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Abstract 

The Mactaquac Hydroelectric Generating Station, located on the Saint John 

River in New Brunswick, Canada, is approaching the end of its life due to deterioration 

of the concrete structures. As part of an aquatic ecosystem study, designed to support 

a decision on the future of the dam, physical and chemical characteristics of sediments 

beneath the headpond, extending 80 km upriver, are being examined. The focus of this 

sub-study lies in (i) mapping the thickness of sediments that have accumulated since 

inundation in 1968, and (ii) imaging the deeper glacial and post-glacial stratigraphy. 

Acoustic sub-bottom profiling surveys were completed during 2014 and 2015. 

An initial 3.5 kHz chirp sonar survey proved ineffective, lacking in both resolution and 

depth of the penetration. A follow-up survey employing a boomer-based "Seistec" 

sediment profiler provided better results, resolving sediment layers as thin as 12 cm 

beneath up to 40 m of water, and yielding coherent reflections from the deeper 

Quaternary sediments. 

Post-inundation sediments in the lowermost 25 km of the headpond, between 

the dam and Bear Island, are interpreted to average 20 cm in thickness, corresponding 

to an average reservoir sediment accumulation rate of 4.3 mm/year. The thickest 

deposits (up to 60 cm, corresponding to a sedimentation rate of 13 mm/year) are 

found in deep water areas overlying the pre-inundation riverbed west of Snowshoe 

Island, and south and east of Bear Island. A coring program confirmed the presence of 

silty sediment and showed good correlation with the Seistec thickness estimates. In the 

~15 km stretch upriver of Bear Island to Nackawic, the presence of gas in the 
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uppermost sediments severely limits sub-bottom penetration and our ability to 

interpret sediment thicknesses. Profiles acquired in the uppermost ~40 km reach of the 

headpond, extending from a few km upriver of Nackawic to Woodstock, show a strong, 

positive water bottom reflection and little to no sub-bottom penetration, indicating the 

soft post-inundation sediment in this region is either absent, or thinner than the 12 cm 

resolution of the Seistec profiler.  

Deeper reflections observed within 5 km of the dam reveal a buried channel cut 

into glacial till, extending up to 20 m below the water bottom. Channel fill includes a 

finely laminated unit interpreted to be glaciolacustrine clay-silt and a possible esker – 

similar to stratigraphy found 20 - 30 km downriver at Fredericton. 

A small scale survey was conducted near Nackawic to evaluate the suitability of 

waterborne ground penetrating radar (GPR) profiling as an alternative to acoustic 

profiling in areas of gas-charged sediment. The GPR was able to image thin sediments 

in the area, showing sediment thicknesses of less than a meter. However due to rapid 

attenuation of the GPR signal in the water column, this survey method was only viable 

in the relatively shallow areas near the shoreline, less than 15 meters water depth. 
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CHAPTER 1 
INTRODUCTION 

 
1.1 PROJECT OVERVIEW 
 

The Mactaquac Hydroelectric Generating Station on the Saint John River, 

constructed in 1968, is reaching the end of its lifespan, due to alkali-aggregate 

reactions (AAR) affecting the concrete structures. This reaction, causing the decay of 

the concrete, occurs between the cement and aggregate clasts containing fine-grained 

quartz (DeMerchant et al., 1999), resulting in volume expansion and cracking of the 

structure. This AAR problem, specifically an alkali-silica reaction (ASR) is a result of 

alkali hydroxides in the cement reacting with the aggregates containing reactive silica 

minerals. Aggregates used in cement contain silica minerals of varying reactivity, and 

although silica minerals (quartz) are generally stable if crystalline, and reactive if 

amorphous, there are exceptions, particularly when the quartz is microcrystalline or 

highly strained (Farny & Kerkhoff, 2007). The cement paste contains interconnected 

microscopic pores that allow migration of water or ions in solution. The pore water in 

concrete is the alkaline solution, internally derived from the sodium and potassium 

present in the cement, which drives the ASR (Farny & Kerkhoff, 2007). This reaction can 

be generalized in a two step process: 1) the reaction between the alkaline solution and 

reactive silica forms an alkali-silica gel, and 2) when introduced to moisture, the alkali-

silica gel expands, resulting in the cracking and deterioration of the concrete structure 

(Farny & Kerkhoff, 2007). 

Due to the AAR/ASR decay, the dam’s expected lifespan of 100 years (bringing it 

to 2068) has been greatly reduced. A 1999 NB Power Commission engineering report 
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estimated the remaining lifespan to be only 15-30 years assuming the AAR decay 

continued at the same rate (Seguin, 2000). 

Three options have been outlined by NB Power to address the problem: (i) 

rebuilding the station with a new powerhouse and spillway, (ii) maintaining the earthen 

dam and spillway only, or (iii) restoring the river to its natural state (NB Power, 2014). 

In order to make an informed decision on the best option, a comprehensive 

multidisciplinary aquatic ecosystem study (MAES) is being sponsored by NSERC and NB 

Power under NSERC’s Collaborative Research and Development Program. The overall 

project encompasses 29 project components divided under three main study themes: 

(i) whole river ecosystem studies, (ii) fish passage studies, and (iii) environmental flows 

for the Saint John River (Canadian Rivers Institute, 2016).  

The research and results presented in this thesis fall under the whole river 

ecosystem theme, and more specifically, focus on the reservoir environment studies, 

where the goal is to define the sediment layering within the reservoir, map its 

distribution, and to understand the composition and chemistry of these reservoir 

sediments, all of which will contribute to sediment re-suspension and transport 

models. 

 

1.2 THESIS OBJECTIVES 

For this thesis, the primary objectives lie in (i) mapping the thickness of 

sediments that have accumulated since the Mactaquac Headpond (reservoir) was 

flooded in 1968, and (ii) imaging the deeper glacial and post glacial stratigraphy. 
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Information on the distribution of post-inundation sediment is crucial to the creation of 

hydrodynamic models for re-suspension, transport, and downstream deposition of 

reservoir sediments in the dam removal scenario. The deeper Quaternary stratigraphy 

partially filling the bedrock valley is of interest for its importance in hosting current and 

future groundwater supplies, and for its geotechnical relevance to construction 

activities that would accompany options 1 and 2. For example, both the towns of 

Nackawic and Woodstock rely on aquifers that underlie and/or are directly adjacent 

the headpond as a main source of water. At the same time, sub-bottom imaging of 

those Quaternary sediments will contribute to an improved model for the post-glacial 

evolution of the Saint John River valley and its groundwater resources in the 80 km 

stretch of river between Mactaquac and Woodstock. 

 

1.3 STUDY LOCATION 

 The Saint John River stretches from northern Maine through New Brunswick, 

running about 670 km before emptying into the Bay of Fundy at Saint John, making it 

the second longest river in eastern North America. Its watershed covers an area of 

55,000 km2, with river widths averaging 750 m, and depths averaging 2 m (Canadian 

Rivers Institute, 2016).The area of interest for the project encompasses just an ~80 km 

stretch of the Saint John River, between the Mactaquac Dam and Woodstock (Figures 

1.3.1 and 1.3.2). 
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Figure 1.3.1: New Brunswick Map. Study area is outlined in red.  
(From Government of Canada, Natural Resources Canada) 
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Figure 1.3.2: Basic bedrock map of study area – Saint John River from  

Mactaquac Dam to Woodstock. 
 

 This stretch covers the majority of the Mactaquac Dam reservoir (headpond), 

extending 100 km upstream from the dam, and covering an area of 84 km2 (Canadian 

Rivers Institute, 2016). Although the Saint John River is relatively shallow on average, 

much of the headpond is quite deep, reaching depths of 40 m or more nearer to the 

dam, and becoming more shallow again upriver of Nackawic as the influence of the 

dam on the river lessens. 

 

1.4 REGIONAL SURFICIAL GEOLOGY 

The surficial sediments blanketing much of New Brunswick are largely derived 

from the last ice age, reworked and deposited by the advance and retreat of the 

massive ice sheets. Most of the major topography of New Brunswick was formed prior 
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to the onset of the Quaternary, although it is possible that uplift of the province due to 

post-glacial rebound resulted in the erosion and deepening of valleys during the 

Quaternary (Rampton et al., 1984). 

The beginning of the Quaternary period and Pleistocene epoch at 

approximately 2.6 million years ago marks the onset of large ice sheets appearing in 

the northern hemisphere, which would begin a pattern of advance and retreat, as the 

climate alternated between cooler glacial conditions and warmer interglacial conditions 

(Benn & Evans, 2010).  

The Quaternary glaciation (or Pleistocene glaciation) refers to a series of glacial 

events separated by interglacial periods leading up to the present. The most recent of 

these glacial events is the Wisconsinan glaciations, spanning from ~ 60 ka to 12 ka. This 

glacial advance terminated in Wisconsin and covered the Canadian Maritime provinces. 

The end of the Wisconsinan about 11,500 years ago marks the onset of the Holocene 

period of geologic time which continues to present day (Benn and Evans, 2010). 

According to Fulton et al. (1986), the Sangamonian is the oldest interglacial 

event to which geologists in Eastern Canada hold any confidence in classifying the 

Quaternary stratigraphy found in New Brunswick, since the most recent Wisconsinan 

ice sheet advance and retreat removed most of the evidence of earlier glaciations 

across the province.  As a result, much of the surficial and shallow sediments of New 

Brunswick, particularly the Mactaquac Headpond region which is the focus of this 

study, are directly related to the advance and retreat of ice sheets during the 

Wisconsinan. 
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Towards the tail end of the Wisconsinan (Madawaska Phase - 12,200 yBP to 

12,000 yBP), the Saint John River Valley had become ice free, occupied by Lake 

Madawaska and the Inland Sea Acadia (Rampton et al., 1984; Curry, 2007). Sediment 

deposition during this time period would have resulted in deposition of finer grained 

sediments associated with glaciomarine/glaciolacustrine environments (silts and clays). 

Rampton (1984) has illustrated on a New Brunswick surficial geology map that 

the surficial geology between Mactaquac and Woodstock consists mainly of morainal 

sediments including lodgment and ablation tills with associated sands and gravels 

deposited directly by Late Wisconsinan ice or with minor reworking by water flow 

through this drainage basin. From Nackawic up to Woodstock, the map also shows long 

narrow glaciofluvial deposits following the river consisting sands and gravels (generally 

more than two meters thick).  

Work by Conlon and Ganong (1966) on the foundation and sub-surface near the 

Mactaquac Dam, and borehole data collected by the Geological Survey of Canada in 

1986 (Lamothe, 1990) along the shores of the Saint John River help provide a more 

accurate picture of the surficial and shallow geology that can be expected to show up in 

the sub-bottom profiling surveys in the Mactaquac Headpond region of the Saint John 

River.  

The channel of the Saint John River follows the pre-glacial bedrock valley, which 

has been filled with deep overburden of Pleistocene and recent origin (Conlon and 

Ganong, 1966).  Drilling carried out at the dam location during construction provides a 

detailed account of the stratigraphy seen across the river channel profile (Conlon and 
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Ganong, 1966). As previously stated, a pre-glacial bedrock valley forms the base of the 

river valley, which has been in-filled by sediments over time. Directly overlying the 

bedrock is an artesian layer of silts, sands, and gravels, also seen downriver at 

Fredericton. This unit is overlain by the glacial tills which were also encountered in the 

GSC boreholes just downriver of the dam. Above the tills lies a discontinuous unit of 

estuarine silt-clay, also observed in the GSC boreholes collected between Woodstock 

and Mactaquac, which show a laminated silt and clay unit beginning between about 4.5 

and 12 meters (15 and 40 feet) below surface. This unit is most likely 

glaciomarine/glaciolacustrine in origin, related to deposition during the Madawaska 

Phase mentioned above. (While GSC boreholes near the dam show the clay-silt to be 

underlain by glacial till, upriver of Nackawic the boreholes show the till unit to be 

absent, with the silt-clay directly overlying glaciofluvial sands and gravels). The clay-silt 

unit is then overlain by a discontinuous sand and gravel alluvium.    

These “overburden” sediment units filling the valley are discussed in further 

detail in Chapter 4 where the results from surveying the deeper Quaternary sediments 

and structures are presented.  

