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INTRODUCTION
The arctic environment has been explored using geophysical 
measurements at least since the 60s (Woolson 1962), mainly for 
exploration supported by petroleum industries or scientific insti-
tutions. Both sea and land seismic surveys furnished detailed 
deep subsoil models for resource exploitation in the Arctic region 
(Hunkins et al. 1962). In the particular case of the Svalbard 
Archipelago, seismic prospecting began in the 70s (e.g., Sundvor 
et al. 1978), and the detailed crustal structure was imaged since 
the 80s (Eiken and Austegard 1989; Sellevoll et al. 1991). As 
regards onshore, near-surface geophysical prospecting has 
focussed on ice and soil characterization, glacier dynamics, and 
permafrost evolution (Hunter 1973; King, Zimmerman and 
Corwin 1988; Johansen et al. 2003; Ross et al. 2005; 2007; 
Kneisel, Sæmundsson and Beylich 2007; Tsuji et al. 2012). 
Permafrost studies are now growing in importance, in part to 
improve the quality of oil reservoir seismic reflection in perma-
frost terrains (e.g., Johansen et al. 2003) or to understanding its 
possible role as additional caprock in CO
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ABSTRACT
We present the results of a seismic survey on an open-system pingo, the Innerhytta pingo, located 
in the Adventdalen Valley, Spitsbergen Island of the Svalbard Archipelago, Norway. To evaluate the 
temporal evolution of the permafrost, we need detailed knowledge of its heterogeneities, of which 
pingos are the most visible markers. The seismic velocity contrasts and inversions peculiar to these 
features can be a problem for a successful seismic survey. The present paper focusses on the limits 
and benefits of various seismic methods for imaging the subsurface structure of the pingo, with the 
aim of defining the best practice for shallow seismic exploration. We performed several tests, using 
classical reflection/refraction arrays, seismic tomography, and surface wave analysis. We tested dif-
ferent kinds of seismic sources and receivers. The combined use of several sources and receivers 
sets and patterns, and the use of surface wave analysis and body wave tomography allowed con-
structing a three-dimensional model of the velocities. For this particular pingo, beneath an approx-
imately 15-m thick high-velocity layer, low velocities are found to be present at an anomalously 
shallow depth. This low-velocity layer is interpreted to host the ground water circulation that con-
trols the pingo’s structural evolution. Such observations suggest feeding water flow from depth 
rather than from the near surface, as commonly supposed for open-system pingos.

sites (Oye, Braathen and Polom 2013; Lecomte et al. 2014; Tsuji 
et al. 2016) and to advance climate change estimation and moni-
toring (Humlum, Instanes and Sollid 2003; MacDougall, Avis 
and Weaver 2012). In fact, the global climate change problem 
implies that studies of permafrost characteristics, thickness, and 
fluid content must be increased (Minsley et al. 2012). Permafrost 
is mainly located at high latitudes, but it is also locally present at 
high altitudes in temperate zones. Typically, permafrost soil con-
tains carbon dioxide and methane, and even its partial thawing 
would mean an increase of greenhouse gasses in the atmosphere 
and a further acceleration in its warming. For these reasons, 
geophysical studies, both airborne and ground based, have been 
applied intensively to characterize permafrost areas (Scott, 
Sellmann and Hunter 1990). In particular, the areas where the 
permafrost is interrupted, or its thickness laterally changes, are 
crucial to understanding the factors controlling the subsurface 
response (e.g., Bense et al. 2012). Pingos give such an example. 
Pingos are periglacial mound structures, typically interpreted to 
have formed by uplift of soil due to the growth by repeated water 
injection and freezing of an ice or ice-rich core (Figure  1). 
Pingos are found in both continuous and discontinuous  
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can be logistically difficult (Lecomte et al. 2014) and, in the case 
of some pingos, inhibited by unconsolidated sediment with a 
high degree of water saturation. A source/receiver comparison 
highlighting benefits and limitations for high-resolution seismic 
prospecting in such an environment is still missing. Thus, we 
designed our experiment to explore reliable source–receiver con-
figurations, as well as acquisition parameters and geometries 
most suitable to illuminate the target.

In the present work, we report the results of a feasibility test 
for full-wave seismic investigation of an open-system pingo: 
Innerhytta Pingo in the Svalbard Archipelago within the 
IMPERVIA Italian polar research project. We aimed to examine 
several kinds of receivers, seismic sources, as well as different 
acquisition patterns to define the most suitable and cost-effective 
workflow for the high-resolution seismic definition of heteroge-
neous permafrost. Moreover, we tested the efficiency of tomo-
graphic inversion and surface wave (SW) analysis (e.g., Tsuji et 
al. 2012) to image general pingo structures and to try to constrain 
previous hypotheses of the permafrost structure and plumbing of 
Innerhytta Pingo (e.g., Ross et al. 2005, 2007). The paper 
extends and deepens the works of Petronio et al. (2015) and 
Rossi et al. (2015), both illustrating parts of the results achieved 
in the IMPERVIA project.

THE INNERHYTTA PINGO, SVALBARD
Our test site is located at the Innerhytta Pingo in the Adventdalen 
valley, 16 km east of Longyearbyen, on the island of Spitsbergen 
in the Svalbard archipelago (Figure 1).

