
International Pipeline Conference & Exposition 
IPC2016 

September 26-30, 2016, Calgary, Alberta, Canada 

DRAFT  IPC2016-64090 

CURRENT LAND AND WATERBORNE GEOPHYSICAL METHODS FOR GUIDING 
HORIZONTAL DIRECTIONAL DRILLING AND TRENCHING ALONG PIPELINE 

RIGHT-OF-WAYS 
 
 

Paul Bauman 
Advisian WorleyParsons 
Calgary, Alberta, Canada 

Alastair McClymont 
Advisian WorleyParsons 
Calgary, Alberta, Canada 

 
 

Landon Woods 
Advisian WorleyParsons 
Calgary, Alberta, Canada 

Erin Ernst 
Advisian WorleyParsons 
Calgary, Alberta, Canada 

 
ABSTRACT 

In Western Canada, oil and natural gas pipeline projects are 
being considered that will move hydrocarbons from the Prairie 
Provinces and British Columbia, to the Pacific Ocean, the 
Atlantic, and even potentially the Arctic.  Along the proposed 
right-of-ways, the pipeline engineers will encounter challenging 
and varied terrain, including discontinuous permafrost, creek 
and river crossings, glaciomarine clays, thick muskeg, and other 
subsurface conditions that require specialized engineering 
planning in advance of construction.  Geophysical surveys, in 
support of geotechnical investigations, provide continuous 
subsurface information to help inform design challenges 
associated with the many terrain challenges.  Some geophysical 
surveys to be considered include electrical resistivity 
tomography (ERT), induced polarization (IP), seismic 
refraction, seismic reflection, multi-channel analysis of surface 
waves (MASW), ground penetrating radar (GPR), and borehole 
geophysics.  Typically, a combination of several geophysical 
surveys along with drilling information, are optimal for the cost-
effective site characterization of problematic segments of 
proposed pipeline right-of-ways. 

BACKGROUND 
 The landlocked nature of Western Canadian oil and gas 
production prohibits Canadian commodities from being sold at 
world market prices [0]. As such, over the last 5 years, 
approximately 20 liquefied natural gas (LNG) projects on the 
Pacific Coast, and four different bitumen pipeline projects 
directed toward three different oceans have progressed through 
various stages of evaluation [1,2,3].  All of these projects 
involve traversing terrain that requires detailed characterization 

in order to carry out predictive geohazard assessments, and 
prepare preventative geotechnical studies essential to avoiding 
pipeline failures.  Near surface geophysics has been used as a 
guide for intrusive geotechnical investigations, pipeline 
construction [4] and as an aid to horizontal drilling for pipeline 
construction [5]. 

Typical areas of concern include river and creek crossings, 
discontinuous permafrost, lava flows and associated lava tubes, 
glaciomarine clay deposits, thick muskeg (i.e. bog or organic 
material), active faulting, intensive fracturing or jointing, 
unusually deep or shallow bedrock, and deeply incised deposits 
of highly permeable sediments.  Geophysical surveys have a 
role in assessing each of these categories of subsurface 
conditions.  Some techniques, such as electrical resistivity 
tomography (ERT), are applicable to assessing both bedrock 
and overburden conditions.  Other techniques have very specific 
niche applications, such as ground penetrating radar (GPR), 
which is particularly well suited to imaging muskeg thickness.  
This paper will briefly discuss various geophysical methods 
(see Butler [6] for more details of each technique) of interest 
and their potential applications, in the context of pipeline 
planning and design.  

OVERVIEW OF GEOPHYSICAL METHODS 
While most geophysical methods may offer some insight 

toward addressing the above noted subsurface scenarios, the 
techniques that are practicably and effectively applied in the 
field are few.  This is simply a result of there being relatively 
few physical properties that can be economically, rapidly, and 
confidently measured in the field, and which also provide 
meaningful site characterization information.  Fortunately, most 
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of these surface techniques can also be applied to waterborne 
conditions.  Specifically for geophysical surveys in support of 
horizontal directional drilling (HDD) for river crossings, 
collecting information directly beneath the waterbody can be 
very beneficial.   