 

1.5 METHODOLOGY 

In order to achieve the objectives of mapping sediment thicknesses in the 

Mactaquac Headpond, in addition to imaging deeper glacial and post-glacial 

stratigraphy, two approaches were taken. The primary approach utilized acoustic 

surveying methods (seismic reflection), while a smaller scale secondary survey was 
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later conducted using an electromagnetic method (ground penetrating radar). The 

details on these methods used for the headpond sediment investigations are further 

discussed in this section. 

In geophysics, the seismic reflection method utilizes controlled sources to 

generate seismic waves. There are several types of seismic waves generated, all of 

which propagate differently through a medium. The two main types are body waves 

which can travel through the earth’s interior, and surface waves which only move along 

the earth’s surface. Body waves include both P-waves (primary or compressional 

waves) involving compressive particle movement parallel the direction of wave 

propagation, and S-waves (secondary or shear waves) involving particle movement 

perpendicular to the direction of wave propagation. Since all materials (solids and 

fluids) can be subject to compression, the P-waves are able to travel through any 

material. Their velocities through a medium depend on the bulk modulus of elasticity 

and shear modulus, which quantify a material’s resistance to compression and shear 

(Nave, 2016). In contrast to P-waves, both S-waves and surface waves experience 

particle motion transverse to the direction of wave propagation; their propagation 

velocity depends primarily on the resistance of a material to shear forces (shear 

modulus), which is non-existent in a liquid or gas medium, therefore these waves are 

restricted to only solid parts of the Earth (Nave, 2016). As a result, when conducting 

seismic surveys over water, it is only the P-wave that is able to propagate and be 

recorded. 
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It should be noted that the terms “seismic” and “acoustic” referring to surveys 

and waves are being used interchangeably in this thesis. The term acoustic wave 

implies compressional wave (P-wave) propagation through both fluids (materials with 

no resistance to shear) and solids.  

These generated P-waves travel through the subsurface, reflecting back to the 

surface when they encounter boundaries between subsurface layers of differing 

acoustic impedance (Z), defined as the product of the velocity of the P-wave (V) and 

the density (ρ) of the medium in which it is travelling (Equation 1).  

               (1) 

The reflection coefficient representing the portion of the P-wave’s amplitude reflected 

back from a boundary (while the rest continues downward) is dependent on the 

contrast in acoustic impedance between the two layers and is expressed by Equation 2: 

        
      

      
           (2) 

The arrivals of reflected waves at the surface are measured, and using the 

recorded times for the reflected waves and the wave velocity, depths to subsurface 

boundaries and features can be determined. 

When conducting a marine seismic reflection survey there are several options 

when it comes to which source is used. Some common examples include air guns, 

sparkers, boomers, and piezoelectric transducers. Verbeek and McGee (1995) separate 

sources into two basic categories: (1) resonant sources, and (2) impulsive sources. One 

source from each category was used utilized as a method of surveying the Mactaquac 

Headpond in an attempt to delineate the post-inundation sediments. 
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1.5.1 Continuous Wave and Chirp Sonar (Knudsen Echosounder) 

The first acoustic survey utilized both a continuous wave and a chirp sonar, 

falling under the category of resonant sources. Resonant sources are piezoelectric 

devices, producing pressure oscillations that are either sinusoidal or swept sinusoidal. 

The resonant frequency of the piezoelectric crystal largely determines the frequency of 

the sinusoid (Verbeek & McGee, 1995). The peaks of the sinusoid correspond to 

pressures greater than ambient, while the troughs correspond to pressures less than 

ambient, driven by expansion and contraction of the crystal respectively (Verbeek & 

McGee, 1995).  These systems operate on the principle that an electric field applied to 

the piezoelectric material forming the transducer results in a mechanical strain 

proportional to the electric field strength, and if the frequency of the applied field is 

close to a mechanical resonant mode, then the electrical energy can be changed into 

vibrational motion, which couples to the surrounding water (Mosher & Simpkin, 1999). 

The process also works in a reverse manner, where a pressure signal applied to the 

transducer will produce an electrical analog of the incident waveform (Mosher & 

Simpkin, 1999). The maximum power that can be transmitted to the water is limited by 

cavitation of the water at the crystal face, occurring when the crystal contracts at such 

a rate that the surrounding water pressure decreases to a point where the water 

vaporizes and produces bubbles on the face of the crustal (Verbeek & McGee, 1995). 

Once this limit is reached, further increasing the amplitude of the crystal oscillation 

does not increase the amplitude of the sonar pulse. To further increase transmitted 

power to the water, the number of cycles in the pulse must be increased which 
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decreases resolution (Verbeek & McGee, 1995). This is one of the disadvantages of 

resonant sources. A large advantage of using a resonant source is that since the pulse 

shape is rather well known, it becomes easier to recognize it in the presence of noise 

(Verbeek & McGee, 1995). Another advantage to piezoelectric sources is the ease of 

operation; they can be mounted on the hull of a boat and operated at the same 

relatively high speed as multibeam bathymetry surveys. 

The chirp sonar differs from the conventional sonar in that, rather than emitting 

several cycles of a sine wave at a constant frequency, it transmits frequency modulated 

(FM) pulses. These FM pulses “sweep” through a range of frequencies over a specified 

time duration, generally covering a range anywhere between approximately 400 Hz 

and 28 kHz, and giving the source function a wide bandwidth and long pulse length 

(Mosher and Simpkin, 1999). This swept-frequency or chirp signal has a time varying 

frequency. In the simplest and most common case, the frequency varies linearly in time 

from the start to end frequency over the defined time duration (Caress, 2009). This 

signal can be expressed mathematically as: 

                     
        

  
            (3) 

where f1 and f2 represent the start and end frequencies respectively (in Hz), d 

represents the duration in seconds,   represents the initial phase angle in radians, and 

A represents the amplitude. 

Chirp sonar source signatures can vary depending on their sweep design, mainly 

controlled by the frequency content, the instantaneous frequency function (IFF), and 

the envelope function selected. The IFF refers to how the frequency content changes 
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over time, be it a linear change, quadratic change, logarithmic change, etc. (Gutowski 

et al., 2002). The envelope function defines the amplitude variation through the 

duration of the sweep. The goal in applying the envelope function is to taper the start 

and end of the swept signal. The tapered source signature aids in yielding a more 

distinct wavelet once a matched filter is applied (see section 2.2.1 for processing).  

During a chirp survey, the recorded signal is generally match filtered in real time 

as the data is being collected as part of the on-board processing. As explained 

previously, the chirp sonar uses a long, variable frequency source signature. Match 

filtering involves cross-correlating this signal with the data time series containing 

arrivals that were reflected back to the sonar (Caress, 2009). This match filtered time 

series contains peaks where the source function correlates with arriving signals in the 

data. The autocorrelation of the source chirp is called the Klauder wavelet (Figure 

1.5.1).  

 
Figure 1.5.1: The Klauder wavelet – the autocorrelation of the chirp sonar pulse (Quinn 

et al., 1998) 
 

  The Klauder wavelet has the largest peak centred at time zero, with a smaller 

peak on both sides of the main peak, and smaller oscillatory tails stretching out on 

either side (side lobes). The central lobe may be a peak or a trough depending on the 
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polarity of the reflection. Adding a taper to the chirp source signature (as previously 

mentioned) will improve the time resolution of the Klauder wavelet, reducing the 

amplitude of the wavelet tails, resulting in a more defined main peak (Figures 1.5.2 & 

1.5.3). Klauder wavelets, resulting from cross-correlation of two chirp signals, are 

acausal, meaning that they exhibit non zero values before the time where two chirp 

signals are optimally aligned. (In contrast, causal signals such as those produced by 

explosive sources have no values or structure preceding the arrival time.) As a result, 

the arrival times of reflected signals (river-bottom and sub-bottom horizons) should be 

picked at correlation peaks (at the central peak of the Klauder wavelet) and not at 

leading edges when working with match filtered chirp sonar data (Figure 1.5.4). 

 
Figure 1.5.2: Chirp signal sweeping from 2 – 10 kHz. Top: The untapered chirp signal. 

Bottom: Chirp signal tapered with a fourth root sine function (Caress, 2009). 
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Figure 1.5.3: Klauder wavelets from the untapered (top) and tapered (bottom) chirp 
signals. The Klauder wavelet produced by the autocorrelation of the tapered chirp 

source is far less oscillatory. 
 

 

Figure 1.5.4: Arrival time of Klauder wavelet should be picked at the central lobe or 
correlation peak as seen above (Gutowski et al., 2006). 
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The chirp sonar has proved an effective tool in previous surveys geared towards 

imaging glaciomarine and fine-grained post-glacial sediments.  Legere (2012) presents 

good quality profiles acquired by a 3.5 kHz Knudsen 320 Marine Echosounder (same 

system used in our preliminary acoustic survey) in the Bay of Fundy. These 

echosounder profiles were successful in imaging depths up to 40 meters sub-bottom, 

clearly delineating what Legere (2012) interpreted to be the bedrock interface, and 

overlying glacio-marine unit, and a top unit representing post-glacial mud deposition. 

The chirp system provided sufficient resolution to show layering within the 

glaciomarine unit. Some of the survey lines resolved a thin unit between the 

glaciomarine sediments and bedrock, interpreted as glacial till. 

 

1.5.2 Boomer System 

Impulsive sources, such as the boomer used with the Seistec profiler in this 

study, release energy in a sudden burst. Ideally, an impulsive source would give rise to 

a wavelet with the shape of a mathematical impulse. In practice, this ideal is never 

completely achieved, but the resultant wavelet does exhibit a rapid onset and a short 

duration (Verbeek & McGee, 1995).  

Boomer sources are usually used for shallow water surveys, towed in a floating 

sled behind a survey vessel. A boomer source stores energy in capacitors and 

discharges the energy through a flat spiral coil. A copper plate adjacent to the coil 

flexes away from the coil as the capacitors are discharged, transmitting the energy 

downward through the water column as a sharp seismic pulse (Sheriff, 1991). 
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The Seistec boomer system produces a broadband pulse with a dominant 

frequency of about 4.5 kHz, offering the ability to detect sediment beds with thickness 

on the order of 0.15 m (Simpkin and Davis, 1993). In ideal conditions the system can 

reach depths of exploration up to 100 m in clays and silts, although exploration depths 

will be significantly less in environments dominated by tills or sandy stratigraphy. The 

Seistec is a unique system in that it employs a line-in-cone receiver. The cone greatly 

reduces recorded noise by shielding the receiver from source-pulse side lobes and from 

water surface reflections (ghosting) (Simpkin and Davis, 1993). 

The Seistec system was chosen for the second acoustic survey owing to its 

proven success in other shallow water surveys over similar stratigraphy. Butler and 

Nadeau (2004) conducted a seismic survey using a previous version of the Seistec 

boomer system in the Saint John River at Fredericton, just 20 km downriver of the 

Mactaquac Dam. Here the boomer successfully imaged fluvial sands on the river 

bottom, overlaying glaciolacustrine silt-clays up to 20 m thick, which in turn overlaid a 

sandy unit, locally developed into a buried esker - very similar to stratigraphy that is 

interpreted in parts of the Mactaquac Headpond. In a 2003-2004 survey in the Bay of 

Fundy, the Seistec system was able to image stratigraphy up to 12 meters below the 

surface, delineating laminated silty sands of sub-tidal mudflats, sandy beach deposits, 

and underlying glaciomarine sands and gravels (White, 2006; Dashtgard et al., 2007). 

While these previous surveys were conducted with older versions of the Seistec 

system, a brand new Seistec system known as “Seistec 3” (see Appendix A) with 
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improved resolution capabilities owing to the use of a larger receiver cone, was 

available for the Mactaquac headpond survey. 

 

1.5.3 Ground Penetrating Radar System 

 Ground penetrating radar (GPR) systems may be operated very similarly to 

seismic reflection systems. A pulse is emitted downward from a transmitter through 

the subsurface, where the signal is scattered and/or reflected back to the receiver by 

changes in impedance (Annan, 2005).However, there is an important difference 

between GPR and seismic systems; A GPR system transmits electromagnetic (EM) 

waves, typically in the 1 – 1000 MHz frequency range (Annan, 2005, p. 357), whereas a 

(waterborne) seismic system transmits acoustic waves on a much lower frequency 

scale (frequencies in the Hz and kHz range). Acoustic and EM waves are sensitive to 

different physical properties, and therefore the resultant reflection profiles from 

reflection seismic and GPR surveys can yield different results. Acoustic waves are a 

propagation of mechanical vibrations through a medium, with wave velocities 

dependant on density, and the bulk modulus and shear modulus of the medium which 

quantify a material’s resistance to compression and shear. In contrast, EM waves are 

the result of oscillating currents, with wave velocities dependant on the relative 

dielectric permittivity (ℇr) of the medium (Annan, 2005), where the dielectric 

permittivity is a measure of how an electrical field behaves in a particular medium. 