Innerhytta Pingo is the best known and studied open-system 
pingo in the Adventdalen valley (e.g., Piper and Porritt 1966; 
Yoshikawa 1993; Ross et al. 2005, 2007). It has an elongated 
surface expression, 410 m in EW direction and 200 m in NS 
direction, reaches a height of 28 m above the valley floor, and has 
a characteristic icefall to the SE of the pingo apex (Christiansen 
et al. 2010) (Figure 1). The Adventelva (Advent River) eroded 

permafrost, are mainly circular to oval in plan, with diameters of 
30–600 m and topographic relief up to 50 m.

From the hydrological point of view, typically pingos are 
grouped into closed and open systems (Mackay 1998). In the 
first case, the groundwater is contained within the area where the 
pingo is formed, whereas for open-system pingos, it comes from 
below the ice-filled permafrost (Figure  1) (e.g., Liestøl 1977). 
Since hydrology has been well documented in relatively few 
cases, outstanding questions include the distribution of ice 
within and beneath pingos and the source of groundwater for 
new ice (e.g., Mackay 1998 or Yoshikawa et al. 2006). Pingos 
have mainly been studied with direct current (DC) resistivity 
soundings and electromagnetic methods such as transient elec-
tromagnetic methods, very-low-frequency methods and ground-
penetrating radar (GPR) (Kovacs and Morey 1986; Yoshikawa 
1993; Ross et al. 2005).

The permafrost and, in particular, pingos present challenging 
conditions for geophysical surveys (e.g., Hauck and Kneisel 
2008; Hauck 2013). In fact, the high attenuation of the electro-
magnetic wave, due to the clay-rich soil, significantly limits the 
GPR penetration (Ross et al. 2005), whereas the rough topogra-
phy with steeply sloping flanks restricts the use of electrical 
resistivity tomography (Ross et al. 2007). High-resolution 
onshore seismic methods can be affected by problems in receiver 
coupling, for example, poorly consolidated snow, partially 
melted ice, laterally or vertically inhomogeneous soil saturation 
or freezing, and similarly caused losses in the penetration/resolu-
tion capabilities of the seismic source. Yoshikawa et al. (2006) 
reported limited success using seismic methods to differentiating 
a dry active layer (the active layer is the uppermost soil or rock 
that thaws in the summer, typically about 1 m thick) from the 
underlying frozen soil. For seismic methods, the permafrost 
structure and hydrology of a pingo is linked to seismic velocity 
inversions, which preclude the use of refraction seismic. An 
S-wave survey can improve resolution, although S-wave sources 

Figure 1 (a) The Innerhytta Pingo in the Spitsbergen Island, Svalbard (red star); (b) a panoramic view of the pingo from SE, with the indication of its 

width and height; (c) a schematic illustration for an open-system pingo structure (from Ross et al. 2007, modified).
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port (snowmobiles) and helps protect the underlying tundra from 
survey impact. Moreover, at the end of the winter, the active 
layer, which in Adventdalen is 0.9–1.3 m thick (Schuh, Frampton 
and Christiansen 2017), is still frozen. Snow thickness varied 
from 0 m on the pingo apex to locally more than 2 m on the 
flanks. Ice morphology at the pingo crest indicated recent out-
flow, although no active water outflow was observed. The snow 
consisted of relatively thick (about 15 cm) layers of soft snow 
interspersed with thin layers (1–3 cm) of hard snow.

Equipment
Before the main acquisition along each line, we performed pre-
liminary tests to evaluate the efficiency of different seismic 
sources and sensors. Table 1 summarises the overall equipment 
used in the various phases of the survey.

Emplacements tested included snow surface, exposed tundra 
surface, buried in soft or hard snow, and beneath the snow sur-
face in the tundra. The best coupling and lowest wind noise were 
achieved in snow pits dug to the base of the snow layer, planted 
in the tundra; this was used for most of the conventional (non-
snow-streamer) deployments.

The vertical 4.5-Hz geophones were used for the SW survey, 
whereas 100-Hz geophones were utilised only for a seismic 
reflection test and the 14-Hz ones for the main survey. The use 
of a snow-streamer in areas with continuous (or limited) snow 
cover is an efficient way of collecting common depth point data 
(e.g., Eiken et al. 1989; Johansen et al. 2003, 2011) or for a quick 
laying out of geophones for static acquisition. On the contrary, 
manual planting of geophones requires a strong effort of man-
power and time for the snow pit digging. However, the latter 
enables a better coupling with the ground and greater protection 
from wind effect than in the case of the snow-streamer sensors, 
notwithstanding the sensors, and their connecting cables were 
also covered with snow (static acquisition).

the northern flanks of Janssonhaugen (about 100 m to the SE of 
the icefall) and the southern flanks of Innerhytta, contributing to 
its asymmetrical south–north profile (Ross et al. 2005).