 Of course all of these techniques (see Table 1), providing 
indirect characterization of the subsurface, are recommended to 
be used in combination with at least one other, if not several 
geophysical techniques to provide a sufficient level of 
confidence to make required judgements. In addition, 
geological information provided either by drilling or trenching 
is always required as part of a detailed geophysical 
characterization along a pipeline right-of-way. 

Electrical Resistivity Tomography (ERT) 
ERT is a technique that images the subsurface in cross-

section (2 dimensional), measuring electrical resistivity (or its 
inverse electrical conductivity) as well as the induced 
polarization response (reference [6] chapter 9).  Subsurface 
electrical resistivity, measured in ohm-m, quantifies the 
resistance of subsurface materials to the flow of electric current.  
In general, fine-grained lithologies, including clay and shale, 
have low resistivities.  Sands, sandstone, massive limestone, 
igneous and metamorphic rocks have high resistivities.  Despite 
these general trends of interpretation, numerous sources of 
ambiguity can occur.  Pore water salinities will strongly affect 
ERT data; for instance, high salinity pore water occupying low 
porosity igneous rock may give a low resistivity response more 
indicative of clay or shale.  Frozen muskeg, soil, or rock will, 
typically, display extremely high resistivities.  Muskeg will 
typically display moderate resistivities.  

Typical applications of ERT include imaging depth to 
bedrock (Figures 1 and 2), exploring for incised channels, 
delineating the thickness of permafrost and discontinuous 
permafrost (Figure 3), distinguishing between overburden 
lithologies of sand and clay (Figure 5a), and identifying 
corrosive high salinity pore water.  Where large, air filled voids 
are a potential geohazard, such as in proximity to artisanal coal 
workings that are common in Western Canada, ERT can be 
effective in locating such features as they may appear as 
discrete, high resistivity anomalies.  

Figures 1 and 2 show datasets collected at two proposed 
HDD crossing sites.  The engineers were interested in the depth 
of bedrock, as well as the location and extent of any coarse-
grained material.  In Figure 1 (top), a continuous ERT line was 
collected perpendicular and across the river, providing 
continuous information along the full length of the proposed 
HDD crossing.  Elevated electrical resistivity values in the near 
surface suggest the presence of sand and gravel material.  Using 
a combination of ERT and seismic refraction data, the bedrock 
interface was delineated (Figure 1).  Low electrical resistivity 
values associated with the bedrock (blue) suggests it is 
composed of shale.  These interpretations are supported by two 
geotechnical boreholes drilled on either side of the river. 

Figure 2 shows ERT data (both waterborne and land based) 
collected near the Athabasca River.  The river was too wide at 
this location to collect a continuous ERT profile, as in 
Figure 1a. Instead, waterborne ERT data were used to fill in the 
data gap beneath the river. Again, high resistivity (pink) values 
observed in the near surface suggest the presence of granular 
material. The interface at the bottom of the granular material is 
interpreted as top of bedrock.  

Induced polarization (IP) is a measure of the decay of 
voltage with time during the “off” time of a resistivity survey, 
that is, after the cessation of injecting current into the earth.  
Broadly speaking, the IP response can be understood as the 
ability of the earth to store electric charge.  Overwhelmingly, 
this technique has been used as a principal method of mineral 
exploration.  However, Bauman et al. [7] has reported that 
along the Canadian Pacific coast, glaciomarine clays have 
provided an unusual but near diagnostic response of negative 
chargeability [8].  Figure 5d shows the negative chargeability 
associated with glaciomarine clays.  This interpretation is 
supported by the high electrical conductivity/low electrical 
resistivity (Figure 5a) and low shear wave velocity (Figure 5c). 

Induced polarization response data can be collected with 
the same hardware as an ERT survey, with minimal increase in 
acquisition time.  A small increase in acquisition time is 
required as chargeability data are acquired during the current 
transmitter “off” time. 