 Subsurface reflections seen in GPR profiles are a result of energy reflected back 

due to velocity changes in the subsurface, where there are boundaries between units 
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of differing dielectric constant (largely dependent on water content and pore space), 

whereas seismic energy reflects off boundaries of varying acoustic impedance (see 

Section 1.5). This is particularly advantageous in areas where gasses (biogenic methane 

or otherwise) are present in sediments making seismic methods ineffective due to (i) 

the large density and P-wave velocity contrast producing a large reflection coefficient 

which prevents much acoustic signal from penetrating deeper, and (ii) gas bubbles 

acting as scatterers of acoustic energy, so high frequency waves are strongly 

attenuated travelling through gas-charged sediments (Toth et al., 2014). 

 Previous sediment surveys in rivers and lakes have proven the effectiveness of 

GPR as a tool for imaging sub-bottom stratigraphy in gassy environments where 

acoustic surveys fall short. Toth et al. (2003) conducted field trials in several shallow 

lakes throughout Europe to compare seismic and GPR responses under different 

geological circumstances and in waters of different conductivities. Toth et al. (2003) 

present an excellent example showing a seismic and GPR profile measured in parallel 

(Figure 1.5.5). The seismic profile clearly images the sludge layer on the northern end 

of the profile, though the southern end becomes masked by the presence of shallow 

biogenic gasses. The GPR profile is not affected by the gases present in the sludge layer 

and perfectly images this layer across the southern end of the profile. It should be 

noted that Toth et al. (2003) used submersible antenna towed 2-3 m deep under the 

water surface. The water depth is approximately equal to the depth of the GPR 

antenna below the water surface resulting in a water surface reflection approximately 

coincident with the water bottom reflection on the GPR profile in Figure 1.5.5.  
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Figure 1.5.5: Comparison of seismic profile (top) and GPR profile (bottom) imaging gas-
containing sediments (Toth et al., 2003). 
 
 GPR was successfully used by Chanu et al. (2014) to map sediment thicknesses 

at the bottom of a lake in India where water depths averaged 2.2 m. The survey was 

conducted using a wooden boat, with 100 MHz antennas towed inside a PVC pipe to 

ensure the antenna remains directly on the water surface. GPR profiles clearly showed 

two sediment units at the bottom of the lake, and once interpreted, the layer thickness 

data was brought into ArcGIS to generate sediment thickness maps for the lake.  
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CHAPTER 2 
DATA ACQUISITION AND PROCESSING 

 
 Data acquisition for the sediment thickness mapping involved three different 

sub-bottom profiling surveys outlined in Table 1 below: 

Table 1: List of conducted surveys and their dates 

Survey Date 

Knudsen echosounder 23 May – 2 October 2014 
June – July 2015 
 

Seistec III boomer 25 August – 1 September 2015 

Ground penetrating radar 10 August – 11 August 2016 

The first two surveys utilized acoustic sources, both deployed from the 30 foot 

long, flat bottom, landing-craft like “Sea Truck” vessel owned by NB Power, which was 

made available for the MAES project (Figure 2.0.1). The third survey employed a 

ground penetrating radar, requiring a non-metallic platform which was custom-made 

for the project, towed by an 18 foot aluminum jon boat as described further in Section 

2.3 below. 

 
Figure 2.0.1: The Sea Truck 
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2.1 KNUDSEN SONAR SURVEY (2014 – 2015) 

2.1.1 Knudsen Data Acquisition 

The preliminary acoustic survey was run in conjunction with a multibeam 

bathymetry survey of the headpond conducted by the UNB Ocean Mapping Group 

(Bremner et al., 2016). While multibeam data was being acquired, a Knudsen 320B 

echosounder with a MASSA TR-1075 transducer was also deployed in an attempt to 

image thicknesses of the river-bottom sediment, collecting data on two channels. The 

transducer was mounted on a rotating aluminum boom affixed to the side of the Sea 

Truck, as shown in Figure 2.1.1, and extending about 50 cm below the water surface 

during survey operations. 

 

Figure 2.1.1: Transducer boom used for the Knudsen system. The transducer 
is mounted on the bottom of the boom. 
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The Knudsen echosounder data were recorded in SEGY format, with latitude-

longitude positioning data (from the same GPS receiver connected to the multibeam 

system) saved to the headers (Bremner et al., 2016). During the first survey, both 

channels were run on the system’s default settings. One channel (the 3.5 kHz chirp) 

was set to produce a 1.5 ms chirped signal with a maximum ping rate of 6.5 pings per 

second and a sampling rate of 24000 Hz with a square law envelope detection 

employed. This chirped signal swept from 3 to 6 kHz with rectangular windowing 

applied to both the signal correlation filter and the outgoing transmit pulse. The second 

channel was set to transmit and record a 28 kHz continuous wave (CW) pulse. 

Before the second survey, field tests were run with the 3.5 kHz sonar with the 

goal of improving the resolution of acquired data over the previous survey. Testing 

included recording several lines, while varying the signal sweep length, bandwidth, and 

windowing settings for each in order to determine the best settings (see Appendix B for 

more details). Comparing the different tests, it was decided a 4 ms chirp signal swept 

from 1 to 6 kHz with rectangular windowing applied would be used for the 3.5 kHz 

channel for the second survey. 

 

 2.1.2 Knudsen Data Processing 

The only signal processing on the chirp sonar data was the on-board application 

of a matched filter (mentioned in section 1.5.1). The estimated Klauder wavelet 

resulting from the application of the matched filter to the data is shown in Figure 2.1.2 

(see Appendix B for how wavelet shape was determined).  
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Figure 2.1.2: Klauder wavelet in the 3.5 kHz chirp sonar data. 

Interpretation was carried out using software SegyJp2 and SegyJp2Viewer, 

specifically designed for sub-bottom profile interpretation by the Geological Survey of 

Canada (Courtney, 2009). SegyJp2 was first used to convert the SEGY files to JPEG2000 

format. SegyJP2Viewer was then used to display the single beam profiles and allowed 

for manual picking of the interpreted water bottom and (where visible) sub-bottom 

horizons (Appendix C). Upon completion of the horizon picking, the horizons for each 

individual profile were exported from the SegyJP2Viewer software as shape files to be 

imported into ArcGIS. 

In ArcGIS, the lat-long coordinate system attached to the horizon data were 

converted to NB Double Stereographic coordinates. Horizon picks from all survey lines 

were merged and interpolated (using the Natural Neighbour algorithm) to 10 m x 10 m 

cells to generate two surfaces: one for the water bottom based on the 28 kHz profiles, 

and one surface for the sub-bottom based on the 3.5 kHz profiles. Grid cells for the two 

surfaces were coincident, to facilitate a grid subtraction process for the calculation of 
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soft sediment thickness. Importantly, it was necessary, prior to subtraction, to apply a 

10 m buffering operation to each grid. This had the effect of masking any grid cells that 

were more than 10 m away from a survey line or, more precisely, more than 10 m away 

from a measured horizon pick. This was important to prevent the generation of 

artifacts in the grid subtraction process – particularly in areas where bathymetry 

changed abruptly and the sub-bottom horizon was not clear enough to be picked.  The 

buffered water bottom grid was then subtracted from the buffered sub-bottom grid, to 

yield a difference grid for each valid (non-masked) point common to both grids. These 

difference values, representing the difference in milliseconds between the arrival time 

of the water bottom and sub-bottom reflections at each non-masked grid point, were 

converted to thicknesses by dividing them by two (to account for two way travel time 

of the acoustic pulse) and multiplying by an estimated sound speed velocity of 1500 

m/s considered reasonable for soft sediments.  Points in this difference/ thickness grid 

were treated as a new XYZ dataset and interpolated (again via Natural Neighbour 

algorithm with 10 x 10 m cells) to estimate thicknesses in areas lying more than 10 m 

away from the nearest picked horizons. A 50 m buffer was applied to this final 

thickness grid, giving rise to blank zones or “holes” in the thickness map where survey 

lines were particularly far apart.  

It should be noted that the chirp sonar data did not provide adequate vertical 

resolution to clearly resolve the thin post-inundation sediment in the headpond. Due to 

the highly oscillatory or “ringy” nature of the Klauder wavelet, attempting to pick the 

proper reflection representative of the base of the post-inundation sediments was very 
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difficult, and very little confidence is held in the accuracy of the results. As a result, the 

maps produced from the Knudsen sonar survey (Grace & Butler, 2015) did not go 

towards any final interpretations of sediment thickness and distribution in the 

headpond, and are not included in this thesis. The final results and interpretations 

instead rely on the follow-up Seistec boomer and ground penetrating radar surveys, 

and on data from the 2015 and 2016 coring programs. 

 

2.2 SEISTEC SUB-BOTTOM PROFILER SURVEY (2015) 

 2.2.1 Seistec Data Acquisition 

From 25 August – 1 September 2015 approximately 200 line-km of single 

channel acoustic profiling data were acquired in the Mactaquac Headpond between 

the Mactaquac Marina and Woodstock, NB (see Figures 2.2.1.a and 2.2.1.b). A high 

resolution sub-bottom profiler – the Sempro Seistec 3 (Appendix A) - was used to 

acquire the data. The profiler is a surface towed catamaran (Figure 2.2.2) supporting an 

electro-mechanical sound source (boomer) and a directional line-in-cone hydrophone 

receiver. The boomer source produces a broadband pulse with a sharp onset that 

provided superior resolution and depth of penetration to the pinger echosounders 

used the previous season. The Seistec’s internal receiver consists of a vertical array of 

hydrophones on the axis of a 45° cone (Simpkin and Davis, 1993); it excels in shallow 

water where it can retain the high frequency content of reflected pulses more 

effectively than conventional single channel multi-element hydrophone streamers 

which suffer from surface ghosting and from imperfect summation along the streamer 
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for non-vertical reflected arrivals. Nonetheless, an external channel consisting of a 

multi-element single channel streamer about 3 m in length was also towed alongside 

the Seistec unit (Figure 2.2.3 and 2.2.4). The wider aperture of the streamer made it 

more sensitive in the lower frequency range, which was useful for imaging deeper 

sediment and structure. The data sets were saved in industry-standard SEGY seismic 

data format. The data files also contained navigation information, recording position in 

WGS84 UTM format. Positioning data was provided by an integrated GPS 

antenna/receiver (Garmin model N17) mounted directly on the Seistec catamaran (see 

Figure 2.2.2), which provided horizontal positions incorporating a WAAS differential 

correction once per second with a nominal accuracy of approximately 3 m.  Additional 

details on the data acquisition parameters are provided in Table 2. 

 To tow the Seistec unit, an outrigger was designed to attach to the starboard 

side of the Seatruck (Figure 2.2.5). The main assembly consists of a steel vertical “mast” 

and an aluminum “boom” designed to swing on two axes (both horizontal and vertical) 

for ease of deploying and retrieving the Seistec from the deck of the Seatruck, and so 

that the outrigger assembly could be brought in and secured while the vessel was in 

transit (see Appendix D for design plans). 
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Figure 2.2.1.a: Multibeam bathymetry map* displaying all Seistec survey lines (black) 

from Woodstock to Nackawic. 

*Multibeam bathymetry maps within this document are not intended for 

navigational purposes. 
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Figure 2.2.1.b: Multibeam bathymetry map displaying all Seistec survey lines (black) 

from Nackawic to Mactaquac
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Figure 2.2.2: The Sempro Seistec 3 profiler. The boomer plate is mounted forward on 
the catamaran, with the internal receiver array located inside the aluminum cone to 

the rear. 

 

Figure 2.2.3: A top view of the Seistec profiling system. The boomer plate can be seen 
towards the front of the catamaran, with the aluminum cone directly behind it. The 

multi-element single channel streamer is being towed off to the left side of the Seistec 
unit. 
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Figure 2.2.4: The Sempro Seistec 3 Profiler in tow during data acquisition. 

 

 

Figure 2.2.5: Outrigger for towing Seistec in (A) up position for transit (B) and down 
position for towing. When in down position outrigger can pivot in the horizontal plane 
(parallel the water surface) for ease of deploying and retrieving Seistec unit from the 

Seatruck deck. 
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Table 2: Seistec data acquisition parameters. 

