunamis in Valdez over 300 km away 

from the epicenter (Lander, 1996). It is likely that the deposits in PWS-17 and PWS-12 are 

related to this period of activity. Several samples from the 1899 deposit in PWS-17 have higher 

K/Ca than the background and all other deposits in the core (Fig. 28), and in the stable isotopes 

of PWS-12 (Fig. 29) the event also plots as lower than the background. This indicates the 1899 

event was sourced from northern PWS. These proxies and the record of slides in Valdez suggest 

a significant northern flow traversed the central channel. The 1899 turbidity current may not 

have been on the same scale as flows related to earthquakes Mw ≥ 7.0 within PWS (i.e., 1983, 

1964, and 1912), which may account for the lack of any deposits (southern or northern) in PWS-

10.  

5.5 Paleoseismic Preservation Potential in PWS 

Earthquakes of significant magnitude (Mw > 6.0) within PWS spawn gravity flows 

capable of traversing large distances. Cores spanning 34 km along the central channel contain 

deposits with distinct provenance from the 1964 earthquake and the 1983 event (Fig. 32). 

However, there is high variability in the presence, thickness, and provenance of deposits across 

PWS. PWS-20 and PWS-22 do not contain deposits from the 1928, 1912, or 1899 events, 

suggesting they are only sensitive to the largest central channel flows.  

Of the cores in the northern central channel (i.e. PWS-(12, 18, 20, 22, 25, 28)), the most 

distinct deposits in terms of their proxy (Figs. 28 and 29), visual, X-radiograph, and grain size 

signature (Figs. 27 and 30) are in PWS-12 and PWS-18. As northern-derived flows pass over the 
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northern ponded sediment basin and move upslope towards the site of PWS-12 (Fig. 4), they 

likely decelerate and facilitate higher sedimentation with little erosion. The notably thick 

deposits in PWS-18 suggest the southern ponded sediment basin (Fig. 4) is a region of extensive 

deposition and captures most of the turbidity currents traveling down the central channel. Jaeger 

et al. (1998) collected core 202 KC1 just 2.5 km south of PWS-18 located in the southern ponded 

sediment basin (Fig. 4). They observed inferred turbidity current deposits with similar thickness, 

position, and low excess 210Pb activity as the 1983 and 1964 deposits in PWS-18. The base of the 

1964 turbidite was not captured by PWS-18 or Core 202 KC (128 cm and ~250 cm length, 

respectively) indicating that the 1964 turbidite in this basin is greater than 170 cm thick (Jaeger 

et al., 1998). 

In the northern ponded sediment basin, 2 m gravity cores could not be retrieved between 

three different sites, probably because the surface sediments are too unconsolidated. This 

suggests sediments also accumulate in the northern ponded sediment basin rapidly. Since the 

sedimentation rates in northern PWS are low (< 1 cm yr-1), the basin may be receiving large 

quantities of sediment from periodic gravity flows. Such large deposits are easier to identify than 

thin diffuse deposits and allow grain size, elemental, and stable isotopic signatures to be assessed 

in high resolution. Thus, the southern ponded sediment basin and the potential deposits in the 

northern basin make these locations ideal for capturing a robust record of northern central 

channel sediment gravity flows. 

Southern PWS contains distal deposition from northern flows and is sensitive to flows 

sourced locally from the eastern (e.g., the 1964 deposit in PWS-13) and western (e.g., the 1928 

deposit in PWS-10) PWS and potentially within HI (e.g., the 1964 deposit in PWS-09). While 

the XRF and stable isotope deposit signatures in PWS-17 may not be as distinct from the 
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background as in PWS-12 and PWS-18 (Figs. 28 and 29), this site still receives well-defined 

deposits (Figs, 12, 27, 30) and appears more sensitive to turbidite deposition than the site of 

PWS-10 because it contains deposits related to every event detected in this and previous studies 

(Miller, 2014; Kuehl et al., 2017). PWS-09 contains a record of gravity flows derived near HI 

with distinct provenance from the background (Fig. 28) and, when compared with the record in 

PWS-17, can help identify which flows are coming from the north vs south. 

Overall, for future studies, the best locations to capture and reconstruct a regional 

paleoseismic record ranges from the southern flank of the central channel (near PWS-09), 

through the sites of PWS-17 to PWS-12, and ponded sediment basins (Fig. 32). Deposit 

thicknesses in this region are large enough to be clearly separate from the background in the 

XRF data and allow for easy subsampling in the lab for high resolution grain size and stable 

isotope analyses. Long cores collected from these regions have the potential to house a 4,000 

year history. 