ERT and IP data are acquired with multiple electrodes 
attached to a single multicore cable.  From a few tens of 
electrodes up to hundreds of electrodes can be used during 
acquisition, with each electrode functioning successively as 
both a current and voltage electrode.  As such, in the course of a 
single survey, thousands of resistivity measurements can be 
made along a single survey line to various depths.  Typically, 
one kilometre or more of data can be collected in a day to a 
maximum depth of investigation of 60 m or greater, depending 
upon the electrode spacing.  As data acquisition is rapid, and 
current can easily be injected into fresh, brackish, or saline 
water, ERT and IP are easily adaptable to waterborne surveys.   
However, saline to highly saline water bodies may require the 
use of higher powered transmitters, depending upon the depth 
of investigation required. 

EM31 Terrain Conductivity 
The Geonics EM31 terrain conductivity metre is an 

electromagnetic technique operated by one person that uses 
induction to measure the electrical conductivity of the 
subsurface to a depth of approximately 6 metres below ground 
surface (mbgs) [9].  The instrument has a single depth of 
investigation, and is designed for rapid mapping of lateral 
changes in terrain conductivity, rather than imaging the 
subsurface in cross-section.  Because it uses induction methods 
to transmit current into the subsurface rather than galvanic 
methods, the EM31 can traverse a line at a fast walking pace or 
even a slow driving rate,  
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Figure 1:  These 500 m long ERT and seismic refraction cross-sections along a planned horizontal directional drill path under a large river, 
illustrate how the combination of these two geophysical techniques, along with some drill hole information, can provide a very high 
confidence description of depth to bedrock, the bedrock lithology, and the overburden lithology. 

 

 
 

Figure 2:  Six ERT lines collected both on land and in the water, near the Athabasca River, Alberta. Using ERT, in combination with two drill 
holes, it was possible to determine the depth to bedrock and the lateral and depth extent of granular overburden material. 
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Figure 3:  Together, EM31 terrain conductivity profiling (upper plot) and ERT (lower plot) provide an excellent approach, in combination 
with boreholes to identify and delineate the thickness of discontinuous permafrost.  The geologic conditions described above are discontinuous 
permafrost overlying unfrozen lacustrine clays.  The poor match with the third borehole is due to the probe being taken off the geophysics 
line, outside the right-of-way, where shade continued to preserve the permafrost thickness.  Four boxes are annotated in the ERT section, 
where boxes A, B, C, and D denote permafrost locations that have the potential to degrade which may cause ground subsidence and pose a 
risk to any infrastructure.  
 
up to 8 km/hour. As such, the EM31 terrain conductivity metre 
allows large areas to be surveyed very quickly.  

This instrument is particularly well suited for identifying 
zones of discontinuous permafrost (Figure 3 top) along pipeline 
right-of-ways.  In this example, elevated electrical resistivity 
values were measured using both EM (Figure 3 top) and ERT 
(Figure 3 bottom) methods in the same area. This area was later 
confirmed to be a zone of discontinuous permafrost using 
boreholes. In this case, the EM survey provided the engineers 
with zones of suspected permafrost, which they were later able 
to investigate further using ERT and boreholes.  

Zones of discontinuous permafrost are easily profiled or 
mapped with the EM31 as they typically have very low terrain 
conductivity (the bulk electrical conductivity of the subsurface) 
values approaching zero (equivalent to a high resistivity).  
Targeted ERT surveys can then follow the more rapid EM31 
surveys, providing some confirmation and a reasonable estimate 
of the thickness of discontinuous permafrost. 
 
Seismic Refraction 

Seismic refraction measures the first arrival of seismic 
compressional (Primary or P-waves) waves to geophones 
spaced a few metres apart along active spreads that can extend 
several hundred metres (see reference [6] chapters 7 and 8).  

The method relies on Snell’s Law of refraction that determines 
that P-waves will be refracted at interfaces of changing velocity, 
usually correlating with increasing velocity with depth.  In 
particular, P-waves will invariably travel at significantly lower 
velocities in overburden materials than they will in bedrock.  As 
such, bedrock interfaces, including such irregularities as 
faulting and erosional features, are usually clearly and sharply 
imaged with seismic refraction (Figure 1).  Similarly, if there is 
a weathered or fractured rock zone of significant thickness, this 
contact (maybe gradational) between weathered rock of lower 
velocity and unweathered rock of higher velocity is also usually 
clearly delineated.  Overburden velocities can be used to predict 
rippability using the Caterpillar Performance Handbook [10] as 
a reference. 

