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ABSTRACT 
 

Sedimentary drifts, which are more commonly documented in ocean basins, 
contain a nearly continuous sediment record, therefore providing significant paleoclimate 
data which has been utilized in marine environments for decades.  Two lacustrine 
sedimentary drifts were discovered in Lake Champlain in 2004 and 2005.  With few 
documented lacustrine sedimentary drifts, these Lake Champlain datasets will contribute 
new paleoclimate data for this lacustrine environment and the Champlain Basin since 
~8,700 years BP.  Seismic profiles show that Drift A and Drift B are built atop the same 
sediment package, indicating that they are very similar in age.  Drift B was studied in the 
summer of 2011 using a Compressed High Intensity Radar Pulse (CHIRP) survey of 28 
seismic lines, four piston cores, and five subsurface moorings equipped with Acoustic 
Doppler Current Profilers (ADCPs), temperature sensors, sediment traps, and Laser 
Suspended Sediment Sensors (LISSTs).  Drift B is located atop a structural high and 
classified as a detached elongate drift, although the northern portion of the drift is more 
characteristic of a plastered drift.  The sedimentation rates range between 0.10-0.13 cm/yr 
utilizing sediment trap accumulations. Back calculating an accumulation rate using the 12 
m thickness of the drift at the mooring location and using the base age of Drift A (8,700 
yrs), results in a similar rate of 0.13 cm/yr. The LISSTs recorded higher volumes of 
sediment and coarser grains on the west side of the drift, as compared to the east. This 
sediment distribution is potentially due to high velocity currents recorded on the east side 
of the drift (maximum: 54.6 cm/s). The center of the drift had the lowest maximum 
velocity (35.8 cm/s), and generally lower velocities than at the east or west mooring, 
making it conducive to sedimentation. Velocity differences across the drift are explained 
by impingement and shear due to bathymetric highs north of the drift. In all cores taken 
from within Drift B, the sediment is olive grey in color and fairly poorly sorted with 
mean grain sizes in the fine silt range (10-25 microns). These properties echo the general 
characteristics of Lake Champlain sediments.  
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1. INTRODUCTION 

 Sedimentary drifts controlled by deep-water bottom currents have been studied in 

marine environments for decades.  They are often described as contourite drifts, as they 

are formed by bottom contour currents and tend to align with the bathymetry of the 

region.  Marine sedimentary drifts range in size from less than 100 km2 to greater than 

100,000 km2 (Fagueres et al., 1999).  There is nearly constant sedimentation on drifts, 

and the complete sediment record they provide is often used for paleoclimate research.  

Although sedimentary drifts are well researched in marine environments, only three 

documented cases of lacustrine sedimentary drifts exist in the literature (Ceramicola et 

al., 2002; Gilli et al., 2005; P.L. Manley et al., 2012).  CHIRP (Compressed High 

Intensity Radar Pulse) sub-bottom profiling revealed the presence of two sedimentary 

drifts in Lake Champlain in 2004 and 2005 (Hayo, 2006; Hayo and Manley, 2008; P.L. 

Manley et al., 2012).   

 The currents within Lake Champlain are well documented and are shown to be 

dominated by the internal seiche that is present during stratified months (Myer and 

Gruendling, 1979; T.O. Manley et al., 1999).  The seiche typically operates along the 

longer north-south axis of the lake, with observed velocities as high as 50 cm/s (T.O. 

Manley et al., 1999).  These currents are strong enough to re-suspend sediments, and a 

large furrow field near the north end of the lake was the first current-controlled 

sedimentary bedform discovered in Lake Champlain (P.L. Manley et al., 1999).  The 

sedimentary drifts in the lake may also be formed by these strong currents.   

In the years following the discovery of the drifts, extensive CHIRP profiling in 

the area surrounding these drifts was obtained.  Drift A, the larger of the two drifts, was 
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researched using piston cores and sub-surface moorings. This data facilitated the 

determination of sedimentation rates and hydrodynamics around the drift (P.L. Manley et 

al., 2012).  It was determined that Drift A is a confined elongate drift and has been 

forming since 8,800-8,700 years BP, around the onset of the Lake Champlain period. 

 This study focuses on Drift B, the second of the two sedimentary drifts discovered 

in Lake Champlain.  In previous work, few seismic lines crossed Drift B and one core 

was taken on the west side of Drift B, but no moorings had been deployed in the area and 

more data was needed from seismic lines and cores to further study Drift B.  Prior to this 

study, little was known of the morphology of Drift B, sedimentation rates of Drift B, or 

the hydrodynamic processes causing the formation of the drift. 

 

2. OBJECTIVES 

The purpose of this research is to further study Drift B in Lake Champlain, with 

three primary goals: (1) to define the areal extent and morphology of the drift, (2) to 

determine the age of the drift, and (3) to investigate the hydrodynamic conditions 

responsible for the drift’s formation and maintenance.   

 

3. HISTORY OF LAKE CHAMPLAIN AND STUDY LOCATION 

3.1  Lake Champlain Region 

Lake Champlain is the sixth largest body of freshwater in the United States (Myer and 

Gruendling, 1979).  Located along the border between New York and Vermont, the lake 
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is elongated north-south and extends into Quebec, Canada (Figure 1).  The lake is 

approximately 200 km long, extending from Whitehall, New York, where it connects to 

the Hudson-Champlain Canal, north to the Richelieu River in Quebec.  The lake sits in a 

north-south trending valley, bounded by the Adirondack Mountains to the west and the 

Green Mountains to the east.  The total surface area of the lake is 1,132 km2, and the lake 

reaches a maximum depth of 122 m at Thompson’s Point.  The maximum width of the 

lake is 21 km, near Burlington (e.g. Myer and Gruendling, 1979; Cronin et al., 2008).   

The Lake Champlain watershed covers an area of 21,325 km2, with around 300 

rivers and streams flowing directly into the lake.  Runoff and drainage are the means by 

which 91% of the water enters the lake, with only 9% of the water entering by 

precipitation and condensation (e.g. Myer and Gruendling, 1979; Cronin et al., 2008).  

Two-thirds of the drainage basin area is on the east side of the lake, and the amount of 

water flowing into the lake from each side is even more disproportionate (Myer and 

Gruendling, 1979).  Drainage from the lake is through the Richelieu River to the north, 

which has a mean discharge of 297 m3/s (Myer and Gruendling, 1979).   

Lake Champlain is divided into three distinct sections.  The South Lake beginning 

in Whitehall, New York and extending to the Crown Point Bridge is a river like portion 

(Figure 1).  This section of the lake, which is roughly 88 km long, is narrow and shallow.  

The Main Lake extends north from the Crown Point Bridge all the way to the Richelieu 

River.  It has 60% of the surface area of the lake, and contains 82% of the water volume 

(Henson and Potash, 1969).  The Restricted Arm is cut off from the Main Lake by 

islands, as well as railroad and highway causeways.  As a result, there is very little flow 

between the Restricted Arm and the Main Lake (Figure 1).   
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Figure 1: Map of Lake Champlain (adapted from P.L. Manley et al., 2012). 
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The Champlain Basin lies in a lowland between the highly metamorphosed 

Precambrian Adirondack rocks to the west and the less metamorphosed Cambrian rocks 

of the Green Mountains to the east.  Cambrian and Ordovician sedimentary strata lie in 

the lowlands of the basin.  These limestones and shales were eroded by the ice sheet 

during the last ice age, leaving the topographic low in which the lake sits.  As the glacier 

receded to the north, the Champlain Basin was covered by proglacial Lake Vermont, 

which drained south through the Hudson Valley (Figure 2).  This lake lasted from around 

13,500 to 13,000 years BP (Cronin et al., 2008). When the Laurentide Ice Sheet retreated 

far enough north (near Quebec) to uncover the isostatically depressed St. Lawrence and 

Champlain Valleys, marine water intruded into the basin (Parent and Occhietti, 1999).  

Marine water was present in the Champlain Basin from roughly 13,000 to 9,000 years 

BP, creating an estuarine environment known as the Champlain Sea (Cronin et al., 2008).  

Eventually, the land isostatically rose in the north shutting off the marine water entering 

the basin.  The water freshened with time, creating the present day Lake Champlain.  

During each of these three periods: Lake Vermont, Champlain Sea, and Lake Champlain, 

characteristic sediments have been deposited into the lake basin (Chase and Hunt, 1972). 

 

Figure 2: Post-glacial phases of Champlain Basin (adapted from www.lcbp.org). 
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3.2  Drift B Study Location 

 Drift B is in the Main Lake, approximately 10 km northwest of Burlington, where 

the lake is at one if its widest points (Figure 3).  Juniper Deep, one of the lake’s deepest 

regions, is just east of Drift B;  however, Drift B sits above Juniper Deep on a 

bathymetric high associated with Schuyler Reef.  The shallowest part of Schuyler Reef 

and Schuyler Island lie to the west of Drift B.  There is also a west to east bathymetric 

high, Hunt Rise, immediately north of Drift B.  The Winooski River, which has the 

largest drainage area (2829.7 km2) and highest average discharge (46.98 m3/s) of all Lake 

Champlain tributaries, is a significant sediment source to the lake and enters the lake just 

four kilometers northeast of Drift B (Myer and Gruendling, 1979).   

 

4. BACKGROUND INFORMATION 

4.1 Lake Champlain Currents 

Lake Champlain is elongated in the north-south direction, and as it is bordered on 

each side by mountain ranges, the winds over the lake tend to be oriented along this axis.  

During summer months, the mean atmospheric condition over the lake is southwesterly 

winds (Myer and Gruendling, 1979).  The wind patterns, along with the northern location 

of the Richelieu River, Lake Champlain’s only output, imply that the net mass transport 

of the lake is to the north (Figure 1).  However, on short time scales, the currents vary 

considerably throughout the lake.  These currents, as is the case in most lakes, are largely 

driven by wind stress and solar insolation (e.g. T.O. Manley et al., 1999).   
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Figure 3: Location of Drift B within Lake Champlain, and close-up view of bathymetry around Drift B. 

The currents within the lake change seasonally because the lake is in a temperate 

climate.  Each year the lake undergoes a spring and fall turnover, mid-April and late 

November, respectively, during which all layers of the water column are mixed (Myer 

and Gruendling, 1979).  For much of the time between these turnover events, roughly 

mid-May to late October, the lake is thermally stratified.  This stratification separates the 
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lake into three distinct layers: the epilimnion, metalimnion, and hypolimnion.  The 

thicknesses and temperatures of these layers are highly variable depending on interannual 

variability of climate, time of year, location, and circulation dynamics.  The epilimnion is 

the top layer, which is composed of warmer, less dense water.  In the Main Lake during 

the peak of the summer, the epilimnion is roughly 20 meters thick and around 20oC 

(Myer and Gruendling, 1979).  The metalimnion is directly below the epilimnion, and it 

is within the metalimnion that there is a steep temperature change.  Below the 

metalimnion is the hypolimnion, which consists of cold, dense water, averaging 6oC 

(Myer and Gruendling, 1979).  Because of the stratification, the currents in the 

epilimnion and hypolimnion are able to act separately, even flowing in opposite 

directions.  In winter months, this stratification is extremely weak or does not exist, and 

then the currents are largely the same throughout the water column and are sluggish in 

comparison to those observed in summer months (T.O. Manley et al., 1999).   

Currents in Lake Champlain during stratified months have been studied much 

more extensively than in winter months.  Both Lagrangian and Eulerian methods have 

been implemented (Myer and Gruendling, 1979; T.O. Manley et al., 1999).  Lagrangian 

current studies are done with floats and drifters that are released into the water without 

anything holding them to a specific location.  These floats and drifters then travel with 

the current, and their movement is tracked.  Eulerian current observations, the only type 

used in this study, are taken from a set location and measure the speed and direction of 

current passing that location over a period of time. 

Surface seiches are a common occurrence within the lake and affect the surface 

height.  The seiches are set up by wind stress along the length of the lake, pushing surface 
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water to one end.  When wind speed decreases, this set-up cannot be maintained, and the 

surface of the lake oscillates as a standing wave generally with a period of 4.2 hours 

(Myer and Gruendling, 1979). 

