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ABSTRACT 
 

 High-resolution CHIRP (compressed high intensity radar pulse) seismic reflection 
profiles reveal the presence of a deep-water lacustrine slump located in the Main Lake of 
Lake Champlain. Named the Four Brothers Slump, this slump is composed of a heavily 
disturbed sediment body that was transported down slope in a mass-wasting event. The 
Four Brothers Slump has an aerial distribution of 5.5x105 m2 and the volume of sediment 
transported is 4.8x106 m3. Further information on the Four Brothers Slump was obtained 
through the use of side-scan sonar and the analysis of four 7 m sediment cores.  

 Side-scan sonar data show the slump initiated on a structural rise to the southeast 
of the slumped area. Analysis of the seismic profiles and identification of the foraminifer 
microfossil E. excavatum f. clavata show that the slump failed above marine Champlain 
Sea sediments in the transition to Lake Champlain sediments. The water-saturated 
sediments over impenetrable Champlain Sea clays may have led to pore pressure that 
exceeded the hydrostatic pressure and led to slumping, when triggered. Utilizing 137Cs 
dating and magnetic anisotropy on one of the sediment cores collected, it is estimated that 
the slump occurred between 3600 and 3800 yr BP. The Four Brothers Slump may have 
been triggered by some seismic event in the region not previously documented.  

 Recent slumping in Quebec, Canada (which had human fatalities), near Mount 
Independence, VT, (which had extensive property damage), and recently along the 
shoreline of Lake Champlain occurred along the Champlain Sea – Lake Champlain 
sediment interface and was related to high precipitation events. Analyzing the Four 
Brothers Slump within Lake Champlain will help in the identification of “at risk” 
locations for slumping in the region and along the lake’s shorelines to ultimately mitigate 
further human and property disasters.    
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1. Introduction 
 

 Remote sensing instruments such as a seismic reflection profiler or side-scan 

sonar can image subsurface and surficial sediment stratification, revealing large-scale 

sediment variation indicative of regional climate change along with smaller scale 

geologic features indicative of regional history. One of these small-scale geologic 

features is a slump. A slump is a sediment body transported down slope in a mass-

wasting event. In a slump, the original stratification is preserved, although may be 

contorted in places. Aside from its geologic significance, the study of aquatic slumps and 

their terrestrial counterparts has important social implications. Slumps have caused much 

damage, from property destruction to human fatalities.  

 High-resolution CHIRP (compressed high intensity radar pulse) seismic profiles 

revealed the presence of a slump in Lake Champlain, south of the Four Winds Plateau. 

This slump, known as the Four Brothers Slump, is composed of a heavily disturbed 

sediment body that was transported down slope. The Four Brothers Slump is significant 

because it is the first lacustrine slump to be observed in the Main Lake of Lake 

Champlain that is not associated with shoreline geometry.  

 This investigation focuses on the Four Brothers Slump in Lake Champlain. 

Through the correlation of lake sediment cores, seismic reflection and side-scan sonar 

profiles, the objectives for this study were to (1) determine aerial extent and volume of 

sediment displaced, (2) determine composition of slumped material and surrounding 

sediments, (3) determine age of slumping, and if possible (4) deduce the triggering event 

and the plane of failure of the Four Brothers Slump. 
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2. Regional Setting 

2.1 Lake Champlain 
 

 Lake Champlain is the sixth largest, near-oligotrophic, natural lake in the United 

States, after the Great Lakes. It is located in the north-south oriented Champlain Valley 

between Vermont and New York State. Its southern tip is near Whitehall, New York, and 

it extends northward into the Quebec province in Canada, ending near the city of 

Montreal (Figure 1) (Myer and Gruendling, 1979). With a length of 193 km (Manley and 

Manley, 2009) and an area of 1,132 km2, this lake drains an area of 21,325 km2 from the 

adjacent regions (Cronin et al., 2008). It has a shoreline length of 808 km (Myer and 

Gruendling, 1979).  

 The lake can be divided into three general regions: the larger Main Lake; the 

smaller Northeast Arm connected to the Main Lake by three narrow passages; and the 

narrow, river-like, lower third of the lake known as the South Lake. The lower third of 

the lake extends 53 km from Whitehall, New York to Crown Point Bridge, Vermont, and 

has a maximum width of approximately 1.6 km and a maximum depth of 6.08 meters. 

North of Crown Point, New York, the lake basin becomes deeper and wider, reaching a 

maximum depth of 122 m just north of the Split Rock-Thompson’s Point Gap. North of 

Split Rock-Thompson’s Point, Lake Champlain widens rapidly to its widest point of 

about 16 km near Burlington, Vermont (Chase and Hunt, 1972). The Main Lake contains 

82% of the volume of the entire lake (Myer and Gruendling, 1979). Northward of the 

Burlington region, the lake becomes narrower and shallower, ultimately connecting to the 

northward flowing Richelieu and the St. Lawrence rivers (Chase and Hunt, 1972). This 

study takes place in the Main Lake of Lake Champlain.   
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Figure 1: (a) Bathymetric map of Lake Champlain. (b) Large inset is an oblique, close up view of study 
area. For close up of smaller inset see Figure 7. Map projection is Universal Transverse Mercator 18N, and 
modified from Manley et al., 2011. 
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 Ninety-one percent of water that enters the lake is from land runoff and drainage. 

Only the remaining nine percent is from precipitation or condensation at the lake surface. 

The Champlain Valley receives less precipitation than the adjacent New York and New 

England regions due to its location in the rain shadow of the Adirondack Mountains. The 

average precipitation in Burlington, Vermont is 76 to 89 cm per year (Myer and 

Gruendling, 1979).   

 

2.2 Regional Sedimentation History 
 

 Past geophysical studies show three distinct periods of sedimentation within the 

stratigraphy of Lake Champlain, filling the Champlain basin with up to 150 m of 

sediment at its thickest spots (Figure 2) (Cronin et al., 2008). Below these three layers of 

sediments is either glacial till or bedrock (Chase and Hunt, 1972). These three periods of 

sedimentation correspond to three different depositional environments in the region 

during the last 14,000 years.  

 

Figure 2: Sedimentary units underlying Lake Champlain. Timescale adapted from Chase and Hunt, 1972. 
Seismic profile taken from northwestern section of Four Brothers Slump Study Area (Figure 1).  
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2.2.1. Lake Vermont Sediments 

 The first climatic environment recorded in Lake Champlain is the end of the 

Wisconsin glaciation. During this time, the massive continental glaciers that covered 

most of the region were receding northwards towards Canada, exposing the carved out 

Champlain Basin. A series of large proglacial lakes formed at the toe of the receding 

glaciers (Chase and Hunt, 1972 and Cronin et al., 2008). Within the Champlain Valley 

these lakes varied and were given different names based on various stages including 

Coveville and Fort Ann. Collectively these are known as Lake Vermont (Figure 3). The 

type of sedimentation associated with this time period is composed of glacial sediments 

from glacial Lake Vermont, deposited at a rate of approximately 4 to 8 cm per year 

between 14 and 13 ka BP (Cronin et al., 2008). These sediments can be as thick as 45 m 

(Myer and Gruendling, 1979), but vary greatly in thickness depending on location (Chase 

and Hunt, 1972). The Lake Vermont sediments are described as non-fossiliferous clays 

with alternating dark brown and dark gray layers (Chase and Hunt, 1972). On seismic 

profiles, these sediments are acoustically nondescript (Figure 2) (Cronin et al., 2008). 

 

Figure 3: Extent of Lake Vermont, Champlain Sea and Lake Champlain environments. Modified from 
LCBP, 2004. 
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2.2.2. Champlain Sea Sediments 

 After the retreat of the Laurentide Ice Sheet past the St. Lawrence Valley 

approximately 13,000 BP, glacial Lake Vermont drained into the Atlantic Ocean.  The 

water from the Atlantic Ocean then filled the St. Lawrence and Champlain Valleys, 

forming the Champlain Sea (Figure 3). The Champlain Sea existed from 13 to 9 ka BP 

and was a marine estuary environment (Cronin et al., 2008). Based on elevations of 

paleobeaches in the region, the height of the Champlain Sea during its maximum extent 

was 120 – 160 m above current sea level (Figure 3) (Chapman, 1937). Champlain Sea 

sediments, which were deposited at a rate of approximately 1 cm per year, overlie Lake 

Vermont sediments (Cronin et al., 2008). The transition between Lake Vermont and 

Champlain Sea sediments is usually well defined in seismic profiles due to the change in 

density from freshwater Lake Vermont sediments to saltwater Champlain Sea sediments. 

Champlain Sea sediments are usually well stratified with prominent reflectors (Figure 2) 

(Cronin et al., 2008). This unit can be between 20 – 40 m thick (Chase and Hunt, 1972; 

Freeman-Lynde et al., 1980). Champlain Sea sediments are diatomaceous, very dark, 

gray organic clay and slightly gravelly mud with black mottling. The moisture and 

organic content of the Champlain Sea sediments is lower than the overlying Lake 

Champlain sediments (Chase and Hunt, 1972).  

2.2.3. Lake Champlain Sediments 

 When the ice had retreated from the Champlain Valley, isostatic rebound returned 

the landmass to a critical height and the connection between the Champlain Sea and 

Atlantic Ocean through the St. Lawrence Seaway was cut off. This allowed the return of 

a freshwater environment and the formation of the present lacustrine environment. The 

earliest occurrence of non-marine protozoans is about 9.7 ka BP, marking the onset of 
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freshwater and the recession of the Champlain Sea (Cronin et al., 2008). The mean 

elevation of the lake is 29 m above current sea level (Figure 3). This height is controlled 

by a sill in the Richelieu River near St. Jean, Quebec (Myer and Gruendling, 1979). On 

seismic profiles, the transition from Champlain Sea to Lake Champlain sediments is 

distinguished by a dark key reflector and Champlain Sea sediments are not as well 

laminated as the overlying Lake Champlain sediments (Figure 2).  

 The general sedimentation rate of the Lake Champlain sediments was calculated 

by Chase and Hunt (1972) as 8 ft per 1000 years (0.24 cm per year), although local 

sedimentation rates can vary depending on the location, with highest rates in the deepest 

parts of the lake basin, and lower rates around shore or mid-lake highs. Cronin et al. 

(2009) calculate rates of 0.05 to 0.15 cm/yr for the Main Lake. Lake Champlain 

sediments are diatomaceous, very dark grayish brown organic clay, mud, and slightly 

gravelly mud with some very dark gray sandy clay (Chase and Hunt, 1972). In some 

locations there is black mottling. The Lake Champlain unit is the most diverse in terms of 

grain size and composition of the three sedimentary units in the lake (Chase and Hunt, 

1972). 
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3. Prior Research 

3.1. Slump Structures Defined 
 

 Slumps are defined by Sturm (1971) as displaced sediments whose original 

stratification is preserved, although possibly contorted in portions of the slump block. As 

slumps move downslope, disintegrative failure often compromises integrity (Ward and 

Day, 2002). Slump structures are identified by their characteristic smooth, concave 

upward scarps and rotated toe (Figure 4) (Sturm, 1971). In contrast, in a debris flow, 

another form of mass-wasting event, the integrity of the displaced mass is not preserved 

(Felix and McCaffrey, 2005).  