The choice of the acoustic source will mainly depend upon 
access and the depth of investigation.  A sledge hammer striking 
on a metal plate is inexpensive, high frequency, and easily 
applied even in very remote locations; however, the sledge 
hammer source is typically limited to depths of investigation of 
up to 30 m.  A “buffalo” gun that uses a shotgun shell source 
fired into an augered hole typically will provide up to 70 m 
depth of investigation.  A truck mounted elastic wave generator, 
also known as a weight drop, will typically provide depths of 
investigation up to 100 m.  Dynamite, of course, can provide  
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Figure 4:  A marine seismic reflection profile collect off the coast of British Columbia with interpretations annotated.  In this location fluid 
escape features were noted by pockmarks at the seafloor.  The seismic reflection indicated that a fault provided the fluid pathway to the 
surface pockmark manifestation at the seafloor to the left and the bedrock-sediment contact provides a path on the right side. The black 
dashed lines mark bedrock, the green line a fault. 

 
any depth of investigation with high frequency energy, but is 
relatively slow to use and may be restricted in its use in some 
areas. 

Figure 1 shows coincident ERT and seismic refraction 
datasets, collected along a proposed HDD crossing. The seismic 
refraction sections show an increase in P-wave velocity with 
depth, with bedrock being approximately interpreted along the 
2000 m/s velocity contour. Collecting seismic refraction data, in 
addition to ERT data, removes some of the non-uniqueness 
from the geophysics problem and provides the engineers with 
continuous information about the subsurface between their 
boreholes. 

Seismic Reflection 
Seismic reflection is the technique of propagating acoustic 

energy into the subsurface (similar to seismic refraction), and 
then measuring along an array of geophones the travel time of 
the compressional waves from the source, through the earth, 
reflecting off various subsurface interfaces, and then back to the 
geophones at surface (see reference [6] chapters 7 and 8).  
Subsurface interfaces or reflectors are contacts of changing 
acoustic impedance, which is defined as the product of bulk 
density and acoustic wave velocity.  The final product of such a 
survey is an image of the subsurface showing structural and 
sedimentological features.  Seismic reflection surveys for 

engineering purposes such as along pipeline right-of-ways differ 
from those used in oil and gas exploration in that the former 
type of survey is designed and processed for shallow, high 
resolution imagery.  Specifically, high resolution near surface 
geophysical surveys use tighter spacings of geophones, shorter 
spreads, faster sampling seismographs, lower energy but high 
frequency sources, higher frequency geophones, and smaller 
geophone group sizes.   

The field acquisition hardware setup for a seismic 
reflection survey is similar to, or even identical to a seismic 
refraction survey.  However, with seismic refraction data, we 
are only interested in the first arrivals of the Primary or P-
waves, while in a reflection survey we are interested in 
subsequent reflected arrivals.  As such, reflection surveys 
require higher quality data acquisition.  Also, typically, a 
significantly greater number of “shot” records will be acquired 
in the course of a seismic reflection survey.  Like ERT 
surveying, seismic reflection data can be easily acquired on 
water.  As the success of a seismic survey depends on the 
transmission of acoustic energy, water salinity has very little 
effect on a seismic survey.  However, carrying out surveys on 
very shallow, moving water, or where there is significant wave 
energy, may result in poor quality data due to acoustic “noise”  
created by water turbulence. 
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Specific applications include the mapping of faults, 
lithologic and stratigraphic contacts, incised channels, 
bathymetry, and various marine geohazards such as landslides. 