The Thermal State of Permafrost (TSP)  Norway International 
Polar Year (IPY) project (Christiansen et al. 2010; Juliussen et 
al. 2010) drilled a 20-metre-deep borehole near the top of the 
pingo, providing information on the pingo stratigraphy to a level 
of several metres above the height of the land surface surround-
ing the pingo. The drilling showed sediment interlayered with 
ice, with the ice layers ranging in thickness from 20 cm to some 
metres (Christiansen et al. 2010). Before the core drilling, Ross 
et al. (2005, 2007) acquired GPR and geo-electric profiles, 
across Innerhytta Pingo, interpreting the constructional activity 
to be limited to the area around the Pingo apex and inferring a 
deep source of uprising slightly salty water. Ross et al. (2005) 
found the data insufficient to determine whether the pingo is 
underlain by a significant and deep body of ground ice (model of 
Piper and Porritt 1966), or, vice versa, the pingo is at least par-
tially a bedrock remnant, without an underlying massive ice 
body (as pointed by Major and Nagy 1972; Dallmann et al. 
2001). According to this last hypothesis, the edifice N of the river 
would be a bedrock remnant, created by the fluvial incision of 
the lower flanks of the overlying relief of Janssonhaugen, and 
without a massive ice body (Ross et al. 2005). The question of 
the lateral extent of ice lenses and the existence of a deep, mas-
sive ice body remained unanswered by TSP core drilling and 
forms the core hypotheses for the seismic work described herein, 
aimed to overcome difficulties found by the other geophysical 
methods.

THE SEISMIC SURVEY ACQUISITION
We performed the seismic survey in the early spring of 2014 
(April–May) in sub-zero conditions, clear weather, and up to 
moderate (about 5 m/s) winds. Snow coverage facilitates trans-

Table 1 Seismic sources and receivers utilized in the survey.

 Seismic sources Description Location test Use Lines

Seismic gun
12 gauge (smokeless, birdshot)  

in 60-cm deep boreholes
L100, L200, L300 Main acquisition L100, L200, L300

Hammer 5 kg on a steel plate L100, L200, L300 Tests

Firecracker
1, 2 or 3 charge(s)  

in boreholes (60 cm)
L100, L200, L300 Main acquisition L100, L200, L300

Weight drop 20 kg and 60 kg (height 2.5 m) L200
Main acquisition (SW 

experiment)
L200

Receivers Description Location test Use Lines

14-Hz geophones Vertical sensor with spike L100, L200, L300 Main acquisition L100, L200, L300

14-Hz geophones 
(snow-streamer)

14-Hz gimballed vertical geophones
L100, L200+S1,  

L300+S2
Main acquisition

L100, L200+S1, 
L300+S2

100-Hz geophones Vertical sensor with spike L100, L200 Tests

4.5-Hz geophones Vertical sensor with spike L100, L200
Main acquisition (SW 

experiment)
L100, L200
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We adopted different trigger sensors to start the acquisition: a 
piezoelectric accelerometer for the seismic gun, hammer switch for 
the sledgehammer, geophone for the weight drop and wire break for 
the firecrackers. The recording system consisted of five 24-channel 
seismographs (Geometrics Geode), hence a total of 120 channels.

The weight drop source was aimed to provide a low-fre-
quency source for SW and to complement the available infor-
mation from higher-frequency 2D reflection lines (e.g., Boaga, 
Vignoli and Cassiani 2011; Petronio, Boaga and Cassiani 
2016).

Table 2 Details of the seismic lines acquired at the Innerhytta Pingo, Svalbard.

Seismic 
line

Survey
N. 

channels
Receiver

Receiver 
interval  

(m)

N. 
source 
points

Seismic  
sources

Shot  
interval 

(m)
Notes

L100
Main acquisition 
and SW experi-

ment
91

Geophone 14 Hz 
(spike + snow-

streamer)
5 21

Seisgun + firecrack-
er; sledge hammer 
for SW experiment

20 + off-
line shots

67 channels 
inline +  

24 channels 
cross-line (S1)

L200 Main acquisition 120
Geophone 14 Hz 
(spike + snow-

streamer)
5 18

Seisgun +  
firecracker

20 + off-
line shots

72 channels 
inline + 48 chan-

nels cross-line 
(L300)

L200 SW experiment 48
Geophone 

4.5 Hz (spike)
5 3 Weight drop Off-end

48 channels 
inline

L300 Main acquisition 120
Geophone 14 Hz 
(spike + snow-

streamer)
5 24

Seisgun + firecrack-
er

20 + off-
line shots

48 channels 
inline + 74 chan-

nels cross-line 
(L200 + S2)

Figure  2 Seismic acquisition 

lines across the Innerhytta Pingo 

on the detailed topographic map 

(from Norwegian Polar Institute 

2014). Red stars: shot points; blue 

dots: geophone positions, purple 

points: snow-streamer sensors. 

L100, L200, L300: seismic lines; 

S1 and S2: the locations of the 

snow-streamer used in the survey. 

The inset shows the location of 

the survey (red rectangle).
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from higher frequencies and lighter sources; hence, we care-
fully compared the sources and receivers at our disposal at 
different offsets.

We compared the coupling characteristics of the two geo-
phone housings (as did Fjellanger et al. 1995) as well as geo-
phone placement on the snow surface versus dug down, placed 
on/in thick (1 m) hard-crusted snow and on frozen ground. As an 
example, the gimballed geophones placed on the snow surface or 
frozen soil were compared side-by-side with spike phones 
planted in the frozen soil in snow pits dug down. Figures 3 to 7 
show the receiver and source comparisons to evaluate frequency 
content and signal amplitude at a range of offsets.