 

Figure 4: Slumps are composed of two main visible features, the main scarp and the displaced body of 
sediment often ending in a rotated, or rumpled toe. Modified from Hampton et al., 1996. 
 

3.2. Causes of Mass-Wasting 
 

 Slump structures and debris flows occur when the downslope component of shear 

stress exceeds the resistive stress causing the sediment body to slide down one or more 

planar or concave rupture surfaces (Figure 4) (Hampton et al., 1996). This imbalance in 
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stress can be caused when pore fluids (fluid between sediment grains) provide hydraulic 

uplift and reduce shear resistance causing loading imbalance on a slope (Sturm, 1971). 

The imbalance can also be caused by over steepening of a slope, rapid sediment loading, 

or groundwater sapping (Shilts and Clague, 1992). Underlying sediment composition can 

also be a factor in slumping. Zones with easily deformable sediment layers, such as quick 

clays, can be conducive to slumping. Quick clays generally have high sensitivity values, 

meaning that once disturbed or remolded, these sediments are much weaker than their 

undisturbed state and likely to slump or flow even on gentle slopes (Einsele, 1990).  

 Seasonal conditions such as snowmelt, spring rains, and high rivers can also 

destabilize the integrity and structure of a sediment layers, specifically on land, but 

possibly in aquatic environments as well (Duffy and Spears, 2008). Asynchronous debris 

flows in Lake Ulvadalswatnet in western Norway are believed to be triggered by heavy 

rainstorms. Sletten and Blikra (2007) connect increased debris flows in western Norway 

in the last 2200 years to increased frequency of rainstorms as a result of climate change. 

Conditions like the ones listed above would cause pore pressure to be greater than 

hydrostatic pressure and lead to slumping or mass flows.  

 Environmental stresses, including strong seismic events, large storm waves, or 

erosion can also be triggers for slumping (Hampton et al., 1996). Much research has been 

done around the world using sediment slumps or debris flows as indicators of paleo-

seismic history (e.g. Shilts and Clague, 1992; Shilts et al., 1992; Schnellman et al, 2002). 

Seismic investigations have shown that fine-grained sediments on sloping topography are 

quite prone to slumping when triggered by seismic shocks (Ouellet, 1997). The trigger 
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for mass wasting is rarely a singular factor, but rather is a combination of preceding 

causes.  

3.3. Marine Slumps 
 

 Marine slumps or landslides are mass-wasting events that occur in the marine 

environment, or originate on land and end up in the ocean. Like terrestrial mass-wasting 

events, marine slumps can occur on steep slopes, but unlike their terrestrial counterparts, 

marine slumps can often occur on inclines with a slope less than 1° (Hampton et al., 

1996). Subaquatic slides can also be much larger than their terrestrial ones. The largest 

subaquatic slide observed is the Agulhas slide off of South Africa, which displaced a 

volume of approximately 20,000 km3 in a single failure event. In contrast, the largest 

terrestrial slide reported displaced a volume of approximately 26 km3 on Mount Shasta 

(Hampton et al., 1996). 

3.4. Lacustrine Slumps 
 

 Submarine landslides (debris flows, slumps, etc.) and their relative mechanics 

have been extensively studied throughout the world in a variety of environments, 

predominantly in continental-margin slopes, fjords, active river deltas, submarine 

canyons, and along volcanic islands and ridges (Hampton et al., 1996), yet studies of 

lacustrine slumps are less prominent than their marine and terrestrial counterparts. 

 Few cases of lacustrine slumps have been documented, but one good example is 

found in Lake Lucerne, Switzerland, where a comprehensive study of seismic profiles 

and sediments cores throughout the lake allowed the reconstruction of seismic history 

throughout the past 15,000 years (Schnellman et al., 2002). The key indicator for seismic 
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triggers in Lake Lucerne was synchronous slumping, where many slumps occurred 

simultaneously (organic material in sediments cores were dated with radiocarbon dating). 

Personal anecdotes after the high magnitude 1601 earthquake in Lucerne were used to 

identify slumping as the cause of tsunamis and resultant lacustrine seiche that developed 

in Lake Lucerne after the seismic event. Distinctive megaturbidites were also 

documented above and near the toes of each of the slump deposits (Schnellman et al., 

2002). 

 Studies of sediment deposits in lakes of the Canadian Shield and Canadian 

Cordillera revealed disturbances in the near continuous stratification of post-glacial lakes. 

Shilts and Clague (1992) used synchronous slumping in multiple lakes to connect 

observations of muddy waters in normally clear lakes with two major seismic events. 

Like Schnellman et al. (2002), Shilts and Clague (1992) used synchronous slumping to 

infer a seismic trigger. From analyses of sediment cores taken over the disturbed 

sediment bodies, a thin seismite (turbidite triggered by a seismic event) was observed 

over all events of slumping, similar to the megaturbidites observed in Lake Lucerne 

(Schnellman et al., 2002). In Comox Lake, British Columbia, subbottom profiles revealed 

that the subaqueous slump triggered by the 1946 Vancouver Island earthquake 

disintegrated into a debris flow. The authors concluded that sediments rich in clay or 

organic matter and high water content were highly susceptible to disturbance because of 

their composition (Shilts and Clague, 1992).  

 Within Lake Champlain three slumps, aside from the Four Brothers Slump, have 

been observed with seismic profiling to date (Manley and Manley, 2009). The Diamond 

Island slump displaced 100,000 m3 of sediment 16 m vertically downslope. The Diamond 
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Island Slump has an associated characteristic slump scar and downslope rotated block. 

The displaced block of sediments did not experience any distortion in the stratification of 

sediments (Figure 5). The slumping occurred in Champlain Sea sediments in the 

transition from shallow to deeper basin depths.  

 

Figure 5: Seismic profile taken on Diamond Island Slump (in black box). From Manley and Manley, 2009. 

 

 The Whallon Bay slump likewise occurred at this transition from shallow to deep 

water and displaced approximately 4,000,000 m3 of Lake Champlain sediments. In the 

seismic profile, no slump scar was observed, but characteristic rotated blocks at the toe of 

the slump were visible. The third slump observed in Lake Champlain is the Folger 

Trough slump, in which a mass-wasting event displaced 22,800 m3 of Lake Champlain 

sediment. In the slumped mass, stratification was completely distorted and the slump 

structure was acoustically transparent on seismic profiles (Figure 6) (Manley and Manley, 

2009). 
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Figure 6: Seismic profile of Folger Trough slump. Modified from Manley and Manley, 2009. 

3.5 Causes of Terrestrial Slumping within the Region 
 

 In the Champlain Basin and St. Lawrence Basin, mass-wasting events are often 

influenced by the underlying sediment composition. Weakness in one layer of sediment 

in particular, known as the Champlain Sea clay or the quick Leda Clay, has been 

identified as the cause of many terrestrial slumps in the Vermont-New York-Quebec 

region. The role of this clay in slumping in aquatic environments is largely unknown. The 

Leda clay layer was deposited near the end of the marine Champlain Sea environment, 

creating a fine, high salinity sediment layer, but as the Champlain Sea retreated, some of 

the bonding salt in the sediment was washed away by groundwater, making the sediment 

quite unstable (Duffy and Spears, 2008).  

 Over the past 120 years, this quick clay has influenced at least 23 major 

landslides. One of the worst disasters due to Leda Clay occurred in May of 1971, when a 



 14 

Leda Clay slide destroyed 40 houses and a bridge, leading to 31 fatalities in Saint-Jean-

Vianney, Quebec. In 1991, the town of Lemieux, Ontario was abandoned when it was 

discovered that it was built on the unstable Leda Clay; two years later, a sediment mass 

of 170,000 m2 adjacent to the town of Lemieux slumped into the adjacent South Nation 

River when the clay liquefied (Duffy and Spears, 2008). Einsele (1990) defines 

liquefaction as “the process by which a water-saturated soil or sediment suddenly loses 

most of its strength and changes its state from a plastic, solid-like mass to a heavy liquid-

like mass.” During liquefaction, the sediments contract, but pore fluid cannot 

immediately be transported out of the disturbed sediment layer, thus causing an increase 

in pore fluid build-up and a decrease in shear strength, leaving the layer susceptible to 

mass-wasting (Einsele, 1990).  

 Local geomorphology has also been documented to have an influence on the 

manner of slumping. Hampton et al. (1996) observed lacustrine slumps that originated 

nearshore and retrogressed back across the shoreline. Recent slumping along of the 

shoreline of Lake Champlain near Orwell, Vermont caused infrastructural damage to 

homes and was due to this undercutting of the sediment (Manley, per. comm.).  

 Although the Leda clay sediment layer provides conditions conducive for 

slumping, slumps can occur along many interfaces. Heavy summer rains near Westport, 

New York displaced about 42,000 m3 of sediment along the Lake Champlain shoreline. 

Upon further analysis of seismic surveys and drilling, it was determined that the sediment 

mass failed along a Lake Champlain sediment horizon, in a layer of high-plasticity clay 

(Lawrence et al., 2010). 

 



 15 

4. Location and Methodology 

4.1. Study Location 
 

 The Four Brothers Slump is located in the Main Lake of Lake Champlain, south 

of the Four Winds Plateau (the plateau which the Four Brothers Islands are part of) and to 

the west of a topographic rise (Figure 1 and Figure 7). The study location covers an area 

of 6 km2 and has water depths between 10 and 85 m.  

 

Figure 7: Zoom in of small insert from Figure 1. Red body illustrates slump extent, black lines delineate 
seismic lines, and purple dots indicate locations of cores. Dark blue lines indicate seismic profiles 
referenced later in this paper. 
 

Figure 24 Figure 19 

Figure 21 

Figure 8 and Figure 15 
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4.2. Seismic Profiles 
 

 Twenty-eight seismic profiles were taken aboard the University of Vermont’s 

(UVM) research vessel the R/V Melosira during the summer of 2011. The seismic 

profiles were collected with an Edgetech model SB216 swept frequency CHIRP 

(Compressed High Intensity Radar Pulse) sonar. A grid pattern was traversed over the 

area of interest that included twelve north-south traverses, nine east-west traverses, three 

northeast-southwest traverses, and one northwest-southeast traverse (Figure 7). These 

seismic profiles were processed and key reflectors were digitized using Chesapeake Bay 

Technology’s SonarWizMap. The processed profiles were then imported into 

EarthVisions, a Linux based mapping software, where the program interpolated a three-

dimensional regional sedimentary layering based on digitized reflectors. 

4.3. Sediment Core Processing 
 

 Three ~7 m and one ~5 m m piston cores were collected at key locations within 

the slump (Figure 7). All cores were capped and stored at a temperature of 4°C in a 

refrigerated locker until further processing. Once cores were ready to be processed, they 

were acclimated to room temperature to be measured for magnetic susceptibility (MS). 

MS is the measurement of variations in the ferrimagnetic mineral content of the sediment 

and measured values can be used to correlate between sediment cores (Freed et al., 1975). 