An internal seiche has also been observed in the lake during stratified months, 

with larger implications for circulation.  The internal seiche is typically set up by a strong 

southerly wind event, which forces the surface waters to the north end of the lake (Myer 

and Gruendling, 1979).  This increases the thickness of the epilimnion in the north and 

forces hypolimnic waters south.  When the wind relaxes, the lake attempts to return to 

equilibrium conditions while maintaining mass conservation in both layers.  As a result, 

epilimnic waters flow back to the south, and hypolimnic waters flow back north (Myer 

and Gruendling, 1979).  This oscillation continues, as it takes three or four periods for an 

internal seiche to die out and return to equilibrium.  However, in Lake Champlain, seiche 

dynamics are maintained throughout the stratified months by repeated wind events (T.O. 

Manley et al., 1999).  Due to the long north-south axis of Lake Champlain, as well as the 

predominant southerly winds, the internal seiche is largely aligned in the north-south 

direction. 

For the most part, the internal seiche is uninodal.  However, instances of binodal 

and trinodal internal seiches have been observed (Myer and Gruendling, 1979; T.O. 

Manley et al., 1999).   Merian’s equation allows for calculation of the period of an 

internal seiche:  
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where T is the period in seconds, l is the length of the lake in meters, ρe and ρh and te and 

th are the densities in g/m3 and thicknesses in meters of the epilimnion and hypolimnion, 

respectively (Merian, 1828).  Using this equation and the observed average period of 4.3 

days, the seiche is estimated to operate over an 82 km length of the lake, with average 

thicknesses of the epilimnion and hypolimnion at 20 m and 15 m, respectively (T.O. 

Manley et al., 1999).  The period of the seiche is dependent on lake stratification, wind 

speed, wind direction and duration, and therefore varies considerably.  Periods as short as 

1.5 days and as long as 9 days have been observed (T.O. Manley et al., 1999).   

Variations in wind forcing can also result in higher amplitude waves, resulting in 

nonlinear modes, gravity currents, and bores.  Nonlinear modes begin to form at wave 

heights around 10 m, and the non-linearity increases with larger wave heights (Hunkins et 

al., 1998).  A few times each year gravity currents are formed from these events.  Saylor 

et al. (1999) observed numerous gravity currents in the north end of the lake, moving up 

the gradually shoaling lake floor.  These gravity currents all began with similar southerly 

wind events that caused downwelling in the north end of the lake and upwelling in the 

south end (Saylor et al., 1999).  After the wind relaxed, dense hypolimnic water was 

driven back to the north along the sediment-water interface.  These events typically occur 

during times of weak stratification, June or October.  The velocities of the gravity 

currents were observed between 26 and 30 cm/s (Saylor et al., 1999).  

All prior discussion of the internal seiche has assumed pure north-south 

movement, but it has been demonstrated that the internal seiche is affected by the earth’s 

rotation and can act as a rotary Kelvin wave (T.O. Manley et al., 1999).  Currents in Lake 

Champlain lasting over 17 hours will be affected by the Coriolis force and deflected to 
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the right.  The internal seiche, with a period over 4 days, is affected, but its deflection is 

restricted by the lake’s shoreline, and a Kelvin wave forms (Figure 4).  The Kelvin wave 

propagates through the lake in a counter-clockwise direction and is clearly evident in the 

temperature data collected by T.O. Manley et al. (1999) in the southern portion of the 

Main Lake wherein the 15m sensors at Corlaer Bay, Thompsons Point, and Burlington 

Bay show abrupt temperature drops in successive counter-clockwise order.  The cross-

lake modes of the seiche typically have a period between 0.4 and 0.5 days (T.O. Manley 

et al., 1999).   

 

Figure 4: Progression of Kelvin wave after set up of southwesterly winds, with + indicating regions with 
increased epilimnic waters (adapted from Totsuka et al., 2001). 

 

4.2   Lake Champlain Sedimentation 

4.2.1 Sediment Units 

There are three distinct sediment units in Lake Champlain, which can be 

correlated to the changing environments of the basin since the retreat of the most recent 

ice sheet from the Last Glacial Maximum (Chase and Hunt, 1972).   

 Lake Vermont sediments represent the oldest unit of sediment in the lake and are 

the most widespread of the three units (Chase and Hunt, 1972).  These sediments are 
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acoustically distinct from the other two sedimentary units, because they are nondescript 

but for the strong interface between the Champlain Sea and Lake Vermont units (Cronin 

et al., 2008).  Cores taken from the unit reveal alternating layers of dark grey and dark 

brown clay, and the sediment is noticeably devoid of fossils (Chase and Hunt, 1972). 

  Champlain Sea sediments lie directly above the Lake Vermont sediments.  In 

seismic profiles the top portion of the unit has three distinct acoustic horizons, but no 

strong reflectors are shown lower in the unit (Chase and Hunt, 1972). The Champlain Sea 

muds have a lower moisture content and lower organic content than Lake Champlain 

muds, and Champlain Sea sediments contain abundant marine foraminifera (Chase and 

Hunt, 1972), in particular Elphidium excavatum forma clavata, a dominant benthic 

species (Cronin, 1979; Guilbault, 1989; Rodrigues, 1992). 

 Acoustic surveys of Lake Champlain sediments, the most recent unit, show 

clearly layered strata, with one distinct acoustic horizon about two-thirds of the way 

down the unit (Chase and Hunt, 1972).  In core samples, this unit contains dark grey to 

grayish brown mud.  The muds are poorly sorted, with grain sizes ranging from clay to 

slightly gravelly mud (Chase and Hunt, 1972). The Lake Champlain muds are the most 

richly organic of the three units, with abundant diatoms (Fillon and Hunt, 1974).  The 

majority of Lake Champlain sediments that have been deposited in the main lake between 

Valcour Island and Thompson’s Point are shown to have derived from the Bouquet, 

Ausable, and Winooski Rivers (Myer and Gruendling, 1979). 

4.2.2 Sediment Bedforms 

 Two current-formed sedimentary bedforms have been documented in Lake 

Champlain: the previously discussed Drift A and a large furrow field.  This furrow field 
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is located east of Valcour Island, in the northern portion of the Main Lake (Figure 5).  

The furrows are elongated in the north-south orientation and have width-spacing ratios 

between 1:4 and 1:9 (P.L. Manley et al., 1999).  These characteristics classify the furrow 

field as Type 1A, meaning that they are in an area with long periods of sediment 

deposition interspersed with periods of intense erosion (Flood, 1983; P.L. Manley et al., 

1999).  Moorings deployed in the furrow field indicate that the region experiences bottom 

currents exceeding 20 cm/s between 5 and 10 times per year (P.L. Manley et al., 1999).  

The presence of these furrows was the first proof that bottom currents in Lake Champlain 

are strong enough to create current-formed bedforms, and Drifts A and B are further 

evidence of this.   

 

Figure 5: Locations of sediment bedforms in Lake Champlain, including the furrows near Valcour Island, and 
Drifts A and B. 
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4.3  Sedimentary Drifts 

Major accumulations of sediment on the ocean floor come from two primary 

sources: gravitational flows and processes related to bottom (contour-following) currents 

(Fagueres et al., 1999).  The sediment deposited by way of bottom currents contains a 

more continuous sedimentary record and records the ocean environment through time.  In 

marine environments, the bottom currents are forced mostly by thermohaline circulation, 

large-scale ocean circulation driven by density gradients, and tend to follow the 

bathymetric contours of the region (McCave and Tucholke, 1986).  Varied topography 

influences local sediment distribution; for example, more sediment will accumulate in 

low velocity zones directly downstream of seamounts.  In addition, stronger currents 

localized along the sides of seamounts can cause erosion and create moats (McCave and 

Tucholke, 1986).   

There are four main characteristics indicative of a sedimentary drift: (1) surface 

and internal reflectors do not conform to deeper surfaces, (2) bed thicknesses within the 

drift exceed that of the adjacent sediments, (3) the thicknesses are greatest along the axis 

of the drift, and (4) internal reflectors are relatively weak (McCave and Tucholke, 1986).  

A sedimentary feature meeting all of these criteria is classified as a drift.   

In addition, marine sedimentary drifts have been categorized by their 

morphologies, which are controlled by bathymetry, currents, and sediment availability 

(Fagueres et al., 1999).  Drifts are first classified based on their large-scale geometry.  

These drift types include: sheet drifts, elongate mounded drifts, confined drifts, and 

channel related drifts.   Elongate drifts typically have length to width ratios between 2:1 

and 10:1, and tend to lie on a major erosion surface (Fagueres et al., 1999).  These 
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elongate drifts are further classified as plastered, detached, or separated based on their 

relationship with bottom morphology and currents (Figure 6).   

The size of marine sedimentary drifts varies greatly, with some patch drifts 

having surface areas of tens of km2 and abyssal sheets having areas >100,000 km2 

(Fagueres et al., 1999; Ceramicola et al., 2002).  The thickness of these drifts ranges 

between 10 and 150 m. 

 

Figure 6: Types of elongate drifts and relationship of each to the contour currents.  Dots indicate current out of 
the page, and x indicates current into the page (adapted from McCave and Tucholke, 1986).  
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4.4 Lacustrine Drifts 

 Although sedimentary drifts in marine environments have been studied for 

decades, there are only three previously documented cases of lacustrine sedimentary 

drifts.  It was long believed that bottom currents only influenced marine sedimentation, 

and would not affect sedimentation patterns in shallow, lacustrine environments (Johnson 

et al., 1980).  In 1980, bottom-current-influenced sediment formations, or contourites, 

were discovered in Lake Superior (Johnson et al., 1980).  Though no drifts were found in 

Lake Superior, only winnows, scours, and sediment waves, this discovery was evidence 

that bottom currents could influence sedimentation, even in a shallower environment.  

Similar contourite features, including sand waves, mudwaves, and erosional moats, were 

found in East African Rift lakes (Johnson, 1996).   Since 2001, sedimentary drifts have 

been documented in three lakes: Lake Baikal (Russia) (Ceramicola et al, 2002), Lago 

Cardiel (Argentina) (Gilli et al., 2005), and Lake Champlain (Hayo, 2006; Hayo and 

Manley, 2008; P.L. Manley et al., 2012).  In all three locations, the drifts were first 

discovered with seismic profiling.    

Lacustrine sedimentary drifts were first found in Lake Baikal (Ceramicola et al., 

2002). The group of drifts in Lake Baikal is located along one face of an intra-basin 

structural high, across which salinity driven bottom currents flow.  Due to NNE-ward 

flowing bottom currents, the drifts are most often found to the NNE of basement knolls 

and other topographic anomalies.  Only seismic reflection profiles were collected on 

these drifts, with all information relating to currents and sedimentation rates coming from 

previous studies within Lake Baikal (see references within Ceramicola et al., 2002).  The 

seismic lines were not taken closely enough to be able to define the areal extent of the 
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drifts.  However, Ceramicola et al. (2002) estimated that the Lake Baikal drifts are 10-

150 m thick and tens of km2 in area.  Based on their morphology these drifts fall into four 

classification types: (1) slope-plastered patch sheets, (2) patch drifts, (3) confined drifts, 

and (4) fault-controlled drifts.  The presence of bottom currents strong enough to form 

these drifts is largely unexplained, but it is clear that the bedrock morphology, and 

especially the intra basin ridge, plays a large part in allowing the drifts to form and grow.  

The age of the drifts is estimated at around 3.5 Ma, based on previously determined 

sedimentation rates in the lake, and this date corresponds to the last major rifting activity 

in the area (Ceramicola et al., 2002).  This also implies that bottom currents have 

remained largely unchanged in the basin for the past 3.5 Ma.  The authors acknowledge 

that further bathymetric surveying and measurements of current velocity and direction 

would significantly enhance this analysis (Ceramicola et al., 2002).   

 A sedimentary drift was discovered in Lago Cardiel during a seismic survey 

carried out to study the late Quaternary climatic history of the basin (Gilli et al., 2005).  

