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Abstract 21 

Subsurface processes significantly influence surface dynamics in permafrost regions, 22 

necessitating multiple geophysical methods to reliably constrain permafrost characteristics. This 23 

research uses multiple geophysical techniques to explore the spatial variability of permafrost in 24 

undisturbed tundra and its degradation in disturbed tundra in Utqiaġvik, Alaska. Here, we 25 

integrate multiple quantitative techniques, including multichannel analysis of surface waves 26 

(MASW), electrical resistivity tomography (ERT), and ground temperature sensing to 27 

qualitatively study heterogeneity in permafrost's geophysical characteristics. MASW results 28 

reveal active layer shear wave velocities (Vs) between 240 and 370 m/s, and permafrost Vs 29 

between 450 and 1700 m/s, typically showing a low-high-low velocity pattern. Additionally, we 30 

find an inverse relationship between in-situ Vs and ground temperature measurements. The Vs 31 

profiles along with electrical resistivity profiles reveal cryostructures such as cryopeg and ice-32 

rich zones in the permafrost layer. The integrated results of MASW and ERT provide valuable 33 

information for verifying ERT results for characterizing permafrost heterogeneity and 34 

cryostructure. Corroboration of these geophysical observations with permafrost core samples' 35 

stratigraphy and salinity measurements further validates these findings. This combination of 36 

geophysical and temperature sensing methods along with permafrost core sampling confirms a 37 

robust approach to assessing permafrost's spatial variability in coastal environments. Our results 38 

also indicate that civil infrastructure systems such as gravel roads and pile foundations affect 39 

permafrost by thickening the active layer, lowering the Vs, and reducing heterogeneity. We show 40 

how the resulting Vs profiles can be used to estimate key parameters for designing buildings in 41 

permafrost regions and maintaining existing infrastructure in polar regions. 42 

Plain Language Summary 43 

This study descriptively examines permafrost variability across a range of disturbed and 44 

undisturbed locations in Utqiaġvik, Alaska, using a variety of geophysical and temperature 45 

measurement techniques, including seismic vibrations, electrical methods, and ground 46 

temperature sensing. Geophysical profiles and maps were generated and used to identify 47 

permafrost features such as ice-rich and ice-poor zones. The study found that seismic shear wave 48 

velocity is influenced by ice content and can distinguish the active layer and permafrost. We 49 

reinforced our geophysical observations with layering and salinity analyses from core samples, 50 

confirming the effectiveness of our combined approach in assessing permafrost variability in 51 

coastal regions. The research results regarding permafrost thickness reveal the impact of civil 52 

infrastructure, finding that buildings and roads can cause permafrost to degrade.  53 

 54 

1 Introduction 55 

1.1 Global Warming Impacts on Permafrost Degradation and Ground Thermal Regime 56 

Permafrost refers to any ground material below 0 °C for at least two consecutive years. It 57 

is distributed across approximately 25% of the land surface in the northern hemisphere and is 58 

highly sensitive to atmospheric temperature variation primarily caused by global warming 59 

(Biskaborn et al., 2019; Lantuit et al., 2012). The Arctic average annual surface temperature has 60 

increased by 3.1 °C from 1971 to 2019, which is three times faster than the global rate (AMAP, 61 

2021; IPCC, 2021; Rantanen et al., 2022). In Utqiaġvik Alaska (study area), the average annual 62 
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air temperature has risen over 4 °C since 1980, and recent decades have seen Arctic Alaska's 63 

permafrost warm by 1-3 °C (Nicolsky et al., 2017; Thoman & Walsh, 2019). Increasing 64 

temperature in the high-latitude permafrost regions leads to permafrost degradation, which 65 

includes permafrost warming, active layer thickening, and thaw-related hazards such as the 66 

development of taliks, ground subsidence and thermokarst in low-lying areas, mass wasting on 67 

slopes, and thermal erosion and abrasion along riverbanks and coasts (Hjort et al., 2022). Global 68 

warming causes contaminated and industrial sites in regions of stable permafrost to thaw, posing 69 

a significant environmental threat (Langer et al., 2023). Permafrost degradation drives serious 70 

changes in local geomorphology, hydrology, vegetation, wildlife dynamics, and greenhouse gas 71 

emissions (Hjort et al., 2022; Streletskiy et al., 2015).  72 

Permafrost research often focuses primarily on ground temperature due to its direct effect 73 

on physical and biogeochemical soil processes, but permafrost is also affected by air 74 

temperature, snow cover, soil moisture, vegetation cover, and soil properties (Lantuit et al., 75 

2012; Smith et al., 2022). In-situ monitoring using thermistors and thermocouples has shown that 76 

permafrost temperatures are increasing, leading to thawing and degradation (Biskaborn et al., 77 

2019; Nicolsky et al., 2009; Nicolsky et al., 2017; Romanovsky et al., 2010; Shiklomanov et al., 78 

2010). Understanding the ground's thermal state in permafrost regions is crucial to model and 79 

mitigate climate change impacts.  80 

Understanding the spatial heterogeneity of permafrost in Arctic tundra is important for 81 

studying geomorphological and ecosystem variations under climate change, as well as potential 82 

engineering impacts. Permafrost structure is often complex due to fine-scale spatial 83 

heterogeneity of properties such as temperature and ice content. Temperature, water saturation, 84 

and ice content influence seismic wave velocities, including shear wave velocity (Vs) and 85 

compressional wave velocity (VP) (Coduto, 1999; Hjort et al., 2022; Ji et al., 2023; Liew et al., 86 

2022; Rocha dos Santos et al., 2022). Salinity is a key factor in coastal permafrost environments 87 

such as Utqiagvik, Alaska. Studies by Brown (1969) and O'Sullivan (1966) reveal how salinity 88 

affects permafrost's geochemistry and physical properties, such as its freezing point and stability. 89 

