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omographic imaging of permafrost using
hree-component seismic cone-penetration test
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ABSTRACT

We conducted seismic cone-penetration tests �SCPT� and to-
mographic imaging in a permafrost mound in northern Quebec,
Canada, to study the cryostratigraphy and assess the seismic
properties of permafrost at temperatures near 0°C. A swept im-
pact source generating both P- and S-waves and penetrometer-
mounted three-component accelerometers were used to acquire
surface-to-depth first-arrival times as input to produce 2D imag-
es of P- and S-wave velocities. Based on the three-component ac-
celerometer records and the propagation modes of body waves,
the P- and S-wave first arrivals were detected and discriminated.
The inversion of the first-arrival times was based on the simulta-
neous iterative reconstruction technique. The multioffset sur-
face-to-depth geometry used in this study limits the lateral reso-
lution of tomographic imaging. However, the vertical variation
in seismic velocities in the permafrost mound shows good repro-
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H55
ucibility and can be compared to the cone data. The gathering of
one data such as cone resistance, friction ratio, electrical resis-
ivity, and temperature, along with the seismic velocities, pro-
ides new insights into the cryostratigraphy of permafrost. While
he cone data are affected by the vertical heterogeneity because
f the complex sequence of ice lenses and frozen soil layers of a
ew centimeters thickness, the smooth velocity variations of P-
nd S-waves characterized by a wavelength of a few meters de-
end on the bulk physical properties of permafrost. The P- and S-
ave velocities varied from 2400 to 3200 m/s and from 850

o 1750 m/s, respectively, for a temperature range between 0°C
nd −2°C. At this temperature range, the variations in unfrozen
ater content are important and affect directly the seismic prop-

rties of permafrost. The decrease in P- and S-waves velocities in
epth with the permafrost mound depends nonlinearly on the in-
rease of unfrozen water content from 9% to 30% for a tempera-
ure increase from −2°C to 0°C.
INTRODUCTION

Permafrost is ground, either rock or sediment, that remains at or
elow 0°C for at least two years �ACGR, 1988�. Permafrost zones
ccupy up to 24% of the exposed land area of the Northern Hemi-
phere �Zhang et al., 2001�. Permafrost has received much attention
ecently because thawing and degradation are already occuring in
iscontinuous permafrost zones following climate warming in high
atitudes �Romanovsky et al., 2002�. The thawing of permafrost and
haw subsidence of ice-rich permafrost can affect directly the perfor-

ance of manmade infrastructure by increasing maintenance cost,
ecreasing useful life span, and jeopardizing security. The delinea-
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ion of permafrost zones and assessment of the physical properties of
ermafrost are therefore a major concern when engineering for in-
rastructure design and construction in cold regions. Geophysical
urveys, particularly seismic surveys such as seismic refraction and
eflection surveys, seismic logging, vertical seismic profiling �VSP�,
nd seismic tomography, can be very useful to not only study the oc-
urrence of permafrost but also to assess the properties of perma-
rost.

eismic properties of frozen soils
The presence of ice in soils directly affects their seismic proper-

ies and causes a large increase in stiffness and seismic velocities be-
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ause pure ice has high P- and S-wave velocities of 3700 and
800 m/s, respectively. In comparison, velocities in unfrozen soils
re typically less than 2400 and 1100 m/s, respectively. Decreasing
emperature and unfrozen water content lead to an increase in seis-

ic velocities. The relative increase in P-wave velocity as the tem-
erature decreases below 0°C is greatest for frozen, fine-grained
oils �Nakano and Froula, 1973�, but frozen, coarse-grained soils
ave higher seismic velocities than the fine-grained soils. The results
f previous field and laboratory studies on seismic velocities of fro-
en soils are summarized and presented in LeBlanc et al. �2004�.
owever, Vinson �1978� reported that there is a severe lack of seis-
ic data between 0°C and −1°C.

eismic studies in permafrost

Various researchers have carried out seismic refraction surveys in
ifferent cold environments for subsurface exploration and delinea-
ion of permafrost in the discontinuous permafrost zone �Barnes,
963; Garg, 1973; Hunter, 1973; Hunter et al., 1978; MacAulay and
unter, 1982; Morack and Rogers, 1982; Neave and Sellmann,
983�. For large-scale surveys applied to petroleum exploration and
as hydrate research in cold regions, the seismic reflection method is
ffective for imaging permafrost structures �Porturas, 1988;
kvortsov et al., 1992; Hunter et al., 1999; Miller et al., 2000�.
Few case studies of seismic logging and VSPcarried out in perma-

rost can be found in the literature. Wyder et al. �1972� used an up-
ole wavefront technique to investigate frozen unconsolidated ma-
erials. The P-wave first arrivals were detected with a linear array of
eophones located at the surface away from the seismic source in a
orehole. Hunter �1974� also tested the uphole wavefront technique
or seismic logging in rock permafrost using a downhole geophone
nd a multiple source array at the surface. Skvortsov et al. �1992�
ave shown that seismic reflection and S-wave VSP carried out in
ermafrost can detect a massive ice body.

Seismic tomography has seen limited application to permafrost
haracterization. Bishop et al. �1984� assessed the spatial variation
n seismic velocities in permafrost using a tomographic imaging ap-
roach. More recently, Gonzalez-Serrano et al. �1998� produced 3D
eismic velocity models of permafrost for depth migration using
eismic tomography. They showed that the results from seismic to-
ography can attenuate the distortions in reflections observed in

eismic data because of the high contrast between frozen and unfro-
en ground velocities.