The drift is estimated to cover an area of 80-100 km2, or roughly one quarter of the lake 

area, and it reaches a maximum thickness of around 25 m.  The drift has been classified 

as a mounded elongate drift (Gilli et al., 2005).  It is proposed that the accumulation of 

sediment in this portion of the lake is due to the strong westerly winds in the area, and 

that these winds produce a counter-clockwise circulation pattern.  However, no current 

measurements have been taken within the lake, and the only wind data is from 

Gobernador Gregores, 80 km from Lago Cardiel.  Four short gravity cores were taken 

along one of the seismic lines, and sediment density differences were found between the 

cores on the drift and those in the channel beside the drift, indicating that bottom currents 
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are much stronger in the channel (Gilli et al., 2005).  Gilli et al. (2005) propose that 

strong counter-clockwise circulation inhibits sedimentation around the perimeter of the 

lake, and creates a low velocity zone near the center of the lake, where sediment has 

deposited, forming the drift.    

In 2004 and 2005, two lacustrine sediment drifts were identified in Lake 

Champlain utilizing CHIRP sub-bottom profiling (Hayo, 2006; Hayo and Manley, 2008; 

P.L. Manley et al., 2012).  Drift A was extensively studied with piston cores and sub-

surface moorings (P.L. Manley et al., 2012), and is the only study of a lacustrine 

sedimentary drift to date that includes seismic profiling, coring, and the use of sub-

surface moorings to acquire hydrographic data to understand its formation.  By 

incorporating all three types of information, P.L. Manley et al. (2012) were able to date 

the initiation of the drift’s formation and to explain the processes forming the drift.  They 

dated the drift to between 8,700 – 8,800 years BP, around the transition from Champlain 

Sea to Lake Champlain (P.L. Manley et al., 2012).  Using Acoustic Doppler Current 

Profiler (ADCP) data collected by the sub-surface moorings, strong southerly currents 

were found on the west side of the drift, followed 0.6 days later by strong northerly 

currents on the east side of the drift (P.L. Manley et al., 2012).  This pattern suggests that 

the strong southerly currents west of the drift wrap around the southern tip of the drift and 

then continue northward on the east side of the drift.  The shear between the east and west 

side of the drift causes a low velocity zone centered over the drift, which increases the 

sedimentation on the drift and creates the positive bedform (P.L. Manley et al., 2012).  

The low velocity zone created by the shear migrates across the drift, and there is some 

cross drift flow during this process as well (Figure 7). 
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Figure 7: North-south current shear over Drift A, showing the creation and migration of a low-velocity zone 
over the drift, as well as the cross-drift flow.  Current measurements were taken by ADCPs on the west and east 
side of the drift as well as over the center.  The five lower images show interpolation of currents over a larger 
study area (adapted from P.L. Manley et al., 2012). 

 

5. METHODS 

Three main types of data were collected for this study: CHIRP seismic lines, 

piston cores, and hydrographic data (from subsurface moorings). All data was collected 

during the spring and summer of 2011, beginning with seismic lines to define the 

boundaries of Drift B and determine the ideal locations in which to take cores and place 

moorings.   
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5.1  Seismic Reflection Profiles 

 On May 3 and 4, 2011, twenty-eight seismic lines were taken on the University of 

Vermont’s R/V Melosira in the area of Drift B (Figure 8).  All lines were collected using 

an Edgetech model SB216 swept frequency CHIRP sonar, and processed with SonarWiz 

5, Chesapeake Technology, Inc..  These data were combined with previous seismic lines 

taken in the area, mostly for research on nearby Drift A.  These seismic lines were used 

to determine the boundaries of the drift, and the base of the drift was digitized to 

determine volume using EarthVision, Dynamic Graphics, Inc. 3D gridding and 

visualization software. 

5.2  Piston Cores 

 Four piston cores were collected on July 15, 2011 from the R/V Melosira.  The 

cores are 45 millimeters in diameter, and approximately seven meters long.  Three cores 

were taken on a transect crossing the central portion of the drift, and one core was from 

the southern tip of the drift (Figure 8).  Sediment from the cores was analyzed using 

magnetic susceptibility, x-rays, electric resistivity, physical properties, grain size, and 

210Pb and 137Cs dating. 

 Magnetic susceptibility was measured at 2 cm intervals using a Bartington MS2C 

meter with a 45mm diameter loop sensor.  The cores were x-rayed at Porter Hospital 

prior to splitting to begin discrete sampling.  The split cores were described using a 

Munsell chart color, visual grain size, and the presence of any sedimentary structures.  

Electric resistivity measurements were obtained every 2 cm on the split cores using the 

Middlebury Wenner Electric Resistivity Probe.  Discrete samples (~2-3 cc) were taken 
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Figure 8: Map showing location of seismic lines, cores, and moorings.  Seismic lines gathered specifically for this 
project, shown with wide white lines; seismic lines for previous research shown with fine lines; and seismic lines 
shown in figures later in document highlighted in green.  Yellow circles represent core locations.  Blue circles 
represent mooring locations.  Location of Drift B shown in red.  

every 5 cm for physical properties analysis.  Wet weights and dry weights (24 hours in 

the oven at 105oC) allowed for the calculation of saturated bulk density, porosity, water 

content, and void ratio.  These samples were run for grain size on the Horiba LA- 920 

laser grain size analyzer.  Additional samples were taken every 2 cm over the top 50 cm 

of every core and sent to Rensselaer Polytechnic Institute for 210Pb and 137Cs dating.    



22 

 

 210Pb is a naturally occurring uranium series radionuclide that is introduced into 

the lake sediment by two processes.  Supported 210Pb is produced in situ by the decay of 

226Ra in the water column, and 210Pb then settles down into the sediments.  Unsupported 

210Pb enters the water column by the decay of 222Rn gas in the atmosphere.  It is only this 

unsupported 210Pb that provides information about the patterns of deposition.  The total 

210Pb content of the sediments is measured, and then the 226Ra-supported fraction must be 

subtracted from the total to attain the quantity of unsupported 210Pb (Anderson et al., 

1993).  210Pb has a half-life of 22.26 years, and the detection of unsupported 210Pb can 

identify sediments that have accumulated in the past century (Manley et al., 2002).   

137Cs is an anthropogenic radionuclide that comes from atmospheric testing of 

nuclear weapons.  This testing began in 1954, and there was a significant fallout 

maximum in 1963 and 1964.  Peaks in 137Cs profiles occur in sediments deposited in 

1963 and 1964, giving a definitive age of those sediments as well as a recent 

sedimentation rate (Manley et al., 2002).   

XRF analyses were also run on these samples to see if there were enhanced levels 

of trace metals, which could be used to characterize “post-industrial” deposition.  

Enhanced levels of Pb, Zn, and Cu indicate deposition within the last few hundred years 

(per. comm., Bopp).   

5.3  Subsurface Moorings 

 Five subsurface moorings equipped with instrumentation were deployed on May 

25, 2011 and recovered on September 7, 2011.  Three moorings were deployed along an 

east-west transect across the central section of the drift, one was placed at the southern 



23 

 

toe of the drift, and the final mooring was located farther south in a sediment-blanketed 

basin (Figure 8).  Each mooring consisted of a 500-900 lb steel anchor and ¼” stainless 

steel wire rope that was kept taut with a flotation sphere.  The flotation was designed to 

remain at least 3 m below the surface, avoiding boat traffic. The net buoyancy of the 

flotation sphere needed to be at least 200 pounds greater than the total weight of the 

mooring in order to keep the line taut.  The weight of the anchor was designed to be at 

least twice the net buoyancy of the flotation sphere to keep the mooring grounded at its 

deployment site.  Each anchor was also connected to an acoustic release to aid in 

recovery of the mooring.  The instrumentation on the moorings included Acoustic 

Doppler Current Profilers (ADCPs), temperature sensors, Laser In-Situ Scattering and 

Transmissometry instruments (LISSTs), sediment traps, and an Aanderaa CTR 7 (Figure 

9) (see APPENDIX A: Mooring Diagrams).  

Each ADCP was downward facing at approximately 50 meters above bottom 

(mab).  The ADCPs used on these moorings were Teledyne RDI Sentinels, which use 

acoustic pulses at a frequency of 300 kHz to measure reflected Doppler shifts on small 

forms of aquatic biology, such as phytoplankton and zooplankton that tend to flow 

passively with the current.  Based on the reflected and received pulses, the ADCPs record 

the direction and velocity of water motion, in degrees magnetic and mm/s, respectively. 

The direction measurements were corrected to true north upon downloading the data.  

The ADCP also recorded backscatterance, a measurement of the amount of biological 

matter in the water.  All data was recorded at half hour intervals, and the data was 

recorded separately for each meter-thick “bin” within the water column, with the lowest 

depth recorded at each mooring approximately 4 mab.  
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Figure 9: Simplified diagram of the mooring array used for this study (See APPENDIX A: Mooring Diagrams for 
detailed diagrams of each mooring). 
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 Between ten and twelve temperature sensors were placed on each mooring at 

roughly 3 m intervals.  Tighter spacing was utilized near the upper part of the water 

column in order to properly map the motion of the metalimnion. All temperature sensors 

recorded data every half hour.  The vast majority of the temperature sensors were Star 

Oddi Starmon mini temperature recorders, while the remaining seven temperature sensors 

were made by Richard Branchner Research (RBR).   

The three northern moorings (west, central, and east) each had a Sequoia 

Scientific-LISST-25x to record concentration and size of suspended sediment.  The 

LISSTs were positioned approximately three mab, and recorded measurements every 

fifteen minutes.  For each measurement, grains between 2.5 and 500 microns were 

observed, and the volume concentration and the mean diameter were recorded in ml/L 

and µm, respectively.  Upon recovery of the moorings, no data was found on the LISST 

located on the central mooring.    

 Each mooring was also equipped with two sediment traps: a deep trap, 5 mab, and 

a shallow trap positioned approximately 50 meters higher, just above the ADCP.  The 

sediment traps were PVC cylinders with a 5:1 aspect ratio (35 cm long, 7 cm diameter).  

The samples collected in the trap were filtered using 0.22 micron filters.  Wet and dry 

weights were measured to calculate accumulation rates in grams/m2/day.  The samples 

were also run for grain size on the Horiba LA-920 laser grain size analyzer. 

The mooring on the southern tip of the drift, the “Toe Mooring,” was also 

equipped with an Aanderaa CTR 7, which was programmed to record measurements 

every half hour throughout the deployment period.  The CTR 7 had five sensors attached 
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to it: a pH sensor, a temperature sensor, an oxygen optode, and two turbidity sensors, one 

for the 0-100 NTU range and the other for the 0-20 NTU range. 

 

6. OBSERVATIONS 

6.1  Seismic Reflection Profiles 

The CHIRP seismic data was processed and analyzed using both SonarWiz and 

EarthVision.  This section includes observations from both types of analysis, beginning 

with analysis of individual seismic lines on SonarWiz, followed by SonarWiz 

observations on a larger scale, and then concluding with results and observations 

gathered using EarthVision.  EarthVision is a geological mapping tool that can be used to 

represent data in two and three dimensions.  The software models scattered data by 

gridding with minimum tension algorithms, creating a surface of best fit.  In addition to 

creating the grid, the software also gives statistics on the accuracy of the grid, including 

the mean error, worst errors, and standard deviation of errors, allowing the user to 

determine if the grid is acceptable. 

6.1.1 Line 20110503_Drift_B-0004-CH1 

Of the east-west oriented seismic lines, Drift_B-0004 is the furthest north that 

clearly delineates Drift B.  In this seismic line, Drift B has formed east of a bathymetric 

rise (Figure 10).  Within the drift itself, the west side is thicker than the east side, which 

gradually tapers down to the sediment package below the drift.  On the west side, there is 

a slight depression (moat) adjacent to the bathymetric rise.  Along this transect the drift 

reaches a maximum thickness of 9 m, near its west side.  Most of the eastern half of the
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Figure 10: Seismic line Drift_B-0004 at 400 m/in horizontal scale and 13 times vertical exaggeration.  Two drifts are shown along this line, with Drift B circled in red, 
and the other drift approximately 700 m west of Drift B. 
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drift is thinner, approximately 5 m thick.  The west side of the drift along line Drift_B-

0004 is well-layered, but with no strong reflectors.  The layering record on the east side 

of the drift is disturbed by hyperbolic structures, although the layering can still be seen 

below the hyperbolics.  