Figure 4 shows an example of a marine seismic 
reflection dataset, collected off the coast of British Columbia, to 
delineate geology and locate potential geohazards along a 
proposed pipeline right-of-way.  The cross-section provides 
information concerning subsurface conditions; delineating the 
top of bedrock, identifying a fault, imaging sedimentary 
packages within the basin, and imaging geological features that 
may be controlling gas migration through the sediments.  Using 
seismic reflection in this environment, it was possible to 
provide the client with a vast amount of information along their 
right-of-way, that would have otherwise remained unknown. 

Multi-Channel Analysis Of Surface Waves (MASW) 
MASW is a seismic technique that uses similar, or even an 
identical field hardware acquisition setup as seismic refraction 
and reflection surveys, but measures the propagation velocities 

of surface waves rather than “body” waves traveling in the earth 
[11].  MASW processing then uses the surface wave velocities 
to calculate shear wave velocities at various depths beneath the 
array of geophones (Figure 5c).  As such, the final product is 
similar to that of a refraction section, except in terms of shear 
velocity rather than P-wave velocity.  Unlike refraction or 
reflection data, though, MASW information cannot be collected 
over water.  

Shear wave velocity (S-wave) can be thought of as 
rigidity or stiffness of the subsurface.  As such, a shear wave 
velocity section of the subsurface can be used to predict zones 
of faulting, fracturing, and very weak overburden such as 
glaciomarine clays.  Also, as the shear velocity section is 
affected only by the rock mass, and not by the pore fluids, 
lithologic contacts are often easier to identify with MASW data 
than with seismic refraction results.  Finally, shear velocity data 
along with P-wave velocity data from a refraction survey, can  

 
Figure 5:  The combination of ERT conductivity (inverse of electrical resistivity) sections for imaging clays (a), P-wave sections for providing 
compressional wave velocities (b), shear wave sections for identifying lithologies of very low shear strength (c), and IP response 
(chargeability) displaying negative chargeability (d) together identify horizons of very weak clay layers (glaciomarine clay annotated by black 
line) that may create geohazards during pipeline construction.  The P-wave data were acquired with the seismic refraction method, and the 
shear velocity data were acquired with the MASW method, both using the same field acquisition parameters and hardware. 
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be used as direct inputs for calculations of the various 
engineering moduli including Poisson’s Ratio, Shear Modulus, 
Young’s Modulus, and Bulk Modulus.  Not only are these 
important in general when estimating rock strength, but these 
data are of particular importance when constructing piers used 
for aerial crossings of pipelines over steep and deep canyons. 

Figure 5 shows data that were collected as part of a 
glaciomarine clay delineation program that was carried out in 
northwest British Columbia. ERT data (presented as electrical 
conductivity in Figure 5a) were used to differentiate between 
fine-grained (clay) and coarse-grained material.  Seismic 
refraction data were processed to obtain information about 
depth of bedrock (Figure 5 b).  Finally, MASW data (Figure 5c) 
were collected to differentiate between regular clay (high shear 
strength) and glaciomarine clay, which is expected to have very 
low shear strength since they are sensitive and susceptible to a 
dramatic loss of strength when disturbed. (for example [12,  
13]).  The IP data in Figure 5d shows negative chargeability that 
is characteristic of glaciomarine clay. As demonstrated by 
Figure 5, these four datasets were able to provide continuous 
information about glaciomarine clays along the proposed 
pipeline right-of-way. The geophysics program will be used to 
guide a borehole program, which will directly measure the 
properties of the surveyed clays.  

Ground Penetrating Radar (GPR) 
GPR measures the propagation time of high frequency 

electromagnetic waves that are reflected from interfaces 
between materials of different electrical properties (reference 
[6] chapter 11).  Typically and more specifically, radar 
reflections occur with abrupt changes in moisture content, grain 
size, porosity, or soil texture, or off of massive buried objects 
such as pipelines, large cobbles, or boulders.   