Dafflon et al.'s research (2016, 2017) further demonstrates the impact of salinity on the 90 

distribution and characteristics of shallow permafrost, highlighting its connection with vegetation 91 

patterns and soil properties. Meyer et al. (2010) provide historical context, showing how 92 

historical salinity variations have influenced the permafrost landscape over time. Salinity plays a 93 

crucial role in key permafrost structures. Here we provide a brief overview of the active layer 94 

and some of the key permafrost structures investigated in this paper, including cryopegs, ice-rich 95 

zones (e.g., lenses), and thermokarst lakes. Jafarov et al. (2016) showed that the active layer 96 

thickness (ALT) of undisturbed tundra (without infrastructure development and low to medium 97 

water content) near Elson Lagoon in Utqiaġvik, Alaska is approximately 0.2 to 0.6 m, measured 98 

in August 2013. A thermokarst is formed when the thermal equilibrium shifts, allowing the 99 

ground ice to thaw. Talik is a layer or body of year-round unfrozen ground (usually above 0 °C) 100 

occurring in a permafrost zone due to a local anomaly in thermal, hydrological, or hydrochemical 101 

conditions (e.g., underneath thermokarst lakes and rivers). Cryopegs can have temperatures 102 

below 0°C, but freezing is prevented by freezing-point depression due to the dissolved-solids 103 

content of the pore water (Van Everdingen, 1998). As the climate warms, the annual ground 104 

temperature increases, and annual thawing deepens until a certain threshold is met, after which a 105 

talik develops. Ice wedges form when water seeps into cracks in the ground during summer and 106 

then freezes during winter. The distribution of ice formations and ice content within the 107 

permafrost layer is highly variable (Liu et al., 2021). Previous studies confirm that the ice 108 
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content in the permafrost around Barrow is very high in the upper part and decreases with depth 109 

(Brown et al., 1980). For the coastal plain along the Beaufort Sea from Point Barrow to the 110 

Canadian border, Kanevskiy et al., 2013 reported an average total ice content (i.e., ice wedge, 111 

segregated, and pore ice) of 83% and 82% for the primary surface and the drained-lakes basins, 112 

respectively. This results in a landscape vulnerable to widespread subsidence and thermokarst 113 

development, the magnitude of which may vary widely depending on surficial geology, ground 114 

ice volume, and the extent of past thermokarst activity (Farquharson et al., 2019). The warming 115 

and thawing of ice-rich permafrost pose changes in its interactions within the built environment 116 

(Hjort et al., 2022).   117 

Permafrost exhibits vastly variable properties between thawed and frozen states due to 118 

the phase change of water, impacting its strength and bearing capacity, which can lead to 119 

infrastructure failure (Hjort et al., 2022). The interaction between permafrost and civil 120 

infrastructure contributes to permafrost degradation and increases construction and maintenance 121 

costs (Streletskiy et al., 2012, 2015). While existing research primarily focuses on the influence 122 

of degrading permafrost on infrastructure, it is crucial to consider the impact of civil 123 

infrastructure on permafrost. Different foundations and architecture, such as pile foundations and 124 

gravel roads, introduce thermal and physical impacts that can disturb the natural environment 125 

and alter adjacent tundra ecosystems (Walker et al., 2022). As climate change continues, the 126 

vulnerability of both civil infrastructure and permafrost systems grows, necessitating detailed 127 

knowledge of risk exposure in current and future infrastructure areas (Hjort et al., 2022; Melvin 128 

et al., 2017). Understanding the influence of civil infrastructure on degrading permafrost allows 129 

for a realistic risk assessment. 130 

1.2 Seismic and Geoelectrical Methods in Permafrost Regions 131 

Seismic imaging is a commonly used technique for characterizing the subsurface in 132 

permafrost regions (e.g., Justice & Zuba, 1986; Miller et al., 2000; Ramachandran et al., 2011), 133 

because seismic wave velocities, including shear wave velocity and compressional wave 134 

velocity, are sensitive to temperature, water saturation, and ice content (Coduto, 1999; Hjort et 135 

al., 2022; Ji et al., 2023; Liew et al., 2022). One of the main advantages of seismic imaging in 136 

permafrost regions is its ability to provide detailed information about the distribution and 137 

continuity of permafrost and the nature of the underlying soils, even 3D profiles with high 138 

resolution (e.g., Ramachandran et al., 2011; Schwamborn et al., 2002). This information is 139 

important for various applications, such as infrastructure planning and design, resource 140 

exploration, and environmental monitoring. Seismic refraction is a surface geophysics method 141 

that utilizes the refraction of body waves through layered media (Scott & Markiewicz, 1990). 142 

Seismic refraction has been used in several case studies of permafrost conditions and periglacial 143 

environments (Harris & Cook, 1986; Ikeda, 2006; Schrott & Hoffmann, 2008). Joint inversion of 144 

refraction seismic tomography (RST) and electrical resistivity tomography (ERT) has been used 145 

to characterize Alpine rock glaciers and permafrost (Wagner et al., 2019). Brothers et al. (2016) 146 

previously used seismic reflection data to delineate continuous subsea ice-bearing permafrost.  147 

Surface wave methods are powerful tools for near-surface characterization of sites and 148 

mapping irregular Vs profiles in permafrost through acquisition, processing, and inversion of 149 

surface waves, typically Rayleigh waves (Alam & Jaiswal, 2017; Carr et al., 1998; Essien et al., 150 

2014; Fortin et al., 2007; Letson et al., 2019; Socco & Strobbia, 2004; Taylor et al., 2022). 151 

Compared with seismic refraction and reflection, surface wave methods are advantageous for 152 
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mapping permafrost structures with low-velocity layers embedded in high-velocity permafrost 153 

zones (Dou & Ajo-Franklin, 2014). Spectral Analysis of Surface Waves (SASW) has been used 154 

to obtain S-wave velocity profiles of unfrozen and frozen soils in Fairbanks, Alaska (Cox et al., 155 

2012; Hazirbaba et al., 2011). Multichannel Analysis of Surface Waves (MASW) has been 156 

applied in several glacial environments, including permafrost zones (Ajo-Franklin et al., 2017; 157 

Dou & Ajo-Franklin, 2014; Dou et al., 2012; Glazer et al., 2020; Majdański et al., 2022; Picotti 158 

et al., 2015; Rossi et al., 2018; Tourei et al., 2022). Similar to surface wave methods, ERT 159 

technique excels in near-surface permafrost characterization by modeling subsurface resistivity 160 

to match observed apparent resistivity data, typically yielding a two-dimensional resistivity 161 

profile (Daily et al. 2000). ERT has been used in several permafrost studies to characterize 162 

permafrost thaw (Etzelmüller et al., 2020), distinguish ice-content variations (Herring et al., 163 