CHAPTER 6: CONCLUSIONS 

 This work has filled a knowledge gap in northern PWS on the recent (<100 years) 

sedimentation rates and the grain size, elemental, and stable isotopic composition. The 

paleoseismic record assessed here is a vital tool for seismological studies within south central 

Alaska. The sedimentary record of earthquakes represents a secondary form of evidence, with 

primary forms being that which directly reflect the amount of slip on a fault (McCalpin and 

Nelson, 2009). However, all events (i.e. earthquakes or clusters of earthquakes) of magnitudes 

6.5 or greater which occurred within central-eastern PWS or along the adjacent coastlines have 

corresponding turbidites in the central channel. This indicates that the sedimentary record is 

relatively complete and may only underepresent the number of events when considering high 
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temporal resolutions (i.e. earthquakes occurring on the scale of a few days to years apart). Such 

records reduce the large epistemic uncertainties encountered when attempting to characterize the 

seismicity of major fault systems (McCalpin, 2009). 

 The methods developed and employed in this work used to assess the paleoseismic record 

in south-central Alaska are novel to this region. This approach may also be useful in other 

seismically active locations around the globe. In order for this approach to be viable, a location 

must have (1) a semi-enclosed basin which is known to spawn/receive gravity flows during 

earthquakes, (2) steep bathymetry which focuses flows into identifiable regions of run-out and/or 

ponding, and (3) at least one external sedimentary source with unique provenance signatures 

compared to locally emplaced sediments (such as the CG or CR in this study).  

• Along with the elemental ratios identified by Miller (2014) and Marshall (2015), stable 

isotopes δ13C and δ15N and the C/N ratio are useful tools in distinguishing gravity flow 

deposits from one another and from background sediment. In particular, sediment from 

northern PWS near the CG has distinctly high K/Ca, Rb/Sr, and Rb/Ca ratios, and lower 

Sr/Pb, Cu/Pb, δ13C, δ15N, and C/N relative to the background sediment in the central channel 

of PWS. 

 
• There are highly varied degrees of mixing in the elemental ratios and stable isotope values 

between deposits from different events (e.g., 1983 vs. 1964, Figs. 28 and 29) which result 

from the differing locations and magnitudes of earthquakes in south-central Alaska. 

Earthquakes on the order of Mw < 7.0 trigger flows nearby the epicenter (e.g., 1983 and 

1928), while those of Mw ≥ 7.0 may spawn flows from many locations at once (e.g., 1964 and 

1912). The northern PWS may be more sensitive to earthshaking since the distal 1899 event 

only appears to have generated gravity flows from the north. This may allow the relative 
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magnitude (i.e., Mw > or < 7.0) and relative location (i.e., north vs south PWS) of 

earthquakes in the paleoseismic record to be determined. 

 
• There is large variability between deposits of the same event in the thickness, color, grain 

size, and proxy signatures which is highly dependent upon proximity to the flow source and 

local bathymetry. The ideal location to assess the paleoseismic record in PWS spans from the 

southern end of the central channel to the northern ponded sediment basin (Fig. 32). The 

southern flank (PWS-09) contains a record of southern flows, while the site of PWS-17 has 

deposits from numerous locations. The southern ponded sediment basin at PWS-18 is an area 

with thick deposits which may also capture northern and southern flows. The region of PWS-

12 contains a record of northern flows which may also be captured in thicker deposits in the 

northern ponded sediment basin. A transect of cores taken at these sites will contain a record 

of earthquakes and may allow the relative location and magnitude of different events to be 

assessed. 
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TABLES 

 

Core Latitude  Longitude Water Depth (m) 
*PWS-07 60.30260 -146.75635 218 

*PWS-08 60.37836 -146.79203 290 

*PWS-09 60.43691 -146.81041 350 

*PWS-10 60.50308 -146.96746 419 

*PWS-12 60.67800 -146.90296 437 

PWS-17 60.51273 -146.84250 422 

PWS-18 60.61911 -146.83777 450 

PWS-20 60.68938 -146.87027 426 

PWS-22 60.73575 -146.93805 427 

PWS-25 60.78943 -146.95305 379 

PWS-28 60.93461 -147.09305 280 
 
Table 1. Coordinates of coring locations for all cores in the N-S transect the central channel. 
Cores marked with an asterisk (*) were taken by Miller (2014). 
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Core 
210PB - LAR 137Cs/239,240Pu   Peak 