6.1.2 Line20110503_Drift_B-0006-CH1 

Line Drift_B-0006 transects one of the widest portions of the Drift B.  In this 

location, the drift sits atop a basement high, and its center portion is raised as a result 

(Figure 11).  With the exception of the 100 meters on either edge of the drift, the 

thickness of the drift remains fairly constant across this transect (~12 m).  Unlike in the 

more northern line, there is no longer a bathymetric rise immediately to the west of the 

drift.  On both the east and west sides there are a couple hundred meters of relatively flat 

lake floor immediately adjacent to the drift at this transect.  Further to the west, the lake 

floor begins to rise up to Schuyler Reef.   

On the east side of Drift B at this transect, the layers gradually taper out to the 

edge of the drift.  The west side of the drift has a more abrupt edge, with truncated 

internal reflectors and some minor hyperbolic structures.  Sediment layers are mostly 

evident across the drift, but gas in the eastern half of the drift, obscures some of these 

layers.  There is a strong reflector about one-third of the way down the drift, that is much 

stronger on the east side, gradually fading out to the west, whereas the reflector defining 

the base of the drift is clearer on the west side, but it is obscured by interstitial gas on the 

eastern edge.   
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Figure 11: Seismic line Drift_B-0006 at 400 m/in horizontal scale and 13 times vertical exaggeration.
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6.1.3 Line20110503_Drift_B-0009-CH1 

Line Drift_B-0009 runs through the southern toe of the drift, by which point the 

width of the drift has narrowed to only around 250 m (Figure 12).  At this southern 

location, the drift sits in a depression between two bathymetric highs.  The base of the 

drift is slightly concave up, and the lake floor continues to rise on either side of the drift.  

The thickest point of the drift along this transect is approximately 7 m thick.  The drift 

along this east- west transect is fairly symmetrical, with the thickest point near the center 

and relatively equal tapering toward either edge.   

There is some layering within the drift, but it is somewhat faint.  The reflector 

indicating the base of Drift B is clear on the west side of Drift B in this seismic profile, 

but on the east side the bottom portion of the drift and the sediment below are disturbed.  

This reflector and the sediment package below, as seen under the west side of the drift, 

are very similar to those observed below Drift B in line Drift_B-0006.  This sediment 

package continues to the west of the drift in line Drift_B-0009, with the base of drift 

reflector on the lake floor.      

6.1.4 Observations beyond Drift B 

The goal of the seismic survey run in May 2011 was to image Drift B.  However, 

in extensions of lines crossing Drift B (Figure 10 Figure 12), and in lines just to the north 

of Drift B (Figure 13), similar sedimentary features were discovered (Figure 14).  Three 

quite small drifts are located to the north of Drift B, imaged on lines Drift_B-0001, 0002, 

0003, 0004, and 0026 (Figure 10 Figure 13).  The surface area of each of these drifts is 

roughly 0.1 km2, and their thicknesses range up to approximately 5 m.  Two slightly 

larger drifts, nearly half the size of Drift B, were also imaged in this seismic survey.  One
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Figure 12: Seismic line Drift_B-0009 at 400 m/in horizontal scale and 13 times vertical exaggeration.  Two drifts are shown along this line.  Drift B is slightly right of center.
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Figure 13: Seismic line Drift_B-0001 at 400 m/in horizontal scale and 13 times vertical exaggeration.  Two northern drifts are pictured.  The rightmost drift in this image 
is the southern tip of the larger northern drift.  Drift B is not shown along this line. 
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Figure 14: Bathymetric map of study area, showing location of Drift B in red and outlines over other surveyed 
drifts in black. 

of these lies approximately 1.5 km north of Drift B, on the other side of Hunt Rise 

(Figure 14).  The other is located roughly 0.5 km west of the southern half of Drift B 

(observed in Figure 12).   

6.1.5 Extent and Morphology 

In order to best estimate the areal extent and volume of Drift B, the sediment-

water interface and the base of Drift B on the seismic profiles were digitized using 

SonarWiz 5.  EarthVision was then used to model these horizons throughout the region 

and create a three-dimensional visualization of these two surfaces.   

Drift B is a north-south elongate drift, with an approximate length of 2.5 km 

(Figure 15).  The width of the drift varies considerably throughout its length.  The drift is 
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much wider to the north than at its southern end, with a width of about 1 km through the 

northern two-thirds of the drift.  In the southern third, the width is closer to 350m.  The 

surface area of the drift is calculated to be 1.32x106 m2, and the volume is 1.10x107 m3.   

The drift reaches a maximum thickness of 17.5 m near its center (Figure 16).  The 

thickness of the drift varies across the drift; it drops considerably on all sides of the 

location of maximum thickness.  However, the drift thickens slightly again at both the 

northern and southern ends, before tapering off completely at its end points.  The 

 

Figure 15: Surface shape of Drift B on bathymetric map of study area. 
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Figure 16: Isopach of Drift B, with x and y scales in UTM coordinates. 

thinner sections result mostly from ridges below the drift while the top surface of the drift 

remains relatively smooth (Figure 17).  Even the largest of these ridges, located just north 

of the center of the drift, is barely visible in the seismic lines, as the seismic lines do not 

cross it directly.  However, it becomes much more pronounced in the three-dimensional 

visualizations. 
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Figure 17: Three-dimensional visualizations of Drift B with all other sediment layers removed from the image.  
Perspective is from the southwest side of the drift, moving from a) slightly above the drift to b) roughly on the 
horizontal plane with the drift to c) slightly below the drift.  Images are shown with 20 times vertical 
exaggeration.  Ridge structures beneath the drift are visible as undulations on the underside. 

 

A. 
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6.2 Piston Cores and sediment characterization 

Four piston cores of just over 700 cm were taken from the Drift B study region.  

In previous work, a 350 cm core was taken from the west side of Drift B (for full core 

descriptions see APPENDIX B: Core Description Logs). 

6.2.1 Core B-1: East 

Core B-1 was taken from the eastern edge of Drift B, north of center on the drift 

(Figure 8).  The top 250 cm of the core is in Drift B, below that is 90 cm of non-Drift B 

Lake Champlain sediment, and then a transition to Champlain Sea sediments begins at 

340 cm in the core (Figure 18).  

A sample removed from the top 0-2 cm of the core for dating showed a hint of 

137Cs activity.  Since 137Cs is an anthropogenic radionuclide resulting from atmospheric 

testing of nuclear weapons, which began in 1954, sedimentation must have occurred at 

the location of this core since 1954 (Manley et al., 2002). 

 

Figure 18: Seismic profile of Core B-1 (East) location with magnetic susceptibility data shown in core. 
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From the top of the core through 340 cm, the physical properties of the sediment 

are relatively consistent (Figure 19).  The mean grain size remains between 10 and 30 

microns.  The porosity is between 60 and 90 percent.  The saturated bulk density is 

between 1.25 and 1.7 g/cm3.  Finally, the magnetic susceptibility values are consistently 

below 100x10-5 SI.   

At 340 cm all of these properties change.  Mean grain size increases to between 

14 and 55 microns.  Porosity decreases to between 45 and 70 percent. Saturated bulk 

density increases to between 1.55 and 1.95 g/cm3, and magnetic susceptibility undergoes 

the most drastic transition to be between 95 and 215x10-5 SI.  In the deeper sediment unit, 

at 700 cm, one microfossil, a marine foraminifer, was found and has been identified as 

species E. excavatum forma clavata (Figure 20).  

Ninety centimeters before this transition out of Lake Champlain sediments, at 250 

cm, there is a few centimeter section with much more consistent grain size.  The grain 

size distribution from the sample at 250 cm, had a standard deviation of 4.2 microns, 

whereas nearly all other samples from the core had standard deviations of at least 12 

microns and ranging up to 40 microns.  In this section the mean grain size is 8.97 

microns.  

6.2.2 Core B-2: Central 

Core B-2 was taken in one of the thickest locations of Drift B, near the center of 

the drift (Figure 8).  As the drift is approximately 10 meters thick at this location, the core 

is entirely within the drift (and the Lake Champlain sediment unit) and shows just over 

half of the total thickness of the drift (Figure 21).  



39 

 

 

Figure 19: Physical properties of Core B-1 (East), showing the change in sediment units at 340 cm and reflector at 250 cm. 
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Figure 20: Scanning electron microscope image of E. excavatum forma clavata microfossil found in Core B-1. 

 

 

Figure 21: Seismic profile of Core B-2 (Central) location with magnetic susceptibility data shown in core.  
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Throughout this core the physical properties remain consistent (Figure 22).  The 

mean grain size ranges between 8 and 20 microns.  Porosity and saturated bulk density 

range from 75 to 90% and 1.2 to 1.45 g/cm3 respectively.  The sediment within the core 

has magnetic susceptibility values between 7 and 35x10-5 SI and electric resistivity values 

of 4.3 - 10.1 Ohm-m.  The color of the sediments in Core B-2 is olive gray throughout the 

length of the core.  However, the saturation of the olive gray color increases with depth. 

No 137Cs was detected in the top sections of this core, nor were there enhanced 

levels of Cu in the top of Core B-2.  However, very slightly enhanced levels of Pb and Zn 

were found in the top 0-2 cm of the core, indicating deposition in the industrial era 

(Figure 23; per. comm., Bopp).  

6.2.3 Core B-3: West 

Core B-3 was taken from the west side of Drift B, slightly north of center on the 

drift (Figure 8). The length of the core, 722 cm, is slightly greater than the thickness of 

the drift at this location, and the bottom 155 cm of the core is below Drift B (Figure 24).  

As with Core B-2, the physical properties of Core B-3 are relatively consistent 

throughout its length (Figure 25).  The mean grain size ranges between 6 and 24 microns.  

With the exception of one sample at 565 cm, the porosity is 75-86 % and the saturated 

bulk density is between 1.27 and 1.47 g/cm3.  The magnetic susceptibility and electric 

resistivity values are 18-50x10-5 SI and 5.2 - 9.4 Ohm-m respectively. 

The reflector associated with the base of the drift can be observed as a grain size 

change at 250 cm in Core B-1 and at 565 cm in Core B-3.  The mean grain size at 565 cm 

is 8.93 microns with a standard deviation of only 4.51 microns.  At this depth the porosity 

drops (to 62 %) and the saturated bulk density increases significantly (to 1.65 g/cm3).   
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Figure 22: Physical properties of Core B-2 (Central). 
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Figure 23: Levels of trace metals (Cu, Pb, Zn) in samples from Core B-2. 

 

Figure 24: Seismic profile of Core B-3 (West) location with magnetic susceptibility data shown in core.  



44 

 

 

Figure 25: Physical properties of Core B-3 (West). 
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The density change here correlates to a major reflector at both 565 cm in Core B-3 and 

250 cm in Core B-1. 

6.2.4 Core B-4: Toe 

Core B-4 was taken near the southern toe of Drift B (Figure 8).  Most of the core 

sampled Drift B, with only the deepest 200 cm located below the drift, in a transition 

zone to Champlain Sea sediments (Figure 26).  

The upper sediment unit of this core, which reaches to 580 cm depth, has 

consistent physical properties (Figure 27).  The mean grain size is between 8 and 25 

microns.  The porosity and saturated bulk density are 69-89% and 1.22-1.54 g/cm3 

respectively.  Magnetic susceptibility values are between 14 and 54x10-5 SI and electric 

resistivity values range from 4.9 to 10.2 Ohm-m.   

At 580 cm and below, the physical properties begin to change more noticeably.  

Porosity decreases to range between 53 and 72%, and saturated bulk density increases to  

 

Figure 26: Seismic profile of Core B-4 (Toe) location with magnetic susceptibility data shown in core.
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Figure 27: Physical properties of Core B-4 (Toe).
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range from 1.5-1.8 g/cm3.  Magnetic susceptibility increases to between 57 and 111x10-5 

SI.  Mean grain size and electric resistivity show little to no change from the upper 

portion of the core.   