The cores were run through a Bartington MS2C Core Logging Sensor and MS was 

measured every 2 cm on whole cores. For this study, a MS2 Meter and a loop sensor with 

a diameter of 45 mm were used. The whole cores were X-rayed at the Porter Hospital in 

Middlebury, Vermont using a Siemens Axiom Luminos TF. 
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 Cores were split and color, grain size, sediment structures, and general lithology 

were recorded. Color was determined using the Munsell color chart. The cores were then 

sampled every 2 cm with an approximate extraction volume of 2.0 cc. These discrete  

samples were weighed wet and dry (24 hours at 105°C). From these measurements, 

porosity, saturated bulk density, and water content were calculated. Grain size of each 

sample was measured using a Horiba LA-920 laser diffraction particle size analyzer after 

deflocculating using a Calgon solution.  

 Electric resistivity was measured every 2 cm using the Middlebury Wenner 

Electric Resistivity Probe. The probes were calibrated with standards consisiting of  NaCl 

content of known resistivity. In order to calculate recent annual sedimentation rate from 

210Pb and 137Cs dating, the core was sampled at 2 cm increments for the top 48 cm of 

each core. These samples were sent to Dr. Richard Bopp at Rensselaer Polytechnic 

Institute for dating. 210Pb and 137Cs dating measure the concentrations of each 

radionuclide in the sediment. 210Pb is a natural radionuclide that is part of the 234U decay 

series (Anderson et al., 1993). Excess concentrations of 210Pb are a result of tetraethyl 

lead used in leaded gasoline between 1920 and 1970. 137Cs is an anthropogenic 

radionuclide from nuclear weapons testing that began in 1954. Peak 137Cs concentrations 

correlate to a peak fall-out of radioactive elements in 1963. 210Pb and 137Cs peaks seen in 

the results allow for dating of the cored sediment record (Dawson, 2008).  

 Magnetic Anisotropy (AMS) samples were taken at key segments from FB Core 4 

to determine the depth to the top of the slump. Cubed samples were sent to Stephanie 

Brachfield at Montclair State University for measurement. AMS was measured in 15 

directions to determine a 3 x 3 susceptibility tensor. The Eigenvectors and Eigenvalues of 
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that 3 x 3 matrix represent the directions and lengths of the maximum, intermediate, and 

minimum susceptibility directions.  The Eigenvector orientations are defined by 

inclination and declination (I and D). I1 and D1 are the orientations for the maximum 

susceptibility axis. I2 and D2 are the intermediate direction. I3 and D3 are the minimum 

susceptibility axis. Sediments tend to have small-amplitude susceptibility in the 

stratigraphic up direction, and maximum susceptibility within the bedding plane 

(Brachfeld, per.comm).  

 Microfossils were sampled at the bottom of each core to identify general 

depositional environments in the Lake Champlain sediments. Discrete sediment samples 

were disseminated in a Calgon solution and then sieved through a 63µm sieve. The 

sediment was then examined under the microscope and microfossils were extracted. 

Species were identified based on previous studies in Lake Champlain (Cronin et al., 2008 

and Dawson, 2008).  

 X-ray Diffraction (XRD) was done on discrete samples from FB Cores 1, 3, and 4 

to identify the mineralogical composition of different sedimentary units. Clay analysis 

was done on the portion of the sample with <5 µm grain size and then run using an 

oriented powder routine. The bulk analysis was done on a dry powder with a 10% ZnO 

standard and run using a random powder routine.  

4.4. Side Scan Sonar Mapping 
 

 Bottom swath mapping was done with the Klein dual frequency 3000 digital, 

multi-beam side-scan sonar aboard the Middlebury College R/V Baldwin in the summer 

of 2011. The acoustic beams of the instrument mapped 100 m to either side of the fish, 

with approximately 25 m of overlap between traverses. The study site was mapped in 
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north-south traverses to the southern end of the Four Winds Plateau, and in east-west 

traverses from the end of the plateau northward. The instrument was towed 

approximately 10 m above the lake bottom with exceptions in deeper parts of the basin 

due to cable length restrictions. The side-scan sonar data are limited in the detail they are 

able to provide. This is due to the issue that the instrument was towed so high above the 

lake bottom. Scarps and topographic variation seen on the Four Winds Plateau and the 

topographic rise to the southeast of the slump were observed in the data, but no features 

of the slump such as the scarp or protruding toe were observable. Given the lack of 

resolution, side-scan data were not useful in analyzing details of the slump.   
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5. Results and Observations 

5.1. Seismic Profiles 
 

 Along with at least one slumped body, seismic profiles show the presence of at 

least four distinct acoustic units separated by five key reflectors that have been digitized 

(Figure 8). The uppermost reflector is that of the of the sediment-water interface (orange 

in Figure 8). Between the sediment-water interface and the green digitized reflector is 

acoustic unit I. This acoustic unit has parallel undulating laminated reflectors and is ~ 8 

m thick. This green reflector becomes displaced when it intersects the slump, an 

acoustically transparent lens-shaped body (red body in Figure 8). The slump is chaotic in 

acoustic structure.  

 Between the green reflector and the pink reflector is acoustic unit II. It is 

composed of horizontal reflectors that become less prominent towards the pink reflector. 

Within acoustic unit II is a key reflector highlighted in blue. This reflector divides two 

acoustic characteristics of unit II, a well laminated area above, and a transparent area 

below. This unit is approximately 15 m thick. Under the head of the slumped mass, the 

green and blue reflectors (Figure 8) are closer together than in other regions within the 

study area because the sediments below the green reflector were displaced in the 

slumping event. 

 The pink reflector is the upper boundary of acoustic unit III. Acoustic unit III is 

consistently unlaminated and homogeneous throughout the profiles taken. In the study 

area this unit is quite variable in thickness from ~2 m to 35 m thick. 

 The deepest prominent reflector is the yellow one, which is the upper boundary of 

unit IV. Thickness of this unit is unknown.   
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Figure 8 The image above is of a north-south seismic profile from the study area. North to the left. The colored lines mark prominent reflectors and divide the 
four acoustic units. The red body is the slumped mass. Another disturbed sediment body is visible in the southern end of this profile (light purple). 
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 Exposed in the seismic profile in Figure 8 are some surficial features caused by 

the slumped mass, including a scarp where the horizontal laminations in acoustic unit I 

are truncated. This scarp is approximately 5 m high and has a slope of 14°. Over the 

slump, the orange reflector is hummocky and disturbed, echoing the form of the slump 

below it (Figure 8). 

 Individual head scarps were identified on each seismic line to locate the overall 

head scarp and direction of movement (Figure 9). From analysis of the seismic profiles 

and the location of the head scarp, it appears that the slump originated on a topographic 

rise to the southeast and flowed into the adjacent deeper basin to the northwest. The 

scarps range between 3 and 10 m in height with angles between 7° and 14°, whereas the 

slope of the base of the slump ranges from 3° to 11°.  

 The hyperbolic pattern observed in the green reflector within the slump illustrates 

that the transported sediment body has maintained some of its structural integrity after the 

mass wasting event. This pattern indicates that the reflector has been deformed and is 

undulating but is still intact (Figure 8 and Figure 10). It appears that the transported 

sediment body has disrupted the first two acoustic units visible in the seismic profile.  
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Figure 9 The black line highlights where all the scarps have been observed on the seismic profiles. The 
purple area is the part of the toe that has intruded into older sediments. The black arrows indicate direction 
of motion.  



 24 

 

Figure 10 In the western end of this profile, a thin protrusion can be seen where the toe of the slump has 
intruded into older sediments.  

 A three-dimensional interpolation of the digitized seismic profiles helps illustrate 

regional geometry of underlying acoustic units. From Figure 11, it can be seen that the 

deposition of acoustic units I-III are influenced by the basin created by unit IV.  In Figure 

11d, the rupture surface (defined in Figure 4) can be clearly seen. This also supports that 

direction of movement is from the southeast off of the topographic rise seen in Figure 11 

with motion to the northwest. This is where the slumping event carved out the sediments. 

Figure 11e shows how the slump fits into the contour of the sediments below it and 

Figure 11f shows a bulge where the most recent sediments have been deposited over the 

slump. 
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Figure 11 This sequence illustrates the structure of each of the layers visible in the seismic profile with 
significant vertical exaggeration (20x). This view is looking at the study area from the southwest looking to 
the northeast. A) Acoustic unit IV. B) Acoustic unit III overlain on unit IV. C) The lower half of acoustic 
unit II that is below the blue reflector (Figure 8). D) Entirety of unit II. E) Unit II overlain with slumped 
mass. F) Entire sedimentary sequence in the study area.  
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 An isopach map produced from seismic profile processing is seen in Figure 12. 

This map shows that the thickness of the slump ranges up to 21 ft (~6.4 m). The slumped 

body is thin and narrow at the head but bulges out towards the toe where the majority of 

the sediment has been displaced to. The thickest part of the slump is near the toe of the 

slump, but to the southwest of the toe, the slump thins where it has intruded into older 

sediments (Figure 10).  It is determined to be an intrusion and not a case of lateral 

spreading at the surface because the undisturbed overlying sediments are thinner over the 

main body of the slump by ~1 m. In the southern part of the slump, the intrusion extends 

approximately 10 to 70 m beyond the thick toe. In the western part of the slump, the 

intrusion extends approximately 250 m beyond the thickest part of the slump. The 

orientation of the toe also supports that the slump originated on the structural rise to the 

southeast and flowed to the west-northwest. 

 

Figure 12 Isopach map of the Four Brothers Slump projected in UTM 18N. Units are in feet.  
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 The aerial extent and volume of sediment displaced is also calculated from three-

dimensional modeling. From the shape of the slump (Figure 11e), the aerial extent of the 

slump has been calculated to be 5.5x105 m2 and the volume of sediment transported is 

4.8x106 m3. 

 The depth of the slump as determined by the seismic profiles was around 65 m 

below lake level at the head of the slump and around 80 m at the toe of the slump. This 

depth is calculated in the post-processing of the seismic profiles when converting from 

recorded travel time to water depth using a velocity of 1500 m/s. At the time of seismic 

survey (May 2011), the lake level was anomalously high, approximately 2 m higher than 

average lake level due to regional flood events. Taking into consideration a more realistic 

seismic velocity of water and correcting for the anomalously high lake level, this puts 

general depth to slump between 58 and 73 m.  

 

5.2. Piston Cores 
 

 Four 40 mm diameter piston cores were obtained in the summer of 2011 to 

analyze the sedimentary deposits around the Four Brothers Slump. Core sites were 

selected based on key features visible in the seismic profiles (located in Figure 7 of the 

study area and Figure 13, Figure 18, Figure 20, and Figure 23 of the seismic profiles 

where the cores were taken).  

5.2.1. FB Core 1 

 Core site FB Core 1 (44° 23.910 N, 73° 20.414 W) was taken at 66.14 m water 

depth and had a core length of 714 cm (Figure 13). FB Core 1 was taken near the head of 
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the slump in the southeast section where underlying sediment layers were thin, allowing 

for coring through the slump into its basal reflector - the blue reflector identified in the 

digitized seismic lines (Figure 8 and Figure 13). Based on the seismic stratigraphy at the 

core site, it can be seen that FB Core 1 penetrated through the upper two acoustic units 

(units I and II). 