Seismic logging or near-surface VSP can be carried out during a
eismic cone-penetration test �SCPT� using penetrometer-mounted
eismic receivers instead of lowering the receivers in a borehole.
his eliminates all problems with the tube-waves and results in high-
r quality data while retaining all of the benefits of VSP �Jarvis and
night, 2000�. The decrease in the investigation cost in comparison

o drilling a borehole, better acoustic coupling, and the gathering of
one data along with the seismic data are additional advantages
Jarvis and Knight, 2000�.

Detailed descriptions and results of SCPT carried out in unconsol-
dated soils can be found in Robertson et al. �1986�, Campanella and
tewart �1992�, and Sully and Campanella �1992, 1995�. Different
eismic sources can be used to generate separate P- and S-waves.
owever, the use of an S-wave seismic source is preferred for geo-

echnical applications because the shear strength — a fundamental
arameter for the design of foundations — can be assessed from the
-wave velocity. Only one offset between the seismic source at the
urface and the SCPT normally is used to perform the seismic log-
ing for geotechnical application.

The cone data such as cone resistance, friction ratio, pore pres-
ure, and temperature measured during a cone-penetration test
CPT� in unconsolidated soils or gathered along with the seismic ve-
ocities during SCPT, are widely used to assess the soil stratigraphy,
ehavior, and some fundamental mechanical properties of soils
Campanella et al., 1984�. Cone-penetration tests have also been car-
ied out in frozen soils and permafrost �Ladanyi, 1976, 1985; Cam-
anella et al., 1984; Ladanyi and Huneault, 1989; Ladanyi et al.,
991, 1995; Buteau and Fortier, 2000; Buteau, 2002�, but without
sing the seismic capabilities of CPT.

In the research presented herein, researchers conducted SCPTs in
permafrost mound in northern Quebec, Canada, to study the cryos-

ratigraphy and assess the seismic properties of permafrost. Howev-
r, instead of using only one offset as in the standard SCPT for un-
onsolidated soils, a multioffset surface-to-depth configuration was
sed to perform tomographic imaging. A swept impact seismic
ource generating both P- and S-waves was used near the surface. In
ddition, three-component accelerometers serving as the seismic re-
eivers in depth were embedded in the penetrometer driven into the
ermafrost. To the best of our knowledge, no attempt has been made
n the past to perform multioffset SCPT in unconsolidated soils or
ermafrost for tomographic imaging. The major contributions of
his paper are �1� the study of the cryostratigraphy of permafrost us-
ng 2D images and vertical logs of P- and S-wave seismic velocities,
2� the improvement of the interpretation of tomographic imaging
y correlating the vertical logs of P- and S-wave seismic velocities
ith the stratigraphic profiles of cone data, and �3� the assessment of

he dependencies of P- and S-wave velocities on temperatures near
°C and unfrozen water content. The field methodology and the
CPT results including examples of P- and S-wave seismograms,
D images and vertical logs of P- and S-wave seismic velocities, and
tratigraphic profiles of cone date, are reported herein.

STUDY SITE AND FIELD METHODOLOGY

tudy site

The fieldwork was conducted on the east coast of Hudson Bay,
ear the Inuit community of Umiujaq �56°N, 76°W� in northern
uebec, Canada, in the discontinuous and scattered permafrost

one. The study site is located in a valley leading to the north end of
uillaume-Delisle Lake. Because this valley was submerged by the
ostglacial marine transgression of the Tyrell Sea, the dominant
uaternary sediment overlying the valley floor is thick marine silty

and, a frost-susceptible material. Following the postglacial land up-
ift and the contact of marine sediments with the cold subarctic air,
round freezing occurred. The formation of segregation ice and dif-
erential frost heaving in marine sediments created permafrost
ounds scattered across the valley bottom. The permafrost mounds

re a widespread ice-rich periglacial feature in the discontinuous
ermafrost zone in northern Quebec. They are characterized by an
val or approximately round shape, 3 to 4 m higher than the sur-
ounding terrain, caused by the frost heaving and about 50 m in di-
meter. Their internal temperature is near 0°C, making the perma-
rost very sensitive to any change in surface conditions induced by
an-made infrastructures or climate change.
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One borehole was drilled to a depth of 4.6 m in the permafrost
ound a few meters away from the SCPTs conducted at the study

ite. The active layer, less than 2 m thick, is the surficial layer of the
ermafrost mound that is subject to annual thawing and freezing.
elow the active layer, the permafrost is ice rich — up to 50% in vol-
me for an average density of 1750 kg/m3. The permafrost base is
bout 22.5 m deep �Fortier and Allard, 1998; Buteau, 2002�. At a
epth of 7 m, the ground temperature is −1.5°C. Below this depth,
here is practically no annual fluctuation in ground temperature.

urface-to-depth configuration

A cross-configuration of 40 shotpoints 1 m apart at the surface
as formed by two survey lines �lines A and B in Figure 1� of 20

hotpoints each; these survey lines were used to perform the surface-
orehole tomography. The SCPT was conducted at the intersection
f the survey lines. The researchers conducted two deep SCPTs 1 m
rom each other �SCPT1 and SCPT2 in Figure 1� and down to a depth
f 24 m, running through the permafrost layer in the permafrost
ound on June 13 and 16, 2001. Survey lines B1B1� and B2B2� of

oth cross-configurations overlapped, while the survey lines A1A1�

nd A2A2� were separated by an offset of 1 m �Figure 1�.

eismic cone-penetration test

The penetrometer used is a Vertek cone with a 10 cm2 cross-
ectional area of the tip base and a 60° cone angle, a 100 cm2 friction
leeve, an electrical resistivity module, an inclinometer, a tempera-
ure sensor at the tip, and a module of triaxial accelerometers. The
ushing system developed specifically for penetration rate-con-
rolled SCPT in permafrost �Buteau and Fortier, 2000; Buteau,
002� was used to carry out the SCPTs. The
CPTs were carried out at a constant penetration
ate of 0.1 cm/s. Figure 2 shows a detailed sche-
atic illustration of the field experiment.

eismic source

The seismic source used in the present study is
ased on the swept impact seismic technique
SIST� developed by Park et al. �1996�, which is a
ombination of the Vibroseis swept-frequency
Crawford et al., 1960; Anstey, 1994� and the

ini-Sosie multiimpact techniques �Barbier et
l., 1976�. The source used is the VIBSIST-20,
esigned and made by Vibrometric Oy.