 Similar to the 250 cm sample in Core B-1 and the 565 cm sample in Core B-3, the 

standard deviation of the grain size distribution in the 505 cm sample in Core B-4 was 

significantly lower than in any other sample in the core.  At 505 cm the deviation was 

only 5.75, and the mean grain size was 9.335 microns.  As in the other cores, this location 

marks a drop in porosity (to 69%) and an increase in saturated bulk density (to 1.54 

g/cm3), and it is correlated to the reflector observed in Cores B-1 and B-3. 

No 137Cs was detected in the top sections of this core.  However, slightly 

enhanced levels of trace metals (Pb, Zn, and Cu) were found in the top 0-2 cm of the 

core, indicating deposition in the industrial era (Figure 28).   

 

Figure 28: Levels of trace metals (Cu, Pb, Zn) in samples from Core B-4. 
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6.2.5 Core B 5-1 

Core B 5-1 was taken on the west side of Drift B, slightly south of Core B-3 

(Figure 8).  The core is 349 cm long, barely extending through the drift, which is 322 cm 

thick in this location (Figure 29).  

The physical properties of the sediment in Core B 5-1 are very similar to those of 

Core B-3.  The mean grain size ranges from 9 to 19 microns.  The porosity and saturated 

bulk density ranges are 63 - 85% and 1.27 - 1.63 g/cm3 respectively.  The magnetic 

susceptibility values are between 25 and 61x10-5 SI, and the electric resistivity values are 

between 4.1 and 6.8 Ohm-m.   

The bottom couple observations of the core yield some of the highest density 

values and lowest porosity values.  This is likely an indication of the grain size change 

seen at 565 cm in Core B-3 and also seen in Core B-1 and Core B-4 and associated with 

the reflector at the base of Drift B.  However, we do not have grain size frequency data 

 

Figure 29: Physical properties of Core B 5-1. 
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for this core, and cannot compare the grain size standard deviation of this sample to those 

in the other cores.   

6.2.6 Drift B Base Reflector 

Evidence of the reflector indicating the base of Drift B is found in Cores B-1, B-3, 

B-4, and B 5-1.  The reflector is most easily identified by an anomalously high grain size 

frequency peak.  At this peak, the standard deviation of the grain size, which is between 

15 and 40 for most samples, drops abruptly to under 10 microns for a couple of 

centimeters.  This location in each core also shows an increase in saturated bulk density 

to greater than 1.5 g/cm3.  Less noticeable, is the shift in magnetic susceptibility at the 

reflector, although slight shifts are seen in all cores, with Core B-3 as the best example 

(Figure 25).   

6.2.7 Properties of Sediment 

The sediment within Drift B in all five cores has very similar physical properties 

(Table 1).  The sediment is consistently olive gray, although with slightly varying color 

saturation.  The grains are fairly poorly sorted, but with mean grain sizes in the fine silt 

range (10-25 microns).  In all of these properties, the sediment within Drift B echoes the 

general characteristics of Lake Champlain sediments throughout the lake (Chase and 

Hunt, 1972; Dawson, 2009).   

In the 2 m below Drift B, sediments begin to transition into the Champlain Sea 

Unit, as observed in Cores B-1 and B-4.  The physical properties, particularly density, 

porosity, and magnetic susceptibility, indicate this transition (Table 1).  In the Champlain 

Sea Unit below Drift B, magnetic susceptibility values range from 55 to 215x10-5 SI, 

saturated bulk density ranges from 1.5 to 1.95 g/cm3 and porosity ranges from 45 - 72%.   
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Table 1: Approximate ranges for physical properties. 

Core B-1 B-2 B-3 B-4 B5-1 

Physical Properties 
LC 
Unit 

CS 
Unit 

LC 
Unit 

CS 
Unit 

Mean Grain Size (µm) 10-30 14-55 8-20 6-24 8-25 7-24 9-19 
Magnetic Susceptibility (E 
-5 SI) 

20-60 95-
215 

7-35 18-50 14-54 57-
111 

25-62 

Electric Resistivity (Ohm-
m) 

4-10 4-8 4.3-
10.1 

5.2-
9.4 

4.9-
10.2 

4.6-
8.1 

4.1-
6.8 

Saturated Bulk Density 
(g/cm3) 

1.25-
1.7 

1.55-
1.95 

1.2-
1.45 

1.27-
1.47 

1.22-
1.54 

1.5-
1.8 

1.27-
1.63 

Porosity (%) 60-90 45-70 75-90 75-86 69-89 52-72 63-85 
 

These values are very similar to those found in Champlain Sea sediments in cores from 

Willsboro Bay (Dawson, 2009).   

6.3   Subsurface Moorings 

Current, temperature, and in situ sediment data were collected throughout the 

summer by instrumentation on five subsurface moorings deployed around the study area.  

This section will detail the results collected by each type of instrumentation on the 

moorings, beginning with the ADCPs and temperature sensors, which were analyzed 

using both Excel plots and EarthVision, software from Dynamic Graphics, Inc.   

6.3.1 Acoustic Doppler Current Profilers (ADCPs) 

 The ADCPs provided the most extensive data set, with half hour ensembles 

(measurements) comprising 50 one-meter thick bins at each of the five moorings (Figure 

30-34).   

 The east mooring showed consistently higher maximum velocities than the other 

moorings, with an overall maximum of 54.6 cm/s recorded at Julian Day (JD) 241.90   
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Figure 30: ADCP and Temperature Sensor data for West Mooring.  The green and red colors indicate current flowing north (in the middle row) and east (in the bottom 
image), and the blue and purple colors indicate current flowing south and west. 
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Figure 31: ADCP and Temperature Sensor data for Central Mooring. The green and red colors indicate current flowing north (in the middle row) and east (in the 
bottom image), and the blue and purple colors indicate current flowing south and west. 
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Figure 32: ADCP and Temperature Sensor data for East Mooring. The green and red colors indicate current flowing north (in the middle row) and east (in the bottom 
image), and the blue and purple colors indicate current flowing south and west. 
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Figure 33: ADCP and Temperature Sensor data for Toe Mooring. The green and red colors indicate current flowing north (in the middle row) and east (in the bottom 
image), and the blue and purple colors indicate current flowing south and west. 
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Figure 34: ADCP and Temperature Sensor data for South Mooring. The green and red colors indicate current flowing north (in the middle row) and east (in the bottom 
image), and the blue and purple colors indicate current flowing south and west. 



56 

 

(reference January 1, 2011), at 72.2 m below the lake surface.  This maximum velocity 

was recorded in a south-southeasterly direction (166o).  No other ADCP in this array 

recorded a velocity over 45 cm/s, and there are very few other recorded cases of 

velocities over 50 cm/s in Lake Champlain, although velocities as high as 71.6 cm/s have 

been recorded (T.O. Manley et al., 1999).  The maximum recorded velocity at the central 

mooring was 35.8 cm/s, at the west mooring 45.0 cm/s, at the toe mooring 35.6 cm/s, and 

32.5 cm/s at the south mooring.  At all moorings the maximum velocities were recorded 

between JD 240.83 and 242.40, which is when Tropical Storm Irene hit Vermont.   

Except for the central mooring, all of these maximum velocities were recorded in a 

largely southerly direction (between 157o and 174o).  The central mooring maximum 

velocity (35.8 cm/s at JD 240.83) was 24 hours prior to the other maximums and toward 

the NNW (for further discussion of mooring observations during and following Tropical 

Storm Irene see APPENDIX C: Tropical Storm Irene.   

 In the case of Lake Champlain, with Kelvin wave dynamics dominating central 

lake observations (rather than long-term net circulation flow dynamics found near the 

shore), velocity averages throughout the water column at Drift B and over such a long 

time period are not statistically relevant because of the low mean values and excessive 

high standard deviations (Table 2), but there are a few trends relating the whole water 

column velocity averages worth mentioning.  

In the three northern moorings (east, central, and west), the currents were stronger 

in the north-south direction than east and west, which is also apparent in (Figure 30-32).  

The average velocity at the east mooring for all bins and through the entire  
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Table 2: Basic statistics of ADCP data for all bins over the entire deployment. 

Location West Central East Toe South 
Average Magnitude  4.7 4.8 6.3 4.3 4.1 
Maximum Magnitude 45.0 35.8 54.6 35.6 32.5 
Standard Deviation of 
Magnitude 

39.1 36.1 50.7 33.1 32.0 

Maximum Northward 
Velocity 

33.0 34.1 29.3 31.6 29.4 

Average Northward 
Velocity 

-1.1 0.7 0.8 -0.1 -0.2 

Minimum Northward 
Velocity 

-40.9 -26.1 -53.3 -34.8 -32.3 

Maximum Eastward 
Velocity 

23.4 20.1 21.5 16.9 19.9 

Average Eastward Velocity -0.2 -0.4 -0.7 -0.2 0.3 
Minimum Eastward 
Velocity 

-17.3 -24.3 -20.1 -16.1 -27.0 

  

deployment (6.34 cm/s) was over 1.5 cm/s greater than the average velocity at any other 

mooring (Table 2). 

Progressive Vector Diagrams (PVDs) were made for each mooring to graphically 

show the movement of the water particles during the time of mooring deployment.  PVDs 

are helpful in showing the overall motion, but they do not display a time dimension and 

periods of low-velocity are lost.  The PVDs were created for different time segments 

within the deployment period as well as for an assortment of depths.  Figure 35 shows the 

PVDs over the entire deployment for the average velocity of the bottom five bins for each 

mooring.  It is evident from this figure that velocities were greater overall at the east 

mooring than anywhere else, and also, more southerly directed than at other locations.  

The least net traveled distance is seen at the south mooring, which is also the only 

mooring with overall current motion to the east.  Another trend worth mentioning is that 
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Figure 35: Progressive vector diagrams (PVDs) for the average of the deepest five bins for the entire deployment 
period.  Cumulative distances are in kilometers to the north along the positive y-axis and to the east along the 
positive x-axis. 

at all mooring locations low-frequency north-south oscillations were observed, although 

the south mooring has fewer of these oscillations, with currents not always changing 

direction with the other moorings.  These same PVD trends hold for bins up to 20 mab.   

There is a recurrent pattern to the north-south fluctuations seen in the PVDs from 

the deepest five bins of each ADCP.  This recurrent pattern consists of four stages, with a 

single pattern depicted in Figure 36.  While the directions vary slightly, each PVD shows 

significant northward motion, an abrupt turn to southward motion, another phase of 

northward motion with less overall movement, and then a final phase of southward 

motion.  Each directional phase within this cycle has a duration between 2 and 2.5 days.   

This pattern is repeated approximately eight times during the 105 day period of mooring  
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Figure 36: PVDs of JD 176-185, showing the duration of a single pattern.  Cumulative distances in kilometers.  
Time labels in days for west, east, and south moorings shown at major direction changes. 

deployment.  This nine day segment, while containing much less data, helps to explain 

many of the longer hydrodynamic trends at depth in the study region.  In this segment, 

and over the entire deployment, the south mooring is the only one with overall motion to 

the east.  Over both time periods, the east mooring shows the largest net southward and 

westward motion.  Also, with both sets of PVDs, the motion at the west and toe moorings 

remains the most similar.    

There were a total of 5029 half-hour observations during the mooring 

deployment, and this number was used to calculate the percentage of observations within 

a particular scenario.  These hydrodynamic scenarios were then examined more closely 

by looking at the movie made to facilitate analysis of the multidimensional aspects of the 

data.  Using EarthVision, an individual image was created for the observations taken each 
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hour at each mooring site (Figure 37).  These images included vectors of current 

magnitude and direction at each mooring location and for every depth bin.  Additionally, 

the north-south velocity observations at the west, central, and east moorings, were used to 

create a least-squares minimum-tension gridded velocity field.  A similar cross-sectional 

diagram was created for temperature at the three mooring sites.  Unlike with PVDs, with 

these images, low-velocity observations are not obscured by surrounding higher 

velocities.   