 
Figure 13: Seismic profile with location of FB Core 1 indicated in blue. For location of seismic profile, see 
Figure 7. 

 

 Up to a depth of 275 cm, FB Core 1 is within acoustic unit I. When splitting the 

core, faint black laminations of what is most likely hydrotrolite, a mineral (FeS·nH20) 

formed in early diagenesis of amorphous iron sulfides, were visible in the top 60 cm of 

the core (Reddy and DeLaune, 2008). These black laminations are visible in parts of all 

four cores. They are approximately 1 to 4 mm thick and anywhere between 1 mm to 2 cm 

apart (see Appendix 4 for detailed locations of hydrotrolite occurrences).  

 From the X-ray image of FB Core 1, between a depth of 0 and 219 cm, clear 

horizontal laminations are seen (Figure 14). In the Magnetic Susceptibility (MS) of FB 

Core 1 there are three distinct trends visible (Figure 15a).  The first interval ranges from 0 

cm to a depth of 218 cm. At these depths, the MS is between 11.5 and 17 x10 -5 SI. On 
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the X-ray image, between 225 and 275 cm, the laminations become angled. Up to this 

depth, the sediment is translucent gray in color. In the MS, after a depth of 218 cm, the 

MS rapidly increases to 55.4 x10 -5 SI at a depth of 276 cm. This rapid increase in MS is 

also where the core passes through the head of the slumped body. From the top of the 

core to a depth of 270 cm, the sediments are loosely compacted. The electric resistivity 

(ER) for FB Core 1 is quite variable (Figure 15a). From the top of the core to a depth of 

approximately 275 cm, the ER is consistently between 5.97 and 8.69 Ωm. The saturated 

bulk density and porosity are inverses of each other (Figure 15b). Up to this depth, 

density is between 1.2 and 1.4 g/cm3 and porosity is between 80 and 95%. There is a 

consistent trend between the top of the core and a depth of 275 cm. 

 At depths greater than 275 cm, FB Core 1 penetrates into acoustic unit II. From 

275 to 405 cm depth in the X-ray image, very faint, thin laminations are visible in denser 

sediment and the sediment overall is brighter and more opaque. In X-ray images, the 

brighter the image appears, the denser the material. Between 276 cm and 406 cm, the MS 

ranges between 45.8 and 60 x10-5 SI. Between 276 and 405 cm, the core passes between 

the green and blue reflectors. After 405 cm to the end of the core at 715 cm, the X-ray 

image shows that the core is not laminated, but is very bright, and appears dense. In the 

last phase of MS, from a depth of 406 cm to the end of the core, the MS increases 

gradually until the end, ranging from 41.1 to 68.1 x10-5 SI. In Figure 15b, this third phase 

is after the blue reflector.  
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Figure 14 Images of X-rays for all four cores taken next to simplified schematic of 
internal structure.  
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 In the split core, after 275 cm, the sediments become more compact, finer grained, 

and denser. From 275 cm depth to the bottom of the core, the ER rapidly shifts to a low 

value of 4.41 Ωm and generally stays between a range of 5.03 and 6.23 Ωm. In the 

saturated bulk density and porosity, between 275 cm and 300 cm there is a rapid jump 

where the core passes through the green key reflector (Figure 15e). The second trend is 

between 300 and 490 cm with a slight disturbance between 360 and 420 cm where the 

core passes through the blue key reflector. The last trend is from 490 cm to the end of the 

core and is also linear. These consistent changes in the trends of the physical properties 

are seen in the shifts in the magnetic susceptibility and the grain size analysis (Figure 

15d). The most dramatic pattern seen in all the measurements is the rapid shift at a depth 

of 275 cm, where below this depth in the grain size frequency, the grains become finer. 

The second dramatic shift is at a depth of 465 cm (Figure 15). Here the grain size 

becomes slightly coarser for the rest of the core.  
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Figure 15 (a) Electric resistivity in comparison with (b) physical properties, (c) magnetic susceptibility and (d) grain size from FB Core 1. (e) Magnetic 
susceptibility on the seismic profile. The dashed lines mark depths of 275 cm and 490 cm, depths at which there are dramatic changes in the properties. 
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 Eight microfossils were found from a sample taken from the bottom of FB Core 1 

at a depth of 535 cm within unit II (Figure 16). All of these microfossils were E. 

excavatum f. clavata, a marine foraminifer.    

  

Figure 16 The images above are of the E. excavatum f. clavata. Both microfossils are of adult foraminifera 
and are greater than 63 µm. 

 XRD analysis for FB Core 1 was only done on samples within acoustic unit II 

(Figure 17).  

 
Figure 17 XRD results for a clay sample from FB Core 1 of acoustic unit II. The data are of sediments 
from the bottom of the core, 680 - 710 cm depth.  
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 The minerals found within this unit include 14% quartz, 12% plagioclase, 16% 

potassium feldspar (k-spar) 45% illite, 12% chlorite, and 3.5% amphibole (Figure 17). 

The one uncertain peak is the possible halite peak at a d-spacing of 2.82 because the 

presence of halite is generally hard to detect and distinguish. It may be the 005 peak of 

chlorite, which also occurs at a d-spacing of 2.82, but the observed peak at d=2.82 is 

much larger than would be expected from the existing height of the chlorite peak at d=14, 

suggesting a possibility of the presence of halite in the sample analyzed by XRD.     

5.2.2. FB Core 2 

 FB Core 2 (44° 24.121 N, 73° 20.729) was taken at a water depth of 77.72 m with 

a core length of 718 cm. FB Core 2 was taken beyond the toe of the slump where the 

slump intruded into older sediments (Figure 18). The seismic stratigraphy of this core 

indicates that it only penetrated through acoustic unit I and the toe of the slumped body. 

The homogeneity of the data from FB Core 2 confirms that all the sediment within the 

core is the same type of sediment from acoustic unit I. 

 

Figure 18: Seismic profile with location of FB Core 2 indicated in light blue. For location of seismic 
profile, see Figure 7. 
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 In the X-ray image of FB Core 2 the entire core appears to be one homogeneous 

sediment type and is slightly translucent gray in appearance. Laminations are faintly 

visible throughout the entire core, but often obscured due to distortion from air gaps 

along the sides of the core (Figure 14). From physical observations of FB Core 2, faint 

black laminations of hydrotrolite were observed throughout the entirety of the core. The 

ER data is generally linear, but covers a wider range of values, from 4.9 to 9.3 Ωm 

(Figure 19a). Starting at a depth of 320 cm, the sediments gradually become denser until 

the end of the core, most likely due to compaction of sediments over time. There is 

mainly one distinct trend in magnetic susceptibility measured in FB Core 2 (Figure 19c). 

This can be observed from the top to the bottom of the core minus a small diversion 

between the depths of 354 and 376 cm. The general trend of the sediments has MS values 

between 11.9 and 23.6 x10-5 SI (Figure 19c). The diversion has measured values between 

28.2 and 30.9 x10-5 SI and corresponds with where the core penetrated through the Four 

Brothers Slump located in this area and seen in the seismic profile (Figure 19e). This 

diversion is also seen in the data from saturated bulk density and porosity, where there is 

also a slight deviation from the generally linear trend. The data for saturated bulk density 

starts at 1.15 g/cm3 and increases linearly towards the bottom of the core for a density of 

1.3 g/cm3. The porosity shows an inverse property, starting at a value of approximately 

90% and decreasing linearly to a value of 85% at the bottom of the core (Figure 19b). 

This is logical as the deeper sediments will have become compacted over time and 

therefore be less porous. From the grain size distribution, it can be seen that all the 

samples were of similar grain size (Figure 19d).   
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Figure 19 (a) Electric resistivity in comparison with (b) physical properties, (c) magnetic susceptibility and (d) grain size from FB Core 2. (e) Magnetic 
susceptibility on the seismic profile. 
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5.2.3. FB Core 3 

 FB Core 3 (44° 24.302 N, 73° 20.288 W) was taken in a water depth of 68.88 m, 

with a core length of 717 cm.  FB Core 3 was taken outside the slump to compare the 

other cores with an undisturbed sedimentation record (Figure 20). Based on the seismic 

stratigraphy of this core, it can be seen that FB Core 3 penetrated through the upper two 

acoustic units (units I and II identified in Figure 8). 

 

Figure 20: Seismic profile with location of FB Core 3. For location of seismic profile, see Figure 7. 
 

 FB Core 3 is within unit I from 0 - 450 cm (marked with the dashed line on Figure 

21). From the split core, black laminations of hydrotrolite are visible until a depth of 325 

cm. After 350 cm, the sediments in the core become denser. In the X-ray, horizontal 

laminations are visible along the entire length of the core (Figure 14). The ER within this 

depth range is between 5.5 and 8.0 Ωm but is fairly disturbed and includes some data 
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points outside this range. The saturated bulk density is between 1.19 and 1.38 g/cm3 and 

the porosity is between 77 and 90% (Figure 21b).  In FB Core 3, two distinct trends of 

MS are visible (Figure 21a). The first trend is from the top of the core to a depth of 450 

cm. In this range the measured values are between 9.4 and 33.7 x10-5 SI and correspond 

with the area above the green reflector (acoustic unit I in Figure 8) in Figure 21b.  

 From a depth of 450 cm to the bottom of the core, FB Core 3 penetrates through 

acoustic unit II. At a depth of 452 cm, the laminations seen in the X-ray become very 

faint and opaque, and the sediment becomes brighter in appearance, indicating that it is 

denser than the sediment above it. This isn’t a clear break, but rather a gentle transition 

between the less dense, clearly laminated material to the denser, barely laminated 

material below (Figure 14). The ER within this depth range is much more homogenous, 

between 5.7 and 6.2 Ωm (Figure 21a). The saturated bulk density and porosity cross at a 

depth of 450 cm, where the core passes through the green reflector and into unit II. After 

this point the saturated bulk density increases from 1.38 to 1.60 g/cm3 in a stepwise 

pattern. The porosity does the inverse, and decreases from 77% to 65% porosity (Figure 

21b). The second phase of MS is a significant increase in susceptbility followed by a 

slight decrease, with values between 33.7 and 66.1 x10 -5 SI, peaking at 66.1 x10-5 SI at a 

depth of 540 cm. This second phase corresponds with the area below the green reflector 

seen in Figure 8. 

 The grain size frequency shows a gradual fining of the grain size through unit I 

and into unit II (Figure 21d).  
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Figure 21 (a) Electric resistivity in comparison with (b) physical properties, (c) magnetic susceptibility and (d) grain size from FB Core 2. (e) Magnetic 
susceptibility on the seismic profile. 
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 Sampling was done for microfossils at the base of FB Core 3. None were found.  

 XRD analysis of different sections within FB Core 3 indicates that the 

mineralogical composition of the entire core is similar (Figure 22). Using the 640 - 670 

cm depth sample as indicative of mineralogical composition within unit II, but 

specifically the depths between the green and blue reflectors, it was found through bulk 

mineralogy that the sediment is composed of approximately 13% quartz, 13% 

plagioclase, 4% k-spar, 43% illite, 21% chlorite, and 5% amphibole. The 640 – 670 cm 

depth sample also has a diffuse peak around 2.82, which may be the chlorite 005 peak, 

but also coincides with the position of the dominant peak for halite. 