137Cs/239,240Pu  Max 
Penetration Average Max Min Error 

cm yr-1 + - R2 cm yr-1 + - cm yr-1 + - cm yr-1 

PWS-17 1.20 1.33 1.10 0.76 1.27 1.36 1.13 1.38 1.40 1.35 1.28	 1.40	 1.10	 0.18	

PWS-18* 0.44 0.51 0.38 0.94 - - - >2.46 - - - >2.46 0.44 1.01 

PWS-20 1.35 1.41 1.30 0.92 1.40 1.44 1.33 1.48 1.52 1.43 1.41	 1.52	 1.30	 0.11	

PWS-22* 0.99 1.11 0.89 0.75 0.98 1.02 0.91 0.99 1.02 0.97 0.99	 1.11	 0.89	 0.11	

PWS-25 0.69 0.80 0.63 0.78 - - - 0.85 0.87 0.77 0.77	 0.87	 0.63	 0.14	

Table 2. 210Pb linear sedimentation accumulation rates (LAR) calculated from the CF:CS model, the 137Cs peaks and max penetration, 
and the average LAR. PWS-17 and PWS-18 were also analyzed for 239,240Pu and the peak/max penetration depths match that of the 
137Cs. *PWS-18: The top 19 cm above the 1983 deposit were used to estimate the 210Pb sedimentation rate. The maximum penetration 
of 137Cs/239,240Pu estimate used the core base, since low levels of 137Cs and 239,240Pu persist through the bottom. The error is the 
maximum difference between the average rate and the maximum/minimum of the range. *PWS-22:  Calculated using sediment above 
the nil 137Cs and low excess 210Pb region (90cm, Fig. 21).
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Core Mean background K/Ca Mean background Sr/Pb 

PWS-17 0.27 ± 0.02 24.6 ± 3.7 

PWS-18 0.28 ± 0.02 21.8 ± 3.2 

PWS-20 0.28 ± 0.02 21.8 ± 3.6 

PWS-22 0.31 ± 0.02 20.9 ± 3.2 

PWS-25 0.37 ± 0.02 22.0 ± 3.8 

PWS-28 0.68 ± 0.06 13.9 ± 1.9 

Table 3. The whole-core mean K/Ca and Sr/Pb ratios in the background, which is defined as any 
sediment not part of a gravity flow deposit. Reported errors represent the standard deviation 
(1σ). 
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Core %Sand %Silt %Clay Mean(µm) 

PWS-17 4.9 ± 1.8 57.3 ± 2.5 37.8 ± 2.5 18.1 ± 4.8 

PWS-18 1.6 ± 0.9 59.7 ± 3.4 38.8 ± 3.1 11.3 ± 1.7 

PWS-20 2.5 ± 2.0 59.1 ± 3.3 38.4 ± 2.0 13.6 ± 4.0 

PWS-22 1.9 ± 1.3 56.2 ± 2.5 41.9 ± 2.0 11.6 ± 2.6 

PWS-25 4.9 ± 1.7 49.9 ± 2.0 45.2 ± 2.3 31.7 ± 3.6 

PWS-28 1.0 ± 2.1 41.9 ± 3.1 57.1 ± 3.8 8.1 ± 4.7 

Table 4. The whole-core mean percentages of sand, silt, clay, and volume weighted mean grain 
size (µm) values in the background, which is defined as any sediment not part of a gravity flow 
deposit. Reported errors represent the standard deviation (1σ). 
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Core δ13C δ15N C/N 

PWS-07* -24.33 ± 0.04 5.91 ± 0.12 14.5 ± 0.7 

PWS-08* -24.15 ± 0.04 5.34 ± 0.12 12.0 ± 0.5 

PWS-09* -23.77 ± 0.04 5.89 ± 0.12 10.33 ± 0.6 

PWS-10 -24.34 ± 0.4 5.57 ± 0.3 11.40 ± 1.3 

PWS-12 -23.74 ± 0.2 5.80 ± 0.4 10.27 ± 1.0 

PWS-17 -23.44 ± 0.4 5.68 ± 0.2 10.78 ± 0.8 

PWS-18 -23.50 ± 0.2 5.81 ± 0.4 10.3 ± 1.1 

PWS-20 -23.77 ± 0.5 5.93 ± 0.2 10.63 ± 1.3 

PWS-22 -23.74 ± 0.2 5.84 ± 0.2 10.39 ± 1.1 

PWS-25 -23.67 ± 0.2 5.70 ± 0.2 10.20 ± 0.4 

PWS-28 -24.87 ± 0.2 3.90 ± 0.3 8.40 ± 0.8 

Table 5. The whole-core mean stable isotope values and C/N ratio in the background, which is 
defined as any sediment not part of a gravity flow deposit. Reported errors represent the standard 
deviation (1σ) . *PWS-(07, 08, 09) are values from surface layer samples only, thus are not core 
averaged. 