The source comparisons in Figures 3 and 4 contrast the quali-
ties of the sledgehammer, the in-hole 12-gauge “seisgun”, and the 
in-hole firecracker. The common-shot gathers acquired with the 
various seismic sources (Figure 3) indicates that the firecrackers 
(2 g of perchlorate) tamped in a 60-cm deep hole, gave the highest 
signal-to-noise ratio, which is especially evident in seismic events 
at large (400 m) offsets. In the offset and power spectra compari-
son (Figures 4a and 4b), the S/N ratio of the seismic gun is similar 
to that of the sledgehammer on a steel plate, but the power spectra 
indicate that the seismic gun, even with smokeless powder and 
birdshot, yields a wider band for the first arrivals.

The firecrackers were the most energetic source and are thus 
recommended for the tomographic approach, even though the 
shot preparation takes slightly more time than the seismic gun. 
For SW, the bandwidth produced by a firecracker and the seismic 
gun is similar (Figure 4e), whereas the sledgehammer on plate 
generates SW with more spectral power at low frequencies. This 
difference can be linked to different source depths: seisgun and 
firecrackers sources were drilled 60 cm into the frozen soil, 
whereas the hammer blow occurred at the ground surface.

Figure 5 compares the same geophone type (14 Hz) in differ-
ent cases and plantings: a spike case planted in the earth at the 
base of a snow pit and an adjacent “snow-streamer” gimballed 
housing on the snow surface. The dug-down and planted geo-
phones are less sensitive to random noise (i.e., the wind) and are 
not strongly contaminated by the airwave. For our experiment, 
this coherent noise does not represent a significant issue since, 
given the frozen soil and permafrost, the reflections arrive earlier 

Data acquisition
We acquired three seismic lines for reflection/refraction (L100, 
L200, and L300) and SW arrays (L200) (Figure  2). Table 2 
shows the acquisition pattern for each of the lines. Whereas Ross 
et al. (2005, 2007) and others have used geophysical profiling to 
investigate the pingo edifice, our experiment was designed to 
investigate the permafrost heterogeneity underneath the pingo, at 
least to the base of the regional permafrost.

Line L100 is located on the Adventelva (Advent River) flood-
plain immediately at the feet of the pingo edifice and adjacent to 
several icings. Its SE end is adjacent to the pingo crest, springs, 
and icefall. Line L200 runs over the high shoulder of the pingo, 
150  m NW of the pingo’s springs and icefall, whereas L300 
starts from about the middle of L200 and extends toward the 
pingo’s apex (Figure 2).

Most shots were located inline; several offline points were 
also shot to create a fan geometry (Figure  2). When shooting 
along line 200, the geophones of both line 200 and line 300 were 
recording and vice versa (Table 2). This pattern was designed to 
give the tomographic experiment high ray coverage of the pingo 
apex where the greatest lateral and depth variability was expect-
ed. For the same reason, the snow-streamer was placed at about 
90° with respect to L100 (S1 in Figure 2) and then displaced in 
S2 configuration when shooting the offline shots (Figure 2). The 
offsets range from 1.85 m to 378 m. Differential Global 
Positioning System (GPS)  determined all the source and receiv-
er positions.

We performed two experiments of SW recording, one along 
L100 and one along L200. The acquisition length was 2 seconds, 
with a sampling rate of 0.25 ms. We used vertical 4.5 Hz geo-
phones and, as a source, on line L100, the sledgehammer, and on 
line L200, the weight drop. The offsets range from 85 to 354 m.

SOURCE AND RECEIVER TESTS
The Arctic represents a challenging environment for seismic 
experiments, in particular for the source and geophone cou-
pling. Survey logistics are easiest if the geophones and shots lie 
on or are planted in the snow surface, and tests indicate that this 
is sufficient for strong sources and deep seismic reflection stud-
ies (e.g., Fjellanger et al. 1995). Near-surface studies benefit 

Figure  3 L100 in-line shot (raw 

data): comparison between 

sledgehammer (a), seisgun (b), 

and firecracker (c). Offset ranging 

from 1.25 and 236.25 m. Trace 

normalisation was applied (from 

Petronio et al. (2015), modified).
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FEASIBILITY TESTS FOR SURFACE WAVE ANALYSIS
SW are widely used to retrieve shear-wave profiles of the subsoil 
based on the dispersion of SW (Socco and Strobbia 2004). We 
extract from the seismograms multi-modal curves representing the 
dependence of phase velocity on frequency. Usually, such curves 
are found as the loci of the maxima of the amplitude of the F–k 
spectrum of the collected seismogram. The underlying hypothesis 
used in this classical inversion of SW data is a 1D elastic layered 
half-space representative of the subsoil under investigation.

At the Innerhytta Pingo site, the aim was to verify the suitabil-
ity of SW analysis in winter frozen-soil conditions. Typical 
reflection-seismic sources are not able to generate low enough 
frequencies and, therefore, long-enough SW wavelengths to 
enable the dispersive analysis of deeper structures. Data were 
acquired along a 48-channel line with 5-m intertrace distance for 
a total length of 235 m and a minimum source offset of 10 m. 
The F–k spectrum of the recorded seismogram shows for all the 

than the airwave. The trace comparison (Figure 6) gives similar 
responses, with comparable spectra as expected from Johansen et 
al. (2003). Above 200 Hz, the spike geophone shows a more 
consistent power.