2023), and examine interactions between permafrost and infrastructure (You et al., 2017). 164 

MASW has often been combined with other technologies in permafrost research, such as seismic 165 

tomography and ERT (Dou & Ajo-Franklin, 2014; Glazer et al., 2020; Marciniak et al., 2018; 166 

Marciniak et al., 2019). In this study, we investigate the spatial variability of permafrost in 167 

Utqiaġvik, Alaska, using MASW and ERT techniques to characterize permafrost, identify 168 

cryostructure, and analyze the influence of temperature on tundra permafrost systems. The 169 

MASW results provide useful information to verify ERT results for subsurface features. We 170 

compare in-situ temperature profiles with seismic velocity profiles to better understand the 171 

ground condition of the permafrost. This study is carried out across sites in undisturbed tundra 172 

and near infrastructure. Our findings underscore the impact of civil infrastructure on permafrost 173 

degradation, particularly in designing and maintaining buildings in permafrost regions. 174 

2 Study Area  175 

Permafrost zones underlie 80% of Alaska, including 29% continuous permafrost 176 

(Jorgenson et al., 2008). The North Slope Borough is entirely within the continuous permafrost 177 

zone (Ferrians, 1965; Kerkering, 2008), shown in Figure 1a. The permafrost in Utqiaġvik, 178 

Alaska, is continuous and has a thickness of approximately 200–400 m (Jorgenson et al., 2008). 179 

Elson Lagoon forms the eastern land boundary of the study area, shown in Figure 1b. The ALT 180 

of undisturbed tundra near Elson Lagoon is approximately 0.2 to 0.6 m, and the soil volumetric 181 

water content varies from 17% to 88%, measured in August 2013 (Jafarov et al., 2018). The 182 

average ALT of the study area on the tundra in Utqiaġvik, Alaska, is also shallow (roughly less 183 

than 1.0 meter,) consisting of three distinct layers: the acrotelm (top), the catotelm (middle), and 184 

the mineral soil (bottom) (Chen et al., 2020). The ground conditions vary from dry to marshy, 185 

with surface vegetation. The seismic survey (MASW) operations were performed on August 6 – 186 

12, 2022. The plan view showing the layout of seismic survey lines and the temperature 187 
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measurement locations is presented in Figure 1. 188 

 189 

Figure 1. Geophysical survey and temperature measurement map: (a) Utqiaġvik, North Slope 190 

Borough, Alaska. (b) Study region. (c) Seismic survey, electrical resistivity survey, and 191 

temperature measurement locations. 192 

 193 

3 Analytical Methods 194 

3.1 The MASW Technique 195 

Surface waves can be generated by an active source, such as a hammer, weight drop, 196 

vibroseis, or by a passively recorded source, such as anthropogenic, traffic, or several other 197 

environmental sources (e.g., ocean waves, wind), and these waves are recorded by an array of 198 

geophones. Because surface waves can provide information on the subsurface velocities over a 199 

wide range of frequencies and wavelengths, the MASW technique can generate high-quality 200 

velocity models. MASW is often used to produce 1D velocity profiles, it can also be used to 201 

assess the lateral variability of the subsurface shear wave velocities, which is essential for 202 

characterizing subsurface heterogeneity and identifying areas of potential geotechnical concern. 203 

The MASW method can be applied in a wide range of geological environments and has the 204 
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advantages of being non-invasive, cost-effective, and capable of providing high-resolution Vs 205 

profiles to depths of up to several tens of meters. 206 

In active-source surface seismic surveys, over two-thirds of the total seismic energy 207 

generated by compressional waves is transmitted to Rayleigh waves, sometimes referred to as 208 

"ground roll" (Park et al., 1999b). An example of surface waves in our collected data is shown in 209 

Figure 2a. Surface wave energy decays exponentially with depth beneath the surface. Longer 210 

wavelength (i.e., longer-period and lower-frequency) surface waves travel deeper, thus 211 

containing more information about deeper parts of the study area. Shorter wavelength (i.e., 212 

shorter-period and higher-frequency) surface waves travel shallower, thus containing more 213 

information about shallower parts of the study area. Surface waves are dispersive, meaning each 214 

wavelength propagates at different phase velocities in a layered medium. Thus, we can analyze 215 

phase velocity of different frequency bands (corresponding to different wavelengths) and 216 

estimate the velocity profile of the subsurface.  217 

Rayleigh wave dispersion curves describe the velocity at which each wavelength travels. 218 

To determine Rayleigh wave dispersion curves, we use the phase shift method, which provides 219 

accurate fundamental-mode phase velocities even when only four geophones are used (Park et 220 

al., 1999b; Dal Moro et al., 2003). Our detailed procedure is provided in Supporting Information. 221 

Figure 2 represents an example of the inversion procedure for estimating a 1D velocity 222 

profile. First, we applied a 7.50 - 327.68 Hz bandpass filter to all traces in a shot gather to 223 

remove high-frequency noise, and we muted noisy traces (Figure 2a). Then, we calculated 224 

dispersion images, determined phase velocities by picking the velocity with the maximum 225 

amplitude at each frequency (Figure 2b), and extracted the fundamental mode velocity profile of 226 

the Rayleigh surface wave from the dispersion image (Figure 2c). After wavelength-depth 227 

conversion, we generated an initial model based on the phase velocity picks. Finally, a non-linear 228 

least squares inversion method (Xia et al., 1999) was applied to the dispersion curve to 229 

reconstruct the Vs velocity model (Figure 2d) using the SeisImagerSW software. The minimal 230 

depth at which shear wave velocity can be reliably inferred through inversion is contingent upon 231 

a confluence of site-specific variables. This interpretable depth is not a fixed measure but is 232 

instead modulated by an array of factors, including the fidelity of seismic data, particularly its 233 

high-frequency components, and the proximal spacing relative to the seismic source. Acceptable 234 

final 1D models should have a root mean square (RMS) error of the difference between the 235 

theoretical dispersion and measured dispersion curves (Figure 2c) below 5% (SeisImagerSWTM 236 