	 	



	

66	
	

Core 
1983 Deposit 1964 Deposit 1928 Deposit 1912 Deposit 1899 Deposit 

Depth Age Depth Age Depth Age Depth Age Depth Age 

PWS-09 - 70-80 1979-74 - - - 

PWS-10 25-28 1989-86 43-49 1972-67 80-90 1930-24 96-103 1924-18 - 

PWS-12 32-38 1987-83 63-70 1964-59 - 120-129 1921-15 140-149 1906-99 

PWS-17 22-32 1999-91 52-67 1976-64 108-115 1926-31 133-147 1912-01 159-167 1887-93 

PWS-18* 16-48 1979 70- - - - - 

PWS-20 34-48 1994-82 66-81 1968-58 - - - 

PWS-22 12-22 2004-94 34-46 1982-70 - - - 

Table 6. The depths and associated ages of each gravity flow deposit in central channel cores PWS-09 through PWS-22. Ages were 
calculated using the average sedimentation rates in Table 2. *The 1983 event in PWS-18 is dated by assuming the top 16 cm 
accumulated at a rate of 0.44 cm yr-1 since 1983. 
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FIGURES 

	

Figure 1. Map of Prince William Sound (PWS) and the coast of Alaska. The upper left inset shows the location of PWS within Alaska. 
Major bodies of water are labeled in yellow, towns are labeled in red, and the Chugach Mountains and glacier are labeled in black. 
The orange dashed line represents the generalized path of the Alaska Coastal Current (ACC).
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Figure 2. Topography and bathymetry of the PWS region showing successful core locations 
(yellow) and failed locations (white)from this study, and those of Miller (2014) (red). The upper 
left inset represents the location of the central channel within PWS. Cores PWS-10 through 
PWS-20 were taken in the central channel, PWS-22 and PWS-25 along the eastern flank, and 
PWS-28 near the mouth of Columbia Bay. CS4 (white line) is a seismic trackline profile (Liberty 
and Finn, 2013, Fig. 5).  The yellow box outlines the area shown in Fig. 4. Bathymetry data from 
NOAA (2016). 
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Figure 3. Map of the geologic terranes in PWS. The CR and PWS basins are outlined in red. The PWS basin is composed of Southern 
Margin Composite terrane (light blue), which is subdivided into Chugach Terrane (CG) and the Prince William Terrane (PW). Image 
modified from Winkler (2000). 
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Figure 4. Bathymetric map of the PWS central channel from -400 m to -460 m below sea level. 
Any elevation above -400 m is white. The northern (NPSB) and southern (SPSB) ponded 
sediment basins are marked. Core locations and trackline CS4 (Liberty and Finn, 2013) are 
displayed in black. Included are cores 201-204 KC1 from Jaeger et al. (1998).  
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Figure 5. Seismic reflection profile CS4 (Liberty and Finn, 2013) (see Fig. 2 and 4) from PWS. 
Top image shows the entire CS4 transect. Foreset beds are visible on the southern end in HI. The 
bottom image is a close up of the northern ponded sediment basin, interpreted as Columbia 
Glacier derived sediments by Stocks (1996), Liberty and Finn (2013), and Finn et al. (2015). The 
Little Ice Age (LIA) ~300 year boundary in burgundy is extrapolated from the sedimentation rate 
in jumbo piston core EW0408-98JC (Finn et al., 2015 and references) along the CS4 trackline. 
The Neoglacial unconformity underlies ~100 m of Holocene sediments and has been interpreted 
to date from 3,500 to 4,000 years in EW0408-98JC, and 4,500 years by a northern sedimentation 
rate of 0.57 cmyr-1 from Klein (1983). Images courtesy of Lee Liberty (personal communication; 
Finn et al., 2015). 
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Figure 6. Visual and negative X-radiograph (shown on the right side) images of core PWS-07 
aligned with XRF ratios Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and Rb/Ca and grain size. For the Sr/Pb and 
Cu/Pb ratios, a decrease in value indicates a more PWS signature while an increase indicates a 
stronger CR signature.  The opposite is true for the K/Ca, Rb/Sr, and Rb/Ca signatures. The 
black line is the XRF data with a low pass filter applied. The visual (left) and X-radiograph 
(right; X-ray scan highlighting density changes) banding correspond to seasonal deposits from 
the CR plume and wintertime wave resuspension. The deposits around 55 and 85 cm date to 
2001 and 1992 and are related to wave resuspension and increased CR discharge, respectively 
(Marshall, 2015). This core was the southernmost taken in HI by Miller (2014). 
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Figure 7. Visual and negative X-radiograph images of core PWS-08 aligned with XRF ratios 
Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and Rb/Ca and grain size. The visual and X-radiograph banding 
correspond to seasonal deposits from the CR plume and wintertime wave resuspension. The 
deposits near 45 and 80 cm date to 2001 and 1992 and are related to wave resuspension and 
increased CR discharge, respectively (Marshall, 2015). This core was taken in the north end of 
HI by Miller (2014). 
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Figure 8. Visual and negative X-radiograph images of core PWS-09 aligned with XRF ratios 
Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and Rb/Ca and grain size. Note from ~30 – 70 cm the flat lines in 
three of the XRF ratios are due to an instrument failure during the 30kV scan. The dark band in 
the middle of the sandy deposit at 70 – 80 cm is an artifact from the core being cut in half. The 
1964 inferred gravity flow deposit is highlighted in red. This core was taken north of HI by 
Miller (2014). 
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Figure 9. Map of epicenters and magnitudes of earthquakes with detected turbidites in PWS from 
the last 117 years. The upper right inset shows the relative location of the 1899 Yakutat 
earthquake, Mw > 8.0. The data for epicenters is from USGS (2016), Lander (1996), Doser et al. 
(2001) and Doser et al. (2006).  
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Figure 10. Right: Model of the idealized grain size structure of a surge-induced turbidity current 
deposit. The coarse base is deposited by the leading head, while the sand-silt and mud top are 
deposited during the main body and tail phases. Image modified from Shanmugam (1997). Left: 
Theoretical model of hyperpycnite grain size structure based on the model of Mulder et al. 
(2003). The coarsening upwards base is deposited during the waxing phase at the start of a 
hyperpycnal flow, while there fining upwards sequence is deposited after the peak velocity 