The amount of time during which erosion or deposition may have been occurring 

at each mooring location is helpful for explaining the differential sedimentation between 

mooring locations.  According to McCave and Tucholke (1986), depositional velocities 

 

Figure 37: Image of mooring observations at JD 249.96, including: the thermal structure across the west, 
central, and east mooring transect,  the north-south velocity across the west, central, and east mooring transect, 
current vectors at all moorings, and the wind vector from the Colchester Reef weather station. 
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over marine sedimentary drifts are generally less than 5 cm/s, while erosional velocities 

around the outside of these drifts are often greater than 16 cm/s.  The percentage of 

observations with currents at a depositional or erosional velocity were calculated for 

measurements closest to the boundary layer at each mooring (Table 3).  At all locations, 

the percentage of time with depositional velocities was much greater than the percentage 

of time with erosional velocities.  Depositional velocities were present at each location 

for at least 45% of observations, and erosional velocities were present for less than 5% of 

observations.  The south mooring was found to have the greatest percentage of 

observations with depositional velocities (87.4%), while the east mooring had the lowest 

percentage of observations at depositional velocities (47.8%).  The south mooring also 

had the lowest percentage of observations with erosional velocities (0.1%), and the west 

mooring had the greatest percentage of observations at erosional velocities (4.5%). 

In studying Drift A, north-south shear across the drift was determined to be the 

main factor responsible for formation of the drift.  In order to determine if the same 

dynamics are present over Drift B, coincident observations from the west, central, and 

east moorings were examined.  The bin at a depth closest to 51.5 m (the deepest 

observation at the central mooring) was used at each mooring.  Results from this analysis  

Table 3: Percentages of observations when current velocities at the deepest measurement at each mooring were 
depositional (≥ 16 cm/s) and erosional (< 5 cm/s). 

Mooring 
Location 

Observations of 
Depositional Velocities 

Observations of 
Erosional Velocities 

West 57.6 % 4.5 % 
Central 58.4 % 1.9 % 

East 47.8 % 4.3 % 
Toe 64.6 % 1.8 % 

South 87.4 % 0.1 % 
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are shown in Figure 38.  In nearly 20% of observations, north-south shear was present at 

51.5 m depth across this transect.  More often (65% of shear observations), the shear had 

northerly velocities on the west side of Drift B and southerly velocities on the east side.  

In addition, the magnitude of difference in northward velocity between the west and east 

moorings was generally greater when the shear was due to northerly currents on the west 

and southerly currents on the east (Figure 38).  For the most part, the large velocity 

differences are due to greater velocities along the east side of the drift, and lower 

magnitude currents in the opposite direction on the west side.  The durations of these 

shear events ranged from a minimum of just one observation to a maximum of 1.1 days 

(without any gaps greater than 0.125 days between observations of shear).  The average 

duration of shear events, excluding those consisting of only one observation, was 0.228 

days (5.5 hrs), and the standard deviation was 0.21 days (5.0 hrs).  

At the west, central, and east moorings at 51.5 m, the east-west velocity 

components were similarly analyzed.  However, instead of looking for shear in the 

eastward velocities, these were analyzed for when the currents were all directed westward 

or eastward.  In 37% of observations all three moorings have westward currents, and in 

13% of observations all three moorings have eastward currents.  Of the observations for 

which all three moorings had westward currents, the average westward velocities at each 

mooring were between 2.2 and 3.0 cm/s.  The maximum westward velocities during these 

observations were 11.8 cm/s at the west mooring, 15.7 at the central mooring, and 17.9 at 

the east mooring.  The duration of these westward flow events ranged from one 

observation to 3.44 days, with an average duration of 0.58 days (14 hrs).   
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Figure 38: Histograms of North-South shear differences in a) with southward and northward velocities on the 
east and west sides of the drift, respectively, in b) with northward and southward velocities on the east and west 
sides of the drift, respectively. 
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 There are some indications that the deep currents in this area are contour-

following.  However, it is difficult to prove this as a consistent trend with data from only 

five locations.  The contour-following currents are most evident at the east and central 

moorings, but are also observed at the west mooring (Figure 39).  Bottom currents tend to 

flow in this way because the densities of these water masses keep them from rising, and 

they instead flow around obstacles (following contours).  The occurrences of north-south 

shear across Drift B are also likely evidence of contour-following bottom currents, which 

wrap around the drift.  At large velocities, the currents no longer follow the contours, and 

are instead forced on a direct path (Figure 40).   

 

Figure 39: Contour-following bottom currents shown by current vectors with current at west, central, and east 
moorings best following the contours.  Image is of measurements on JD 239.95833.   
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Figure 40: Current vectors showing high velocity currents not following contours (JD 242.54167). 

6.3.2 Temperature Sensors 

When the moorings were deployed on May 25th (JD 145), the lake had not yet 

reached maximum stratified conditions.  Over the first week of deployment, the average 

epilimnic temperature was only 7.9oC, while the hypolimnion was slightly colder at 

5.8oC.  Beginning at the time of deployment, the stratification within the study region is 

shown to steadily increase throughout the summer, finally reaching peak stratification 

around JD 200 (Figure 30-34).  When fully stratified, the epilimnion temperature is 

between 19o and 22oC, and the average hypolimnic temperature is between 7o and 8oC.  

The metalimnion fluctuates slightly, typically right around or just deeper than 15 m. 
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 There is one glaring exception to the increasing stratification throughout the 

period of deployment.  Beginning on JD 240, the entire temperature structure of the lake 

is disturbed due to the effects of Tropical Storm Irene.  On JD 240, Lake Champlain and 

the surrounding basin received up to 7 inches of rain (with 3.38 inches recorded at the 

Burlington International Airport), and sustained northerly winds up to 45 miles per hour 

for much of the afternoon were recorded over the lake at the Colchester Reef weather 

station.  Although the winds relaxed within a day, the thermal structure within the lake 

did not fully recover between the time of the storm and mooring recovery on JD 251.  For 

the final 6 days of deployment the surface temperatures were approximately 4oC lower 

than in the preceding weeks, while temperatures at the bottom of the lake were at least 

1oC higher than they had been (See discussion of Tropical Storm Irene in Appendix C). 

6.3.3 Laser In Situ Sediment Transducers (LISSTs) 

LISSTs were used to determine the in-situ sediment load, and sediment available 

for deposition at the mooring locations.  Only the LISSTs on the east and west moorings 

were recovered with usable data, and the data for the larger grain size subset on the west 

mooring was also unusable.  There were some fluctuations during the time of 

deployment, but the LISST on the west mooring detected consistently greater sediment 

volume concentrations than were detected at the east mooring (Table 4).  The volume 

concentration at the west mooring averaged 15.5 µl/l and the volume concentration at the 

east mooring averaged 10.3 µl/l.  In addition, the in-situ grains at the west mooring (89.1 

µm) averaged a greater mean diameter than those at the east mooring (47.3 µm).   

The grain sizes at the west mooring are anomalously large, with the average 

equating to the size of fine sand grains, which are not typically seen this far from shore in 
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Table 4: Volume and diameter statistics from LISSTs. 

 East Mooring 
Volume 
Concentration 
(µl/l) 

West Mooring 
Volume 
Concentration 
(µl/l) 

East Mooring 
Mean Diameter 
(µm) 

West Mooring 
Mean Diameter 
(µm) 

Average 10.33 15.47 47.05 89.08 
Minimum 3.53 8.03 26.07 48.99 
Maximum 155.27 98.82 187.78 196.79 
Standard 
Deviation 

4.87 4.44 13.25 12.34 

 

Lake Champlain.  This is likely due to the presence of the biological particulates that are 

often larger than in-situ sediment.  These particulates may be more abundant at the 

location of the west mooring because of its proximity to the shallows of Schuyler Reef. 

 In the days following Tropical Storm Irene, the sediment volume at the west 

mooring was significantly greater than before Irene (increasing from 15.5 to 23.8 µl/l), 

but the volume at the east mooring only increased from 10.3 to 13.5 µl/l (Figure 41).  At 

the same time, the mean diameter at the east mooring increased from 47 to 64 µm, while 

the diameter at the west mooring actually decreased from 89 to 80.9 µm (Figure 42). 

6.3.4 Sediment Traps 

Each mooring contained two sediment traps: a deep trap, approximately 4 mab, 

and a shallow trap, approximately 55 mab.  The total mass of the sediment collected in 

each trap was measured to allow for calculation of particle flux and sedimentation rates, 

as well as the grain size distribution of the contents of each trap (Table 5).   

At all mooring locations, the deep trap collected significantly more sediment than 

the shallow trap.  Four of the five shallow traps gave a particle flux rate between 2.39 and 

3.33 g/m2/day, the shallow trap on the east mooring, gave a flux rate nearly twice that at 
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Figure 41: Charts of in-situ sediment volume at both the east and west moorings over the time of deployment, A) 
shows unfiltered volume concentration data, with readings every 15 minutes, B) shows data filtered with a 3 
hour box filter.  A noticeable jump in volume is shown after Tropical Storm Irene (JD 240). 
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Figure 42: Chart showing mean grain size of in-situ sediment at both east and west moorings over full time of 
deployment, A) shows unfiltered mean diameter data, with readings every 15 minutes, B) shows data filtered 
with a 3 hour box filter.  The distinct shift with Tropical Storm Irene (JD 240) is evident. 
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Table 5: Particle Flux Rates and Sedimentation Rates from sediment traps. 

Mooring 
Location 

Trap 
Position 

Particle 
Flux Rates 
(g/m2/day) 

Sedimentation 
Rate                    

(cm/yr) 
East Shallow 6.24 0.09 
East Deep 9.19 0.13 

Central  Shallow 2.92 0.04 
Central  Deep 7.03 0.10 
West Shallow 3.18 0.04 
West Deep 7.33 0.10 
Toe Shallow 3.33 0.05 
Toe Deep 5.50 0.08 

South Shallow 2.39 0.03 
South Deep 8.55 0.12 

 

6.24 g/m2/day.  Among the deep traps, the toe mooring had the least sedimentation, with 

a particle flux rate of only 5.50 g/m2/day, with all other traps yielding particle flux rates 

over 7 g/m2/day.  As with the shallow traps, the deep trap with the greatest particle flux 

rate was the one on the east mooring, which gave a particle flux rate of 9.19 g/m2/day.  At 

both the shallow and deep traps, the central mooring yielded rates lower than those of the 

west mooring, which had rates lower than those at the east mooring.   

Grain size distributions were determined for each sediment trap, and the most 

common size in each sample was between 9.4 and 12.4 microns (Figure 43).  However, 

many of the distributions were skewed significantly to the right, resulting in mean and 

median grain sizes much larger than 12 microns.  The median grain size of the sediment 

traps ranged from 9.4 to 28.1 microns, and the mean grain size ranged from 20.0 to 89.0 

microns.  The sediment in the shallow east trap was by far the best sorted of all traps.  

With the exception of the central mooring trap, all other deep traps show a very similar 
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frequency distribution, with a steady rise to a peak at slightly larger than 10 microns, and 

then a stair-stepping pattern with frequency decreasing as grain size increases further, 

with the largest grains around 300 microns.  

6.3.5 Plant Material 

Upon the recovery of the moorings, numerous plants were found tangled into the 

anchor chains of the toe and south moorings, which had been deployed at depths of 73.9 

and 69.0 meters, respectively.  All of the plants recovered are species that are very 

commonly found in Lake Champlain.  The majority of these plant species are of the 

Potamogeton genus: gramineus, zosteriformis, robbinsii, crispus, and amplifolius.  Plants 

of the Vallisneria, Elodea, Chara, Bajas (flexilis and minor), and Myriophyllum genus 

were also recovered.  Two invasive species were found: crispus (curly-leaf pondweed) 

and Dreissena polymorpha (zebra mussel).  However, these species all thrive in shallow 

water, less than 10 meters below the surface.  Since the anchors of these moorings were 

much deeper than the typical habitats of these species, it is safe to assume that the plants 

were brought to depth by currents, which also brought the plants into contact with the 

anchor chains (per. comm., Sheldon). 