Figure 7 shows a comparison between the 60-kg weight drop and 
firecrackers, both recorded by 4.5-Hz geophones. The heavy (60 kg) 
weight drop is superior at low frequencies (even below 10 Hz) and 
is thus the most suitable to increase the SW penetration depth.

In summary, to prevent contamination by wind noise and to 
achieve better receiver coupling, it is preferable to dig snow pits 
for the receivers. This improved the S/N ratio in our tests. By 
placing the sledgehammer target on soil rather than snow and by 
drilling about 60 cm into the soil for the seisgun and firecrackers, 
we similarly improved the coupling for the relatively weak 
sources used here. For high-resolution studies (frequencies > 200 
Hz), geophones coupled directly to the soil are superior to geo-
phones coupled to the snow surface.

Figure 4 Source comparison: true 

and normalised amplitude at 

36.25 m (a) and 61.25 m (b), 

respectively (trace 8 and 13 of the 

common shot gathers shown in 

Figure  3). First arrival (green 

window) and SW (orange win-

dow) (c) and relative spectra (d, 

e).
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shot gathers along the three lines shows that lines 200 and 300 
show higher velocity first arrivals than the corresponding arrivals 
in line 100 (Figure 10). Furthermore, by analyzing the amplitude 
spectrum of two traces at the same offset for each gather (insets 
in the figures), we can observe that, in line 100, the amplitude 
peak is at lower frequencies (less than 100 Hz) than the ampli-
tude peak in lines 200 and 300 (more than 100 Hz). Such differ-

shots a very slight dispersion (Figure  8). The inversion of the 
weak dispersion emphasised high shear wave velocities at the 
site with values greater than 1 km/s.

A vertical succession of homogeneous layers with little to no 
variation in mechanical characteristics could give such a weak 
dispersion. However, for the valley-bottom setting of Innerhytta 
Pingo, the expectation is a thick soil coverage over soft shale and 
relatively thin ice-filled permafrost. Thus, we expect a rigid plate 
overlying a softer layer, hence a velocity inversion with depth. 
Seismic sources on a floating ice layer radiate a significant part of 
their energy as flexural waves. Working with vertical receivers, 
their flexural motion is well approximated by the first asymmetric 
mode of Lamb waves (see Lowe 1995; Strobbia et al. 2009). 
Hence, as in our case, the standard Rayleigh wave dispersion 
analysis cannot be applied due to the expected generation of 
guided waves (e.g., Lamb 1917). To obtain reliable information on 
the properties of the underlying layers, the inversion of dispersion 
data requires the consideration of interacting Lamb waves. The use 
of a standard SW analysis processing and conventional Rayleigh 
wave inversion algorithms are, therefore, numerically not appro-
priate, and a more accurate wavefield study is needed.

DATA ANALYSIS AND SEISMIC TOMOGRAPHY 
RESULTS
The use of well-coupled dense-array receivers and several seis-
mic sources allowed collecting high-quality data, hence the 
detection of several refracted and reflected events. Figure  9 
shows an example of some interpreted arrivals. We, however, 
observed remarkable differences between the three lines, both in 
frequency content and in the phases recorded. The comparison of 

Figure 5 Spike geophone data (on the left side) compared with snow-

streamer data (on the right side). Data quality is similar, but the wave-

fields differ due to the presence of airwave in the snow-streamer data.

Figure 6 Comparison for the same type of geophone (14 Hz) in spike and 

gimbal housings, firecracker source.

Figure 7 The heavy weight drop source compared with the firecracker 

source: the signals are recorded at an 85 m offset, with the same 4.5-Hz 

geophone (L200).
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whereas refracted arrivals give information also on the velocity 
of the layer beneath the refracting interface, thanks to the ray 
path travelling along the interface. We reconstruct the interface 
depth and shape exploiting the time residuals, converted to depth 
of both reflected and refracted arrivals (e.g., Rossi et al. 2001, 
2007). Moreover, inverting together or sequentially different 
arrivals increases the angular coverage in depth and the reliabil-
ity of the inversion. Figure 11 shows the comparison of the reli-
able areas of the model (null space equal to 0; Böhm and 
Vesnaver 1996) considering only the inline recording (a) and the 
cross-line recording together with the offline shots (b). It is evi-
dent how in the second case the reliable area is larger, as well as 
higher in the number of the reflection and refraction points (blue 
and red, respectively), implying a better reconstruction of the 
interfaces. The quality of the resulting inversion is good, with 
small time residuals (root mean square (RMS)  ~ 10 %), and a 
uniformly high coverage.

In particular, we identified both reflected and refracted 
events, allowing the reconstruction of four layers, separated by 
three interfaces (Figure 12). More specifically, both reflected and 
refracted arrivals from a first interface, at about 10 m below the 
topographic surface, are observed. Another reflected arrival is 
identified at slightly greater times, with a larger moveout. The 

ences reflect the great difference in the location of the three lines 
(mainly soft sediments in the line 100; rock and alterated rock in 
the lines 200 and 300).