begins to wane. The contact between the top and bottom may be erosive. Image modified from 
Talling (2014).
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Figure 11. Top: Lake level graphs for Kadin and Terentiev. From early 1986 through early 1987 
(red box) both lakes experienced a fall in lake level. Lake level data was gathered from aerial 
images taken on average every 2.5 months. Image modified from Krimmel (2001). Bottom: 
Measurements of lake Kadin filling rate. Maxima in filling are periods of rainfall or high wind 
events. The study period July 19th through August 31st 1987 (shown in red box in (A))occurred 
just after lake level fall events. Lake Kadin was gradually increasing stage into a temporary 
stable maximum lasting 2 years (1988-1990). Image modified from Meier et al (1994). Upper 
right inset: Satellite images retrieved March 2017 using the LandSat viewer. Lake Terentiev and 
Lake Kadin are visibly undammed by the glacier and are at stable water levels.
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Figure 12. From left to right: XRF ratios Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and Rb/Ca, δ13C, δ15N, C/N, 
and grain size data plotted alongside the visual/negative X-radiograph images of PWS-17. The 
1983 (dark blue), 1964 (red), 1928 (yellow), 1912 (light blue), and 1899 (green) inferred 
sediment gravity flow deposits are highlighted. This core was collected in the southern end of the 
central channel in 2016.	
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Figure 13. From left to right: XRF ratios Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and Rb/Ca, δ13C, δ15N, C/N, 
and grain size data plotted alongside the visual/negative X-radiograph images of PWS-18. The 
1983 (dark blue) and 1964 (red) inferred sediment gravity flow deposits are highlighted. This 
core was collected in a deep (~455 m) basin in the central channel in 2016.	
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Figure 14. From left to right: XRF ratios Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and Rb/Ca, δ13C, δ15N, C/N, 
and grain size data plotted alongside the visual/negative X-radiograph images of PWS-20. The 
1983 (dark blue) and 1964 (red) inferred sediment gravity flow deposits are highlighted. This 
core was collected in the central channel in 2016.	
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Figure 15. From left to right: XRF ratios Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and Rb/Ca, δ13C, δ15N, C/N, 
and grain size data plotted alongside the visual/negative X-radiograph images of PWS-22. The 
1983 (dark blue) and 1964 (red) inferred sediment gravity flow deposits are highlighted. This 
core was collected at the base of the eastern flank of the central channel in 2016.	
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Figure 16. From left to right: XRF ratios Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and Rb/Ca, δ13C, δ15N, C/N, 
and grain size data plotted alongside the visual/negative X-radiograph images of PWS-25. This 
core was collected on the eastern flank of the central channel in 2016.
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Figure 17. From left to right: XRF ratios Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and Rb/Ca, δ13C, δ15N, C/N, 
and grain size data plotted alongside the visual/negative X-radiograph images of PWS-28. This 
core was collected near the mouth of Columbia Bay in 2016. 
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Figure 18. Age models of PWS-(17, 20, 22, 25) plotted using the 210Pb Linear Accumulation 
Rate (LAR) derived from the CF:CS model in Table 2 as depth (cm) versus year. The span of the 
1983 and 1964 deposits and the location of the 137Cs peak and first appearance are plotted for 
reference, where applicable. The dashed lines represent the highest/lowest possible rates derived 
from the least squares of the standard error from regression analysis.
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Figure 19. Geochronological data for the 2016 PWS cores PWS-(17, 18, 20, 22, 25, 28). All 
plots show the total 137Cs and 239,240Pu (where applicable) and the excess 210Pb values (note: 
logarithmic scale), with the exception of PWS-28 which shows total 210Pb. The average 
sedimentation rates and core locations are also included. Each isotope is plotted on a separate 
axis, with the top axis being 210Pb, the middle 137Cs, and the bottom 239,240Pu. The red dots 
correspond to cores collected in 2012 (Miller, 2014) and the yellow to cores collected in 2016. 
The relative size of the dot represents the magnitude of the average sedimentation rate (Table 2). 
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Figure 20. Total 210Pb profiles for cores collected in 2016 characterized as: A. Non-Steady State, 
B. Quasi-Steady State, and C. Steady State for the sedimentation rate calculation. The 
sedimentation rates in the steady- and quasi-steady state cores were calculated using the Constant 
Flux : Constant Supply (CF:CS) model and equation 2. Reliable sedimentation rates could not be 
calculated for non-steady state cores.  Causes for the quasi- and non-steady state profiles are 
explored in the discussion.
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Figure 21. Plots of total and supported 210Pb and 137Cs activity in PWS-22 and PWS-25, which 
display quasi-steady state behavior. In PWS-22, the reappearance of 137Cs at depth 90 cm along 
with an increase in excess lead suggests a potential slide occurd in 1964 and placed older 
sediment from upslope overtop younger sediments before the turbidity current passed the site 
and left the deposit from 34 to 46 cm. In PWS-25, the first appearance of 137Cs occurs ~15 cm 
below the depth estimated by the age model, while the 1963 ‘peak’ occurs 30 cm above the 
model depth estimate for 1963. There are fluctuations in total 210Pb from 10-20 cm which are 
unnassociated with event deposits in the XRF, stable isotope, and grain size data and the 
visual/X-radiograph images.
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Figure 22. From left to right: XRF ratios Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and Rb/Ca, δ13C, δ15N, C/N, 
and grain size data plotted alongside the visual/negative X-radiograph images of PWS-10. The 
1983 (dark blue), 1964 (red), 1928 (yellow), and 1912 (light blue) inferred gravity flow deposits 
are highlighted. This core was collected in the southern end of the central channel by Miller 
(2014). Organic carbon data is from this study, the rest of the data is from Miller (2014).