Manual, 2009). With this procedure, we obtain an average 1D Vs vertical profile along the 237 

seismic line.  238 

For 2D Vs estimation, we carry out the same pre-processing, then we perform dispersion 239 

analysis using the common mid-point (CMP) cross-correlation gathers. The CMP cross-240 

correlation method can increase the signal-to-noise ratio of the dispersion spectrum. A 241 

comprehensive explanation of this method is provided by Hayashi & Suzuki (2004). Here, we 242 

briefly discuss the following steps for CMP cross-correlation analysis: First, we calculate cross-243 

correlations between every pair of traces in each shot gather. Second, we collect correlation 244 

traces with a common mid-point and stack those with the same spacing. The resultant cross-245 

correlation gathers resemble shot gathers and are known as CMP cross-correlation gathers. 246 

Third, we calculate the dispersion image of surface waves using the MASW technique (Park et 247 

al., 1999b) from the CMP cross-correlation gathers. Finally, for each CMP, we invert dispersion 248 
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curves for Vs models. As a general guideline, acceptable 2D models should result in an RMS 249 

below 15% (SeisImagerSWTM Manual, 2009). 250 

MASW is limited to shallow depth investigations, typically up to 30 meters. Beyond this 251 

depth, the resolution and accuracy of the method decrease significantly. Moreover, MASW is 252 

more suitable for homogeneous soil conditions and struggles to characterize laterally varying 253 

structures or complex geological settings accurately (Boiero & Socco, 2011; Evangelista & 254 

Santucci de Magistris, 2015). To overcome these limitations in the future, seismic refraction or 255 

reflection could be employed over a larger region as a complementary technique, although 256 

reliable picking of the un-aliased arrivals in this complex near-surface zone will likely require 257 

more than 24 geophones and a high-frequency seismic source. The depth and compression 258 

velocity information of different subsurface layers can be determined by analyzing the travel 259 

time data. Seismic refraction has the advantage of investigating deeper depths, making it useful 260 

for studying subsurface structures beyond the reach of MASW. The material in section S2 of the 261 

Supporting Information can serve as a basis for a future permafrost study combining MASW and 262 

seismic refraction. Advances in data acquisition and processing should be taken into account to 263 

ensure the best possible outcomes in future investigations. By integrating the strengths of these 264 

two techniques, it may be possible to enhance the accuracy and depth range of permafrost 265 

characterization.  266 

 267 

Figure 2. The procedure of building Vs models from extracted dispersion curve using MASW 268 

method: (a) The pre-processed shot-gather (Red star represents the shot location), (b) The 269 
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calculated dispersion image representing Rayleigh wave phase velocity for each frequency (Red 270 

dots represent picks at high amplitudes), (c) The extracted dispersion curve from the dispersion 271 

image, and (d) Vs model inverted from the dispersion data. 272 

3.2 Electrical Resistivity Tomography Method 273 

Surface electrical resistivity surveying is based on the principle that the distribution of 274 

electrical potential in the ground around a current-carrying electrode depends on the electrical 275 

resistivities and distribution of the surrounding soils and rocks. The usual practice in the field is 276 

to apply an electrical direct current (DC) or alternating current (AC) of low frequency. The 277 

voltage between two potential electrodes and the current between two other electrodes are 278 

measured during the ERT survey. Measurements were provided using various pairs of electrodes 279 

along the transect. An increase in spacing between electrodes allows for deeper investigation 280 

depth. Therefore, apparent resistivity values can be obtained through the voltage, current, and 281 

geometry of array electrodes for each point laterally and with depth. The measured apparent 282 

resistivity values are used in the inversion to obtain resistivity models for subsurface material. 283 

After data acquisition, the data was checked for large measurement errors (>2%) using 284 

Prosys II software (IRIS Instruments), which was provided with the Syscal equipment. During 285 

the data acquisition process, a roll-along technique was implemented, involving the relocation of 286 

the array's center to a distance of 18 m (approximately half of the initial length equal to 35.5 287 

meters). To assess the quality of the data, we computed the errors between measurements taken 288 

after this center movement. Approximately 20% of the total measurements were repeated, and 289 

the average error was found to be less than 1%. These metrics provide valuable insights into the 290 

overall data quality, indicating a relatively low average error and the redundancy of about 20% in 291 

the measurements. For the purpose of joint inversion, we combined Wenner-Schlumberger (WS) 292 

and Dipole-Dipole (DD) data into one dataset. 293 

Res2Dinv software (Res2Dinv Manual, 2006) was used to generate a resistivity model 294 

from apparent resistivity values. The inversion software uses a smoothness-constrained least 295 

squares method with L2-norm (Loke et al., 1996). For the model mesh, we used half-electrode 296 

spacing (0.25 m) in the horizontal direction. In the vertical direction, the thickness for the first 297 

layer was set to 0.125 m with a 1.1 factor to increase thickness with depth. 298 

The inverted resistivity model can also be influenced by topographic changes along a 299 

transect, particularly on the top cells. Minor variations in topography may have negligible effects 300 

on the inversion process, but substantial changes can introduce distortions. Elevation changes 301 

along the transect are generally insignificant and less than 0.5 meters on the edges of ice wedges 302 

polygons for our site. As a result, topography has not been integrated into the inversion process. 303 

In some cases, degraded polygons have large elevation changes, and it is crucial to carefully 304 

evaluate the significance of topographic changes for these areas when dealing with geophysical 305 

inversion models. 306 

We used robust constraint and defined an initial half-space resistivity value of 10 Ωm to 307 

trace spatial cryopegs distribution based on low resistivities observed in previous studies 308 

(Hubbard et al., 2013; Overduin et al., 2012; Yoshikawa et al., 2004). A 2D ERT model was 309 

generated to invert WS and DD arrays jointly, and the result achieved an RMS error of 1.8%. 310 

Across different iterations, specifically the 3rd, 4th, and 5th, the percentage changes were 5.8%, 311 

2.8%, and 1.86%, respectively. When comparing the results of inverted resistivity with varying 312 



manuscript submitted to JGR: Earth Surface 

 