6.3.6 Presence of an East-West Seiche 

 The north-south internal seiche (Kelvin wave) in Lake Champlain is well-

documented, with an average period just over 4 days, but there are very few documented 

cases of east-west seiches in Lake Champlain (Myer and Gruendling, 1979; T.O. Manley 

et al., 1999).  The velocity data from each mooring shows significant fluctuations in east-

west velocity.  In fact, a number of cases throughout the mooring deployment show that  
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Figure 43: Grain size distribution graphs for six of the sediment traps, with frequency (%) shown in blue and along the left axis and cumulative (%) shown in red and 
along the right axis. 
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these east-west velocity fluctuations occur with a consistent period of 0.55 days 

(approximately 13 hours) (Figure 44).    

In order to confirm that these velocity fluctuations could be the result of an east-

west seiche in the region, the east-west basin length at this location for a cross-lake 

internal seiche was calculated using Merian’s equation, and then compared to the width 

of the lake in this region.  Thermal observations were used to determine the thicknesses 

of the epilimnion and hypominion, and temperature observations within these layers were 

used to calculate the density of each layer.  The values for epilimnion and hypolimnion 

densities were 0.9982 and 0.9999 g/cm3 respectively, and epilimnion and hypolimnion 

thicknesses were 15 and 22.3 m respectively.  This calculation yielded a length of 9.3 km 

for the given period of 0.55 days, which correlates closely to the width of the lake at this 

point (9.2 km), and therefore, these fluctuations can be explained by the presence of an 

 

Figure 44: Magnitudes of east-west velocities at 46-50m depths at west, central, and east moorings, showing 
oscillations with periods of approximately 0.5 days. 
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east-west seiche.  This calculation was done using approximated depths averaged across 

the entire width of the lake, which may have been the cause of the slight length 

discrepancy.   

 Cross-lake modes of the internal seiche have been indicated in previous studies 

(Myer and Gruendling, 1979; T.O. Manley et al., 1999), but have generally been linked to 

the north-south internal seiche.  This study, in one of the widest portions of the lake, is 

the first to show a continuing east-west oscillation, distinct from the dominant north-

south internal seiche. 

6.4   Sedimentation Rate 

Three different sets of data were used to independently calculate sedimentation 

rates for Drift B: seismic profiles, dating from cores, and sediment traps.  The first 

approximation used the thickness of Drift B, as determined from the seismic profiles, and 

back calculated an accumulation rate over the entire period of deposition based on the age 

estimated for the beginning of formation.  At the location of Core B-2, which is near the 

central mooring, Drift B is 11 m thick.  Using the starting age of nearby Drift A, 8700 yrs 

BP, the sediment accumulation rate is calculated to be 0.13 cm/yr.  This rate can be 

compared to sedimentation rates discussed below, which were calculated from dating of 

the sediment in Core B-2 and volume calculations from the central mooring sediment 

trap.  Drift B reaches a maximum thickness of 17m, slightly south of the central mooring 

and core locations, and using the same starting age, the accumulation rate at this location 

is calculated to be 0.20 cm/yr, which is slightly larger than the rate calculated at any of 

the cores or sediment traps. 
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Samples from all cores were sent to RPI (Richard Bopp lab) for 137Cs dating, and 

only the sample from 0-2 cm on Core B-1 (East) showed a hint of 137Cs activity.  The 

presence of 137Cs in this sample, which likely derives from the atmospheric 137Cs peak in 

1963, indicates a 0.06 cm/yr sedimentation rate.  This rate is slightly lower than that 

found by other methods, but the difference may be due to the location of this core on the 

east side of the drift, where the drift is less thick (250 cm), or the loss of surface sediment 

during the coring process.  Although there was no 137Cs activity in the top samples of the 

other cores, the top two centimeters of Core B-4 (Toe) and Core B-2 (Central) both show 

a hint of enhanced levels of trace metals.  The trace metals do not help with dating the 

sediments.  However, they do confirm that there has been sedimentation on the drift in 

industrial times.   

The deep sediment trap on the central mooring was used to determine a 

sedimentation rate over one of the thickest sections of Drift B.  The volume of sediment 

collected in this sediment trap over the 105 days of deployment yields a current 

sedimentation rate of 0.10 cm/yr.   

These sedimentation rates are all within the range of other sedimentation rates 

calculated for Lake Champlain sediments.  The rate calculated for Drift A (0.06-0.13 

cm/yr) is slightly lower than those for Drift B (P.L. Manley et al., 2012).  Cronin et al. 

(2008) estimate the average sedimentation rate in Lake Champlain to be 0.15 cm/yr, and 

Chase and Hunt (1978) give 0.27 cm/yr as the maximum sedimentation rate in the 

location where Lake Champlain sediments are thickest (24.38 m).  Sedimentation on 

Drift B is, therefore, at a fairly average rate for present day Lake Champlain 

sedimentation. 
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7. DISCUSSION 

7.1   Size and Location of Drift B 

Drift B is located just over 1 km west of Drift A, on a platform which rises above 

the west side of Juniper Deep.  This platform is associated with Schuyler Reef to the west 

and Hunt Rise to the North.  There are small ridges on this platform, which may help to 

create the differential sedimentation observed on the platform.  As described by McCave 

and Tucholke (1986), Drift B meets all the criteria to be defined as a sedimentary drift: 

the internal reflectors making a positive bedform above the adjacent sediments, having 

thick sediments along the axis of the feature and internal reflectors that are relatively 

week. The length of Drift B is approximately 2500 m, and the width ranges from 200 to 

1000 m, making the length-to-width ratio of the drift roughly 3:1.  This length to width 

ratio classifies it as an elongate-mounded drift according to Faugeres et al. (1999).   

The volume (1.10x107 m3) and areal extent (1.32x106 m2) of Drift B were 

calculated based on seismic lines from this study and the previous work done for both 

Drift A and Drift B.  The volume of Drift B had been previously calculated based on 

seismic lines taken for the study of Drift A as 1.93x106 m3 (P.L. Manley et al., 2012).  

However, P.L. Manley et al., (2012) reported the volume of Drift A as 2.48x106 m3, and 

based on the average dimensions of each drift, these numbers both seem quite small.  It is 

likely that each of these numbers are inaccurate and should actually be an order of 

magnitude higher.  This would mean that the newly calculated volume of Drift B (based 

on a high density grid of seismic profiling) is just over 50% larger volume that was 

previously calculated, and approximately 45% of the volume of Drift A. 
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Drift B is smaller than any previously documented sedimentary drift.  Although 

the exact areal extent of the drifts in Lake Baikal are unknown, Drift B is considerably 

smaller than the estimated sizes for Baikal drifts (a few tens of km2) and the Lago Cardiel 

drift (80 - 100 km2) (Ceramicola et al., 2002; Gilli et al., 2005).  However, the thickness 

of Drift B (17.4 m maximum thickness) is within the range of thicknesses of other 

documented drifts, and only 1 m thinner than Drift A (18.6 m maximum thickness; Hayo, 

2006).  The drift in Lago Cardiel has an estimated thickness of 25 m, and the thinnest 

marine drifts are only 10 m thick (Gilli et al., 2005; Faugeres et al., 1999). 

7.2   Age 

The starting age of Drift B was determined correlating a base seismic reflector to 

nearby Drift A.  In order to date Drift A, a key base reflector was correlated to cores 

taken in the South Lake, which corresponds with a dated erosional surface (Hayo, 2006; 

P.L. Manley et al., 2012).  This reflector was previously dated to 8,700 yrs BP using a 

series of cores and correlates to an approximate 26 meter drop in lake level (Manley et 

al., 2005).  As Drift A and B both sit atop this erosional surface, neither could have begun 

forming before 8,700 yrs BP, and the date of 8,700 yrs BP is considered to be the 

beginning of formation of both drifts (Figure 45). 

Core stratigraphy from Cores B-1 (East) and B-4 (Toe) also suggests that Drift B 

began forming shortly after the end of the Champlain Sea period.  In all cores, the 

sediment within Drift B has physical properties typical to Lake Champlain sediments 

(Chase and Hunt, 1972; Cronin et al., 2008; Dawson, 2008).  In both Core B-1 (East) and 

B-4 (Toe), evidence of the transition between Lake Champlain and Champlain Sea  
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Figure 45: Seismic line 20070717-Line 5 at 500 m/in horizontal scale and 13 times vertical exaggeration.  Showing both Drift A and Drift B.

Key base reflector 
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sediments is found below the defined base of the drift.  The thickness between the base of 

the drift and the beginning of the transition between Lake Champlain and Champlain Sea 

sediments varies by location.  At Core B-4 (Toe), where the sediment layers appear to be 

somewhat disturbed (Figure 26), the transition begins almost immediately below Drift B.  

However, in the location of Core B-3 there is at least 157 cm between the base of the drift 

and the beginning of the LC-CS transition.  There is a documented grain size change 

associated with the base of the drift reflector located 157 cm from the bottom of Core B-

3, and yet, there is no evidence of the transition to Champlain Sea sediments in the 

physical properties at any depth in the core.  Seismic profiles show that this thickness 

between the base of the drift and the Lake Champlain-Champlain Sea transition ranges 

from 0 to 3 m (lines Drift_B-0004, 0006, 0009; Figure 10Figure 11Figure 12). 

This thickness between the base of the drift and the transition to Champlain Sea 

sediments suggests that Drift B began forming shortly after the end of the Champlain Sea 

(9,000 yrs BP; Cronin et al., 2008) but perhaps slightly more recent than 8,700 yrs BP. 

In the same way as marine sedimentary drifts provide paleoclimate records for an 

ocean environment, Drift B could provide paleoclimate data for the Champlain Basin 

ranging over the past 8,700 years.  Given sedimentation rates of approximately 0.15 

cm/yr, samples taken every 1 cm from a core in Drift B would provide data in roughly 7 

year increments.  This paleoclimate dataset with resolution of under a decade would 

facilitate analysis of decadal and centennial climate variations, such as the North Atlantic 

Oscillation and the El Niño Southern Oscillation.  Other Holocene climatic variations 

unique to northeastern North America that are not seen in the midcontinent have been 

documented in lake sediments, but are still not clearly understood (e.g. Dwyer et al., 
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1996; Mullins, 1998).  A core from the center of Drift B could be used to document past 

climatic patterns in northeastern North America and determine the extent to which 

anthropogenic forcings in the past couple centuries have altered these patterns.  

7.3  Hydrodynamics of Drift Formation 

The formation of Drift B was due to a combination of north-south shear, and 

cross-drift flow.  These two hydrodynamic trends are evident in the ADCP dataset, and 

the morphology of Drift B (a detached elongate drift, with plastered drift characteristics 

in the northern portion) also suggests formation under these two hydrodynamic regimes. 

7.3.1 Formation of Central Portion of Drift 

It is hypothesized that the central portion of Drift B, near seismic line Drift_B-

0006 (Figure 11), is forming due to north-south shear across the drift, similar to a 

detached drift found in the marine environment and nearby Drift A (Figure 46; Faugeres 

et al., 1999; P.L. Manley et al., 2012).  In nearly 20% of the velocity observations during 

the mooring deployment, there was north-south shear across the drift (65% of the time 

with southerly current on the east side and northerly current on the west side).  This shear 

generally consisted of strong southerly velocities on the east side of Drift B, and slightly 

weaker northerly velocities on the west side of Drift B.  Due to the opposing velocities on 

either side of the drift, a null zone (with velocities less than 2 cm/s) must be located 

somewhere above the drift, and the exact location of the null zone will shift as the 

velocities on the east and west sides of the drift change.  This null zone is the location at 

which sediment is most able to deposit.   
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Figure 46: A) Schematic of the formation of a detached drift, in comparison to B) the sub-bottom profile 
through the central portion of Drift B (seismic line Drift_B-0006), and C) the north-south velocities over Drift B 
at JD 211.29167, showing an induced shear across the drift similar to the dynamics demonstrated in A). Green 
color is showing southerly flow on the east whereas yellow colors are showing northerly flow on the west of Drift 
B.  

The north-south component of the velocity at the central mooring was less than 5 

cm/s in over 95% of observations with north-south shear across the drift, supporting the 

contention that this shear creates a low-velocity zone over the drift (Figure 47).   

While this shear has a shorter time duration than that shown over Drift A 

(averaging 3.5 hours versus 2 days), it is otherwise a very similar phenomenon.  