	
	

98	
	



	
	

99	
	

Figure 23. From left to right: XRF ratios Sr/Pb, Cu/Pb, K/Ca, Rb/Sr, and Rb/Ca, δ13C, δ15N, C/N, 
and grain size data plotted alongside the visual/negative X-radiograph images of PWS-12. The 
1983 (dark blue), 1964 (red), 1912 (light blue), and 1899 (green) inferred gravity flow deposits 
are highlighted. This core was collected in the central channel by Miller (2014).	Organic carbon 
data is from this study, the rest of the data is from Miller (2014).
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Figure 24. Plots of δ13C (top), δ15N (middle), and C/N (bottom) values in the background 
(defined as any sediment not part of a gravity flow deposit, gray line) and the 1983 (blue) and 
1964 (red) inferred gravity flow deposits in each core from south to north. In PWS-10 through 
PWS-28, the background values are the means ± standard deviation and the deposit values are 
the extrema ± instrumental error. The 1983 deposit maxima in all values in PWS-10, and 
maxima in δ13C and C/N in PWS-17, the rest are all minima. The 1964 deposit has maxima in 
the δ13C of PWS-17 and PWS-20 and a maxima in C/N in PWS-20, the rest are all minima. Error 
bars are not shown for extrema on δ13C because the marker size is larger than the bars. Refer to 
Fig. 27 for 1964 and Fig. 30 for 1983 to see which deposits contain maxima vs minima. *Stable 
isotopes were only measured in the surface (0 - 3 cm) of PWS-(07, 08, 09), and are plotted as 
part of the background ± instrumental error. There is a decreasing northward trend in C/N from 
PWS-07 to PWS-09, which is mirrored by a slight increasing trend in δ13C. The deposit extrema 
general fall below background levels.  The most significant exception to this trend is the peak of  
δ13C in the base of the 1964 deposit in PWS-17 (Fig. 12). 