RMS errors, notable variations were observed primarily in the lower cells of the model. The 313 

overall changes between the 4th and 5th iterations were evident in both resistivity and the bottom 314 

boundary for the deepest contrast layer. Nonetheless, these changes remained generally stable 315 

and did not substantially affect our interpretation results. 316 

ERT and other electromagnetic methods give us inherently non-unique solutions for 317 

mapped reconstructions of subsurface electrical properties. This non-uniqueness means that the 318 

measured data can be explained equally well by multiple models. To improve the reliability of 319 

subsurface interpretations, we use soil core sampling and comparison with other geophysical 320 

methods, such as the MASW technique. 321 

3.3 Correlation of Soil Mechanical Properties with Shear Wave Velocity 322 

Soil's mechanical properties can be determined using Vs, which is a commonly used 323 

geotechnical and geophysical parameter. There are empirical or analytical correlations between 324 

Vs and several other soil properties. For instance, there is a positive correlation between Vs and 325 

soil stiffness parameters such as shear modulus (𝐺) and elastic modulus (Young modulus) (𝐸). 326 

Stiffer soils generally exhibit higher shear wave velocities and are correlated with higher soil 327 

strength parameters such as undrained shear strength (Su) and peak shear strength. In addition, Vs 328 

is inversely correlated with soil porosity, where lower Vs values are often observed in soils with 329 

higher porosity. For a given soil type, with constant parameters like temperature and ice content, 330 

Vs is directly proportional to soil density, indicating that denser soils generally exhibit higher Vs 331 

values. Furthermore, soil classification, which determines the foundation design, directly 332 

correlates with VS30 and Su30, which are the averages of Vs and Su in the top 30 meters (ASCE/SEI 333 

7-16, 2017). Therefore, understanding the soil classification and Vs is crucial for assessing the 334 

seismic performance and stability of foundations and for designing appropriate foundation 335 

systems. 336 

For soil that is elastic, isotropic, and homogeneous, the elastic theory can be used to 337 

establish the following relationship between elastic modulus and seismic wave velocity: 338 

 339 

(

1) 𝜇 =
(

𝑉𝑝

𝑉𝑠
)

2

−2

2(
𝑉𝑝

𝑉𝑠
)

2

−2

, 

 340 

(

2) 
𝐺 =  

𝛾𝑉𝑠
2

𝑔
, and 

 341 

(

3) 
𝐸 = 2𝐺(1 + 𝜇), 

where, 𝜇 is the Poisson's ratio, 𝛾 is the unit weight of the media, and 𝑔 is the gravitational 342 

acceleration, which can affect the foundation design in various ways such as foundation type, 343 

foundation settlement, and allowable vertical and lateral loads (Coduto, 1999). The relationship 344 
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between elastic modulus and bearing capacity of soils could depend on several factors such as 345 

soil classification, stress history, foundation type, etc. The elastic settlement beneath a flexible 346 

footing placed on the ground surface can be calculated as follows (Terzaghi et al., 1996): 347 

(4) 
𝑆𝑒 =

𝑞𝐵(1−𝜇2) 𝐼𝑓

𝐸
 , 

where 𝑞  is the surcharge load, 𝐵  is the width of the footing, and 𝐼𝑓 is the influence 348 

factor, which is a function of the ratio of length to width (
𝐿

𝐵
) and the thickness of the 349 

compressible layer. We will highlight the importance of Vs monitoring on change in elastic 350 

modulus and elastic settlement in subsection 5.6. 351 

4 Data Acquisition 352 

There are eight seismic survey locations using MASW, six temperature measurement 353 

locations using thermistors, one ERT survey location (at MASW 3 location), and five core 354 

sampling locations (at Roadside and MASW 1-4 locations), as shown in Figure 1. The 355 

coordinates of these locations are provided in Table S1 in the Supporting Information. The 356 

seismic surveys cover various soil conditions, including disturbed and undisturbed areas. Four 357 

seismic surveys (MASW 1-4) were performed on undisturbed tundra permafrost and four 358 

(Roadside and NOAA 1-3) on disturbed permafrost, shown in Figure 1c. The seismic surveys 359 

performed on disturbed permafrost include one survey along the gravel road near the National 360 

Oceanic and Atmospheric Administration (NOAA) facility (Roadside), one survey under the 361 

NOAA building (NOAA 1), one survey on the pre-existing building foundation next to the 362 

NOAA building (NOAA 2), and one survey on the tundra near the pile foundations (NOAA 3). 363 

At the NOAA 2 location, a building was demolished and removed one year prior to the seismic 364 

survey, but the pile foundations remain in the ground. The core sampling was performed at 365 

approximately 1 m from the seismic survey locations using a hand-held sampling drill. The 366 

sampling depth is up to 1.5 m.  367 

4.1 Surface Wave Data Acquisition  368 

Each seismic line consists of 24 vertical 4.5 Hz geophones (a 24-channel Geometrics 369 

Geode seismograph) positioned on the ground surface. Straight-line seismic profiles have 370 

geophone spacing equal to 1 m, which gives us a 23 m spread in total. We generated seismic 371 

signals using a sledgehammer adjacent to the geophones as well as an extra shot at 5 m offset 372 

from the beginning of the lines. The seismic record length was 128 ms with a sample interval of 373 

0.25 ms, and each recording was initiated by a trigger attached to the sledgehammer. No pre-374 

acquisition filter was used on the seismic data. Note that with the vertical source and the vertical 375 

receivers, the type of surface waves we acquired are Rayleigh waves. An example of the 376 

collected seismic traces is shown in Figure 2a. 377 

4.3 Temperature Data Acquisition  378 

Small holes with 0.02-m diameter were punched in the ground to a depth of 1.5 meters in 379 

August 2021. Four HOBO TMC6-HD temperature sensors were then lowered into the ground 380 

using wooden rods to the depth of 0.02, 0.2, 0.5, and 1.5 m below the surface. At each location, 381 

temperature sensors were connected to two 2-channel HOBO U23-003 loggers in September 382 

2022 (Supporting information). The operating temperature range for loggers is -40 to 100 ℃ 383 



manuscript submitted to JGR: Earth Surface 

 

with an accuracy of 0.4 ℃ and 0.2 ℃ below and above 0 ℃, respectively. The resolution is 0.02 384 