The seismic signal produced by the swept im-
act source is a series of short pulses generated
ccording to a deterministic coding scheme over
given interval in which the rate of impacts in-

reases linearly with time. Low-power and high-
requency broadband seismic pulses, generating
oth P- and S-waves, are produced by this seismic
ource. Because the deterministic coding scheme
s discontinuous, the decoding process of the seis-

ic signal is accomplished by a “shift-and-stack-
ng” procedure that is much simpler and quicker
han crosscorrelation �Park et al., 1996�. The cod-
ng scheme is monitored with an impact sensor, a
ignal source accelerometer, mounted on the seis-

Figure 2. Sche
receiver posit
for clarity.
ic source �Figure 2�. This technique provides a higher S/N ratio
nd better resolution than a conventional single-pulse technique.
ach impact had a frequency content between 40 and 2000 Hz. In

he field, the rate of impacts was swept from 8 to 25 impacts per sec-
nd over a 10-s duration. The total number of impacts during a
weep varied between 125 and 135.

eismograph

Researchers used a high-resolution engineering seismograph,
trataVisor NZ-24 from Geometrics, to record the seismic signals of

he triaxial accelerometers �PC-3 in Figure 2�. The sampling interval

igure 1. Adjacent cross-configurations of 40 seismic shotpoints for
wo SCPTs. The survey lines B1�B1 and B2�B2 were superposed
hile survey lines A1�A1 and A2�A2 were 1 m apart. The SCPT1 and
CPT2 were in the center of the cross-configurations.

illustration of the field experiment �not to scale�. Only three seismic
depth and one seismic shotpoint near the ground surface are shown
matic
ions in
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nd the record length to monitor the seismic signal were 125 �s and
.192 s, respectively. An initial delay of 2 s without recording was
lso used to stabilize the seismic source.

eismic receivers

The seismic signal propagating in permafrost was recorded using
module of triaxial accelerometers embedded in the penetrometer.
ccelerometers were preferred to geophones for monitoring the
igh-frequency seismic signal generated by the seismic source. The
hree orthogonal components, two horizontal �x and y� and one verti-
al �z�, were oriented to approximately align the horizontal x-
omponent with survey line A of shotpoints and the y-component
ith line B �Figures 1 and 3�.

ield methodology

Cone resistance, friction load, temperature, cone inclination from
he vertical, and electrical resistivity were measured by sensors em-
edded into the penetrometer and automatically recorded with a data
cquisition system �Figure 2�. From the surface down to a depth of
4 m, the cone penetration was stopped at depth intervals of 1 m to
dd a new pushing rod, perform the seismic shots with the seismic
ource following the cross-configuration �Figure 1�, and record with
he seismograph the seismic waves propagating down to the acceler-
meters embedded in the penetrometer. The seismic source stood di-
ectly on the thawing front at a depth of about 0.75 m in the active
ayer for a better mechanical contact and to avoid the signal attenua-
ion in the unfrozen ground at the surface.

igure 3. Influence of the incident angle of the seismic raypath on the
ers coupling response. Receivers X and Z lie on the source-receivers
ows indicate which triaxial accelerometer has a good coupling and
r an S-wave for two different incident angles: �a� a high incident ang
ent angle. The components of the P-wave are PX and PZ. The S-wav
an be decomposed into two components: the component SV in th
lane, which can be further decomposed into two other components S
omponent SH, which is perpendicular to the sources-receivers plane
SEISMIC DATA PROCESSING

The first step of data processing is to improve the quality of the
ignal source.Anotch filter at 60 Hz was applied to the signal source
ecause the signal source was affected by 60-Hz electrical noise
rom a power line. The record length and number of impacts N were
lso reduced in order to suppress the constant rate of impacts at the
nd of the sweep even with a carefully controlled impact sequence.
nce the quality of the signal source was enhanced, we performed a

ummation of the pulses in the seismic records according to the shift-
nd-stacking procedure proposed by Park et al. �1996�.

A fast Fourier transform applied to the decoded signals provided
he power spectra. The frequency content of the body waves propa-
ating in the permafrost varies typically between 200 and 1000 Hz.
owever, at depths greater than 22 m in the unfrozen ground below

he permafrost base, the high frequencies were attenuated. Accord-
ng to the frequency content, a band-pass filter between 180 and
000 Hz was used.

Initially, researchers used a correlation-based algorithm for auto-
atic time picking of P- and S-wave first arrivals. Thereafter, manu-

l time picking was systematically used to modify the first-arrival
imes on some seismic traces if necessary. The inversion of the first-
rrival times based on the simultaneous iterative reconstruction
echnique �SIRT� algorithm �Gilbert, 1972� provided the 2D images
f P- and S-wave seismic velocities.As a first approximation, an ini-
ial velocity model was created assuming straight raypaths. Then,
tarting with this initial velocity model, curved wave paths were
omputed iteratively during the tomographic inversion using a com-
ination of a smoothing method for the coarse raypath estimates and
bending method for the refinement of the raypath �Um and Thurb-
r, 1987�. The medium is assumed to be isotropic.