	
	

102	
	



	
	

103	
	

Figure 25. Plots of sedimentation rate (top), percent sand+silt and clay (middle), and mean grain 
size (bottom) for the background (define as any sediment not part of a gravity flow deposit) in 
each core from south to north. Grain size data was gather and sedimentation rate calculations 
done for PWS-(07, 08, 09, 10, 12) by Miller (2014). *The PWS-18 rate plotted is the 137Cs, 
239,240Pu max penetration estimate. Error bars on the sedimentation rate are the same shown in 
Table 2. Error bars on the grain size and % and mean represent the whole-core standard 
deviation. There is a trend of decreasing sedimentation rate, sand+silt content, and mean grain 
size with increasing clay content moving northward from HI (PWS-07) towards CG (PWS-28).	
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Figure 26. Plots of K/Ca (top) and Sr/Pb (bottom) values in the background (define as any sediment not part of a gravity flow deposit, 
gray line) and the 1983 (blue) and 1964 (red) gravity flow deposits in each core from south to north. XRF data for PWS-(07, 08, 09, 
10, 12) were gathered by Miller (2014). The background values are the mean ± standard deviation, while the deposit values are the 
extrema. The 1983 deposits all have maxima in K/Ca and minima in Sr/Pb.  The 1964 deposits have maxima in K/Ca and minima in 
Sr/Pb in all but PWS-09 (min in K/Ca and max in Sr/Pb) and PWS-12 (max in both). The instrumental error is smaller than the marker 
size, so no error bars are shown on the deposit extrema. Refer to Fig. 27 for 1964 and Fig. 30 for 1983 to see which deposits contain 
maxima vs minima. The deposit extrema plot above the background in K/Ca and below the background in Sr/Pb, indicating the 1964 
and 1983 flows were sourced from local PWS sediment with the exception of the 1964 deposit in PWS-09. The highest K/Ca 
signatures occur in the 1983 deposit in PWS-12 and PWS-18, and their values are higher than the mean background of PWS-28, 
which serves as an endmember for Columbia Glacier and northern PWS sediment.  Likewise, the Sr/Pb signature in the 1983 deposit 
of these two cores is lower than PWS-28.
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Figure 27. Comparison of the 1964 gravity flow deposit composition in the XRF, δ13C, grain 
size, and visual/X-radiograph data between all cores with distinguishable deposits. XRF, Grain 
size, and visual/X-radiograph data for PWS-(09, 10, 12) were gathered by Miller (2014). The 
theoretical structure of a turbidite is displayed at the top for comparison with the observed 
turbidites. The grain size color bar for percent sand+silt is displayed at the bottom. The XRF and 
stable isotope scales have been stretched per each core to best emphasize the extrema for 
comparison between coring sites. In general the K/Ca and Rb/Sr is higher while the Sr/Pb is 
lower with the exception of coarser layers where the Sr/Pb has a maxima and K/Ca and Rb/Sr 
have minima (e.g., PWS-(12, 17, 20)). The δ13C is generally lower within deposits. There are 
generally coarse layers at the base of the deposit, suggesting it is a turbidite.  PWS-10 was only 
coarsely sampled and likely occurred at the limit of runout which may account of the lack of a 
coarse basal layer.  PWS-18 was not long enough to capture the base, but there is a slight 
increase in sand+silt content around 105 cm, suggesting it may have a coarser base. 
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Figure 28. Plots of K/Ca (local PWS signature) versus Sr/Pb (CR signature) per core. XRF data 
for PWS-(09, 10, 12) were gathered by Miller (2014). The mean value of each inferred gravity 
flow deposit is plotted with standard deviation error bars. Any sediment not related to the 
deposits is plotted as the mean background in gray. The mean background in PWS-28 serves as 
an endmember for Columbia Glacier sediment and is plotted in gray and blue. PWS-12 and 
PWS-18 have the highest degree of deviation between deposit and background signatures.  The 
1983 deposits in these cores have the lowest Sr/Pb and highest K/Ca signatures and fall within 
the range of the Columbia Glacier sediment, while the 1964 deposits have mix signatures 
between the 1983 deposits and the background. A similar trend is observed in the stable isotope 
data in Fig. 29. 
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Figure 29. Plots of δ15N versus δ13C per core. The mean value of each deposit is plotted with 
standard deviation error bars. Any sediment not related to the deposits is plotted as the mean 
background in gray. Samples with lower δ15N and δ13C plot towards the upper right while higher 
signatures plot towards the lower left. The mean background in PWS-28 serves as an endmember 