℃.  Data records were collected during the field trip in August 2022. Because most of the 385 

commonly used construction materials are prohibited in this study area, reducing the 386 

vulnerability of the sensor installation to damages by wildlife animals is a challenging task and 387 

several temperature sensor cables were severed by Arctic foxes.  Nevertheless, temperature 388 

records were collected at the six following sites. Site conditions were described during 389 

installation as follows. The Temp 1 profiler was placed into a shallow pond with 10 cm of 390 

standing water; The Temp 2 profiler is located near a rim of the flat-center ice-wedge polygon; 391 

the site conditions could be described as moist. The Temp 3 station is placed at the center of a 392 

high-center polygon with a dry ground surface. The Temp 4 site is almost saturated, with a thin 393 

layer of standing water in the middle of the low-center polygon. The Temp 5 profiler is at the rim 394 

of the low-center polygon, with the dry ground around it. Finally, the Temp 6 profiler is 395 

approximately 9 m from shore, where the ground is rather moist. 396 

4.4 Electrical Resistivity Tomography Data Acquisition 397 

An Electrical Resistivity Tomography (ERT) survey was conducted to provide in-situ 398 

resistivity measurements (Ωm) along the MASW 3 transect from September 13, 2022. The ERT 399 

station Syscal-Pro 72 (IRIS instruments) and steel electrodes were used to acquire data. 400 

Electrodes were placed along the transect using measuring tape with a 0.5 m spacing. Inverse 401 

WS and DD arrays were applied for measurements. The minimum/maximum half electrode 402 

spacing was 0.75m/17.25m for WS and 0.5m/13.5 m for the DD array. A 50 V output voltage 403 

and 250 ms pulse duration were applied during the survey. Contact resistances for most of the 404 

electrodes were no more than 1 kΩ. Measurements with errors exceeding 2% were removed 405 

during processing. 406 

 407 

5 Results and Discussion 408 

The following subsections provide an overview of the Vs, electrical resistivity, and 409 

temperature results. We highlight key results related to permafrost, including site 410 

characterization (5.1), shear wave velocity interpretation (5.2-5.4), civil infrastructure's influence 411 

on permafrost (5.5), and applications to engineering properties and infrastructure design (5.6). 412 

5.1 Site characterization of disturbed and undisturbed permafrost  413 

We calculated 1D and 2D Vs models for 8 survey lines after performing inversion on the 414 

calculated dispersion curves using the MASW method (Park et al., 1999a, 1999b). This included 415 

both disturbed and undisturbed permafrost regions. Figure 3 shows the 1D Vs profiles for the 416 

survey locations on the tundra, which are categorized as undisturbed permafrost locations. Figure 417 

3a shows the Vs profile for the first location of MASW survey in the tundra (MASW 1), 418 

approximately 500 meters from the road and NOAA facility. A similar Vs profile is observed in 419 

Figures 4b-d, except that the relative high-velocity zone is located relatively at a lower depth and 420 

has a more consistent velocity profile at higher depths than MASW 1. This could be an effect of 421 

the different geology, vegetation, or the effect of anthropogenic activities over the years, as we 422 

observed many marked points for previous studies and tracks from vehicles in the field. Figure 423 

3b represents the Vs for the second location in the tundra (MASW 2), approximately 1 km from 424 

the infrastructure. We observe a very high-velocity zone at a depth of 2-8 meters below the 425 
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surface, representing either a stiff lithology layer or an ice-rich zone. The highest Vs layers are 426 

located at a depth of 5 meters and are as high as 1700 m/s. This location clearly shows the 427 

undisturbed permafrost area with higher Vs and higher ice content. Figure 3c illustrates the 428 

velocity model for the third location in the tundra (MASW 3), roughly 1.5 km from the road and 429 

NOAA building. While the low-high-low Vs pattern is obvious, the highest velocity is 1575 m/s, 430 

which is lower than that at the MASW 2 at 1 km. In the field, we observed that as we get further 431 

to the tundra, the ground gets wetter as indicated by many ponds in the area. This can also be 432 

seen on the satellite map in Figure 8c-d (presented later in this paper), where the last two lines 433 

(MASW 3 and 4) are located in darker areas that represent higher surface water content.  Figure 434 

3d illustrates the velocity model for the last location in the tundra (MASW 4) at roughly 2 km 435 

from the road and NOAA building. Like all other locations in the tundra, we observed the low-436 

high-low velocity profile, but the highest velocity zone is located at deeper depths of 7 meters. In 437 

addition, the highest Vs is 1150 m/s at MASW 4, which is lower than those at the two previous 438 

locations in undisturbed permafrost zones (MASW 2 and 3). These last two locations (MASW 3 439 

and 4) represent the effect of vegetation and high surface water content. The previously observed 440 

low-high-low velocity profile below the surface by Dou & Ajo-Franklin (2014) is captured at all 441 

tundra locations (i.e., MASW 1-4 and NOAA 3). 442 

Figures 3e-g show the 1D Vs profiles for the survey locations near the NOAA building, 443 

including the roadside, within 1.0 meter of the NOAA building (NOAA 1), and ~80 meters away 444 

from the NOAA building (NOAA 3), where we expect high disturbance in permafrost. These 445 

locations are categorized as disturbed permafrost locations. The Vs at disturbed permafrost 446 

locations is lower than that at undisturbed permafrost locations, as the vegetation and thus albedo 447 

are affected by human activities, and the ice content is lower than that in the undisturbed 448 

permafrost region. Figure 3e represents the Vs for the location within 1.0 meter of the gravel road 449 

leading to the NOAA facility, where we expect high disturbance in permafrost. The 1D velocity 450 

profile represents a low-high-low velocity pattern with the highest Vs of 850 m/s. It is noted that 451 

the data at the pre-existing demolished building foundation next to the NOAA building (NOAA 452 

2) are low-quality, which resulted in higher RMS error than the acceptable error. As we 453 

performed sledgehammer shots on top of a pre-existing building foundation, the contrast in soil 454 

and pile material properties and the resulting scattered energy likely generated relatively larger 455 

errors than in other locations. 456 

Figure 4 shows the 2D Vs models in the undisturbed (4a-d) and disturbed (4e-g) 457 

permafrost regions similar to Figure 3. A low-high-low velocity pattern is evident in all models, 458 

indicating the active layer and transitional zone (with low velocity), ice-rich permafrost (with 459 

high velocity), and partially frozen permafrost with scattered ice (low velocity). Previous studies 460 

have shown a strong correlation between permafrost temperature and Vs (Ji et al., 2023; Kurfurst, 461 