The 2D discrete models representing the inves-
tigated medium were made of discrete elements
or square cells. The size of the square cells was
fixed at 1 m to respect the physical and mathe-
matical resolutions of the problem. The cell size
should be as close as possible to the wavelength.
The wavelengths are approximately 4.1 and
2.5 m, respectively, for a P-wave dominant fre-
quency of 700 Hz and an average velocity of
2900 m/s, and for an S-wave dominant frequen-
cy of 550 Hz and an average velocity of 1400m/s.
However, the mathematical resolution function
of the number of seismic raypaths in the model is
the most important criterion. The number of cells
should be kept below the number of raypaths. In
the present case, 250 cells were used for a maxi-
mum number of 480 raypaths. Smooth models in
the horizontal direction were considered in order
to respect the horizontal structure of the perma-
frost layers. This smoothing procedure includes
the choice of the number of cells and the weight-
ing for the central cell.

Because the SIRT algorithm minimizes the dif-
ference between the synthetic traveltimes and the
observed ones, all the tomographic images pre-
sented in this paper were selected for their small-
est root mean square �rms� misfit between the ob-
served and synthetic traveltimes. The residual
mean squares used during the inversion process

l accelerome-
The black ar-
tect a P-wave
b� a low inci-
olarized and

ces-receivers
SVZ, and the
triaxia
plane.
can de
le and �
es are p
e sour
VX and
.
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re near 0.065 ms for the tomograms of P-wave velocities and near
.090 ms for the tomograms of S-wave velocities. Furthermore, the
odels should be geologically reasonable. The cone data were used

o correlate with the seismic velocities and check the quality of the
omographic images.

DISCRIMINATION OF FIRST ARRIVALS

In this study, the incident angle of a seismic raypath is defined rel-
tive to the vertical �or the vertical accelerometer Z�, while the P-
nd S-wave components are defined relative to the vertical plane
ormed by the sources and receivers �Figure 3�. In Figure 3, the
orizontal accelerometer X and vertical accelerometer Z are in the
ources-receiver plane, while the horizontal accelerometer Y is per-
endicular to this plane. The P-wave can be separated into two com-
onents — the horizontal PX-wave and the vertical PZ-wave — both
ropagating in the sources-receiver plane. The horizontal compo-
ent PY-wave is assumed to be negligible. The S-wave component in
he sources-receiver plane is the SV-wave and can be seperated into
wo other components — the vertical SVZ-wave and the horizontal
VX-wave. The SH-wave is the horizontal component of the S-wave

hat is perpendicular to the sources-receiver plane �and is therefore
n the Y direction�.

The examples given herein of seismic traces �Figures 4, 5, and 7�
ere recorded along the survey line A of the tomographic imaging
n June 16, 2001 �SCPT2 in Figure 1�. The seismic traces are nor-
alized to the maximum amplitude of each trace. The variations in

elative amplitude are shown in the histogram on the right side of
ach set of seismic traces �Figures 4, 5, and 7�. As expected, the sig-
al amplitude decreases with the increase in the source-to-receiver
istance.

ariation of the incident angle

For low incident angles or for deep receivers and/or small offset
Figure 3b�, the particle motion longitudinal to the direction of
-wave propagation is almost parallel to the vertical accelerometer Z
llowing a full coupling and detection. On the other hand, the parti-
le motion polarized in the plane of the wavefront and transverse to
he direction of S-wave propagation is almost in the same plane de-
ned by the horizontal accelerometers X and Y allowing a full cou-
ling and detection �Figure 3b�. However, for a large incident angle
r for shallow receivers and large offset �Figure 3a�, the P-wave is
nly recorded with the horizontal accelerometer X in the sources-re-
eiver plane, while the S-wave is only recorded with the vertical ac-
elerometer Z and the horizontal accelerometer Y perpendicular to
he sources-receiver plane. The coupling between the SH-wave and
he horizontal accelerometer Y does not depend on the incident angle
Figure 3�.

The traces of the first arrivals of the PZ-wave for an offset of 1 m at
-m depth intervals down to a depth of 24 m are shown in Figure 4a,
hile the traces of the SVX-wave for an offset of 3 m are shown in
igure 4b. These two examples are representative of low incident an-
les where the P-wave and the SV-wave are most effectively moni-
ored with the accelerometers Z and X, respectively. In Figure 4a, the
aypaths between the source and receivers are almost vertical at
reater depths. The SV-wave is therefore not detected by the vertical
ccelerometer Z, while the coupling between the P-wave and the
ertical accelerometer Z is maximized. In Figure 4b, faint first arriv-
ls associated with the P-wave are also detected because, even with a
ow incident angle and a particle motion almost perpendicular to the
eceiver, a small coupling still exists between the P-wave and the
orizontal accelerometer X.

The seismic traces for the horizontal accelerometer X and an off-
et of 8 m are given in Figure 5a. The first-arrivals of the P-wave are
etected because the particle motion is almost longitudinal to the di-
ection of the horizontal accelerometer. Moreover, the first arrivals
f the SV-wave become more apparent at depths greater than 8 m.
igure 5b shows the seismic traces recorded with the vertical accel-
rometer Z for the same offset of 8 m. This example illustrates the
ransition in first arrival detection on the vertical accelerometer Z
rom the SV-wave near the surface and the P-wave at greater depths.
he transition zone where both the SV-wave and the P-waves are
istinguishable on the same traces is close to an incident angle of
5°.

hange in polarization

The change in polarization of both P- and S-waves from one side
o the other side of a survey line of tomography imaging centered on
he SCPT allows the discrimination of body waves in the seismic

igure 4. �a� Seismic traces showing mainly P-wave arrivals record-
d with the vertical accelerometer Z at 1-m depth intervals down to a
epth of 24 m and for a shotpoint on line A at an offset of 1 m from
he SCPT2. �b� Seismic traces showing mainly SV-wave arrivals re-
orded with the horizontal accelerometer X at 1-m depth interval
own to a depth of 24 m and for a shotpoint on line A at an offset of
m from the SCPT2.