The presence of a strong velocity contrast in the shallower part 
(pore ice to pore water) reduces the signal penetration. Such veloc-
ity inversions inhibit the application of conventional analysis and 
processing of both reflected and refracted events. In such cases, 
tomographic inversion has the advantage of being able to exploit 
all the arrivals generated in the experiment (e.g., Vesnaver et al. 
1999), overcoming such difficulties. The velocity field provided 
by a tomographic inversion, moreover, can be used for move out 
correction and successive stack or as input for depth migration.

We use the method described in detail by Vesnaver et al. (1999) 
and Rossi et al. (2007), with minimum time ray tracing modified 
from Böhm, Rossi and Vesnaver (1999) and the iterative inversion 
Simultaneous Iterative Reconstruction Technique (SIRT) method 
(van der Sluis and van der Vorst 1987). Space is discretised into 
layers, with dipping or curved separating interfaces, constituted by 
pixels (voxels in 3D), with homogeneous velocity.

We invert the data both for velocities and for interface posi-
tion and shape, minimizing the time residuals (e.g., Vesnaver et 
al. 2000; Rossi et al. 2007). Reflected arrivals provide informa-
tion on the velocity of a layer above a reflecting interface, 

Figure  8 (a) An example of a 

seismogram recorded in line 200 

with the heavy weight (60 kg) 

drop as a source and forty-eight 

4.5-Hz geophones as receivers. 

(b) F–k spectrum of the signal 

recorded in (a). Note how the F–k 

maxima are almost non-dispersed; 

the source provided energy to 

5 Hz.

Figure 9 Data example (left side) 

and wavefield interpretation 

(right side) RA = refracted arriv-

als, R1 and R2 = reflections 

(from Petronio et al. 2015, modi-

fied).
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base of this second layer ranges between 15 m and 25 m below 
the topographic surface. A third reflected event corresponds to a 
layer with a lower velocity, roughly 25 m thick, and with a base 
at about 50 m below the topographic surface. Refracted arrivals 
also constrain the base of layer 3 and the underlying velocity 
(layer 4). Figure 12b shows vertical profiles traced in different 
locations of the pingo (see Figure 12a). In Figure 12b the eleva-
tion where each velocity profile meets the pingo’s topographic 
surface is above the 0.1 km reference elevation, except for A 
(0.097 m a.s.l.) and B (0.092 m a.s.l.). High lateral velocity vari-
ability is evident. In particular, the profiles located on the pingo's 
NW boundary (C and D) show a high velocity (4–5 km/s) layer 
about 13 m thick, followed by a velocity inversion to 3.5-4 km/s 
for a layer thickness of about 25 m. At a depth of 45 m, there is 
a strong velocity increase (4.5–5 km/s). The profile traced on the 
Adventelva riverbed (B) has the same trend, but velocities are 
much smaller (1.5–2.2 km/s for the first three layers). A different 
behaviour is observed for the profiles traced in correspondence 
of the icefall (A) and the pingo’s Eastern peak (E). Both show an 
almost homogeneous velocity (about 2.2 km/s) from the topo-
graphic surface to the depth of 45 m. In correspondence to the 
TSP borehole (TSP profile), the velocity after a first increase at 
a depth about 9 m below the topographic surface (2.7 km/s) 
remains constant until the depth of 45 m.

The 3D velocity cube is sliced at different elevations to 
deepen the analysis of the lateral velocity variations (Figure 13). 
The modelled velocities of P-waves range from about 1.48 to 
5.5  km/s. The first two slices show velocities from 1.48 to 
4.8 km/s. From an elevation of 80 to about 70 m above sea level 
(a.s.l.), there is a marked difference between the NE area of the 
pingo with the highest velocities (3.6–4.8 km/s) and the SW area 
of the model, with velocities from 2 to 2.6 km/s. The two slices 

Figure 10 Comparison of three shots gathers belonging to lines (seismic gun) 100 (left), 200 (centre), and 300 (right). Automatic gain control (AGC) 

and a wide filtering were applied to image the shots. Insets: Amplitude spectra, without AGC and filtering, of two traces at the offsets of -75 m and 

+75 m and the time window between 0 and 0.1 second.

Figure 11 Null space maps of the tomographic model. In grey, the well 

covered voxels. Blue dots: reflected depth points; red dots: refracted 

depth points. Map (a) considers only the inline recording. Map (b) con-

siders the total recording, including inline, crossline, and offline shots.
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sources able to be quickly moved and sufficiently strong to 
assure a good S/N ratio.

The comparison of sources and receivers given in the present 
paper can be considered as an extension of the study of Fjellanger 
et al. (1995). They carefully compared the geophone response in 
the SG-1 gimballed housings to cases with spikes and snow 
bases, concluding that the differences were negligible for reflec-
tion surveys over deep (1–4 km) targets. We also compared the 
coupling characteristics of the same gimballed versus spike 
geophone housings, as well as geophone placement on the snow 
surface versus dug down on/in deeper snow layers and frozen 
soil. For near-surface seismic surveys, our results show that there 
is a significant advantage in planting the geophones on frozen 
ground as opposed to at the surface of the snow. The response for 
frequencies lower than 150 Hz is the same, according to 
Fjellanger et al. (1995). Above this threshold, the energy is far 
greater for geophones placed in deep, hard snow and directly in 
the frozen soil. We compared the gimballed sensors at the hard 
snow surface with the spike ones, planted in a hard-crusted snow 
layer about 50 cm below the snow surface. The response is simi-
lar below 150 Hz, above which the SG-1 housing performed 
poorly. Therefore, in a snow-covered environment, sensors must 
be planted as deep as possible, by digging away the soft snow; 

of 66 and 55 m a.s.l. show wider areas of lowered velocity except 
on the pingo’s NW flank  (Profile C), where the velocity remains 
about 3.5 km/s. In the last two slices, we see the gradual appear-
ance of the high velocities (3.6 to 5.9 km/s) characterizing the 
deepest part of the model, inferred by the refracted arrivals only.