Southerly bottom currents forced through Lake Champlain due to the internal seiche, run 

along the west side of Drift A and the east side of Drift B, then run north on the other side  
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Figure 47: Histogram of the magnitude of the north-south velocity component at the central mooring during 
times of north-south shear between the east and west moorings. 

of each drift, creating a low-velocity shear zone over the drifts.  Just south of Drift A, 

there is a ridge which forces the southerly current to wrap back north on the east side of 

Drift A.  However, there is no similar ridge south of Drift B, and as a result the shear 

across Drift B does not have the same time lag as that over Drift A and the shear typically 

has a shorter duration over Drift B than over Drift A. 

Another drift identified in the seismic survey is situated directly north of Hunt 

Rise and approximately half the size of Drift B (Figure 14).  One hypothesis is that this 

drift is forming due to shear created as northerly currents flow over Hunt Rise, similar to 

how Drift B is forming south of Hunt Rise.  Hunt Rise has higher relief than many of the 

other bathymetric highs in the area, and has basins located to its north and south.  This 

high relief disrupts the bottom currents causing them to flow around the rise and is likely 

the cause for the formation of detached drifts to the north and south.  The drifts 

associated with other rises on the Schuyler Plateau, just south of Hunt Rise, take on a 

more plastered form.  
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7.3.2 Formation of Northern Portion of Drift 

The northern portion of Drift B is less symmetric than the central portion, with its 

shape affected by the bathymetric rise located to the west of the drift (Figure 48).  There 

were no moorings located on this section of the drift.  However, the moorings slightly 

south of this, over the central portion of the drift, showed westward flowing bottom 

currents in 37% of observations.  Although the currents would not have been identical 

across the northern portion of the drift, westward flow was likely present over the 

northern section for a similar percentage of time.  Along the northern portion of the drift, 

 

Figure 48: A) Schematic of plastered drift, shown in comparison to B) sub-bottom profile of northern portion of 
Drift B (seismic line Drift_B-0004), and C) image showing westward flow of currents at west, central, and east 
moorings on Julian Day 164.83333. 
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southward flowing hypolimnic currents would tend to intensify along the eastern side of 

the ridge face when combined with a net westward velocity component due to the 

Coriolis force deflecting southward flowing currents to the right.  Flow higher than the 

ridge would tend to move diagonally across the ridge and over it to the western side.  If 

the westward intensification was strong enough, it is conceivable that deeper flow would 

be forced to higher levels potentially moving over the crest of the drift.  This process of 

having a current set up along the eastern face of a ridge would tend to form sediment 

deposits on the eastern side.  

There are considerably fewer observations in which the east, central, and west 

moorings all show eastward flow.  This may indicate that the eastward flow is typically 

weaker than the westward flow regime, and therefore, less likely to over top the drift.  In 

addition, it is conceivable that there is less sediment source on the west side of the drift, 

and so eastward flow would have no sediment to deposit on the west side of the ridge.  

In the typical example of a plastered drift, the current flows parallel to the 

elongation of the drift, often with the Coriolis force turning the current toward the drift, 

which in this case would suggest southward flow.  In 50% of observations at the east 

mooring, currents were flowing south, but the southward currents had significantly higher 

velocities than the northerly currents at the east mooring site.  In 30% of observations, 

there were southerly currents with velocities greater than 5 cm/s, but only 18% of 

observations had northerly currents with velocities greater than 5 cm/s at the east 

mooring.  These southerly currents tend to follow the bottom contours in the area, and are 

generally at velocities greater than 5 cm/s, hindering deposition on the east side of the 

drift (Figure 39).   
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All but one of the other drifts found in the seismic survey for this project, are 

located to the southeast of a bathymetric rise (Figure 14).  It is likely that the strong 

southerly and westerly flows in the area are creating these plastered drifts.  However, 

more data would need to be collected in the locations of these drifts to confirm the 

current patterns at each drift. 

7.4   Summary of Drift Formation 

Drift B began forming shortly after the onset of the Lake Champlain period.  The 

bathymetric highs, including Hunt Rise had minimal sediment on and around them, but 

the presence of these rises disrupted the flow of bottom currents which were largely 

driven by the wind forced internal seiche.  It is hypothesized that Drift B began forming 

at the northern end of the present drift boundary.  The formation began there as a result of 

the null zone created by southerly bottom currents flowing around Hunt Rise.  These 

currents also forced sediment west, to plaster onto the side of a ridge extending south 

from Hunt Rise (Figure 48).  As the drift grew thicker in this location, the bottom 

currents were pushed farther south around the drift, eventually allowing the drift to grow 

and migrate southward due to velocity shear of contour flowing bottom currents (Figure 

46).  Drift A and detached elongate drifts in the marine environment typically form and 

grow in a similar manner (Faugeres et al., 1999; P.L. Manley et al., 2012).  

Growth of Drift B has been driven by two separate hydrodynamic models, 

creating a formation with characteristics of both a detached and a plastered drift.  North-

south shear across the drift has created and maintained the southern, more detached, 

portion of the drift.  Westward flow across the drift and southerly flow along the east side 
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of the drift have created the northern, more plastered, portion of the drift, and have helped 

in maintaining all parts of the drift.   

Seven drifts have now been located in this region of Lake Champlain, northwest 

of Burlington, and they are the only known drifts in the lake.  While not all of the lake 

has been imaged and it is still possible that there are drifts elsewhere, there are a few 

potential explanations for why drifts are forming in this region: 1) the Winooski River 

which enters the lake 4 km northeast of Drift B and is the tributary of Lake Champlain 

with the largest drainage area (2829.7 km2) and highest average discharge (46.98 m3/s; 

Myer and Gruendling, 1979) or the eroding furrows farther north in the lake (P.L. Manley 

et al., 1999) are creating a sediment source for this region of the lake, 2) the lake floor in 

this region has multiple ridges which make for a dynamic topography, above the typical 

smooth basin structure, which creates differential velocities within the bottom currents as 

they flow in and around these features, and 3) this region is one of the widest sections of 

Lake Champlain, which may create space for more east-west directed currents.  Drifts are 

most likely forming due to a combination of these factors, and future research is needed 

to determine which of these may be dominant.  

7.5   Further Work 

Although significant data has been extracted from the moorings, given the 

differences between Drift A and Drift B, the moorings were not placed in the most 

efficient locations to accurately determine the hydrodynamics for the entire drift.  The 

shear across Drift B is a much smaller dynamic than that at Drift A, and for that reason, 

moorings (in particular: east, west, and toe) would have been better placed farther onto 
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the drift itself, rather than roughly 100 m from the edges.  Similarly, the data from the 

south mooring ADCP, hardly had any data relevant to the formation of Drift B, and could 

have been more effectively by being placed over the center of the northern portion of the 

drift.  Another modification to the mooring array used for this study, would be to position 

ADCPs closer to the sediment-water interface to gather higher-resolution data of the 

currents directly over this interface.   

The moorings were only deployed during the summer months, which was largely 

due to the time constraints of this project.  However, Lake Champlain is in a temperate 

climate and dynamics in the lake change considerably in the winter, possibly also 

impacting drift formation.  For this reason, it would be interesting to deploy moorings in 

this area through the un-stratified winter months.  In addition, deploying a Lagrangian 

float near the sediment interface in the study region, and tracking its motion would 

provide very different data than those from the Eulerian current profilers used in this 

study.  

 

8. CONCLUSIONS 

It is estimated that Drift B began to form at approximately the same time as Drift 

A, 8700 years B.P., and that sediment has been accumulating over Drift B at a rate 

between 0.06 and 0.20 cm/yr since that time.  The drift has a surface area of 1.32x106 m2, 

and a volume of 1.1x107 m3, approximately half the size of Drift A, and considerably 

smaller than all other documented lacustrine and marine sedimentary drifts.  Drift B is 

accumulating under a combination of detached and plastered drift hydrodynamics, with 
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the bathymetric high of Hunt Rise to the north of the drift creating north/south shear 

across the drift, and consistent westward current flow creating a plastered drift 

morphology across the northern portion of the drift.     

 As noted in section 6.1.4, a number of smaller drifts were discovered in the 

seismic survey conducted for this project.  There are a number of possibilities for future 

work related to these small drifts.  An isopach map of all the drifts in the area would be 

helpful in determining consistent bathymetric patterns amongst them.  Further 

deployments of sub-surface moorings could also help in determining what qualities of 

this region of Lake Champlain make it so hospitable to the formation of sediment drifts.   

 Additionally, this research suggests that Drift B has been accumulating sediment 

consistently for the past 8700 years.  Drift B therefore represents a prime location for a 

paleoclimate study of the Champlain Basin, as it provides a nearly complete sediment 

record since the onset of the Lake Champlain period.  This record, if the drift was to be 

cored and sampled every 1 cm, would have a resolution just under 10 years, allowing for 

detailed analysis of decadal and centennial climate variations, which have influenced the 

regional climate of northeastern North America in the Holocene (per. comm., Manley).  

The changes in these decadal and centennial climate variations over the past 8700 years 

could then be studied, helping to determine the effect of anthropogenic forcings within 

the Champlain Basin. 
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APPENDIX A: Mooring Diagrams 
 

 



93 

 

 



94 

 

 



95 

 

 



96 

 

 

 

 



97 

 

APPENDIX B: Core Description Logs 
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APPENDIX C: Tropical Storm Irene 
 

 On August 28, 2011 (JD 240), while the moorings for this research were deployed 

in Lake Champlain, Tropical Storm Irene swept through Vermont, bringing over three 

inches of rain, and sustained northerly winds of 20 m/s (45mph).  The effects of the storm 

on the thermal structure of the lake are clearly shown by the thermal data (Figure 49).  

Before the storm, the lake was clearly stratified, with temperatures ranging through the 

water column from 6.3 to 21.4oC.  Immediately after the storm (JD 241.04167), the 

surface temperature had dropped to 11oC, creating only a 5oC difference between surface 

and bottom temperatures.  It was another two days before the lake returned to normally 

stratified conditions, with bottom temperatures increased by more than 1oC and surface 

temperatures decreased by 3.5oC.   

 

Figure 49: Difference in temperature between the top (6.6 m) and bottom (84 m) temperature sensors on the east 
mooring in the five days surrounding Tropical Storm Irene.  Wind speed at the Colchester Reef weather station 
is also shown for reference. 
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As previously discussed, the maximum current velocity magnitudes recorded by 

each of the ADCPs occurred within two days of Tropical Storm Irene.  The deep water 

first flowed to the north from JD 240.3 through around JD 241.5.  At this time, bottom 

currents reversed direction and flowed to the south.  It was during the initial period of 

northerly bottom currents that the Central mooring recorded its maximum velocity (35.8 

cm/s at JD 240.833).  However, the other four moorings recorded maximum current 

velocities a day or more later when the currents were directed to the south (between JD 

241.833 and 242.396).  The maximum velocities from these four moorings ranged from 

32.5 cm/s at the south mooring to 54.6 cm/s at the east mooring.  The deep water 

movement can be explained by the internal seiche, which was created by northerly winds 

forcing epilimnic waters to the south and hypolimnic waters north (JD 240.3-241.5).  

After the wind relaxed, the flow in both the epilimnion and hypolimnion switched 

directions, to flow back toward equilibrium. 

 The progressive vector diagrams (PVDs) for water between 4 and 9 mab from the 

time period surrounding Tropical Storm Irene (JD 240.479-243.979) all show northerly 

flows followed by southerly flows (Figure 50).  During the period of northerly flow, the 

direction of the current varied slightly between mooring locations, however all moorings 

had similar northerly displacements (between 9 and 12 km).  During southerly flow, the 

displacements at the central and west moorings were nearly half of those at the other 

three moorings.   

This was a major storm event for the lake, and the moorings recorded the 

disturbance caused by the storm. Currents were among the strongest ever recorded in 

Lake Champlain, the thermal structure turned over in a way that is typically only seen in 
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the late spring and late fall, and plant debris from shallow water plants was swept to 

depths greater than 70 m. 

 

Figure 50: Progressive vector diagrams (PVDs) of currents at 46-50 m depths at each mooring location following 
Tropical Storm Irene (JD 240.5-243).  Cumulative distances are in kilometers. 

 