 

 
Figure 22 XRD Results for two representative clay samples within FB Core 3. The orange data are of 
sediments from the top of the core, 0-30 cm depth. The green data are from the bottom of FB Core 3, at a 
depth of 640 to 670 cm.
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5.2.4. FB Core 4 

 FB Core 4 (44° 24.113 N, 73° 20.513 W) was taken at 70.41 m water depth and 

had a core length of 535 cm (Figure 23). This core was taken in the middle of the slump 

to determine thickness of overlain sediments and determine sediment composition of 

slumped mass. 

 

Figure 23: Seismic profile with location of FB Core 4 in blue. For location of seismic profile, see Figure 7. 
 

 In the X-ray image, clear laminations are visible to a depth of 308 cm. Angled 

laminations are visible between 308 and 334 cm. The sediment is translucent gray up till 

this point. No clear laminations are visible for the rest of the core, but the sediment 

remains translucent gray (Figure 14). From a visual inspection of the core upon splitting 

it is possible to see black laminations of hydrotrolite throughout the entirety of the core. 

Below a depth of 370 cm, the laminations become faint and widely spaced (see Appendix 

4). The physical property data from FB Core 4 is much more homogenous when 

compared to FB Core 1 or 3. The ER data is consistently between 5.34 and 8.01 Ωm until 

a depth of 294 cm where the ER becomes quite sporadic and fluctuating (Figure 24a). 

Likewise the saturated bulk density and porosity both consistently show one trend from 
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the top of the core to a depth of 300 cm, after which the trend becomes less dramatic 

(Figure 24b). These same trends can be seen in the magnetic susceptibility. The MS data 

for FB Core 4 shows only one gradually increasing trend towards the bottom of the core 

through both unit I and the slumped body (Figure 24a and e). This trend has a range 

between 10.8 x10 -5 SI and 27.6 x10-5 SI (Figure 24b). The grain size data for this core are 

also fairly homogenous (Figure 24d). None of the trends seen in the other sets of data is 

visible in the grain size diameter frequency image.  

 No microfossils were found at the bottom of FB Core 4.  
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Figure 24 (a) Electric resistivity in comparison with (b) physical properties, (c) magnetic susceptibility and (d) grain size from FB Core 4. e) is the 
magnetic susceptibility on top of the seismic profile with the surface-water interface identified (orange reflector). The dashed line indicates the depth to 
the top of the slump at 318cm. 
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 Of the four cores measured for 210Pb and 137Cs dating, FB Core 4 was the only 

one that produced any data indicative of the 1963 peak associated with nuclear fallout 

from atomic bomb testing (Figure 25). The sample between 0 and 2 cm produced a 

measured 137Cs value of 4829 pCI/kg and the sample between 2 and 4 cm measured a 

137Cs value of 1366 pCI/kg. The sample between 4 and 6 cm measured a value of 24 

pCI/kg, indicating sedimentation prior to the peak fallout in 1963. For the full data set see 

Appendix 1. Using a depth of 4 cm as representative of the 1963 peak (Manley, et al., 

2002) this allowed for the calculation of the sedimentation rate over the slump: 

 

This is consistent with other sedimentation rates calculated in Lake Champlain both with 

137Cs and 210Pb dating and carbon dating of organic materials (Cronin, et al. 2008). 

 

Figure 25 137Cs measured in all four cores. Only the fourth core was dated to a depth of 24 cm as it was the 
only core that showed significant values of 137Cs in the upper section. 

 In addition, X-ray Fluorescence (XRF) analysis showed high values of Pb, Zn, 

and Cu at a depth of 10 cm. This component is indicative of the industrial era in 
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Vermont, which is approximately in the past 100 to 150 years (Bopp, per. comm.). These 

results verify the sedimentation rate determined in the 137Cs dating. For the full XRF data 

set see Appendix 2.  

 Samples for Magnetic Anisotropy (AMS) were all from FB Core 4. The depth at 

which samples for AMS measurement were chosen were based on the physical 

properties, electric resistivity, and magnetic susceptibility data of the core. Based on 

these data, deviations from the trend were seen around a depth of 180 cm and around 300 

cm. Samples were sent in 2 cm cubes covering a range from 170 to 198 cm and another 

range from 290 to 328 cm to determine a specific depth to the top of the slump.  

 Of the 3 x 3 orientation matrix measured for the samples sent, the measurement of 

most importance was the minimum susceptibility axis of the inclination. The standard 

range for undisturbed sediments seen in FB Core 4 was between an inclination of 75 and 

85 degrees. All the measurements between 170 and 198 cm and from 290 to 318 cm 

show an inclination angle within that of the undisturbed range (Figure 26). Figure 26 

shows that below a depth of 318 cm, the inclination values dramatically decrease, 

showing a trend away from the previous bedding plane in the sediments. This change 

indicates the depth to the top of the slump. For complete data set see Appendix 3.  
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Figure 26 AMS results above show deviation from the range between 75 and 85 degrees at a depth of 
318cm (marked with black line). Arrow shows decreasing orientation of sediments within slump.  
 

 XRD analyses at different depths along FB Core 4 indicate that the mineralogical 

composition throughout FB Core 4 sediments is very similar (Figure 27). Using the 0-30 

cm depth sample as indicative of mineralogical composition within unit I, it was found 

through bulk mineralogy that the sediment is composed of approximately 14% quartz, 

0.2% calcite, 8% plagioclase, 10% potassium feldspar (k-spar), 35% illite, and 18% 

318 cm 
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chlorite. Using the 480-510 cm sample as indicative of the slump composition, it was 

found that the mineralogical composition of the slumped material is approximately 13% 

quartz, 12% plagioclase, 4% k-spar, 43% chlorite, 21% illite, and 3% amphibole.  

 

Figure 27 XRD Results for three representative clay samples within FB Core 4. The orange data are of 
sediments from the top of the core, 0-30 cm depth. The blue data are from a depth of 210-240 cm, still 
within acoustic unit I. The red data are from the bottom of FB Core 4, within the slumped material, at a 
depth of 480 to 510 cm. 
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6. Discussion and Interpretation 

6.1. Seismic – Core Correlation 
 

 The four different acoustic units in the seismic profiles indicate the presence of 

three depositional environments since the late Wisconsin and the end of the last 

glaciation (Figure 2). These depositional units have been previously identified by Chase 

and Hunt (1972), Cronin et al. (2008) and Dawson (2008). The seismic profiles taken in 

the study of the Four Brothers Slump penetrate down to the bedrock at a maximum depth 

of 125 m (acoustic unit IV in Figure 8). Above that, the proglacial Lake Vermont 

sediments are visible (unit III in Figure 8). Above the Lake Vermont sediments are the 

marine Champlain Sea sediments (unit II in Figure 8). Unit I is the Lake Champlain 

sediments. Although units III and IV were not penetrated in the coring, it can be inferred 

that they are Lake Vermont sediments and bedrock based on known stratigraphy of the 

Champlain Basin. The bedrock geometry greatly influences the bathymetry in the study 

area and the bedrock rise seen in Figure 11a is what creates the topographic rise off of 

which the slumping occurred (Figure 7).  

 The sediment cores were strategically positioned so as to penetrate two of the 

three depositional environments observed in Lake Champlain. Both FB Core 1 and 3 

penetrated into the Champlain Sea sediments (acoustic unit II). This was determined by 

the presence of E. excavatum f. clavata microfossils found at the bottom of FB Core 1 

within acoustic unit II. The clavata is representative of the Champlain Sea depositional 

environment (Cronin, et al. 2008). The presence of many specimens of clavata found at 

the bottom of FB Core 1 indicates that this is Champlain Sea environment and not the 

transition period from Champlain Sea to Lake Champlain. Similar physical properties and 
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magnetic signature between the bottom sections of FB Core 1 and FB Core 3 indicate that 

the sediments in FB Core 3 were deposited in a similar environment, but the absence of 

microfossils indicates that the bottom of FB Core 3 was most likely in a transition period 

from Champlain Sea to Lake Champlain environments. Comparatively high values of 

saturated bulk density, magnetic susceptibility, and lower values of electric resistivity and 

porosity of FB Core 1 and 3 sediments within unit II define this sediment layer (Table 1). 

High percentage compositions of plagioclase and the illite to chlorite ratio support both 

cores penetrating into Champlain Sea sediments (Table 3).   

 In comparison, acoustic unit I appears to be composed of Lake Champlain 

sediments as defined by lower magnetic susceptibility and saturated bulk density, and 

higher electric resistivity and porosity (Table 1). From seismic correlation, it was 

identified that each core initially penetrated through acoustic unit I – Lake Champlain 

sediments. Similar physical properties and magnetic signatures within unit I (Table 1) 

from each core support that the sediments from unit I in these cores were deposited in 

similar depositional environments - that of recent Lake Champlain deposition during the 

past ~10 ka.  

 In her study of Willsboro Bay in Lake Champlain, Dawson (2008) pursued 

similar methods to identify different periods of deposition within the lake. In her coring, 

Dawson was able to penetrate through three of the four acoustic units identified in Lake 

Champlain. From her study, Dawson found that unit I was Lake Champlain sediments, 

unit II was Champlain Sea sediments, and unit III was Lake Vermont sediments. She 

identified each unit with the characteristics in Table 2. 
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Table 1: The table below compares properties of the different depositional environments seen in the cores 
taken. MS = magnetic susceptibility, ER = electric resistivity, BD = saturated bulk density, P = porosity.  
 FB Core 1 FB Core 2 FB Core 3 FB Core 4 
Lake 
Champlain 
Sediments 
(unit I) 

(MS) 12.1-14.8 SI 
(ER) 5.97-8.10 
Ωm 
(BD) 1.20-1.24 
g/cm3 
(P) 87-92 % 

(MS) 12-20 SI 
(ER) 4.9-9.3 
Ωm 
(BD) 1.15 
01.3 g/cm3 
(P) 85-90% 

(MS) 9.4-33.7 SI 
(ER) 5.5-8.0 Ωm 
(BD) 1.19-1.38 
g/cm3 
(P) 77-90% 

(MS) 10.8-21.6 SI 
(ER) 5.91-8.01 
Ωm 
(BD) 1.2-1.3 
g/cm3 
(P) 84-90% 

Champlain 
Sea (unit II) 

(MS) 41.1-68.1 SI 
(ER) 4.94-6.14 
Ωm 
(BD) 1.49-1.69 
g/cm3 
(P) 60-72% 

Did not 
penetrate 

(MS) 33.7-66.1 
SI 
(ER) 5.7-6.2 Ωm 
(BD) 1.38-1.60 
g/cm3 
(P) 65-77% 

Did not penetrate 

Slump Too little 
penetration to 
accurately 
determine ranges 

Too little 
penetration to 
accurately 
determine 
ranges 

Did not penetrate (MS) 14.8-27.6 SI 
(ER) too chaotic 
(BD) 1.3-1.4 
g/cm3 

(P) 82-82% 
 

Table 2: This table below is Table 2 from Dawson, 2008 and her findings on the characteristics of the 
different units that were cored through in Willsboro Bay of Lake Champlain. Unit I is Lake Champlain 
sediments. Unit II is Champlain Sea sediments and unit III is Lake Vermont sediments.  