Recording System: 
      Software: GSCA USB9234 Digitizer mk 1.3 Alpha software 
      Hardware:  National Instruments USB 9162 carrier for the USB9234 four channel 24-bit  
      digitizer (Channels 1-2 for analog data, Channel 4 as trigger input) 
 
Low cut filter: 300 Hz 
 
Data Delay: 0 ms 
 
Record Length: 100 – 160 ms 
 
Time Varying Gain (TVG): Linear TVG applied for 250 ms window correcting for spherical    
                                               spreading (1/r) 
 
TVG Ramp Rate (Time from 0 to max gain): ¼ second 
 
Power Supply, and Energy Setting: ORE Geoacoustics Model 5420A, power level 150 Joules 
 
Boomer Type: IKB Model B3 boomer 
 
Boomer firing (key) rate: every 3/8 second or ½ second used on different survey lines 
 
Boat Speed: ~5 km/h (1.39 m/s) 
 
Typical Trace Spacing: 0.52 m at 3/8 second key rate 
                                         0.70 m at ½ second key rate 

 
 
2.2.2 Seistec Data Processing and Map Production 

Vista 2013 Seismic Processing software was used for processing, viewing, and 

interpreting the Seistec data (although the GSC software mentioned in Section 2.1.2 

was used to create images included in this thesis). The Vista software is able to display 

the reflected acoustic pulses produced by each “shot” along a survey line in wiggle 

trace mode, which is advantageous for assessing the relative strengths and polarities of 

bottom and sub-bottom reflections.   
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To begin, noise outside the main signal bandwidth was removed by applying a 

minimum phase Butterworth band pass filter with low pass and high pass corner 

frequencies of 1000 and 8000 Hz respectively, using filter slopes of 12 dB/octave; most 

of this noise was concentrated in the lower frequency band.  

Before interpreting sediment thicknesses, the shape of the recorded Seistec 

wavelet needed to be known in order to accurately define individual reflections. The 

Seistec wavelet recorded by the internal channel (Figure 2.2.6) was estimated by 

flattening a section of GPR profile to the water bottom horizon, and summing across 

810 traces 

 
Figure 2.2.6: Seistec wavelet as recorded by the internal channel. 

 

The arrival time of this wavelet corresponds to the start of the first negative 

side lobe, right after the positive “precursor”. In the Seistec profiles presented further 

on (variable density display profiles), the black bands are representative of the positive 
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lobes of the wavelet (the darker the band, the higher amplitude the lobe). For the 

purposes of picking thicknesses between two reflections, the more dominant (more 

easily visible) positive lobe was used as a reference (since the distance between the 

two wavelet onsets will be identical to the distance between two positive peaks). 

Finally, horizons were picked manually in VISTA for interpreted water bottom 

and sub-bottom (i.e. pre-inundation water bottom) interfaces wherever sediment 

thickness was sufficient to distinguish the two reflectors. (See Appendix E for further 

details on horizon picking). 

The picked water bottom and sub-bottom horizons for every Seistec profile 

were exported from VISTA to an ASCII text file listing the UTM coordinates of every 

trace (shot) in the profile and the corresponding two-way travel times to the water-

bottom and sub-bottom. These files were imported into Microsoft Excel, where the 

bottom to sub-bottom arrival time difference was divided by two and multiplied by an 

estimated sound speed of 1500 m/s to calculate sediment thickness profiles for each 

survey line. The resulting XYZ table in Excel, containing UTM coordinates and 

associated sediment thickness values was then imported into gridding and mapping 

software Surfer (v. 9, Golden Software) for map production.  

With the XYZ table open in Surfer, the XY coordinate data were first converted 

from their original format in WGS84 UTM 19N to NAD83 CSRS New Brunswick 

Stereographic. Now in the desired coordinate system, thickness data along the Seistec 

profiles were augmented by setting thickness to zero along a polygon defining the 

shoreline of the headpond, and then gridded (interpolated) to 50 m x 50 m cells using a 
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kriging interpolation algorithm with a search radius of 1000 m. The assumption that 

thickness should taper to zero at the water’s edge was based on the reasoning that 

wave action should prevent accumulation of silty sediments in very shallow water. 

Once the data was gridded, a color scale was applied to the thickness values with color 

levels at 2 cm increments, and contours applied at 10 cm increments.  

Two polygons were added to the map as overlays to define three regions of 

varying confidence in the map. The inner, green polygon outlines the area where 

distinct water bottom and sub-bottom horizons could be picked on the Seistec profiles. 

A second, outer polygon, light blue in colour, outlines the complete extent of the 

Seistec survey lines. Regions between these two polygons represent areas where the 

soft sediment generally appeared to be too thin (< 12 cm) to be resolved by the Seistec 

system. In some areas, however, this region overlies the relatively steep slopes 

demarking the edges of the pre-inundation river channel, where it was difficult to 

discern whether the sediments were too thin to be resolved, or whether the steep 

slopes had simply degraded our ability to distinguish separate bottom and sub-bottom 

layers. 

 

2.3 GROUND PENETRATING RADAR SURVEY (2016) 

2.3.1 GPR Data Acquisition 

In late August 2016, a ground penetrating radar (GPR) survey was conducted on 

a small, shallow (generally < 15 m deep) portion of the headpond immediately 

downstream of Nackawic, where gas in the sediments had prevented sub-bottom 
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penetration by the acoustic profiling systems. The survey was conducted using a 

PulseEkko Pro GPR system, manufactured by Sensors and Software Inc., adapted by 

UNB for deployment on water. As shown in Figure 2.3.1, two 100 MHz antennas were 

towed in a custom-made catamaran float, 5 meters behind an 18 foot aluminum jon 

boat. The GPR unit was operated in free-run mode while the boat moved at a speed of 

~2.5 knots (1.3 m/s). With trace stacking set to 16, record length set to 1700 ns with a 

sample interval of 800 ps, free-run mode recorded 80 traces every 30 seconds, yielding 

an approximate trace spacing of 50 cm. A bathymetry map showing the GPR lines 

collected is shown in Figure 2.3.2. 

While running the survey, the GPR system controller recorded positioning (for 

every 10th trace) to a text file in the form of NMEA strings exported from a handheld 

GPS receiver located in the boat beside the controller as shown in Figure 2.3.1. The 

receiver was a Garmin GpsMap78Cs, employing WAAS differential corrections to 

deliver an estimated horizontal accuracy of +/- 3 m. 

 
Figure 2.3.1: GPR survey set up. A 100 MHz antenna sits in 
each pontoon of the catamaran under tow. Black plastic 
fibre optic cables connect the antenna electronics to the 
yellow Digital Video Logger (DVL) and control unit in the 
boat. 
 



 

37 
 

 
Figure 2.3.2: Bathymetry map of the Nackawic area showing locations of GPR profiles 

(blue lines) acquired using 100 MHz antennas on August 10 - 11, 2016. Red dots 
indicate the locations of pre-existing cores. 

 

 2.3.2 GPR Data processing 
 

To improve the GPR’s recorded signal quality, trace stacking was applied in real 

time while acquiring the data. The GPR system was set to “stack” 16 traces, so every 

individual trace on the final profile is a result of 16 traces being summed to attenuate 

random noise, improving the signal to noise ratio of the resulting stacked trace. 

All the GPR post-processing and interpretation was carried out using EKKO View 

Deluxe software. First, the GPS data had to be written to the trace headers. To write 

the GPS positions to the actual GPR profile trace headers, the EKKO software allows the 
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user to select the desired GPR line and corresponding GPS text file, and then 

automatically filters through the NMEA strings in the text file and appends the 

appropriate coordinates to each GPR trace header. If GPS data is not recorded for every 

trace (as in this case where it was recorded every 10th trace) the software interpolates 

positions for these traces based on the positions of the traces with recorded position 

data, assuming a constant spacing between each trace. 

 To remove noise, a lowpass filter (zero phase) was applied to the data to 

remove frequencies higher than those in the main signal bandwidth. The software 

prompts for a “cutoff percent” (a percentage of the Nyquist frequency), below which 

data are preserved and above which data are attenuated. The sampling interval used of 

800 ps gives a Nyquist frequency of 625 MHz. For processing, a cutoff frequency of 30% 

was specified, equal to a high corner frequency of 187.5 MHz. 

 Again, as with the Seistec data, the shape of the GPR wave needed to be known 

in order to accurately define individual reflections. The GPR wavelet produced by the 

100 MHz antenna used (Figure 2.3.3) was estimated by flattening a GPR profile 8 to the 

water bottom horizon, and summing across all 810 traces.  
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Figure 2.3.3: GPR wavelet produced by the 100 MHz antenna 

 
The arrival time of this wavelet corresponds to the leading edge of the wavelet 

where the trace deviates from zero and begins to go negative. In the GPR profiles 

presented further on (variable density display profiles), the white and dark bands are 

representative of the positive and negative lobes of the wavelet respectively. For the 

purposes of picking thicknesses between two reflections, just as was done with the 

seismic data, the more dominant (more easily visible) positive lobe was used as a 

reference (since the distance between the two wavelet onsets will be identical to the 

distance between two positive peaks). 

 In order to calculate the thickness of sediment layers seen in the GPR profiles, 

the velocity of the GPR wave through the sediment layer of interest needs to be 

known. In a first attempt to determine an accurate velocity value to use, hyperbolas 

were fit to diffraction patterns seen in the sediments to yield a velocity for the 

sediment (Figure 2.3.4).  
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Figure 2.3.4: Fitting a hyperbola (red) to a diffraction pattern to determine an RMS 

velocity for the sediment 
 

Since this is a multi-layered problem with the water column as the first layer, 

and sediment as deeper layers, the velocity determined by fitting diffraction 

hyperbolas is actually a root mean square (RMS) velocity (Cross & Knoll, 1991). With 

this value, the following equation from Cross and Knoll (1991) can be used to solve for 

the desired interval velocity, vi (velocity of the GPR wave in the sediment layer of 

interest): 

        
  

      
                 

     

        
      (4) 

 Although this method does yield a velocity for the sediments, these diffraction 

patterns exist in the deeper sediments which would have existed pre-inundation, so 

velocities derived from analyzing these diffraction patterns may yield different 

velocities than would actually be seen for the thin post-inundation sediments. 

 An alternative approach (considered more reliable for this application) was to 

estimate a GPR velocity from estimates of the soft sediment porosity using the Topp 

equation (Topp et al., 1980) (Equation 5a), relating a material’s volumetric water 

content w to its relative dielectric permittivity εr. In water-saturated materials, w is 

equivalent to porosity. The inverted form of the Topp equation (Equation 5b) therefore 
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gives the ability to solve for a sediment’s relative dielectric permittivity εr based on 

porosity (water content) w.  

                       
             

                                   (5a) 

                      
        

     (5b) 

Once the relative dielectric permittivity is known, the value can be directly input into 

Equation 6 (Annan, 2005) to solve for GPR wave velocity (v), where c represents the 

speed of light in m/ns. 

       
 

   
      (6) 

 

2.4 ACOUSTIC SYSTEM COMPARISONS 

 Two key differences between the Knudsen chirp sonar and the Seistec boomer 

systems are the resolution and the power provided by the systems. The Seistec boomer 

produces a much broader bandwidth, “sharper” acoustic pulse than the Knudsen 

echosounder (Figure 2.4.1). With the more compact, distinct wavelet, much thinner 

sediments are able to be distinguished in the Seistec data than was possible in the 

Knudsen data. Figure 2.4.2 compares profiles acquired using the Seistec boomer and 

the Knudsen echosounder along near-coincident survey lines in August 2015 and June 

2014 respectively. As is seen in the top Knudsen profile, the oscillatory nature of the 

wavelet makes it impossible to identify a thin sediment layer with confidence, since the 

wavelet itself is longer than the sediment is thick. In contrast, the Seistec profile below 

is much cleaner and less “ringy”, with a sharper wavelet clearly delineating a thin 
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sediment layer on the order of 12 cm that was unable to be resolved by the lower 

resolution Knudsen system. 

 
Figure 2.4.1: Seistec wavelet (left) compared to the Knudsen wavelet (right). 