DISCUSSION
Our aim was to define the best practice for shallow seismic sur-
veys in the challenging rock physics environment exemplified by 
Innerhytta Pingo, especially regarding logistic deployment. 
Pingos are typically considered to be point sources of water, 
located near vertical hydrological conduits. Although this case 
study focuses on permafrost heterogeneity, similar challenges 
can be found in non-permafrost settings.

Receiver characteristics
From our tests, we can assert several key points to collecting a 
high-quality dataset for imaging a complex target in a challeng-
ing environment, even if at shallow depths: (i) coupling 
between receivers and snow/frozen soil and (ii) adopting a 3D 
tomographic approach. The latter requires a balanced distribu-
tion of small and large offsets and a high angular coverage, 
implying a significant shot-station number and, therefore, 

Figure 12 (a) Three-dimensional tomographic model. The colour scale is relative to the velocity of the layer above each of the calculated interfaces. 

X axis: distance in km in WNW-ESE direction, Y axis: distance in km in SSW-NNE direction. Z axis: altitude a.s.l. in km (positive upward). Yellow 

lines: location of the profiles of (b). (b) Vertical profiles in different locations of the model (see (a)): TSP: TSP borehole; A: icefall; B: Adventelva 

riverbed; C: the pingo’s western peak; D: line 200; E: the pingo’s eastern peak. The elevation where each velocity profile meets the pingo’s topo-

graphic surface is above the 0.1 km reference elevation, except for A (0.097 m a.s.l.) and B (0.092 m a.s.l.).
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The comparison of shots using one, two, and three firecrack-
ers evidenced that there is a significant difference at large offsets, 
in particular, between the usage of one and two firecrackers. The 
differences between the usage of two and three crackers are 
smaller when comparing to a single one but still significant.

Surface wave studies
Our test of SW analysis in the pingo environment indicates that 
SWs need particular attention and planning. As a source, the 
60-kg weight drop we employed was easy to transport, quick to 
set up, and generated a low frequency, long wavelength signal 
with sufficient energy for an excellent signal-to-noise ratio even 
for long distance arrays (of the order of several hundred metres).

this aspect plays a key role in data quality. However, the use of a 
snow-streamer, in areas with continuous (or limited) snow cover, 
is an efficient way of collecting data, whereas manual planting of 
geophones requires a substantial effort of manpower and time for 
the snow pit digging.

Source characteristics
As seismic sources, the best S/N ratio was obtained by the use of 
firecrackers shot in boreholes (about 60-cm depth). This source 
allows very clear signal recording and is recommended to guar-
antee detectable arrivals at large (400 m) offsets. However, the 
work required is considerable: to drill boreholes, we often had to 
clear away overlying snow.

Figure 13 Horizontal slices of the 3D velocity model at different depths. The saturation of the colours is directly proportional to the ray coverage: 

pixels poorly covered by the presently inverted rays appear faded; the uncovered ones are white. The last two slices relate to the fourth layer, where the 

coverage is smaller since it depends only on the refracted arrivals. On the first slice: the location of the profiles of Figure 12.
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Assuming that the seismic frequencies vary in our experiment 
from about 150 Hz, at the shallowest depths, to 120 Hz in the 
third layer, with the velocities obtained throughout our inversion, 
the wavelengths of the seismic waves illuminating the pingo 
range from 9.7 to 27.0 m. Hence, the vertical resolution being 
about one-fourth of the wavelength, we can distinguish, provided 
a sufficient impedance contrast, layers of a minimum thickness 
of 2.4 m at the surface and around 3.7 at greater depth. Thinner 
layers, as most of the ones identified by temperature changes by 
the TSP measurement (Christiansen et al. 2010), cannot be dis-
tinguished.

Implications for Innerhytta Pingo
The goals of this experiment were to determine “best practice” 
acquisition and processing for a later, more complete seismic 
investigation. Here, we apply the P-wave velocity field from the 
tomographic inversion to make a provisional interpretation of the 
Innerhytta Pingo cryo-geology and hydrology.

The principal geological elements we wish to differentiate 
include water-bearing versus ice-bearing matrix and fracture 
porosity, sediment versus rock, and rock type. The unconsoli-
dated sedimentary deposits include soil, regolith, composed of 
glacial till, alluvial, and fluvial deposits; the underlying sedimen-
tary rock is mapped as Jurassic shale, with siltstone and sand-
stone layers indicated by the nearest boreholes. Extremely low 
permeability characterizes the shale except in faults, whereas the 
siltstone/sandstone layers have poor matrix permeability but high 
fracture permeability. In addition to ice-filled pores and frac-
tures, the cryologic elements include massive ice bodies cross-
cutting strata, such as the icefal SE of the pingo apex and the 
icings evident in the river bed, and ice layers (10 cm to 1 m thick) 
encountered in the 20-m long core. The extent of the ice layers 
and whether they are sub-horizontal are not determined.