 
 Although the specific values are different between this study and Dawson’s study 

(2008), the general trend of increased MS and bulk density and decreased ER and 

porosity from unit I to unit II support the identification of sediments within the Four 

Brothers Slump study region. For unit I, this study found ranges for magnetic 
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susceptibility generally between 10 and 20 x10-5 SI whereas Dawson’s findings suggest a 

wider range for MS between 10 and 60 x10-5 SI (primarily comparing cores WBAY 6-3 

and 6-2 since they penetrate through the same two units penetrated in the study of the 

Four Brothers Slump). ER readings in this study are generally between 5 and 9 Ωm 

compared to Dawson’s 5.5 – 7.5 Ωm. The saturated bulk density in the Four Brothers 

study area was between 1.2 -1.4 g/cm3, within the 1.2-1.5 g/cm3 range found in Dawson’s 

work. Porosity is found to be between 80 and 90% in this study and the findings in 

Willsboro Bay found porosity to be very similar (between 75 and 90%).  

 Within unit II, this study found ranges for magnetic susceptibility between 40 and 

65 x10-5 SI whereas Dawson’s findings suggest a wider range for MS between 80 and 

250 x10-5 SI. ER results in this study are generally between 5 and 6.2 Ωm compared to 

Dawson’s 4 – 8 Ωm. The saturated bulk density in the Four Brothers study area was 

between 1.4-1.7 g/cm3, within the 1.5-1.8 g/cm3 range found in Dawson’s work. Porosity 

is found to be between 60 and 75% in this study and the findings in Dawson’s work are 

between 60 and 70%. The similarity and overlap between the measurements taken within 

units I and II confirm the identification of the units in the Four Brothers Slump study as 

the same ones identified in Dawson’s work; unit I is current Lake Champlain sediments 

and unit II are marine, Champlain Sea sediments.  

 Comparison of XRD data between the cores sampled shows that the mineralogical 

composition of the sediment types is very similar. This is reasonable since all sediments 

would have the same parent material. The orange and red XRD profiles are within 

acoustic unit I and the green and black data are from acoustic unit II (Figure 28). There is 

a greater presence of amphibole (d = 8.52) in the older sediments of unit II due to its 
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environment of formation. The Champlain Sea sediments were formed from mechanical 

weathering of the exposed bedrock and glacial till after the glacial retreat. This deposited 

terrigenous sediments that had not experienced much chemical weathering. In the current 

depositional environment, the environment is more conducive to chemical weathering 

than in the Champlain Sea environment, so minerals that weather easily such as 

amphibole will not be as prominent in more recent sediments (Ryan, per. comm). The 

sample from FB Core 3 contains a clear peak of biotite that is not as prominent in the 

other cores and both FB Core 3 and 4 contain slight halite peaks, most likely an artifact of 

the XRD preparation process in which NaCl within the pore water of the Champlain Sea 

sediments crystallized when the slides were dried.   

 

Figure 28 Comparison of representative XRD data from cores FB Core 1, 3, and 4.  The red data is from 
the slumped area.  
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Table 3 Summary table of XRD bulk mineralogy results. Quantities do not necessarily sum to 100%. 

Mineral FB Core 4  
(0 – 30 cm) 

FB Core 4  
(480 – 510 cm) 

FB Core 3  
(640 – 670 cm) 

FB Core 1  
(680 – 710 cm) 

Acoustic Unit I I II II 
Quartz (%) 14 13 13 14 
Calcite (%) 0.2 - - - 
Plagioclase (%) 8 12 13 12 
K-Spar (%) 10 4 4 16 
Illite (%) 35 42 43 45 
Chlorite (%) 18 21 21 12 
Amphibole (%) - 2.6 5 2.5 

 

6.2. Sediments Transported and Extent of Displacement 
 

 The acoustically transparent sediment body identified in the seismic profiles has 

been determined to be a subaqueous slump. The presence of tilted laminations within the 

slumped material (as seen in the X-ray observations of FB Cores 1 and 4) indicates that 

the transported sediment has maintained some of its structural integrity, making it a 

slump and not a debris flow. From the homogeneity of the data collected over the entirety 

of FB Core 4 (Table 1 and Figure 24) and the absence of microfossils found at the base of 

the core, it is apparent that the sediment transported in the slumping event is 

predominately sediments from acoustic unit I, or Lake Champlain sediments.  

 From the seismic profiles, it can be seen that the sediment transported also is 

composed of the sediments above the blue reflector, but below the green reflector (the 

lower boundary of the Lake Champlain unit). The absence of microfossils between these 

two reflectors combined with physical properties that have Champlain Sea 

characteristics, this sediment package has been identified as the transition sediments 

between Champlain Sea and Lake Champlain environments. Cronin et. al (2008) 

observed this transition zone within their study area and grouped it within the Champlain 
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Sea unit. They suggested further study should be done to fully comprehend the 

characteristics of this transition.  

 From the physical properties of the sediments and seismic correlation, it is 

determined that the sediments transported are both Lake Champlain sediments and 

transition sediments from the Champlain Sea to Lake Champlain transition.  

6.3. Slump Surface 
 

 From seismic evidence, the slump failed or initiated along the blue reflector 

(Figure 8). The blue reflector has not been disturbed indicating that the transported 

sediment slid along or slightly above this layer. In contrast, the green reflector has 

become displaced and condensed, creating a hyperbolic pattern seen in the seismic 

profiles (Figure 8 and Figure 10). The thickness of the sediment between the green and 

blue reflector at the head of the slump is only 1 to 2 m thick whereas the thickness at the 

toe of the slump between the two reflectors is approximately 14 m thick. This indicates 

that sediment below the green reflector was transported and deposited between the two 

reflectors downslope.  

 This surface along which the slumped mass slid is likely a prominent interface 

between Champlain Sea and Lake Champlain-Champlain Sea transition sediments. As 

was seen in the absence of microfossils at the base of FB Core 3, the sediment above the 

blue reflector is the gradual transition period from Champlain Sea sediments to Lake 

Champlain sediments, whereas the presence of eight specimen of clavata in FB Core 1 

indicates that the sediments below the blue reflector are clearly Champlain Sea 

sediments. This interface is more impermeable than the overlying sediment layers 

because it is much denser. From the physical properties of FB Core 1, it can be seen in 



 55 

Figure 15 that at a depth of 275 cm, the porosity dramatically decreases, indicating that 

water can no longer penetrate through this layer as easily compared to the overlying 

layers. The density difference between the overlying and underlying sediments in due to 

their composition; the overlying sediments are within unit I, the Lake Champlain 

sediments, which are coarser and contain a lot of organic matter in comparison with the 

underlying Champlain Sea unit that is predominately composed of terrigenous sediments.  

6.4. Age of Slumping 
 

 Magnetic anisotropy data show that the top of the slump is approximately at a 

depth of 318 cm. Physical properties and electric resistivity show increased disturbance 

of sediments starting at a depth of 300 cm (Figure 29). These data place top of the slump 

~300-318 cm below the sediment-water interface.  

 Using these two bounding depths and the previously determined sedimentation 

rate it is possible to calculate an age range for slumping of the Four Brothers Slump. 

 

 

 These calculations give the age of slumping for the Four Brothers Slump 

sometime between 3600 and 3800 years BP.  
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Figure 29 The graphs above highlight the two sources of information for determining the depth to the top 
of the slump. The purple box marks the slumped material. The gray box in the graph to the right indicates 
the general range of sediments in the region. Anything outside of the gray box is anomalous.   

 

 On a side note, in FB Core 1 it appears that the top of the slump is at a depth of 

225cm. This is at a shallower depth than in FB Core 4. This is most likely due to the 

location of FB Core 1 on an elevated incline where the sedimentation rate is not as great 

as above FB Core 4, which is in adjacent basin and receives incoming sediment from 

many directions.  

 The other three slumps within Lake Champlain have not been dated, but assuming 

the same sedimentation rate as calculated in this study and estimated depth to the top of 

the slump from seismic profiles, this would give ages of approximately 2,900 years, 

10,000 years, and 16,500 years for the Diamond Island, Basin Harbor, and Whallon Bay 

slumps, respectively. Depths to the top of the slump were calculated from seismic 

profiles in Manley and Manley (2009).  
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6.5. Trigger Event 
 

 The causes of slumping described in the introduction are failure due to seismic 

activity, rapid loading, or storm surges which would decrease friction along an 

impenetrable layer. The Four Brothers Slump is located within the Main Lake of Lake 

Champlain and is not associated with any shoreline. This makes it unlikely that any storm 

surge would have altered the water concentration of the sediments enough to be the 

primary cause of failure. Rapid loading is also not a likely cause of the Four Brothers 

Slump because sedimentation along the head of the slump is less than directly over the 

slump, and in many areas above the head of the slump, the slope of the bathymetry is 

steeper as to not allow any recent sedimentation.  

 This leaves some seismic event as the primary trigger for the Four Brothers 

Slump. Currently there is no record of seismic activity between 3,600 and 3,800 years BP 

in the Quebec region of Canada or within the North Atlantic, but the presence of the Four 

Brothers Slump may indicate a previously undocumented earthquake of considerable size 

at this time.  
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7. Conclusions and Future Work  

 

 By correlating seismic profiles and sediment cores, four units were identified in 

the Four Brothers Slump study area. The sediment units found in the study area are 

comparable in character to previous studies of the sedimentary structure in Lake 

Champlain. The units identified were current lacustrine Lake Champlain sediments and 

marine Champlain Sea sediments. Although not penetrated in this study, it is believed 

that the Lake Champlain and Champlain Sea sediments are deposited over the proglacial 

Lake Vermont sediments, all overlying regional bedrock or glacial till. The current 

sedimentation rate of Lake Champlain sediments over the study area is 0.083 cm/year.  

 Through seismic and core correlation, a slump was identified in Lake Champlain. 

The presence of the Four Brothers Slump in the Main Lake of Lake Champlain is 

significant because it reveals further characteristics and sensitivity of regional sediment 

types. Slumping, is a common and potentially catastrophic in the Champlain and St. 

Lawrence Basins.  