 

 
Figure 2.4.2: A Knudsen 3.5 kHz chirp sonar profile (top) compared to a Seistec boomer 

profile (middle and bottom) acquired along same survey line approximately 200 m 
long. Thin post-inundation sediment is outlined in orange on the bottom Seistec profile. 
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 The Seistec boomer is also much more powerful than the Knudsen 

echosounder. As a result, the Seistec system signal was able to penetrate deeper into 

the subsurface and successfully image the deeper Quaternary stratigraphy in sections 

of the headpond (see Chapter 4), whereas the echosounder showed no evidence of any 

coherent reflections representing deeper structures or stratigraphy. 

 

2.5 CORING PROGRAM (2015 – 2016) 

A sediment coring program was conducted in the Mactaquac Headpond 

throughout fall 2015 and June 2016. The majority of the coring program was carried 

out using the VC-3.5.2 Vibracoring System deployed from the Sea Truck research boat 

in both vibrating and gravity coring modes. The system (Figure 2.5.1) consists of a  

 
Figure 2.5.1: The VC-3.5.2 Vibracore System used for the MAES coring program  

(Figure from pvltech.com). 
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core tube (4 inch diameter) with a powerhead above the core tube which vibrates, 

“hammering” the core tube into the river bottom sediments. Two large floats are 

attached to the coring system to provide stabilization and keep the core tube vertical in 

the water column. A large steel A-frame was constructed and installed on the bow of 

the Seatruck to suspend the corer over the water so that it could be lowered and raised 

with a mechanical winch (Figure 2.5.2). With experience operating the vibracore 

system, it was determined that, while vibracoring retrieved the longest cores, it was 

better to operate the vibracore apparatus as a gravity corer for purposes of recovering 

the soft, silty post-inundation sediment as the vibration of the system tended to blow 

out and re-suspend the light surface sediment. In addition, a lighter weight gravity 

coring system was deployed by hand through the ice to collect a few sediment cores 

near the Riverside Hotel and Longs Creek in February 2016. 
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Figure 2.5.2: The vibracore system mounted at the bow of the Seatruck. 
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CHAPTER 3 
RESULTS – SOFT SEDIMENT THICKNESS 

 
The Mactaquac Headpond can be divided into three main regions based on the 

acoustic characteristics of the shallowest sediments observed in the Seistec data 

(Figure 3.0.1): (i) the lowermost region, covering approximately 25 km between the 

dam and Bear Island, where there is resolvable post-inundation soft sediment, (ii) the 

middle region, extending approximately 17 km from Bear Island to the Hawkshaw 

Bridge, 4 km upriver of Nackawic, where the presence of very shallow gas in the 

sediments (indicated by a strong negative polarity reflection at the water bottom, and 

by gas bubbles in core) prevented acoustic imaging of any sediment layer, and (iii) the 

upper region extending approximately 35 km from the Hawkshaw Bridge to Woodstock 

where any soft sediment accumulation appears to be minimal, less than the 12 cm 

resolution of the Seistec system. 

 Figure 3.0.2 shows characteristic Seistec profiles of the lower (A), middle (B), 

and upper (C) regions respectively. Profiles in the lower region (Figure 3.0.2.A) typically 

display a relatively weak reflection representing the river bottom and top of the soft 

sediments, underlain by a comparatively stronger reflection indicative of the harder 

surface of the pre-inundation riverbed. Profiles in the middle region (Figure 3.0.2.B) 

typically display just a single negative polarity reflection at water bottom, implying that 

gasses are present in the sediments very near to the surface. Profiles in the upper 

region (Figure 3.0.2.C) typically show just a single strong bottom reflection, indicating a 

hard bottom composition with lack of any soft silty post-inundation sediment 

exceeding the minimum resolvable thickness of approximately 12 cm.
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Figure 3.0.1: Multibeam bathymetry map showing three sections of the headpond 

(divided by red lines). Black lines indicate locations of representative profiles seen in 
the following three figures. 
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Figure 3.0.2: Representative Seistec profiles from (A) lower (B) middle and (C) upper 

sections of the Mactaquac Headpond 
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3.1 ACOUSTIC CHARACTER OF POST-INUNDATION SEDIMENT 

In the lowermost region, post inundation sediments blanketing the old river 

channel, where greater than 12 cm thick, were easy to distinguish as a consequence of 

their very low density and rigidity (and hence low acoustic impedance) compared to 

the harder sediment of the old river bottom. The water bottom reflections from the 

top of the post-inundation sediment were typically only 35% as strong as the sub-

bottom reflection from the harder interface between the post inundation silts and the 

old river bed below. In addition, the silty post-inundation sediments have a very 

laminar character in the Seistec profiles (Figure 3.1.1), with a smooth, continuous, 

reflection following the pre-inundation riverbed surface, where as the pre-inundation 

sands and gravels are very acoustically turbid, with much less continuity seen in the 

reflections. A final feature which clearly identifies the boundary between the pre and 

post-inundation sediments is the on-lap of the post-inundation sediments on the pre-

inundation river bed surface, which is a characteristic depositional feature associated 

with water level rise, recognized in seismic stratigraphy. 

There is less certainty in delineating post-inundation sediment over flooded 

lands, where the pre-inundation surface sediment would have been softer, and more 

similar in acoustic impedance to the post-inundation sediment. In such areas, post-

inundation sediment thicknesses could be over-estimated if the most prominent sub-

bottom reflector originated at the base of a pre-inundation soft soil layer; sediment 

coring would then be important to help constrain the true post-inundation thicknesses. 
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Figure 3.1.1: Distinguishing characteristics of post-inundation sediment observed in 

Seistec profiles. 
 

3.2 SOFT SEDIMENT THICKNESS AND RESERVOIR SILTATION MAP 

The Seistec survey line coverage for the headpond is shown overlain on the 

multibeam bathymetry map in Figure 3.2.1.a and b, and overlain on the multibeam 

bathymetry and sediment thickness maps for the lower region in Figures 3.2.2 and 

3.2.3. Figure 3.2.4 shows the sediment thickness map for the entire Mactaquac to Bear 

Island area, while Figures 3.2.5 and 3.2.6 present the map in two sections at a larger 

scale. Interpretation of the Seistec data for the lower region (Mactaquac to Bear Island) 

yielded an average measured sediment thickness estimate of 20 cm with a standard 

deviation of 10 cm, and a post-inundation sediment volume of 4,700,000 m3. This 

corresponds to an annual reservoir sediment accumulation rate of 4.3 mm/year, with 

approximately 102,000 m3 of sediment being deposited annually, in this lower region. 

The results show that the majority of the headpond between Mactaquac and Bear 

Island has accumulated less than 30 cm of sediment since emplacement of the dam. 
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However, two small regions show a larger deposition of sediment reaching up to 60 cm 

in thickness (which corresponds to sedimentation at a rate of 13 mm/year). These 

regions are found near the larger submerged islands, likely a result of lesser river 

current from the shelter of these bathymetric high points. These thicker sediment 

depositions occur on the western side of Snowshoe Island (Figure 3.2.4 and 3.2.7), and 

to the south and southeast of Bear Island. Overall, these values are low when 

compared to other reservoirs around the world. Reservoirs studied in southwestern 

Burkina Faso accumulate sediment at rates between 15 and 25 mm/year (Schmengler 

& Vlek, 2015), and Kangaroo Creek Reservoir in Australia accumulates sediment at an 

even more rapid rate, on the order of 70 mm/year (Tibby et al., 2009).  

Thickness interpretations based on the Seistec data are limited to the 

lowermost region due to the presence of gas charged sediments in the middle region. 

The presence of gas bubbles in shallow sediments was confirmed visually through 

coring in multiple locations in the Nackawic region (Figure 3.2.8). Gas in the pore 

spaces of these sediments drastically reduces their p-wave velocity vp, and to a lesser 

extent, their density ρ. The acoustic impedance ρvp of the sediment drops below that 

of the overlying water, resulting in a very large negative impedance contrast, which has 

the effect of the interface acting as a near perfect reflector, reflecting the vast majority 

of acoustic energy back to the surface rather than allowing any of it to penetrate the 

bottom to image any sub-bottom structure.  

The Seistec profiles showed gas to be present throughout the middle region – in 

sediments covering the pre-inundation riverbanks and also in those overlying the old 
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riverbed where we would expect the pre-inundation sediments to have been sands. 

The origin of and chemistry of the gases are not known for certain, but biogenic 

methane is considered most likely. A borehole drilled at the Nackawic bend by the GSC 

(Lamothe, 1990) shows the first 5 feet to be comprised of a fine silty sand containing 

organics, while another core, from about 5 km north in the Nackawic River, revealed 

one foot of organic bearing silt and sand beneath fine sands and gravels at a depth of 4 

feet. It is possible that such organic-bearing silty units are present at variable depths 

below bottom throughout the middle region as a consequence of post-glacial 

meandering of the Saint John River. We infer that gasses encountered along the whole 

middle region are likely a result of the decaying organics in this silty unit, which was not 

reported by Lamothe (1990) in the boreholes upriver of Nackawic, or near Mactaquac 

(borehole locations shown in Figure 3.2.1).  

The Seistec profiles along the upper region of headpond between the 

Hawkshaw Bridge (Nackawic) and Woodstock do not show any large sections with 

resolvable soft sediment deposition, although it should be noted that profile coverage 

of this stretch of headpond is very sparse (Figure 3.2.1). The Seistec profiles in this 

region tend to exhibit a single strong positive reflection, indicative of a hard river 

bottom. The lack of evidence of soft sediment in the Seistec profiles is not surprising, as 

close inspection of the multibeam bathymetry map (Figure 3.2.1.a) reveals stones and 

boulders across much of the river bed for this reach, indicating that any silty veneer 

must be relatively thin. 
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Figure 3.2.1.a: Multibeam bathymetry map from Woodstock to Nackawic showing 
Seistec survey lines (black), and GSC borehole locations (blue). 
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Figure 3.2.1.b: Multibeam bathymetry map from Nackawic to Mactaquac showing 
Seistec survey lines (black) and GSC borehole locations (blue). 
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Figure 3.2.2: Multibeam bathymetry map of Mactaquac Headpond (lower region) 

showing locations of Seistec profiles (black) and cores (red). 
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Figure 3.2.3: Sediment thickness map with location of Seistec lines (black) and cores 

(red) overlain. Locations of submerged pre-dam islands are outlined in dark blue. Light 
blue polygon represents extent of Seistec lines. Green polygon represents extent of 

horizon picks. Thickness was tapered to zero along the shoreline. 
 

 

X 
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Figure 3.2.4: Soft sediment thickness map for lower section of Mactaquac Headpond 
(Mactaquac to Bear Island). Locations of submerged pre-dam islands are outlined in 

dark blue. Light blue polygon represents extent of Seistec lines. Green polygon 
represents extent of horizon picks. Thickness was tapered to zero along the shoreline. 
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Figure 3.2.5: Western half of sediment thickness map (Bear Island to Long’s Creek). 
Locations of submerged pre-dam islands are outlined in dark blue. Light blue polygon 
represents extent of Seistec lines. Green polygon represents extent of horizon picks. 

Thickness was tapered to zero along the shoreline.
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Figure 3.2.6: 

Eastern half of sediment 

thickness map (Long’s Creek to 

Mactaquac). Locations of 

submerged pre-dam islands 

are outlined in dark blue. Light 

blue polygon represents extent 

of Seistec lines. Green polygon 

represents extent of horizon 

picks. Thickness was tapered to 

zero along the shoreline. 
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Figure 3.2.7: Seistec profile showing variability in post-inundation sediment thickness 

across Snowshoe Island (see Figure 3.2.3 for line location). 
 

 
Figure 3.2.8: Core collected in Nackawic showing gas bubbles in headpond sediment. 

 
 

3.3 RESULT COMPARISON WITH CORE DATA 

In Table 3, the soft sediment thicknesses determined from the four gravity cores 

collected in the lowermost survey area in 2016 (see Figures 3.2.2 and 3.2.3 for core 

locations) are compared to thickness estimates derived from the Seistec profiles. (More 

details on cores and their analyses are expected in a forthcoming report by Yamazaki & 
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Haralampides, 2017.) The “soft sediment” thickness is taken to be post-inundation 

sediments, assuming the pre-inundation riverbed was comprised largely of sands and 

cobbles (which are not able to be retained by the gravity/vibra coring). However, over 

shallow regions, which would have been sub-aerial prior to inundation, soft pre-

inundation sediments (soils) are present and were captured by cores. In these cases, 

the presence of grass or plant roots indicates the base of the post-inundation soft 

sediment. 

Table 3: Thicknesses of sediments captured by gravity cores compared to Seistec 
estimates. 