igure 5. �a� Seismic traces showing P-wave and SV-wave arrivals
n the sources-receiver plane recorded with the horizontal acceler-
meter X. �b� Seismic traces showing P-wave and SV-wave arrivals
n the sources-receiver plane recorded with the vertical accelerome-
er Z. These traces are at 1-m depth intervals down to a depth of 24 m
nd for a shotpoint on lineAat an offset of 8 m from the SCPT2.
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races �Figure 6�.All seismic shots performed on one side of a survey
ine should have the same polarity. An inversion in polarity of the
X-wave and SVX-wave recorded with the horizontal accelerometer,
, occurs when the source is moved from one side to the other side of

igure 6. Vertical and horizontal decomposition in the sources-re
-wave and SV-wave first arrivals recorded with the accelerometers X
ic raypaths. �a� The seismic raypath A is for a shotpoint A on the le

ine relative to the SCPT. �b� The seismic raypath B is for a shotpoint B
he survey line relative to the SCPT. The polarity is indicated by the or
ors and the � and � symbols.

igure 7. Seismic traces at 1-m offset interval from −10 to 10 m rel-
tive to the SCPT2 location along the survey line A. �a� Polarity in-
ersion of the PX-wave arrivals recorded with the horizontal acceler-
meter X at a depth of 3 m. �b� Polarity inversion of the SVX-wave
rrivals recorded with the horizontal accelerometer X at a depth of
0 m. �c� No polarity inversion of the PZ-wave arrivals recorded
ith the vertical accelerometer Z at a depth of 21 m of the SCPT2.

d� No polarity inversion of the SVZ-wave arrivals recorded with the
ertical accelerometer Z at a depth of 3 m.
he survey line �Figure 6a and b�. However, no inversion in polarity
ccurs for the PZ-wave and SVZ-wave recorded with the vertical ac-
elerometer Z �Figure 6a and b�.

The four sets of seismic traces in Figure 7 are
the examples of the four cases in Figure 6. For
each set in Figure 7, the seismic traces are for a
given depth and 20 source locations at 1-m offset
interval from −10 to 10 m along the survey line,
A, centered on the SCPT2. Figure 7a and b shows
the seismic traces affected by an inversion in po-
larity of both the PX-wave and the SVX-wave, re-
spectively, recorded with the horizontal acceler-
ometer X at a depth of 3 and 10 m, respectively.
Figure 7c and d shows the seismic traces of the
PZ-wave and the SVZ-wave, respectively, without
the inversion in polarity recorded with the verti-
cal accelerometer Z at a depth of 21 and 3 m, re-
spectively. In Figure 7b and d, the first arrivals of
S-waves are marked with a gray line.

TOMOGRAPHIC IMAGES OF
P- AND S-WAVES VELOCITIES

Twenty sets of 24 seismic traces �similar to the
ones shown in Figures 4 and 5� per accelerometer
and per survey line, representing 20 shotpoints
along each survey line and 24 receivers at 1-m
depth intervals down to a depth of 24 m, were
used after data processing to pick the first arrivals,
measure the traveltimes, invert the traveltimes as
a function of the source-receiver locations, and

ompute the 2D images of P- and S-wave velocities. The tomogra-
hic image of P-wave velocity for the SCPT1 along the survey line
1A1� is given in Figure 8a while the image of S-wave velocity along

he same line is given in Figure 9a. We computed the difference be-
ween two tomographic images to make easier the comparison be-
ween the survey linesAand B for SCPT1 and SCPT2 �Figure 1�. For
- and S-waves respectively, the difference between SCPT1 and
CPT2 for the survey lines B is given in Figures 8b and 9b, and for

he survey linesAin Figures 8c and 9c, while the difference between
urvey lines A and B of SCPT1 is given in Figures 8d and 9d. The
eismic shotpoints on the thawing front are identified by triangle
ymbols, the SCPT location at the surface by a square symbol at a
istance of zero, and the receivers in depth by dot symbols �Figures 8
nd 9�.

Because the raypath density is variable in the cells of the earth
odel, the image resolution is not uniform. The surface-to-depth

onfiguration is most discriminating and accurate along the seismic
hotpoint and receiver locations where the raypath density is greater
han far away from these locations. Generally, for the 2D images of
- and S-wave velocities �Figures 8a and 9a�, only one to fourteen
aypaths intersect the boundary cells of the earth model. This small
aypath density introduces artifacts of high velocities observed at the
oundary cells. For the central cells, i.e., 2 to 3 m to either side of
he SCPT, each cell is intersected by 30 to 55 raypaths with density
ncreasing near the SCPT. However, increasing the number of ray-
aths cannot improve the resolution if the raypaths are restricted to a
imited range of viewing angles. In the case of a surface-to-depth
onfiguration, many cells are limited to a small viewing angle. The
elocity resolution is better in the orientation parallel to the raypaths

plane of the
for two seis-

of the survey
e right side of
on of the vec-
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Shearer, 1999�. Thus, for the experiments considered here, the ver-
ical variation in seismic velocities is more significant than the hori-
ontal one.