Though it is an electromagnetic technique, GPR is 
analogous to the seismic reflection method that uses the travel 
time of acoustic pulses to identify interfaces.  In fact, a GPR 
section appears very similar to a seismic reflection section, 

except that travel times in GPR are measured in nanoseconds 
instead of milliseconds, GPR sections have much greater 
vertical resolution, and GPR is greatly limited in its depth of 
investigation depending upon the antenna frequency used and 
the bulk electrical conductivity of subsurface materials.  GPR 
investigations for geological applicatons can be performed at 
frequencies ranging from 12.5 MHz to 500 MHz.  Higher 
frequencies provide data of higher vertical resolution, while 
lower frequencies improve the depth of investigation.  For 
example, 500 MHz would provide a resolution of 
approximately 10 cm and a depth of investigation of 
approximately 1 m in a sandy soil.  Conversely, 12.5 MHz 
antennas may provide a depth of investigaton of 40 m or 
greater, with a resolution of 3 m in a sandy soil. 

The depth of investigation of GPR systems is severely 
limited in electrically conductive subsurface conditions.  Depths 
of investigation in clay soils, for instance, are usually less than a 
few metres, and often less than one metre. 

Because most GPR systems are single “channel” systems, 
that is, they record a single trace at each measurement station, 
and because the equipment is generally self contained in a 
single unit containing electronics and antennas, GPR data are 
usually rapidly acquired and processed.  Preliminary processing 
and interpretation can often be carried out on the same day as 
data acquisition, and even be performed in the field. 

GPR is the highest resolution of all geophysical survey 
techniques.  As such, it has the possibility of distinguishing 
boulders from sand, subtle variations in bedrock relief, and 
even small fractures or joint systems that are simply far smaller 
than the resolving capabilities of other methods.  However, 
these applications are very site specific.  Of more general use, 
though, is GPR’s capability of routinely and accurately imaging 
the thickness of muskeg (Figure 6) [14, 15, 16].  In northern 
pipeline routings, muskeg thickness is important for engineers 
to identify as, beyond a certain depth, pipelines running through 
muskeg rich areas may require buoyancy compensation. 

 

 
 
Figure 6:  Muskeg thickness mapping using GPR, the red line delineates the bottom of muskeg.  All units are in metres. 
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Borehole Geophysics 
As borehole geophysics requires a borehole, of course, in order 
to be applied, such applications will occur during the intrusive 
geotechnical drilling phase of a pipeline right-of-way 
investigation.  A specific application of borehole geophysics is 
fracture characterization [6, 17].   While MASW and GPR may, 
under certain conditions, identify areas of fracturing or jointing, 
they will never have sufficient resolution to describe the 
geometry of fractures.  Borehole digital televiewers, when run 
in open hole conditions, can describe fracture aperture, azimuth, 
dip, and frequency (Figure 7).  Optical televiewers can be run in 
dry holes and water filled holes.  Acoustic televiewers, which 
are higher resolution than optical televiewers, can be run in 
liquid filled holes.  When run in companion with downhole flow 
metres, temperature, and fluid conductivity tools, a borehole 
logging suite can not only identify and physically describe 
fractures, but can also determine whether or not the fractures 
are flowing water, and with what flux rate. 
 

 
Figure 7:  Borehole televiewer logging is the only geophysical 
technique that can provide high resolution information regarding 
fracture geometry.  Because fracture information is required under 
in situ conditions, televiewer logging data are often more reliable 
than core data.  The televiewer data above, including the virtual 3-
D core, were both acquired with an optical televiewer. From [6] 
 
CONCLUSION 
Geophysics can be a very powerful tool for informing 
geotechnical investigations for pipeline construction. 
Geophysics can provide continuous information along the 
pipeline right-of-way, which can then be used to further refine 
geotechnical investigations (eg. provide borehole targets) or to 
provide context for interpolating between boreholes.  A wide 

variety of geophysical techniques are available to cost-
effectively characterize pipeline right-of-ways over the full 
length of interest, see Table 1.  In combination with a limited 
number of boreholes, these surveys can provide high confidence 
information.  Specific features that can be delineated and 
information that can be acquired, under most circumstances, 
include depth to bedrock, discontinuous permafrost, fracture 
density, fracture geometry, muskeg thickness, incised channels, 
overburden lithology, and bedrock lithology.  Most techniques 
can be acquired both on land and on water, both during summer 
or winter conditions.  
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