 A key result of this study is the discovery of a possible major seismic event that 

occurred in the region approximately 3,600 to 3,800 years BP. It would be advisable to 

complete a whole lake seismic survey to assess the possibility of synchronous slumping 

in Lake Champlain or nearby lakes, repeating the methodology used in the study of 

slumping in Lake Lucerne, Switzerland. Dating should be done on the other slumps 

observed in Lake Champlain to see if they are synchronous with the Four Brothers 

Slump. Synchronous slumping would help confirm an earthquake or large seismic event 

as the trigger for the slumps within Lake Champlain. 
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9. Appendices 
 

Appendix 1: Complete 137Cs and 210Lb Data 
 
    upper lower  plot   Be-7 1 sigma   Cs-137 1 sigma   xsPb-210 1 sigma 
Core Control # cm cm cm   pCi/kg pCi/kg   pCi/kg pCi/kg   dpm/g dpm/g 
                            
FBS1 R1874A 0 2 1   NA     2 23   -0.2 0.4 
FBS1 R1874B 2 4 3   NA     -7 41   -1.0 0.7 
                            
FBS2 R1864A 0 2 1   912 985   -2 26   -0.6 0.4 
FBS2 R1864B 2 4 3   -615 1585   15 28   -0.5 0.5 
                            
FBS3 R1865A 0 2 1   -738 1542   -32 42   -0.6 0.7 
FBS3 R1865B 2 4 3   -282 1544   22 25   -0.1 0.4 
                            
FBS4 R1866A 0 2 1   517 1754   4829 266   7.8 1.0 
FBS4 R1866B 2 4 3   -459 2387   1366 98   2.9 0.9 
FBS4 R1866N 4 6 5   570 1915   24 25   1.4 0.6 
FBS4 R1866C 6 8 7         23 40   0.1 0.8 
FBS4 R1866O 8 10 9         83 46   2.5 0.9 
FBS4 R1866D 10 12 11         45 36   1.3 0.6 
FBS4 R1866E 14 16 15   -801 2332   75 46   -0.4 0.8 
FBS4 R1866G 22 24 23   259 2390   12 40   -0.7 0.7 
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Appendix 2: Complete XRF Data 
 

  Upper  Lower Plot  Date Run   Cu Pb Zn Cr Hg As Sn Se Si Fe Mn Ti Ca Sr P S Th Nb Zr Ga Y 

FBS1 cm cm cm MM/DD/YYYY   ppm ppm ppm ppm ppm ppm ppm ppm % % % % % ppm % % ppm ppm ppm ppm ppm 

R1874                                                     

  0 2 1 2/27/2012   39.8 22.2 132 88.6 
< 
1.0 14.0 12.7 0.59 30.2 6.04 0.258 0.41 0.67 136 0.124 0.071 13.4 10.1 119 24.5 35.5 

  2 4 3 2/27/2012   38.8 22.0 132 101.5 
< 
1.0 13.9 14.9 0.89 31.9 6.31 0.279 0.41 0.74 139 0.125 0.086 13.8 10.6 119 24.4 38.8 

                                                      

                                                      

  Upper  Lower Plot  Date Run   Cu Pb Zn Cr Hg As Sn Se Si Fe Mn Ti Ca Sr P S Th Nb Zr Ga Y 

FBS2 cm cm cm MM/DD/YYYY   ppm ppm ppm ppm ppm ppm ppm ppm % % % % % ppm % % ppm ppm ppm ppm ppm 

R1864                                                     

  0 1 0.5 2/16/2012   43.2 26.6 137 87.4 
< 
1.0 13.0 14.0 0.67 29.1 6.11 0.254 0.45 0.65 140 0.109 0.075 14.0 10.8 127 26.5 36.6 

  2 4 3 2/16/2012   40.9 22.8 129 91.3 
< 
1.0 12.6 12.7 0.52 28.8 6.02 0.273 0.41 0.62 134 0.111 0.052 13.5 9.8 115 25.1 34.8 

  6 8 7 2/16/2012   39.2 21.2 128 92.5 
< 
0.4 12.6 13.3 0.74 30.7 6.14 0.304 0.40 0.67 134 0.150 0.066 13.4 10.0 114 24.0 35.5 

  10 12 11 2/16/2012   38.3 20.9 127 90.6 
< 
1.0 12.5 23.8 0.74 30.5 6.15 0.312 0.39 0.68 130 0.121 0.084 13.0 10.6 118 23.0 39.1 

  10 12 11 2/22/2012 dupe 38.5 20.8 128 92.1 
< 
1.0 12.8 16.7 0.59 30.8 6.11 0.310 0.38 0.69 130 0.121 0.079 13.4 9.0 116 22.1 38.3 

  10 12 11 2/24/2012 dupe 38.2 20.9 126 74.0 
< 
1.0 13.0 14.3 0.67 30.4 6.09 0.309 0.40 0.68 130 0.120 0.080 12.8 9.2 114 22.9 39.1 

  14 16 15 2/16/2012   37.6 20.9 127 91.2 
< 
1.0 11.6 12.3 0.67 30.7 5.72 0.289 0.40 0.69 132 0.131 0.070 12.3 9.8 123 22.9 38.5 

  18 20 19 2/16/2012   37.2 20.5 127 89.7 
< 
1.0 12.4 17.8 0.67 30.7 5.97 0.308 0.43 0.68 128 0.123 0.067 13.2 10.0 122 22.8 39.3 

  18 20 19 2/22/2012 dupe 37.1 19.8 124 87.8 
< 
1.0 12.5 13.8 0.74 30.9 5.95 0.304 0.41 0.68 128 0.127 0.069 13.3 9.4 122 22.3 39.3 

  18 20 19 2/24/2012 dupe 37.6 20.5 127 86.0 
< 
0.4 12.5 13.9 0.81 31.0 5.96 0.308 0.39 0.68 129 0.126 0.067 13.0 8.9 120 22.6 39.5 

  22 24 23 2/16/2012   37.9 20.3 125 85.9 
< 
1.0 12.6 14.2 0.67 30.0 6.00 0.309 0.40 0.69 133 0.147 0.063 12.9 9.9 124 22.5 39.4 

  26 28 27 2/16/2012   39.0 21.7 128 89.0 
< 
1.0 12.4 14.1 0.59 30.6 6.14 0.313 0.41 0.75 139 0.132 0.068 13.2 9.7 128 23.9 40.1 

  30 32 31 2/16/2012   37.8 21.1 127 87.3 
< 
1.0 12.3 13.0 0.67 31.0 5.89 0.296 0.40 0.70 131 0.126 0.068 13.0 9.5 120 23.2 39.7 

  34 36 35 2/17/2012   37.8 20.8 125 90.3 0.3 13.4 13.4 0.89 31.6 6.38 0.342 0.40 0.69 127 0.151 0.096 13.0 9.2 118 22.3 39.1 

  38 40 39 2/17/2012   37.9 21.5 124 88.6 
< 
1.0 12.5 14.3 0.67 31.9 6.32 0.358 0.40 0.69 128 0.178 0.149 13.2 9.0 119 22.6 40.1 

  42 44 43 2/17/2012   38.6 21.4 125 84.8 
< 
0.5 13.3 13.2 0.81 31.3 6.36 0.342 0.38 0.65 125 0.137 0.070 13.3 9.0 118 22.5 39.3 

  46 48 47 2/17/2012   37.9 21.2 125 75.4 
< 
0.4 12.8 12.8 0.74 31.9 6.24 0.345 0.41 0.69 127 0.149 0.070 13.6 9.4 117 22.2 39.7 
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  Upper  Lower Plot  Date Run   Cu Pb Zn Cr Hg As Sn Se Si Fe Mn Ti Ca Sr P S Th Nb Zr Ga Y 

FBS3 cm cm cm MM/DD/YYYY   ppm ppm ppm ppm ppm ppm ppm ppm % % % % % ppm % % ppm ppm ppm ppm ppm 

R1865                                                     

  0 2 1 2/21/2012   36.4 23.3 127 75.5 
< 
1.0 16.8 12.7 0.52 29.7 6.81 0.602 0.44 0.74 143 0.119 0.102 12.8 10.2 134 23.3 39.0 

  2 4 3 2/21/2012   33.8 21.4 120 84.1 
< 
1.0 16.5 13.4 0.59 29.7 7.28 0.615 0.42 0.74 138 0.150 0.088 12.6 9.6 147 21.8 41.7 

  6 8 7 2/21/2012   35.2 18.7 121 89.3 
< 
1.0 10.8 13.0 0.59 29.6 5.87 0.345 0.42 0.74 149 0.126 0.065 12.2 10.2 208 21.8 40.3 

  10 12 11 2/21/2012   38.4 20.7 130 91.3 
< 
1.0 31.5 17.0 0.81 29.8 5.48 0.253 0.44 0.69 144 0.100 0.141 13.6 11.3 185 24.1 44.4 

  10 12 11 2/22/2012 dupe 38.7 20.5 129 92.2 
< 
1.0 31.4 14.5 0.74 30.2 5.46 0.252 0.45 0.70 145 0.105 0.149 14.0 12.0 194 24.0 44.0 

  10 12 11 2/24/2012 dupe 38.2 20.8 130 91.4 
< 
1.0 31.1 12.7 0.74 29.7 5.47 0.254 0.45 0.69 145 0.099 0.138 13.8 10.9 182 24.6 44.4 

  14 16 15 2/21/2012   40.6 22.2 133 76.2 
< 
0.4 19.8 13.7 0.67 29.7 5.12 0.258 0.47 0.75 149 0.098 0.112 14.1 12.1 181 24.6 45.4 

  18 20 19 2/22/2012   37.5 19.9 125 93.8 
< 
1.0 16.6 13.1 0.52 29.5 6.96 0.360 0.45 0.72 144 0.274 0.071 14.2 11.3 181 23.6 44.7 

  22 24 23 2/22/2012   41.8 23.2 135 98.4 
< 
0.4 11.8 16.3 0.74 30.0 5.38 0.235 0.46 0.75 154 0.089 0.077 14.7 12.6 181 26.1 45.4 

  26 28 27 2/22/2012   38.3 20.2 121 76.8 0.6 133.3 14.2 0.74 28.8 7.19 0.405 0.48 0.75 149 0.390 0.059 12.7 10.9 176 24.1 42.9 

  26 28 27 2/22/2012 dupe 39.3 18.3 119 90.2 
< 
1.0 132.0 18.5 0.74 29.1 7.13 0.402 0.45 0.75 149 0.399 0.058 13.5 12.4 180 24.2 42.2 

  26 28 27 2/24/2012 dupe 36.7 18.4 117 91.4 
< 
1.0 122.8 12.8 0.67 28.6 7.09 0.390 0.45 0.74 149 0.368 0.055 13.0 11.2 181 23.2 41.8 

  30 32 31 2/22/2012   41.3 22.4 134 93.5 
< 
1.0 16.9 14.8 0.74 30.5 5.59 0.247 0.48 0.78 153 0.110 0.145 14.8 12.0 166 26.3 44.6 

  34 36 35 2/22/2012   41.9 22.0 133 103.1 
< 
1.0 15.2 14.6 0.74 30.3 6.44 0.277 0.47 0.75 146 0.100 0.103 14.3 11.5 155 24.4 44.6 

  38 40 39 2/22/2012   40.8 21.7 133 91.9 
< 
1.0 15.4 13.6 0.81 30.8 5.83 0.255 0.46 0.77 148 0.121 0.107 14.3 10.9 157 25.0 44.4 

  42 44 43 2/22/2012   40.2 21.3 132 98.2 
< 
0.5 14.6 14.5 0.81 30.4 6.15 0.243 0.45 0.74 145 0.103 0.101 14.4 10.9 159 25.1 44.2 

  46 48 47 2/22/2012   36.4 20.5 125 94.0 
< 
1.0 16.3 20.2 0.59 29.6 7.12 0.328 0.45 0.74 145 0.225 0.057 14.1 11.7 157 23.4 41.7 
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  Upper  Lower Plot  Date Run   Cu Pb Zn Cr Hg As Sn Se Si Fe Mn Ti Ca Sr P S Th Nb Zr Ga Y 