The data presented here were collected in April when the 
ground was frozen. Thus, the active layer is here treated as part 
of the ice-filled permafrost. Numerous studies show that pore 
space in the permafrost is rarely completely full of ice, even 
below the piezometric surface (e.g., Kleinberg and Griffin 2005), 
the rest being air or brine. In general, we expect the permafrost 
to be thin beneath the (seasonal) river bed and to thicken away 
from it (e.g., Bense et al. 2012). One end-member hypothesis for 
cryo-hydrology of this pingo is that the fluid that flows out of the 
pingo apex (winter only) is sourced from beneath the ice-filled 
permafrost; the other is that the fluid flows laterally to the pingo 
through talik-like unfrozen channels within the permafrost. For 
the former model, working hypotheses include the vertical rise of 
water through fractures in the bedrock and lateral sub-permafrost 
pathways in permeable strata or faults. In the seismic data, the 
vertical-channel hypothesis implies a sub-vertical, pipe-like core 
of relatively low velocities typical of water-filled to partially 
frozen sediment and bedrock, if the flow in fractures keeps the 
host rock above freezing. Laterally away from this core, the 
velocities will be typical of frozen ice-filled sediment and bed-

In this study, applying the F–k extraction conventionally used 
for Rayleigh waves predicts a stiff material beneath the pingo. 
This result is not unexpected for the permafrost and ice setting 
since a succession of homogeneous layers with little variation in 
mechanical characteristics would give a weak dispersion. 
However, it contrasts with our Vp tomographic results, which 
show a 25-m thick low-velocity layer about 45 m below the sur-
face. The P-wave results thus indicate a high-velocity, rigid, 
frozen plate-like layer over a low-velocity layer. Hence, we infer 
that the recorded signal is not a Rayleigh wave train but, instead, 
that our SW seismograms are dominated by guided waves in a 
plate, such as Lamb waves (Lamb 1917). Thus, the frozen-soil 
layer acting as a guided-wave generator must be carefully con-
sidered in further SW analyses in such environments. Recent 
works have shown how to combine spectral analysis and disper-
sive phenomena to characterize the thickness and velocity in 
stratified media in case of guided waves (Park et al. 2002; Ryden 
et al. 2004, Strobbia et al. 2009). Tsuji et al. (2012) observed that 
unfrozen deeper layers imply higher modes excitation, suggest-
ing that the general SW inversion processing cannot be adopted 
in the Spitsbergen environment. Tsuji et al. (2016) use S-wave 
velocities to further constrain the SW solution, important for the 
shallowest part. In any case, due to the very long wavelength 
linked to ice S-wave velocity (≈1800 m/s), the array chosen in 
our feasibility test (forced by the available equipment) proved to 
be unsatisfactory. In cases like ours, the use of horizontal com-
ponent geophones would be of help, both for the radial and 
transverse SW components.

Tomographic inversion
The modelled velocities of P-waves range from about 1.48 to 
5.5 km/s. These values are in agreement with the observation from 
borehole measurements (Christiansen et al. 2010) and 2D seismic 
lines collected in Adventdalen valley near the CO2 Lab well park 
(Oye et al. 2013). The high velocities found starting from a depth 
of 45 m below the topographic surface suggest that, below the river 
bed, we reached cemented or, perhaps, ice-filled Triassic sandstone. 
The lower velocities, on the contrary, are compatible with uncon-
solidated, air- or water-filled sediments as found on the south-
western side of the study area, adjacent to the river, and of some 
crusts of ice in its bed. The shale-rich sedimentary rock has a bulk 
velocity below 4 km/s (unfrozen), and the maximum velocity 
measured for bubble-free ice is 3.95 km/s (Vogt, Laihem and 
Wiebusch 2008). The velocity range may indicate lateral variations 
in the mechanical permafrost, from lenses of massive ice, to sedi-
ments with pore space filled with ice, and to water-laden sediment. 
Hence, the results of tomographic inversion are in agreement with 
the presence of a high-velocity body below the pingo’s apex and 
extending in depth in NW direction, possibly bound to the exist-
ence of massive ice (Figure  13, 85-71 m a.s.l.). Below it (about 
45 m depth from the pingo apex), the velocities are compatible with 
the presence of unfrozen material, in agreement with the current 
pingo models.
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the Arctic domain, but are useful for SW wave analysis. In the 
presence of seismic sources able to produce low frequencies (i.e., 
weight drop), low-frequency geophones increase the investiga-
tion depth.

The tomographic approach overcomes the difficulties of 
strong lateral velocity variations and inversions, thanks to the 
contribution of both reflected and refracted arrivals. The use of 
out-of-line shots and a wide offset range for tomography inver-
sion are absolutely recommended since they increase the cover-
age in depth. SW analysis can be affected by the dominant pres-
ence of guided-plate waves and must consider high Vs values 
that impose very long arrays. The low-velocity layer highlighted 
beneath the Innerhytta pingo, potentially hosting water circula-
tion, gives a significant contribution to understanding the pingo 
open-system evolution. The next steps in our analyses will try to 
address more specifically this problem.
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