1976; Nakano et al., 1972). The low-high-low velocity pattern is consistent with the general 462 

trend of permafrost temperature variation with depths, as in a previous study (Smith et al., 2022). 463 

Although the velocity and depth vary spatially, the low-high-low pattern is consistent among all 464 

locations. The 2D models capture the spatial variability of permafrost, demonstrating the 465 

importance of multichannel seismic surveys and 2D modeling. We will discuss these models in 466 

detail in sections 4.2 and 4.3. 467 
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 468 

Figure 3. 1D Vs profiles for undisturbed (a-d) and disturbed (e-g) permafrost locations: (a) 469 

MASW 1, (b) MASW 2, (c) MASW 3, (d) MASW 4, (e) Roadside, (f) NOAA 1, and (g) NOAA 470 

3. 471 

 472 
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 473 

Figure 4. 2D Vs profiles for undisturbed (a-d) and disturbed (e-g) permafrost locations:  (a) 474 

MASW 1, (b) MASW 2, (c) MASW 3, (d) MASW 4, (e) Roadside, (f) NOAA 1, and (g) NOAA 475 

3. 476 

 477 

Meanwhile, we invert the electrical resistivity model (in Figure 5a) from the ERT data, 478 

which can delineate several zones compared to the Vs model from the MASW 3 transect (Figure 479 

5b). Each zone is characterized by different thicknesses, electrical resistivity, and velocity 480 

values. Zone A is characterized by relatively low resistivity up to 200-300 Ωm from the surface 481 

down to approximately 0.4 m. This layer represents the active layer and is characterized by low 482 

Vs of 240 m/s. Zone B is characterized by high resistivity values of 400-2000 Ωm. The thickness 483 

of this layer varies from 1 m at distances of 6-24 m to 4 m at distances 2-6 m. According to 484 

drilling data, the zone between 1.4 m and 1.7 m is a transition zone (black box marked in the 485 

borehole in Figure 5) between a frozen and unfrozen state and represents a boundary between 486 

zone B and C. Zone C is characterized by soils with low resistivity of 10-20 Ωm associated with 487 

cryopegs development in the study area. The thickness of the layer is about 2.5 m along the 488 
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profile and decreases toward the beginning of the transect. At a depth of 0.5-0.6 meters, the 489 

salinity measured approximately 0.84 ppt (parts per thousand, roughly equivalent to grams per 490 

liter). In contrast, at a deeper level, specifically 1.5-1.6 meters, the salinity was significantly 491 

higher, measuring 8.03 ppt. Consequently, one can infer that salinity gradually increases from 492 

Zone B to Zone C, contributing to the low resistivity observed for cryopegs in Zone C. The 493 

characteristics of Zone C, exhibiting low resistivity and relatively high velocity, may be 494 

attributed to two potential factors. Firstly, it is plausible that this zone remains frozen, with its 495 

temperature lingering below the freezing point of cryopegs. Alternatively, the distinct lithology 496 

and soil mineral composition within this zone could be significantly influencing the resistivity 497 

and seismic velocity properties of unfrozen sediments in the near-surface, as highlighted in 498 

studies by Rossi et al. (2022) and Accaino et al. (2023), respectively. These findings are aligned 499 

with previous studies demonstrating the complex and heterogeneous nature of permafrost in the 500 

study site (Brown, 1969; Dafflon et al., 2016). Zone D is characterized by relatively high 501 

resistivity values of 100–600 Ωm and a thickness of approximately 2m and is located between 502 

two zones of low resistivity (both zones denoted as Zone C). The zone is also characterized by 503 

high Vs up to 1600 m/s, typical for frozen material and increased ice content. Due to the 504 

relatively high-velocity values, the high-resistivity layer D, and the presence of salt pockets even 505 

in ice-rich conditions in Utqiagvik (Iwahana et al., 2021), we interpret this layer as an ice-rich 506 

layer. High-velocity values for zone D are also supported by the intra-ice brine pockets, where 507 

cryopeg brine is bounded by ice, and are generally in solidified form (Iwahana et al., 2021).  508 

Due to the high contrast of the resistivity of different units, the ERT method helps to 509 

identify multiple layers in the upper part of the cross-section that cannot be clearly distinguished 510 

using the MASW method due to the lack of high-frequency signals. The MASW results provide 511 

useful information to verify ERT results at greater depths. The MASW method reveals a high 512 

degree of heterogeneity in the permafrost, possibly due to increased salinity at greater depths, 513 

resulting in unfrozen zones. Additionally, integrating ERT and MASW provides a more 514 

comprehensive assessment, offering insights into critical aspects, such as the salinity and ice 515 

content within the permafrost, which are crucial for understanding its physical properties and 516 

behavior. This methodological framework, effective in our specific study area, has potential 517 

applicability in diverse permafrost environments, indicating its potential for wider application 518 

and enhancing the knowledge of near-surface permafrost dynamics. 519 
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 520 

Figure 5. 2-D ERT (a) and MASW (b) comparison results at the MASW 3 location. Black lines 521 

represent interpreted ERT boundaries based on resistivity values. Zones A to D specify different 522 

ranges of electrical resistivity and shear wave velocity values corresponding to various 523 

permafrost structures. The white box indicates the borehole sample, and the black box inside the 524 

white box shows the transition zone. 525 

 526 

5.2 Identification of active layer thickness 527 

Significant variations in ALT exist between different landscape types, reflecting the 528 

influence of vegetation, substrate, microtopography, and especially soil moisture (Shiklomanov 529 

et al., 2010). From Vs profiles shown in Figure 4, we can identify the ALT range (roughly 0.3 m) 530 

and the shear wave velocities of the active layer (240 – 370 m/s) in most locations. However, in 531 

some undisturbed permafrost regions, ALT was found to be highly spatially heterogeneous due 532 

to differences in subsurface characteristics based on 2D Vs profiles shown in Figure 4. Therefore, 533 

ALT at some locations may be 0.5 – 0.6 m, which is consistent with the ALT range estimated 534 

from nearby temperature measurements (described in Section 2.3) and the earlier estimation by 535 