Core Location Core – Total length Core – Thickness to 
grass layer (if 
present) 

Seistec - Thickness 

Riverside Hotel 30 cm N/A (old river bed) 29 cm 

Snowshoe Island 24 cm 9 cm (roots present 
down to bottom) 

26 cm 

Long’s Creek 7 cm N/A (old river bed) 18 cm 

Bear Island 26 cm 24-26 cm 27 cm 

 
In three of four cases the sediment thickness captured in the cores compares 

very closely to the estimated thickness of the soft sediment layer imaged by the Seistec 

system. The Seistec thickness result for the Riverside Hotel and Bear Island points are 

within two centimeters of the post inundation sediment layer captured by the cores, 

which is well within the expected uncertainty associated with horizon picking error, 

sound speed velocity assumptions, and interpolation between survey lines (as 

discussed below in the limitations Section 3.3). 

The Long’s Creek result shows some disagreement, with the core capturing 11 

cm less sediment than estimated from the nearest Seistec profile, 160 m away. The 

discrepancy could again be attributed to the distance between the core location and 
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the Seistec line. However, it is also very conceivable that the lightweight handheld 

gravity corer either failed to fully penetrate the silty sediments, or that core was lost 

from the tube as the device was raised to the surface. Extremely cold weather on the 

day of sampling stopped the coring team from collecting a second, confirmatory 

sample at this location. 

The Snowshoe Island core displays the largest difference in post-inundation 

sediment thickness from the Seistec results. It shows a grass layer, which is a clear 

indication of a post inundation sediment boundary, at 9 cm, which is 17 cm less 

sediment than the Seistec showed for this location. However, this 9 cm layer is below 

the 12 cm threshold for the minimum thickness of a sediment layer the Seistec is able 

to resolve, so instead the Seistec is showing a deeper interface with a depth matching 

the thickness of ~25 cm of soft sediment recovered by coring. As roots were present in 

the core to that depth, we interpret that this interface may be the base of the pre-

inundation soil layer. As a result, in regions that were sub-aerial prior to inundation, 

there is a risk of over-estimating the post-inundation sediment thicknesses where they 

are too thin to be resolved.  It should also be noted that this core was located about 80 

meters away from the reference Seistec line so regional variation in sediment thickness 

could be partially to blame for the discrepancy. However, it might alternatively be a 

consequence of the sediment density issue discussed in Section 2.2.2; pre-inundation 

soil on the island may have had a density and acoustic impedance very similar to that of 

the post-inundation silty sediment, in which case the Seistec may not be detecting this 

pre/post-inundation boundary, but instead capturing a reflection from the denser tills 
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or sands below both the former soil horizon. In general, there is less certainty in 

delineation of post-inundation sediment over flooded lands, where the pre-inundation 

surface sediment would have been softer, and closer to the density of the post-

inundation sediment. In such areas, post-inundation sediment thicknesses could be 

over-estimated if the most prominent sub-bottom reflector originates at the base of a 

pre-inundation soft soil layer. 

 

3.4 LIMITATIONS OF THE RESERVOIR SILTATION MAP 

Upriver of Bear Island the presence of gas in the sediments immediately below 

the water bottom prevents the Seistec system from imaging the sediment. Downriver 

of Bear Island there are also rare cases of gas in the sediments; however in most of 

these cases a thin sediment layer is still distinguishable above the gas-containing 

sediment (Figure 3.3.1). It is not certain that the gas horizon represents the base of soft 

post-inundation sediment, however, looking at regions where these buried gas 

horizons begin and end, this appears to be a reasonable assumption as the sediment 

thickness above the harder sub-bottom interface is relatively consistent with the 

thickness above the gas interface (Figure 3.3.1). 
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Figure 3.3.1: Segment of a Seistec profile passing over a region where the interpreted 
sub-bottom reflector transitions from a strong negative polarity reflection (indicative of 
gas-charged sediment) to a positive polarity reflection. The soft sediment layer 
thickness remains relatively consistent across both. 
 

Conversion from two-way time in the sub-bottom profiles to depths and 

thicknesses was done assuming a constant 1500 m/s for the speed of sound in the 

sediment layer. This value is considered reasonable for soft (uncompacted) sediments 

such as sediment deposited since the construction of Mactaquac Dam. The minimum 

expected velocity would be ~1420 m/s (the speed of sound in fresh water at 4°C), in 

which case thicknesses would be 5% less than estimated. If sediment in certain areas is 

significantly more compacted than expected, sound speed could reach values on the 

order of 1650 m/s in which case thicknesses could be up to 10% greater than 

estimated. By way of comparison, Table C.2 in Nadeau (2005) reported that P-wave 

velocities in the glaciolacustrine clay/silt unit overlying the Fredericton aquifer at 

depths up to 30 m were in the range 1545 ± 70 m/s. 

In the absence of any significant error in sound speed, the precision of soft 

sediment thickness estimates is likely dominated by the resolution of the Seistec 
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system. Sediment layers less than about 12 cm thick are not resolvable, so in areas 

where sediment was not visible in the Seistec profiles, there may be up to 12 cm of soft 

sediments. 

Interpolation errors will be present in the sediment thickness map due to 

relatively wide spacing of the survey lines, which varied from as little as 100 m near the 

dam to approximately 200 m near Long’s Creek, to 800 m or more in the vicinity of Bear 

Island. In particular, the line spacing near Bear Island is large compared to the size of 

the submerged island (see Figures 3.2.2 and 3.2.3) and old river channels and therefore 

unlikely to capture associated details of sediment distribution.  

Finally, the sediment thickness estimates derived from the Seistec sub-bottom 

profiles are based on the assumption that post-inundation sediment will be softer than 

the underlying substrate. The coring results provide some confidence that this 

assumption is reasonable for the lower portion of the headpond covered by the 

sediment thickness map. However, in areas above Nackawic in particular, there may be 

coarser grained (sandy) post-inundation sediment, which cannot be distinguished from 

a pre-existing coarse-grained river bottom. Conceptually, based on hydrodynamic 

considerations (Yamazaki, personal communication, 2016), this seems likely, as the 

Nackawic area could represent the downstream extent of bedload sediment transport 

in the headpond; the headpond widens and deepens at Nackawic with resulting loss of 

energy such that only suspended sediment transport is expected beyond that point. 
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3.5 NACKAWIC SOFT SEDIMENT (GPR) 

 As mentioned in Section 1.5.3, although the GPR system yields profiles that 

resemble seismic reflection profiles, the GPR reflections are a result of changes in the 

dielectric constant of the subsurface, which is highly influenced by water content and 

therefore by porosity in the case of water-saturated sediments. By comparison, 

reflections in the acoustic/seismic profiles are results of changes in the acoustic 

impedance of a subsurface layer. As a result direct equivalencies cannot be expected 

between GPR and acoustic systems in terms of their sensitivity to a particular sediment 

layer interface such as the base of post-inundation sediments.  

In the case of this GPR survey, lines were only collected in a small area where 

gasses in the sediments prevented the Seistec from imaging any sediment or structure 

below the water-bottom so there can be no attempt at comparing sediments imaged 

by the two systems. This however, shows the important difference between the two 

systems for our purposes; due to the different properties governing the propagation of 

acoustic vs electromagnetic waves, the GPR was able to successfully image sub-bottom 

structures through the gas-containing sediments, where the Seistec was unable to do 

so. Figure 3.4.1 highlights this, showing sub-parallel Seistec and GPR profiles separated 

by less than 200 m. The Seistec profile displays only one negative polarity reflection 

representing, indicative of gas-charged sediment at the water bottom, whereas the 

GPR reveals thin layering in the shallow sub-surface, able to resolve sediment layers as 

thin as 45 cm (Appendix F) in addition to revealing deeper reflections on some of the 

lines acquired. The lower resolution of the 100 MHz GPR pulse (45 cm) compared to 
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the Seistec pulse (12 cm) is a result of a larger dominant wavelength, shown in Figure 

3.4.2 where both pulses are compared at the same distance scale (GPR velocity 

estimate is explained below). 

 
Figure 3.4.1: Comparison of Seistec (top) and GPR (bottom) profiles showing the GPR’s 
ability to image the gas-charged sediments where the acoustic system was incapable. 

 
 

 
Figure 3.4.2: Comparison of dominant wavelengths of the GPR and Seistec system in 

typical post inundation sediments with velocities of 0.06 m/ns and 1500 m/s 
respectively. 
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GPR waves can be greatly attenuated traveling through the water column 

depending on the conductivity of the water (fresh water exhibiting lower attenuation 

rates than sea water). The manufacturer of our Pulse Ekko Pro GPR system (Sensors 

and Software Inc.) provides an estimate (Equation 7) of GPR penetration depth in 

water, where σ is electrical conductivity of the water in mS/m :  

      
  

      
        (7) 

Using a water conductivity value of 12.9 mS/m measured near Nackawic (Figure 3.4.3) 

by NB government officials on August 17, 2016 (Environment and Local Government, 

2016), the equation yields a depth of penetration estimate of approximately 17 meters. 

 
Figure 3.4.3: Time series of water conductivity in the Saint John River near Nackawic. 

 
Based on the few GPR lines collected (see basemap in Figure 2.3.2), the system 

was able to penetrate up to 15 m of water using 100 MHz antennas. The depth of 

penetration could probably have been increased by switching to lower frequency 50 
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MHz antennas, although this would result in reducing the resolution by a factor of two. 

Also, depths of penetration through the water column could have been increased by 

surveying at a particular time of year where water conductivities are lower. Considering 

the 1.5 year time series of water conductivity values measured near Nackawic (Figure 

3.4.3), the lowest conductivity values appear in May and June. Taking the lowest value 

of 9.16 mS/m measured in May 2016 and substituting into Equation 7 yields a depth of 

penetration estimate of 24 meters. This is 7 meters greater estimated penetration than 

in August 2016 when the GPR survey was actually conducted. 

For the interpretation of post-inundation sediment thickness on the GPR 

profiles, the assumption was made that since dam emplacement and flooding of the 

headpond, the sedimentation has been essentially uniform (apart from any seasonal 

variations that would likely be too thin to be resolved). Following this assumption, the 

bottom of post-inundation sediment would be represented by the first reflector visible 

below the bottom reflector. In addition, the pre-inundation surface is likely to have 

been rougher and underlain by more heterogeneous sediment, giving rise to diffraction 

patterns, such as those seen below the second reflector in Figure 3.4.4. 

It appears that the first layer of sediment resolvable below the water bottom is 

normally thinner than 50 cm, although there are some spots it appears to be up to 

nearly 1 m thick (Figure 3.4.4).  The calculated values for these thickness estimates 

assume a GPR wave speed range of 0.051 - 0.065 m/ns. This velocity range was 

determined using Topp’s Equation (Section 2.3.2), substituting in sediment porosity 

values of 35% and 50% as lower and upper bound estimates, which would be a 
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reasonable estimate for the post-inundation silts such as these in the headpond 

(McWorter & Sunada, 1977). These thickness results are broadly consistent with 

sediment cores collected in the Nackawic area (Yamazaki, personal communication, 

2016), although it should be noted that the sediment cores were collected in the 

deeper river sections, away from the survey lines on the shallow banks (Figure 2.3.2). 

In some areas, such as the right-hand side of profile 11 in Figure 3.4.5, only a 

single reflection was returned from the bottom and no sediment layer could be 

resolved. In other areas, such as along profile 12 (Figure 3.4.6), multiple subsurface 

layers could be identified, at least some of which were likely deposited prior to flooding 

of the headpond.  

It is important to note that the layers imaged in the sample GPR profiles above 

may not be post-inundation sediments. Differentiating between pre- and post-

inundation sediments is more complicated with GPR than with the Seistec system. The 

acoustic Seistec system returns reflections at boundaries defined largely by contrasting 

densities and/or rigidities, and it is a good assumption the post-inundation sediment 

will be less dense and rigid than the underlying pre-inundation sediments composing 

the old river bed and flood plains. In the case of GPR, reflections are returned from 

boundaries defined by changes in dielectric constant – dependent largely on changes in 

water content (equivalent to porosity in water-saturated sediments). It may or may not 

be reliable to assume that there is a distinctive contrast in dielectric constant/water 

content between pre- and post-inundation sediments. For complete confidence in the 

GPR interpretations, core samples from the survey area would be required for 
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comparison. Unfortunately the coring program was completed prior to the GPR survey 

and all cores in the Nackawic region (Figure 2.3.2) were collected in the deeper waters 

of the old river channel where water depths are too great to image the bottom with 

the floating 100 MHz GPR system deployed to date.  