for Columbia Glacier sediment, is plotted in gray and blue, and has the lowest signatures 
observed. The single background sample in PWS-09 is the top 0 – 3 cm of the core and 
represents southern PWS signatures, and the 1928 deposits in PWS-10 and PWS-17 were 
likewise sampled with only one point, thus contain no standard deviation error bars. The 1983 
deposit in PWS-12 could only be sampled from 3 cm intervals previously composited by Miller 
(2014), thus higher resolution sampling was not possible.  The data points from the top and 
bottom of the deposit were mixed with background sediment which diluted the signatures, so 
only the sample from the center of the deposit is plotted. Similar to the trends observed in Fig. 
28, cores PWS-12 and PWS-18 have the highest degree of deviation between deposit and 
background signatures, with the 1983 deposit close in value to Columbia Glacier sediment and 
the 1964 deposit falling between 1983 and the background. 
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Figure 30. Comparison of the 1983 gravity flow deposit composition in the XRF, δ13C, grain 
size, and visual/X-radiograph data between all cores with distinguishable deposits. XRF, Grain 
size, and visual/X-radiograph data for PWS-10 and PWS-12 were gathered by Miller (2014). 
Black dots on the grain size image indicate where sampling was done. The theoretical structure 
of a hyperpycnite is displayed at the top for comparison with the observed deposits. The grain 
size color bar for percent sand+silt is displayed at the bottom. The XRF and stable isotope scales 
have been stretched per each core to best emphasize the extrema for comparison between coring 
sites. The K/Ca and Rb/Sr are consistently higher while Sr/Pb is lower in all deposits, and the 
δ13C is generally lower. There are lamina at the base of the deposit in PWS-12 and PWS-18 that 
are overlain by sections of finer particles, while PWS-20 has a coarse layer which occurs above 
the K/Ca and Rb/Sr maxima. The grain size structure does not fit the theoretical structure of a 
turbidite or a hyperpycnite and may depict a flow predominantly composed of finer particles. 
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Figure 31. Correlation of deposits between the XRF ratios Sr/Pb, K/Ca, and Rb/Sr, and δ13C values in PWS-(10, 12) from Miller 
(2014) and PWS-17 (this study). Along with the 1983 (blue) and 1964 (red) gravity flow deposits also present in PWS-(09, 18, 20, 
22),these cores contained additional deposits from 1928 (yellow), 1912 (bright blue), and 1899 (green). This region appears to be 
more sensitive to gravity flow events than cores near HI and the eastern channel flank. The dated depths of earthquakes which may 
have triggered these flows are marked with a star of corresponding color using the average sedimentation rates from Table 2. The 1928 
Mw = 6.8 earthquake may have generated a local flow in southern PWS near the epicenter.  The 1912 event has differing signatures 
across all three cores, that suggests the 1912 Mw=7.25 earthquake may have generated multiple flows around PWS which were 
delivered to the central channel. The 1899 event is associated with a Mw > 8.0 earthquake which occurred over 300 km away from 
PWS but caused documented submarine landslides in Valdez.  The PWS signatures, low δ13C, and runout of the deposit (i.e., reaching 
limit of runout before PWS-10) suggest only a northern flow occurred.
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Figure 32. Top: Cartoon cross section from HI to the northern ponded sediment basin. K/Ca 
ratios from each core location are shown and used to draw the theorized extent of all deposits 
observed in this study. The vertical bathymetry exaggeration is 150x while the core profiles and 
deposit thicknesses are 12000x. Core profiles for PWS-(10, 20, 22) are projected onto the cross 
section because they are offset to the west (PWS-10) and east (PWS-20 and PWS-22) of the 
cross section. PWS-10 does not intersect the path of the southern 1964 gravity flow, and PWS-20 
and PWS-22 do not intersect the path of the 1912 and 1899 flows. The 1928 flow was sourced to 
the west of the cartoon cross section and flowed eastward to PWS-10 and PWS-17 rather than 
the north-south direct of the other flows. Bottom: Maps of the inferred gravity flow path 
associated with 1983 (left), 1964 (middle), and the older three turbidites (right). The region 
within the central channel with the most distinct deposits in XRF and stable isotope signatures 
(Figs. 28 and 29) and the highest sensitivity to flows (i.e., most likely to receive gravity flow 
deposition) is indicated by a black outline on the 1983 map. 
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