Keeping in mind the limitations of tomography, some observa-
ions can be made in Figures 8a and 9a on the lateral heterogeneity of
he distribution of seismic velocities in the permafrost mound. Be-
ween 8 and 16 m deep, the left side of each tomographic image cor-
esponding to the extremities A� and B� of the survey lines shows
igher velocities, a difference of about 200 m/s and 300 m/s be-
ween each side is noted for P- and S-waves, respectively. In the
eld, these extremities are in the direction of the centre of the perma-
rost mound. Two other CPTs were carried out in the permafrost
ound at the extremities of lines A1� and A2� but without using the

eismic capabilities of CPT. Based on the stratigraphic information
educed from the four sets of cone data, the major layers are almost
orizontal. Therefore, no major lateral changes in seismic velocities
hould be noted on the tomographic images. The difference in seis-
ic velocities may be related to the cone inclination �Figure 10� in-

ucing an error in the receiver locations and affecting the distribu-
ion of seismic velocities. The cone inclination reached a value of
bout 5° relative to the vertical at a depth of 24 m. No attempt was
ade to take into account this deviation from the vertical in the re-

eiver locations because it is only an inclination
elative to the vertical and the true orientation of
nclination is unknown. Without correction, the
eismic velocities are higher in the orientation of
he cone inclination because the source-receiver
istances are shorter in reality than the ones used
n the tomographic inversion process. The travel-
imes are also shorter than those for a perfectly
ertical SCPT, thereby leading to higher seismic
elocities.

The survey lines B1B1� and B2B2� of SCPT1
nd SCPT2 overlap �Figure 1�. The difference in
eismic velocities must be negligible in theory
Figures 8b and 9b�. This is the case for S-wave
elocity with almost no difference except at the
oundary cells �Figure 9b�. On the other hand, we
oted a difference in P-wave velocity between 0
nd 200 m/s �Figure 8b�. The survey lines A1A1�

nd A2A2� of SCPT1 and SCPT2 are 1 m apart
Figure 1�. Like Figure 8b, Figure 8c shows a dif-
erence in P-wave velocity between 0 and 200

/s except on the top right side of the tomogra-
hic image where the difference reaches −500
/s. This anomaly in P-wave velocity is not per-

eptible for the S-wave �Figure 9c�. However,
ifferences in S-wave velocity of −500 m/s on
he top left side and of 400 m/s on the middle left
re noted in Figure 9c without equivalent anoma-
ies in P-wave velocity �Figure 8c�. These differ-
nces are probably inversion artifacts for both 2D
mages of P- and S-wave velocities, because a lo-
al variation in permafrost stiffness should result
n anomalies in P- and S-wave velocities at the
ame region in the tomographic images. The cone
nclination reached during SCPT2 was less than
he one of SCPT1, but this difference in cone in-
lination alone cannot explain the anomalies in P-
nd S-wave velocities. Finally, Figures 8d and 9d

Figure 8. Tom
2001 �SCPT1
images carried
B1�B1 and B2�
2001 �SCPT2
out on June 13
how, for SCPT1, the anisotropy between survey lines A1A1� and
1B1�. In the case of the P-wave, there is no consistent evidence of
nisotropy detected in Figure 8d, while Figure 9d presents a differ-
nce in S-wave velocity of 100 and 200 m/s on the left and right
ides, respectively. Once again, because the anomalies in P- and
-wave velocities are not located in the same regions of the tomogra-
hic images, they are probably inversion artifacts, but may also be a
esult of anisotropy in permafrost stiffness along the two perpendic-
lar survey lines A1A1� and B1B1�.

COMPARISON BETWEEN GEOTECHNICAL
AND SEISMIC LOGS

The stratigraphy of the permafrost mound has been defined in
erms of its mechanical, thermal, electrical, and seismic properties
rom the SCPT data. The results of the SCPT1 are given in Figure
0a. The results of SCPT2, not shown, are almost identical. In Figure
0b, four logs for both P- and S-wave velocities were calculated
rom the average velocity of two central cells along the SCPTs of to-
ographic images. From the variations in mechanical, thermal, and

lectrical properties in depth, a cryostratigraphic column can be de-
uced �Figure 10�.

s of P-wave velocity. �a� Tomographic image carried out on June 13,
line A1�A1. The computed differences between �b� the tomographic
June 13, 2001 �SCPT1�, and on June 16, 2001 �SCPT2�, along lines
the tomographic image in �a� and the one carried out on June 16,
line A2�A2 and �d� the tomographic image in �a� and the one carried

�SCPT1�, along line B �B .
ogram
�, along

out on
B2, �c�
�, along
, 2001
 1 1
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The cone resistance qc is a measure of the soil resistance to the
one penetration, while the friction ratio is a measure of the mobi-
ized friction f s along the friction sleeve of the penetrometer normal-
zed by the cone resistance f s/qc. As a general interpretation rule of
PT in unfrozen ground, coarse-grained materials such as sand pro-
uce high cone resistance and low friction ratio, while fine-grained
aterials such as clay or silt produce low cone resistance and high

riction ratio.According to previous studies of CPT in frozen ground
Campanella et al., 1984; Buteau, 2002�, ice-rich permafrost and ice
enses are characterized by cone resistance in excess of 20 MPa and
riction ratio lower than 1%. The permafrost table and permafrost
ase can be defined by the isotherm 0°C. The solid line in Figure 10
s the variation in depth of the dynamic temperature measured during
he cone penetration. The friction along the penetrometer shaft
arms up the penetrometer, as well as the surrounding soil, so the
ynamic temperature does not reflect the in-situ conditions
Dlugach et al., 1995�. The broken line is the temperature profile
easured on June 16, 2001, using a thermistor cable permanently

uried in the permafrost mound a few meters from the SCPT. Be-
ween 2 and 8 m, this profile is colder than the dynamic temperature,
eaching −2°C at 3.5 m. However, the two curves are similar and
hey can be used together to locate the depth of the thawing front and
he permafrost base. The electrical resistivity is measured during the

igure 9. Tomograms of S-wave velocity. �a� Tomographic image ca
001 �SCPT1�, along line A1�A1. The computed differences between
mages carried out on June 13, 2001 �SCPT1�, and on June 16, 2001 �

1�B1 and B2�B2, �c� the tomographic image in �a� and the one car
001 �SCPT2�, along line A2�A2 and �d� the tomographic image in �a
ut on June 13, 2001 �SCPT1�, along line B �B .
1 1
one penetration with the resistivity module of four electrodes
paced 3 cm apart following a Wenner array configuration. The elec-
rical resistivity of frozen soils depends on the soil type, water salini-
y, unfrozen water and ice contents, cryostructure, and ground tem-
erature. According to Fortier et al. �1993�, the frozen fine silty sand
s characterized by resistivity values over 1000 ohm-m with values
s high as 100,000 ohm-m for an ice-rich layer. The last profile
hown in Figure 10a is the cone inclination relative to the vertical.
he seismic velocities in permafrost depend on the soil type, ground

emperature, ice content, and unfrozen water content.
There are significant variations in cone resistance, friction ratio,

nd electrical resistivity with depth resulting from the complex se-
uence of frozen soil layers and ice lenses in the permafrost mound
Figure 10a�. These variations occur at a scale of a few centimeters in
epth. In comparison, the seismic profiles are much less variable
Figure 10b�. As mentioned previously, the wavelength of P- and
-waves is on the order of few meters and at least two orders of mag-
itude larger than the complex sequence of frozen soil layers and ice
enses in permafrost. The seismic tomography is therefore complete-
y blind to this small scale heterogeneity in permafrost. The P- and S-
ave velocities depend only on the changes in bulk physical proper-

ies as a function of temperature in the permafrost mound. However,
ome important features can be highlighted in the SCPT profiles to

assess the cryostratigraphy of the permafrost
mound.

In the middle of June 2001, the active layer was
not completely thawed. The thawing front is
clearly marked at a depth of 0.75 m by a sharp in-
crease in cone resistance from few kPa in the
thawed active layer up to 10 MPa in the frozen
active layer, and an increase in friction ratio and
electrical resistivity �Figure 10a�. The permafrost
table, the contact between the active layer and
permafrost at a depth of about 1.7 m, is indicated
by an increase in resistivity over the limit of
1000 ohm-m. The permafrost table is not high-
lighted clearly by a sharp increase in seismic ve-
locities, but rather a gradual increase in velocities
marks the passage between the frozen active layer
and permafrost resulting from the decrease in
ground temperature at depth �Figure 10b�.

The ice-rich permafrost layers identified by the
arrows in Figure 10a are characterized by very
high values of cone resistance over 20 to 30
MPa, a low friction ratio below 1%, and high re-
sistivity values in excess of 10,000 ohm-m. The
seismic velocities in the permafrost range from
2400 to 3200 m/s for P-wave and from
850 to 1750 m/s for S-wave �Figure 10b�. The
maximum values of P- and S-wave velocities of
about 3000 to 3200 and 1500 to 1750 m/s, re-
spectively, occur between 6 and 7 m in depth
where the ice content of permafrost is probably
highest. An ice-rich layer of about 0.75 m thick
just below 10 m in depth characterized by a high
cone resistance of 30 MPa and electrical resistiv-
ity over 10,000 ohm-m is clearly identified. This
thick ice-rich layer does not induce an increase in
P- and S-wave velocities �Figure 10b�. Another
feature at a depth of about 13 m is also identified

t on June 13,
tomographic
�, along lines
t on June 16,
e one carried
rried ou
�b� the
SCPT2
ried ou
� and th
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n the SCPT profiles �Figure 10a�.Afew decimetres above 13 m, the
ow cone resistance associated with high friction ratios and low val-
es of electrical resistivity suggests a thick layer of fine-grained soil
ith high unfrozen water content. Despite the fact that the thickness
f this layer is lower than the tomographic resolution, this layer
eems to be underlined by a slight decrease in P-wave velocity �Fig-
re 10b� because the P-wave velocity is lower in water than in ice.
owever, the S-wave velocity is almost unaffect-

d by this layer. Below 13 m, the variability of the
one resistance and the friction ratio is less signif-
cant, and the ice content is lower than above this
epth. The ice-rich layers are also thinner because
igh values of cone resistance over 25 MPa are
ot noticed below 13 m, except at 17.8, 18.2, and
9.2 m in depth. These probably correspond to
he last ice-rich layers �Figure 10a�. Below 13 m,
- and S-wave velocities decrease slowly, proba-
ly caused by the increase in temperature and un-
rozen water content and the decrease in ice con-
ent �Figure 10b�.

At depths greater than 19.5 m, changes in
round conditions can be identified through a
harp decrease in electrical resistivity to values
elow 1000 ohm-m �Figure 10a�. The permafrost
ase near 21.5 m is defined by the isotherm 0°C.
etween 19.5 and 21.5 m in depth the ground is
ryotic but unfrozen because the temperature
s below 0°C and the resistivity is below 1000
hm-m. The freezing point depression in this lay-
r evaluated to about −0.5°C because of the over-
urden pressure �Fortier and Allard, 1998�. Be-
ow the permafrost base, at a depth of 21.5 m, low
alues in S-wave velocity of about 500 m/s indi-
ate the presence of unfrozen soil �Figure 10b�. It
s the perennially noncryotic ground.