 
Figure 3.4.4: Section of 100 MHz GPR Line 2 showing thin sediments imaged. 

 
Figure 3.4.5: Section of 100 MHz GPR Line 11 showing thin sediments imaged to the 

left of the figure. Moving to the right there is a transition to a single reflection. 

 
Figure 3.4.6: Section of 100 MHz GPR Line 12 showing thicker sediment packages, likely 

including pre-inundation layers, such as sands observed along the nearby shoreline. 

The GPR returns labeled “multiples” are simply reverberations or echoes of the water 

bottom reflection within the water column. 
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CHAPTER 4 
RESULTS – QUATERNARY STRATIGRAPHY 

 
The Seistec boomer system provided the power to image greater depths than 

just the thin post-inundation sediments. In the lower portion of the headpond, 

extending 10 km upriver from the Mactaquac Dam, the Seistec system yielded 

coherent reflections representing glacial and post-glacial stratigraphy and structures at 

depths up to 20 m below the water bottom. Depth estimates are produced using a p-

wave velocity of 1600 m/s for the clay/silt unit, which is considered to be a reasonable 

velocity based on velocities tabulated for various valley fill units by Nadeau (2005). 

Near to the dam, the Seistec was able to image deeper structures. Site 

investigation work carried out for construction of the dam provides good control for 

interpreting the structures seen in the Seistec profiles in that area. Figure 4.1.1 shows a 

cross section of the valley (Conlon and Ganong, 1966) along the axis of the dam based 

on borehole data. The cross section shows the river to run through an overburden-

filled bedrock valley. Near the dam an artesian aquifer of stratified silt, sand, and gravel 

overlies the bedrock (Tawil & Watson, 1976; Tawil & Harriman, 2001). It is at least 100 

feet (30.5 m) thick at the centre of the valley, and thins towards the sides of the valley. 

Overlying the artesian unit is an impervious clay till. The till is up to 65 feet (19.8 m) 

thick, consisting of approximately 22% clay and 23% silt, with the remainder consisting 

of sand and gravel with small numbers of cobble and boulder size clasts (Conlon and 

Ganong, 1966). The till unit can be broken in to two distinct layers: a lower relatively 

stiff brown till, and an upper relatively soft grey till (Conlon and Ganong, 1966). The tills 

are overlain by a clay/silt unit with a maximum thickness of 30 feet (9.1 m), and an 
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alluvium unit with a maximum thickness of 20 feet (6 m) containing silt, sand, gravel, 

and cobbles. Both of these uppermost deposits are discontinuous. 

Some of the units outlined above can be distinguished in Seistec profiles close 

to the dam. Figure 4.1.2 shows a Seistec profile running parallel to the cross section, 

approximately 200 m upriver. In the profile the most obvious feature is a channel 

structure, which represents the top of the till unit. Overlaying this is a thinly stratified 

unit interpreted to be the clay-silt unit. The reflections representing lamination of the 

clay-silt unit are obscured to the left of the profile, likely masked by what is interpreted 

to be overlying sand and gravel alluvium that absorbs the acoustic pulse. These 

interpretations are supported by the cross section (Figure 4.1.1) and valley fill sediment 

descriptions (Conlon and Ganong, 1966), where the top of the glacial tills are overlain 

by approximately 10 m of clay-silt, which matches the depth to till seen in Figure 4.1.2. 

In addition, the parallel laminations evident in the Seistec profiles above the channel 

shaped reflection from the top of the till were also observed beneath the Saint John 

River ~20 km downstream at Fredericton, where they were positively tied to the 

glaciolacustrine clay-silt unit based on geological logs from boreholes adjacent to the 

river (Butler et al., 2004; Nadeau, 2005).  

One particular area of interest lies approximately 1 km upriver of the dam. 

Here, the Seistec system was able to image a buried channel containing an esker-like 

feature, up to 20 meters below the river bottom. As shown in Figure 4.1.3, the channel 

is in-filled with laminated sediment, which is interpreted to be the same post-glacial 

lacustrine silt-clay unit seen nearer to the dam. Towards the centre of the buried 
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channel is an inverted parabolic feature, resembling an esker. This particular feature 

trends north-northeast/south-southwest, and can be traced upriver for about 2 km. 

Note that the draped character of the laminations over the esker ridge, persisting 

throughout the overlying unit, is consistent with pelagic or deep water sedimentation, 

with clay-silt size particles settling out of suspension under calm conditions, as opposed 

to higher energy fluvial deposits or sub-glacial deposition. Based on the nature of this 

draped, laminated sediment, deposition of this clay-silt unit is interpreted to be related 

to the Madawaska time period (see Section 1.4) during the final glacial recession when 

much of the Saint John River valley was occupied by the Inland Sea Acadia, providing 

the deep calm water conditions necessary for the observed features. 

The Seistec was able to image this deeper Quaternary stratigraphy on the 

north-northeast trending portion of the headpond extending 10 km upriver from the 

dam. Figure 4.1.4 shows a map depicting the extent of the channel and esker-like 

features mentioned above (based on what the Seistec was capable of imaging). The 

channel feature can be traced from directly above the dam, to about 6 km upriver, 

while the esker-like feature begins just under a kilometer upstream from the dam and 

can be seen in Seistec profiles for approximately 2 km, diminishing in size on both the 

up and down river ends until no longer visible. As can be seen in Figure 4.1.4, 

Showshoe Island is located directly overtop this esker feature. Drape, evident in the 

overlying clay-silt sediments, together with subsequent differential compaction of that 

unit, may have produced a subtle topographic high above the esker, predisposing the 

area to the formation of Snowshoe Island by the Saint John River. 
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Figure 4.1.1: Cross section along axis of Mactaquac 

Dam (modified after Conlon and Ganong, 1966). Red 

line on bathymetry map (left) shows approximate cross 

section location. 
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Figure 4.1.2: Seistec profile parallel to the axis of the 
Mactaquac Dam. Profile runs parallel to, and about 200 meters 
west of cross section in Figure 4.1.1. 
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Figure 4.1.3: Seistec profile about 2 km upriver of the 
Mactaquac Dam showing a post-glacial buried channel and a 
possible esker approximately 10 m high and 60 m wide. Close-
spaced reflections within the channel feature represent finely 
laminated post-glacial silt-clay.
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Figure 4.1.4: Map showing the extents of the channel and esker-like features 
based on Seistec data. Submerged Islands are outlined in black. Note the spatial 

relation between Snowshoe Island and the observed esker feature. 
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CHAPTER 5 
CONCLUSIONS 

 
An initial 2014-2015 acoustic survey employing the CW and chirp sonar failed to 

yield reliable data for the interpretation of sediment thickness in the Mactaquac 

Headpond. The only real interpretation that could be taken from the data was that the 

soft post inundation sediments were too thin to be resolved by that particular system. 

In order to determine post-inundation sediment thicknesses in the headpond via 

acoustic methods, a higher resolution system was needed. 

Moving forward with this knowledge, the higher resolution Seistec boomer 

system was used late in the summer of 2015, providing excellent results with its 

sharper acoustic pulse with the ability to resolve soft post-inundation sediment as thin 

as 12 cm. Final results show post-inundation sediment thicknesses of up to 60 cm, 

although only in two small regions. The majority of the headpond shows much thinner 

sediment accumulation with an average of 20 cm between the Mactaquac Dam and 

Bear Island. Over the 47 years since inundation, this result translates to an average 

annual reservoir sediment accumulation rate of 4.3 mm/year for the lower reach of the 

Mactaquac Headpond, downriver of Bear Island. 

The few cores available support the accuracy of the Seistec soft sediment 

thickness interpretations with the Riverside Hotel and Bear Island cores matching the 

Seistec thickness results to within a few centimeters. Although the core taken on 

Snowshoe Island shows a large deviation between the sediment thickness to the pre-

inundation grass/soil horizon and the Seistec thickness, the total core length to the 

base of the soil layer accurately represents the Seistec thickness estimate. This result 
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implies that the post-inundation sediments have an acoustic wave velocity similar to 

that of the soil layer, so over the pre-inundation riverbed where the bottom would 

have likely been sand or gravel, the Seistec data provides an accurate thickness result. 

However, over regions of the headpond that would have been sub-aerial prior to 

inundation, the Seistec results may overestimate thicknesses because post-inundation 

sediment and pre-inundation soil may be imaged as one sediment layer.  

From the Hawkshaw bridge up to Woodstock it appears there is a lack of any 

soft post-inundation sediments (or at least not in any resolvable thickness), with the 

Seistec profiles displaying just a single bottom reflection for the majority of this reach. 

This result is supported both by the multibeam bathymetry map, in which cobbles and 

boulders are visible, indicating lack of post-inundation sediment accumulation, and by 

the coring program, which was unable to retrieve cores in this stretch of headpond, 

providing additional evidence for a lack of the fine, soft post-inundation sediments. 

Unfortunately the presence of gases in the sediment between Bear Island and 

the Hawkshaw bridge, just upriver of Nackawic, prevent the acoustic systems from 

imaging sediments in that 17 km long stretch.   

A small scale GPR field test conducted in the Nackawic area provided 

encouraging results in regards to imaging the gas-charged sediments, and suggested 

the presence of post-inundation sediments with thicknesses less than a meter. The GPR 

system with 100 MHz antennas was able to detect layers as thin as 45 – 57 cm based 

on GPR velocity estimates of 0.051 – 0.065 m/ns to be expected for water-saturated 

silty sediments with porosities of 35 – 50 %. However, more effort, including 
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conducting a larger scale survey, and targeted gravity coring in the survey area, would 

be required to constrain interpretation of GPR profiles for post-inundation sediment 

mapping in the area.  

 Seistec profiles acquired within 10 km of the Mactaquac Dam penetrated well 

beneath the post-inundation silts to reveal Quaternary sediments and structures up to 

20 m below water bottom. Four units were interpreted in the Seistec profiles: (i) the 

bottom of an in-filled channel, cut into glacial till, (ii) a sand/gravel esker approximately 

10 m high by 60 m wide, only observed for a 2 km stretch, (iii) a laminated 

glaciolacustrine silt-clay layer infilling the channel structure, and (iv) a surficial unit of 

discontinuous alluvium. Comparisons of these Seistec profiles with a cross section and 

borehole work completed during construction of the dam, and with previous Seistec 

surveys downriver at Fredericton, show good agreement, adding increased confidence 

in these interpretations. 
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Appendix A 

Data Sheet for Sempro Seistec 3 Sub-bottom Profiler
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Seistec 3 catamaran shown above with a metre 
rule in foreground 
Seistec 3 catamaran shown above with a metre 
rule in foreground 
Frame Length 164 cm 
Overall width 91 cm 
Frame height 65 cm 
Antenae height as shown 1.1m 
Weight without cable 70 kg 
 

History 
The Seistec sub-bottom, sediment profiler was developed in 1987 to address some of 

the problems and limitations encountered when using the traditional boomer source/streamer 
configured profilers in the shallow waters of the Mackenzie Delta in Arctic Canada. A 
production version consisted of a 2.5 m long catamaran supporting a boomer source and a 
unique line-in-cone directional receiver. These profilers have been used by research groups and 
commercial operators since 1990 in shallow water, inshore and offshore shelf environments.  
The aperture of this receiver was limited for logistic reasons to 61cm.  However, constraining 
the cone diameter affects the low frequency response of the receiving system resulting in the 
loss of signal bandwidth with penetration and resolution being affected.  These attributes of 
the original profiler have been enhanced by increasing cone size of the new Seistec 3 to 91cm 
shortening the overall length of the catamaran, now fabricated from stainless steel, and the 
introduction small boat bouys as flotation thereby reducing overall weight.  

For positioning accuracy, the prototype Seistec 3 supports a Garmin N17 GPS antenna 

mounted close to the common mid-

point between the source and receiver 

and an ISM band radio transmitter 

operating at 2.4 GHz. to transmit GPS 

position data to the survey vessel. This 

link has a range of up to 1.5 km. and can 

operate on internal batteries for up to 8 

hours. A survey quality GPS transciever 

could be fitted for greater positional 

accuracy. 

The earlier IKB range of Signal 

Processing and  conditioning units can 

be used with the Seistec 3 as the 

cableing is compatible but a third party 

power supply is needed to energise the 

boomer source.  The Signal Conditioning 

units shown below with the radio link 

receiver, provides all analogue and 

digital signals. 