FBS4 cm cm cm MM/DD/YYYY   ppm ppm ppm ppm ppm ppm ppm ppm % % % % % ppm % % ppm ppm ppm ppm ppm 

R1866                                                     

A 0 2 1 1/3/2012   60.2 110.8 256 92.5 1 20.7 17.4 1.26 29.6 5.84 0.380 0.41 0.69 131 0.161 0.195 12.5 9.1 117 22.3 34.4 

A 0 2 1 2/9/2012 dupe 60.0 108.1 252 93.5 0.3 20.9 18.9 1.26 31.2 5.62 0.365 0.40 0.69 128 0.181 0.240 12.1 9.1 118 22.0 33.1 

B 2 4 3 1/3/2012   53.6 81.5 226 108.6 0.6 16.6 18.5 1.11 28.3 6.27 0.329 0.43 0.66 139 0.133 0.182 14.1 10.6 130 27.6 36.1 

B 2 4 3 2/9/2012 dupe 51.6 78.0 225 92.1 
< 
0.4 17.0 19.3 0.96 29.8 5.95 0.313 0.43 0.66 137 0.153 0.229 13.7 9.7 127 27.4 34.8 

N 4 6 5 2/10/2012   52.5 62.7 203 115.1 0.3 15.8 18.8 1.04 29.2 6.15 0.256 0.44 0.67 143 0.123 0.117 14.0 10.9 130 28.3 35.1 

C 6 8 7 1/3/2012   52.1 54.7 178 88.7 
< 
1.0 14.2 15.7 0.81 27.6 6.41 0.265 0.47 0.68 146 0.116 0.088 14.1 11.7 139 27.6 37.2 

C 6 8 7 2/9/2012 dupe 52.3 52.6 176 86.5 0.5 13.3 17.0 0.67 29.4 6.15 0.253 0.45 0.68 143 0.132 0.107 13.9 11.3 132 27.9 35.4 

O 8 10 9 2/10/2012   47.7 47.4 162 92.0 
< 
1.0 13.6 16.1 0.89 30.4 6.13 0.253 0.46 0.68 139 0.120 0.108 14.7 10.5 130 27.3 35.7 

D 10 12 11 2/9/2012   44.9 35.6 143 100.8 0.4 12.6 14.6 0.74 30.1 6.25 0.274 0.44 0.67 142 0.166 0.065 14.0 10.6 139 26.5 37.5 

E 14 16 15 1/3/2012   44.6 30.6 142 117.1 
< 
1.0 11.9 13.7 0.67 28.0 6.12 0.246 0.44 0.66 143 0.094 0.046 14.6 11.0 124 26.5 37.9 

E 14 16 15 2/9/2012 dupe 44.0 29.3 140 109.7 
< 
1.0 12.1 13.8 0.52 30.1 5.87 0.236 0.43 0.66 140 0.110 0.055 14.3 11.5 123 25.9 36.2 

F 18 20 19 2/9/2012   48.1 24.8 141 98.9 
< 
1.0 12.7 14.2 0.67 30.7 5.82 0.241 0.43 0.66 139 0.118 0.057 14.3 10.5 120 25.6 36.6 

G 22 24 23 2/9/2012   39.8 23.3 135 98.0 
< 
0.4 10.7 13.5 0.59 31.0 5.80 0.243 0.41 0.70 137 0.126 0.078 13.8 10.0 116 24.9 37.0 

H 27 29 28 2/9/2012   38.9 22.3 132 89.8 
< 
0.4 11.4 12.7 0.81 32.1 5.89 0.260 0.41 0.70 133 0.125 0.069 13.1 9.8 123 23.3 39.9 

I 30 32 31 2/9/2012   38.0 21.7 131 97.8 
< 
1.0 12.0 12.0 0.81 32.2 6.08 0.272 0.41 0.73 133 0.145 0.074 13.5 9.1 122 22.8 40.2 

J 34 36 35 2/10/2012   59.3 21.0 146 95.1 
< 
1.0 11.8 13.6 0.81 31.7 6.03 0.252 0.42 0.76 139 0.139 0.085 12.8 10.3 125 24.4 40.4 

K 38 40 39 2/10/2012   38.7 21.1 125 87.8 
< 
1.0 11.4 11.7 0.67 31.9 5.91 0.256 0.40 0.71 131 0.131 0.092 13.0 9.5 121 22.5 40.4 

L 42 44 43 2/10/2012   38.0 21.6 127 87.9 
< 
0.4 11.8 13.7 0.74 32.1 6.02 0.260 0.40 0.69 130 0.137 0.077 13.3 9.6 118 22.6 39.6 

M 46 48 47 2/10/2012   39.3 22.4 130 87.3 0.6 11.8 10.5 0.96 32.9 6.11 0.253 0.42 0.72 131 0.139 0.077 14.2 10.2 123 23.5 41.1 
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Appendix 3: Complete AMS Data 

      uncorrected Mass corrected 
Normed Principal 
Susceptibilities 

Principal Directions Geographic 
System Anisotropy Factors 

                                    

Core Top_depth_cm Mass_g Mean susc Susceptibilty 
m3/kg int. K1 int. K2 int. K3 D1 D2 D3 I1 I2 I3 L F P P' 

FB4 170 6.6849 1.07E-04 1.605E-08 1.0117 1.0086 0.9797 244 150 3 11 19 68 1.003 1.029 1.033 1.036 

FB4 172 6.5588 1.04E-04 1.590E-08 1.0133 1.0033 0.9834 97 187 351 3 10 80 1.01 1.02 1.03 1.031 

FB4 174 6.4829 1.19E-04 1.836E-08 1.0146 1.0097 0.9757 79 348 187 4 13 76 1.005 1.035 1.04 1.044 

FB4 176 6.0862 1.04E-04 1.702E-08 1.0147 1.0077 0.9776 64 334 207 6 4 83 1.007 1.031 1.038 1.04 

FB4 178 5.9855 1.38E-04 2.307E-08 1.017 1.0058 0.9771 304 35 162 7 5 81 1.011 1.029 1.041 1.042 

FB4 180 6.8265 1.36E-04 1.994E-08 1.0148 1.0081 0.9771 287 17 170 3 5 84 1.007 1.032 1.039 1.041 

FB4 182 6.7678 1.20E-04 1.769E-08 1.0134 1.0056 0.981 297 28 172 6 9 79 1.008 1.025 1.033 1.035 

FB4 184 6.7437 1.35E-04 1.996E-08 1.0154 1.0085 0.9761 294 25 168 6 9 79 1.007 1.033 1.04 1.043 

FB4 186 6.712 1.28E-04 1.907E-08 1.0148 1.0082 0.977 278 9 133 8 6 80 1.007 1.032 1.039 1.041 

FB4 188 6.0383 1.15E-04 1.911E-08 1.0126 1.0054 0.982 273 3 169 3 12 78 1.007 1.024 1.031 1.033 

FB4 190 6.3905 1.13E-04 1.762E-08 1.0114 1.0094 0.9792 293 23 198 1 8 82 1.002 1.031 1.033 1.037 

FB4 192 6.0136 1.11E-04 1.842E-08 1.0148 1.0113 0.9739 243 333 130 2 4 85 1.003 1.038 1.042 1.047 

FB4 194 5.0832 9.25E-05 1.819E-08 1.0129 1.0097 0.9773 277 8 169 2 5 85 1.003 1.033 1.036 1.04 

FB4 196 5.1853 9.55E-05 1.841E-08 1.0139 1.0122 0.9739 293 23 178 3 6 83 1.002 1.039 1.041 1.047 

FB4 198 5.641 1.09E-04 1.936E-08 1.017 1.0129 0.9701 283 13 183 1 5 85 1.004 1.044 1.048 1.054 

FB4 290 5.0276 1.06E-04 2.108E-08 1.0185 1.011 0.9705 265 7 116 36 16 49 1.007 1.042 1.05 1.053 

FB4 292 5.3433 1.05E-04 1.971E-08 1.0167 1.0093 0.9739 309 41 147 15 5 74 1.007 1.036 1.044 1.047 

FB4 294 5.7656 1.16E-04 2.010E-08 1.0202 1.0157 0.9641 289 19 180 3 8 81 1.004 1.054 1.058 1.065 

FB4 296 5.5896 1.17E-04 2.097E-08 1.022 1.0139 0.964 67 335 180 7 15 73 1.008 1.052 1.06 1.065 

FB4 298 6.972 1.58E-04 2.260E-08 1.016 1.0097 0.9742 74 342 212 13 11 73 1.006 1.036 1.043 1.046 

FB4 300 5.4122 1.22E-04 2.245E-08 1.022 1.017 0.961 297 28 177 5 8 80 1.005 1.058 1.063 1.071 

FB4 302 6.8892 1.63E-04 2.359E-08 1.0194 1.0067 0.9739 80 350 221 6 5 83 1.013 1.034 1.047 1.048 
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FB4 304 5.4598 1.21E-04 2.218E-08 1.0204 1.0065 0.9732 279 189 82 4 1 86 1.014 1.034 1.049 1.05 

FB4 306 5.6718 1.21E-04 2.125E-08 1.0227 1.0135 0.9338 299 30 193 3 10 80 1.009 1.052 1.061 1.066 

FB4 308 6.6683 1.33E-04 1.998E-08 1.0164 1.0131 0.9705 125 34 244 6 10 78 1.003 1.044 1.047 1.053 

FB4 310 5.1306 1.08E-04 2.099E-08 1.0171 1.0114 0.9716 286 16 134 4 2 85 1.006 1.041 1.047 1.051 

FB4 312 5.9632 1.24E-04 2.083E-08 1.0203 1.0101 0.9696 129 38 243 6 15 74 1.01 1.042 1.052 1.055 

FB4 314 6.3203 1.41E-04 2.231E-08 1.0148 1.0145 0.9707 118 208 20 1 10 80 1 1.045 1.045 1.052 

FB4 316 6.3621 1.30E-04 2.042E-08 1.0179 1.0123 0.9698 2 271 127 5 7 81 1.006 1.044 1.05 1.054 

FB4 318 6.1159 1.40E-04 2.287E-08 1.0188 1.0096 0.9716 139 46 256 9 16 72 1.009 1.039 1.049 1.049 

FB4 320 6.0053 1.39E-04 2.320E-08 1.0136 1.0076 0.9788 289 195 50 12 18 68 1.006 1.029 1.036 1.038 

FB4 322 6.5554 1.45E-04 2.206E-08 1.0131 1.0094 0.9775 140 46 250 9 23 65 1.004 1.033 1.036 1.04 

FB4 324 6.49 1.46E-04 2.248E-08 1.0142 1.0087 0.9771 296 201 49 11 24 63 1.005 1.032 1.038 1.041 

FB4 326 6.6922 1.49E-04 2.231E-08 1.0141 1.007 0.9789 285 191 32 8 23 65 1.007 1.029 1.036 1.038 

FB4 328 6.9393 1.56E-04 2.242E-08 1.0125 1.0063 0.9812 128 32 237 11 29 59 1.006 1.025 1.032 1.034 
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Appendix 4: Core Description Logs 

FB Core 1 
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FB Core 2 
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FB Core 3 
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FB Core 4 
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