The logs of P- and S-wave velocities are quite similar in general
hape, reflecting the cryostratigraphy of the permafrost mound �Fig-
re 10b�. The profiles of P-wave velocity for survey lines A1A1� and

1B1� of SCPT1 �Figure 10b� are identical for depths greater than
m. As shown in Figures 8 and 9, no major azimuthal anisotropy in

eismic velocities in the permafrost mound between the two seismic
ogs A1A1� and B1B1� is perceptible. However, the profiles of
-wave velocity for survey lines B1B1� and B2B2� of SCPT1 and
CPT2 �Figure 10b� have a systematic difference of about 200 m/s
ven though these two survey lines overlapped �Figure 1�. This dif-
erence is close to the experimental error related to the sampling in-
erval, the accuracy of picking the first arrivals and measuring the
raveltimes, the penetrometer inclination from the vertical inducing
n error in the receiver locations, and the raypath density and cover-
ge used during the inversion process of traveltimes. The survey
ines associated with SCPT1 show the higher velocity profiles, more
vident for P-wave at depths greater than 3.5 m but also true for
-wave at depths greater than 6 m. Slight changes in surface condi-

ions, progression of the thawing front, and warming of the active
ayer between the two SCPTs acquired 3 days apart may have affect-
d the stiffness of permafrost and can explain the difference in the
ogs of P- and S-wave velocities near the surface. At depths greater
han 6 m, the difference in S-wave velocity from one log to another
s less than 200 m/s, and this difference is negligible below 12 m
Figure 10b�. Overall, it is difficult to differentiate the experimental

Figure 10. �a�
S-wave veloc
rror from the changes in surface conditions because the trends from
ne log of P-wave or S-wave velocity to another are not the same for
- and S-wave velocities. However, the reproducibility of seismic

ogs is considered good.
The experimental nonlinear dependencies of P- and S-wave ve-

ocities on unfrozen water content are given in Figure 11 for the seis-
ic logs of survey line B2B2� of SCPT2. The unfrozen water content

f permafrost was deduced from a power-law relationship between

ts of SCPT1 carried out on June 13, 2001. �b� Variation of P- and
depth.

igure 11. P- and S-wave velocities as a function of unfrozen water
ontent.
Resul
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he unfrozen water content and the temperature proposed by Fortier
t al. �1996� for frozen silty sand. Fortier et al. �1996� measured di-
ectly in the field close to the study site the unfrozen water content of
ndisturbed permafrost samples using a calorimetric method. The
emperature profile measured on June 16, 2001, on a thermistor ca-
le was used to calculate the unfrozen water content. According to
his empirical relationship, most of the increase in unfrozen water
ontent occurs in the range of temperature between −2°C and 0°C.
elow −2°C, the unfrozen water content is almost constant at 8%.
rom near the surface to a depth of 7.23 or 6.23 m for P- and
-waves, respectively, the P- and S-wave velocities increase, while

he unfrozen water content is nearly constant at 8%. The increase of
he seismic velocities is explained by the variation of ice content
ith depth. From 7.23 or 6.23 m to 16.23 or 15.23 m in depth for P-

nd S-waves, respectively, the seismic velocities are near their maxi-
um values, but they are affected by a small decrease as unfrozen
ater content increases slightly from 8% to 11%. Below 16.23 or
5.23 m, the P- and S-wave velocities decrease slowly because of
he large increase in unfrozen water content near 0°C, as the ground
emperature increases slowly in depth following the geothermal gra-
ient. At depths greater than 19.5 m and unfrozen water content
igher than 14%, the seismic velocities do not vary significantly be-
ause the ground is unfrozen even if the temperature is still below
°C. For comparison purposes, the results of Nakano and Froula’s
1973� laboratory tests conducted on artificially frozen clay are also
iven in Figure 11. However, no laboratory data are available for
-wave velocity.

CONCLUSIONS

A multioffset surface-to-depth geometry was used to perform
eismic cone-penetration tests in a permafrost mound to conduct to-
ographic imaging, study the cryostratigraphy, and assess the seis-
ic properties of permafrost at temperatures near 0°C. A swept im-

act seismic source was moved near the surface to generate both P-
nd S-waves, and three-component accelerometers embedded in a
enetrometer driven in depth in the permafrost mound were used to
ecord the body waves propagating from the seismic source. The ac-
uracy and reproducibility of vertical seismic logs defined from the
D images of P- and S-wave velocities were adequate to delineate
oughly the bulk physical properties of permafrost. However, the
ertical resolution of the seismic logs is of the same order as the
avelengths of P- and S-waves �a few meters�, simply not enough to
etect the small scale heterogeneity of permafrost consisting of a
omplex sequence of ice lenses and frozen soil layers a few centime-
ers thick as shown by the cone data. Moreover, the surface-to-depth
eometry is limited to a small viewing angle and is not well suited to
tudying the lateral variability of seismic properties in permafrost,
specially at the boundary cells of the tomographic images. There-
ore, the surface-borehole tomography is adequate for studying only
he vertical variability of velocities of body waves in permafrost.

Cone data such as cone resistance, friction ratio, electrical resis-
ivity, and temperature, along with the seismic data, provided useful
nformation for characterizing permafrost without the cost of drill-
ng a borehole. The CPT profiles showed the small scale heterogene-
ty of permafrost, while the seismic logs deduced from the tomogra-
hic images were characterized by smoothed curves indicating the
ulk physical properties of permafrost. The cone resistance and fric-
ion ratio in permafrost varied mainly between 10 and 30 MPa and
etween 0% and 3%, respectively, with maximum values near
0 MPa and minimum values well below 1%, respectively, for ice-
ich layers. The limit between unfrozen and frozen soil is clearly
arked by the resistivity value of 1000 ohm-m. The P- and S-wave

elocities varied from 2400 to 3200 m/s and 850 to 1750m/s, re-
pectively, for a temperature range between 0°C and −2°C in per-
afrost. The empirical relationship between the seismic velocities

nd unfrozen water content for temperatures near 0°C shows a gen-
ral decrease in velocities with the increase in unfrozen water con-
ent. However, this relationship is more complex than the one estab-
ished in the laboratory because of the variability in ice content and
hermal conditions at depth. The nonlinear dependencies of P- and S-
ave velocities on temperature and unfrozen water content found in

he present study fill a knowledge gap in permafrost science.
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