  
 
 

Present Status –  July 2015  Tow testing and tow noise trials 
Fall 2015 Full acoustic trials in protected waters 
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Appendix B 
 
Chirp sonar field tests 

Before the second chirp sonar survey, field tests were run on the 25th and 26th 

of June, 2015, with the 3.5 kHz echosounder with the goal of improving the resolution 

over that obtained in the previous survey. The test included recording multiple survey 

lines while varying the chirp signal parameters on each line to determine the best 

settings for the new survey season, as well as bar checks and direct measurement of 

the chirp signal to determine the shape of the Klauder wavelet in the survey data and 

verify time zero. 

To determine the best settings for the 3.5 kHz echosounder there were several 

settings that could be adjusted and applied to the outgoing sweep: the sweep signal 

length (duration in time), signal bandwidth, windowing (taper applied to signal), signal 

gain, and time variant gain. Multiple test survey lines were acquired with the settings 

varied for each to see which combination yielded the clearest looking results.  

Comparing the different tests, it was decided a 4 ms chirp signal swept from 1 

to 6 kHz with rectangular windowing applied would be used for the 3.5 kHz channel for 

the second survey. 

Bar checks were done by positioning a 31 cm diameter plastic buoy at various 

depths below the transducer. Weights totaling 52 lbs were secured to the bottom of 

the buoy in order to keep the buoy below the water surface (37 lbs was adequate but 

the additional 15 lbs was added to limit drifting in the water column). Twenty “pings” 

of the echosounder were recorded at depths of 6, 8, 14, 18, 22, 26, and 30 meters. 
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As the bar checks were being run, a 12 channel streamer was hung from the 

opposite side of the boat from the transducer and buoy, positioned vertically in the 

water column with the deepest receiver (channel 1) at 35 meters. The streamer was 

able to record single pings across all 12 receiving channels as the signal travelled 

downward through the water column. 11 individual pings were recorded on the 

streamer. It is these raw recordings of the transmitted chirp signal that were used to 

infer the shape of the Klauder wavelet present in the 3.5 kHz data.  

Back in the lab the streamer data was analyzed. First, the channel which 

showed the best recording of the chirp signal was selected (channel 3). This recorded 

signal was then passed through a minimum phase Butterworth high pass filter with a 

high pass corner frequency of 100 Hz and a filter slope of 12 dB/octave to remove the 

low frequency noise. The final filtered chirp signal was then autocorrelated to produce 

a Klauder wavelet. With a known shape of the recorded wavelet, more accurate 

interpretation of reflections in the data is possible. 
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Appendix C 
 
Picking soft sediment horizons in the Knudsen data 
 

Software from NRCan called SegyJp2 and SegyJP2Viewer (Courtney, 2009) was 

used to display the Knudsen single beam profiles and allowed for manual picking of the 

interpreted water bottom and (where visible) sub-bottom horizons. This software 

shows a variable density display of the profiles, assigning different densities of shading 

to different amplitude values (darker shades for higher amplitudes). The sub-bottom 

interface is much denser than the overlying soft sediments and therefore is expected to 

return the strongest reflection (darkest shade reflector in the SegyJP2Viewer). Since 

the cross-correlated chirp data returns a Klauder wavelet at a reflected interface, there 

are multiple cycles for each reflection/interface, showing up as shaded bands on the 

software. As explained in section 1.5.1, the central band is the proper one to pick as the 

bands on either side represent the side lobes of the Klauder wavelet (Figure C-1). 

The precise shape of the Klauder wavelet recorded during the Knudsen surveys 

was not known until field test data (Appendix B) acquired prior to the second Knudsen 

survey was analyzed in the lab. Direct recording of the transmitted chirp in the water 

column during tests allowed for the autocorrelation of this signal in the lab to produce 

the Klauder wavelet that would be expected in the data (Figure C-2). 

Ideally, the water bottom and sub-bottom horizons would both have been 

picked on the 3.5 kHz profiles. However, the onset (arrival time) of the water bottom 

reflection in the 3.5 kHz profiles was unclear, due to the presence of a precursor signal 

present in most areas (Figure C-3). Since this is a non-causal wavelet with side lobes 
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preceding the main peak, “precursor” oscillations were expected, although not to the 

extent observed. Furthermore the precursor side lobes appear similar in amplitude to 

the central lobe, making it difficult to confidently pick the proper peak. To address this 

issue the 28 kHz CW data (which had not been match-filtered and therefore had a 

clearer onset) was used to pick a reliable water-bottom horizon (Figure C-4) and the 3.5 

kHz data was used to pick the sub-bottom horizon (Figure C-5).  

As an added complication, there was a timing offset between the 3.5 and 28 

kHz systems which had to be determined before using horizons from both sets of data 

to calculate sediment thickness. Regions hosting thick deposits (> 1 m) of soft 

sediments appear not to exhibit the precursor signal in the 3.5 kHz data which is 

present over the areas of thinner sediment. The small region of thick pre-inundation 

soft clay-silts found in the Mactaquac Arm allowed for acquisition of 3.5 kHz data that 

was free of the problematic precursor (Figure C-6), and could be compared to the 28 

kHz data to determine if there was a timing offset between the two systems. In order 

to clearly observe any difference, the picked horizon data was exported to Microsoft 

Excel and both the 3.5 kHz and 28 kHz horizon water bottom data were plotted on the 

same graph (Figure C-7). Using this graph to compare the picked water bottom 

reflection for the 3.5 kHz and 28 kHz systems it was determined there was an offset 

between the two, with the bottom in the 28 kHz data appearing approximately 0.2 

milliseconds (or 15 cm) shallower than in the 3.5 kHz data. 
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Figure C-1: A sample 3.5 kHz profile from the Mactaquac headpond. The Klauder 
wavelet associated with the sub-bottom horizon is pointed out (at the right), visible as 
the three darkest bands. The central band (central peak of the Klauder wavelet) 
highlighted in red, represents the sub-bottom horizon.   

 

 

Figure C-2: Klauder wavelet present in the recorded Knudsen echosounder data. 

 



 

93 
 

 
(A) 

 
(B) 
Figure C-3: A summer 2014 sample profile collected by the 3.5 kHz chirped sounder.  

(A) The red line shows the original interpretation of the water bottom horizon. This 
bottom horizon interpretation did not agree with the bottom horizon in the 28 
kHz data and is actually a precursor signal. 

(B) The orange line represents the true bottom, drawn on to line up with the 28 
kHz data results. 
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Figure C-4: A summer 2014 sample profile collected by the 28 kHz continuous wave 
(CW) sounder over the same area as that shown in Figure C-3. The water bottom 
(shown by the red line) is very clear and easy to distinguish. However the 28 kHz CW 
data does not provide the resolution to see any layering in the thin sediment or allow 
for distinguishing a sub-bottom horizon. 
 

 
Figure C-5: The same 3.5 kHz sample profile displayed in Figure C-3. The green line 
shows the interpreted sub-bottom horizon. 
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Figure C-6. A 3.5 kHz profile across the region of thick sediments (interpreted to be a 

pre-inundation clay-silt unit) in the Mactaquac Arm. The red line represents the bottom 

surface, and the yellow line represents the sub-bottom surface. 

Figure C-7. Both the 3.5 kHz (LF) and 28 kHz (HF) horizons plotted in Microsoft Excel. 

Focusing on the HF bottom in yellow, and the LF bottom in red, it is evident there is an 

offset of approximately 0.2 milliseconds between the two arrivals. 
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Appendix D 
 

Outrigger Design 
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Figure D-7: Section and plan views of outrigger assembly. 
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Figure D-2: Outrigger assembly hinge point. 
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Appendix E 

 
Picking soft sediment horizons in the Seistec data 
 

Vista 2013 2D Seismic Processing software was used for viewing and 

interpreting the Seistec data. This software is able to display the reflected acoustic 

pulses produced by each “shot” along a survey line in wiggle trace mode, which is 

advantageous for assessing the relative strengths and polarities or bottom and sub-

bottom reflections.   

The shape of the broadband pulse, or wavelet, emitted by the Seistec’s boomer 

source, as received by its internal hydrophone receiver is shown in Figure E-1. The 

pulse has dominant frequency of approximately 4000 Hz, corresponding to a dominant 

wavelength of approximately 37.5 cm in water or soft sediment having a typical sound 

speed of 1500 m/s. 

In areas overlying the old river channel, such as that shown in Figure E-2, the 

pre-inundation surface is expected to be sandy and much denser and more rigid than 

the overlying soft silty sediments deposited following flooding of the headpond. 

Acoustic reflections from the silty bottom are therefore expected to be much weaker 

than those from the sandy sub-bottom interface. This is evident in Figure E-2 where 

water bottom reflection from the top of silty sediments is only about 35% as strong as 

the reflection from the sub-bottom interface interpreted to be the pre-inundation 

surface. This contrast in reflection strength was not as reliably observed in shallower 

areas that were sub-aerial prior to flooding of the headpond – probably because those 

areas would tend to have been covered by soils or other soft sediments. Thus, 
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sediment thickness estimates are expected to be most accurate in parts of the 

headpond underlain by the old river channel.  

When picking a bottom and sub-bottom horizon, the central peak of each 

respective wavelet was selected, as shown in Figure E-2. Although the actual arrival 

time of the reflection corresponds to the smaller leading side-lobe of the wavelet, the 

larger central lobe is much more pronounced in the data and therefore easier to pick. 

This does not become an issue for determining sediment thicknesses as the distance 

between the leading lobe of two reflections will be the same as the distance between 

the two central lobes.  

Note that horizons could only be clearly distinguished down to a minimum 

thickness of about 12 cm. Figure E-3 shows a synthetic data set constructed with the 

estimated Seistec wavelet.  A thinning sediment bed was modeled to determine the 

minimum resolvable thickness using a top of sediment layer reflection at 35 percent 

strength of the sub-bottom interface.  These are typical values the Seistec data shows 

for relative reflection strengths throughout the surveyed area of the headpond. As is 

seen in Figure E-3, once the bed thins to less than 11.5 cm (trace 8) the two separate 

reflections are no longer distinguishable from each other. 
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Appendix E:  Figures 

 
Figure E-1: The shape of the reflected pulse or wavelet from the Seistec system as 

measured by the internal (line-in-cone) hydrophone channel (estimated by summing a 

distinct water bottom reflection across 100 traces). 

 
Figure E-2: Seistec profile with thin soft sediment. At the top left is a magnified portion 

showing individual traces, and how the horizons were drawn across the peak of the 

reflected wavelets. 
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Figure E-3: A tuning analysis of the Seistec data. The two separate reflectors can only 

be clearly distinguished down to a thickness of 11.5 cm. 
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Appendix F 

 
Determining GPR recorded waveform and vertical resolution 
 

The GPR wavelet produced by the 100 MHz antenna (Figure F-1) used was 

estimated from the water bottom reflection in GPR profile 8 (Figure 2.3.2). In the Vista 

Seismic Processing software the water bottom horizon was picked across the full profile 

(810 traces) and the data flattened to this bottom horizon. The data was then de-

biased (to remove the DC offset present in the data), and then all 810 traces summed 

to yield an estimate of the GPR wavelet present in the data. 

To determine the minimum sediment thickness resolvable a synthetic section 

was produced in Vista with the estimated wavelet (Figure F-2), constructed with a 

bottom and sub-bottom horizon diverging from a single point in increments 

proportional to the data’s sample interval.  

It should be noted that, Vista, being designed for seismic data, cannot properly 

process data with the high sample rates and small time scales associated with GPR 

data. To deal with this issue the GPR data, which was acquired at a sample rate of 800 

ps, was imported into Vista with a sample rate of 80 us (100,000 times the true sample 

rate). So when interpreting results, time values are simply divided by 100,000 to yield 

the true time values.  

Focusing on the results of the synthetic section, it is possible to distinguish the 

two positive lobes of the GPR wave down to a minimum separation of 2.32 ms (actually 

23.2 ns). This corresponds to a minimum detectable sediment thickness in the range of 
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45 – 57 cm using velocities of 0.051 m/ns and 0.065 m/ns as the lower and upper 

bounds on the velocities that would be expected for the post-inundation silts. 

 

Figure F-1: Estimated wavelet from the 100 MHz GPR data 

 
 

Figure F-2: Synthetic section created to assess tuning effects and minimum resolution 
of the 100 MHz GPR data
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