Jafarov et al. (2016). In contrast, ALT in disturbed permafrost regions presents higher values (0.5 536 

– 1.0 m) and less spatial heterogeneity. The higher ALT indicates that the ground temperature is 537 
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slightly higher for the permafrost with human activities than in the undisturbed permafrost. For 538 

NOAA 1 (Figure 3f), the high consistency in ALT is because the ground surface is under the 539 

NOAA facility, and the topsoil is gravel, which is different from all other locations. The 540 

coverage of the building, which produces continuous heat, and the high thermal conductivity of 541 

gravel compared to fine-grained soil like peat or silt are likely contributing factors to the 542 

temperature consistency of the tested line. The MASW results did not reveal the top shallow 543 

active layer of MASW 3 due to the small ALT (0.24 m based on soil sampling) and lack of high-544 

frequency source signal required to image shallow depths.  Figure 6 illustrates the stratigraphy of 545 

deposits up to 1.0 m at the five sampling locations. The permafrost mainly consists of silty soil 546 

with organics with an average unit weight of 19.62 kN/m3. Ice layers are evident in the boreholes 547 

of MASW 1 and 2. Based on the boring samples collected at the same sites of the seismic 548 

surveys, ALT in the study regions were 0.14 – 0.28 m during sampling. The ALT range 549 

identified by MASW in most locations is within a reasonable range compared with the 550 

stratigraphy of deposits.551 

 552 

Figure 6. Stratigraphy of borehole core samples at five locations.  553 

 554 

5.3 Identification of spatial heterogeneity of permafrost 555 

Spatial heterogeneity within the permafrost layer can be observed and quantified by 556 

analyzing Vs profiles, including ice-rich permafrost, low-velocity zones, and cryopeg. Shear 557 

wave velocities within the permafrost layer range from 450 to 1700 m/s. The shear wave 558 

velocities of ice-rich permafrost zones (MASW 2-4) are in the range of 700 – 1700 m/s, which is 559 
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higher than the range of 500 – 900 m/s from other permafrost locations. Ice-rich permafrost can 560 

be identified in 2D Vs profiles, such as in Figure 4b (MASW 2), with a high-velocity zone (from 561 

9 m to 22 m) with a Vs range of 1300 – 1700 m/s. The theoretical Vs of pure ice is approximately 562 

1900 m/s at a temperature near -10 ℃ (Kohnen, 1974). Given that the effective Vs of a medium 563 

is a weighted average of the components of that material, the regions of the subsurface with 564 

velocities near 1700 m/s are expected to be ice-rich materials. This indicates that the center area 565 

of the ice-rich zone is likely composed primarily of ice layers. However, the gradual increase of 566 

the velocity near the ice-rich zone at MASW 2 indicates suspended soil around the ice layers.  567 

Bodies of unfrozen material, taliks or cryopegs, can also be identified using Vs profiles. 568 

For example, a cryopeg layer exists at MASW 3 at a depth of 1.2 – 1.6 m with a corresponding 569 

Vs of 250 m/s. The boring log information at MASW 3 shows that the sediments gradually 570 

change from frozen to unfrozen state at depths of 1.2 – 1.6 m. Figure 1c shows that MASW 3 is 571 

located in a wetter area (darker image color is related to higher surface water content), which 572 

may lead to open talik regions around the large water body. Another potential reason for this 573 

talik or cryopeg layer is salinity, as higher salinity layers exist at MASW 3 due to proximity of 574 

the nearby saline thermokarst lake. This is consistent with our observation of core sample's 575 

salinity at MASW 3 (discussed in subsection 5.1). The Vs range of the cryopeg layer 576 

(approximately at 1.5 m) is similar to that of the active layer since the cryopeg layer may be 577 

unfrozen. 578 

5.4 Impacts of ground temperature and ice structure on shear wave velocities 579 

In subsections 4.4 and 4.5, we focus on the impacts of multiple factors on shear wave 580 

velocity in undisturbed permafrost to better understand permafrost behavior and stability. Figure 581 

7 shows the composed profiles of Vs in undisturbed permafrost, temperature variation, and 582 

cryostratigraphy versus depth. The temperature difference between adjacent locations decreases 583 

with depth. The temperature measurements are derived from several locations near Utqiaġvik, 584 

Alaska. The detailed location and record date of the temperature measurement are presented in 585 

Figure S2 and Table S2 in the Supporting Information. The temperature reveals that the ALT is 586 

around 0.5 m, which agrees with the ALT determined from the MASW surveys. 587 

 588 

Figure 7. Composed velocity, temperature and stratigraphy profiles near Utqiaġvik, Alaska.  589 
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  590 

We observed that the depth variation of Vs exhibits a consistent trend across different 591 

testing locations near Utqiaġvik (see Figure 7). The Vs is low (~ 250 – 510 m/s) in the active 592 

layer and increases in the permafrost layer to around 1200 – 1700 m/s as depth increases to 5 – 8 593 

m. Beyond this depth, the shear wave velocities decrease, forming a low-velocity permafrost 594 

zone (~500-700 m/s) beneath the high-velocity permafrost layer. Dou and Ajo-Franklin's (2014) 595 

study also reported the existence of a low-velocity permafrost zone at a location approximately 5 596 

km south of the study area. This suggests that low-velocity permafrost zones may exist under the 597 

tundra near Elson Lagoon and east of Utqiaġvik, Alaska. As shown in Figure 7, the Vs profiles 598 

are correlated with temperature profiles, with higher ground temperature corresponding to lower 599 

shear wave velocities of permafrost. We also observe that Vs below 8 meters decreases, possibly 600 

due to discontinuous ice in deeper zones. Based on the 1D and 2D velocity profiles, we conclude 601 

that generally, the 2-8 m zone contains higher ice connectivity (and therefore less scattered or 602 

discontinuous ice), which causes very high-velocity zones. This can clearly be seen in 2D plots 603 

where a high-velocity zone (and not a continuous layer) exists on the undisturbed permafrost 604 

velocity profiles (Figures 4b and 4c). Therefore, although the temperature can be consistent in 605 

higher depths (as shown in Figure 7 using the literature datasets collected in Utqiagvik, AK), the 606 

velocity could be different due to changes in ice content and the spatial distribution of ice. While 607 

the temperature profiles closely align with each other, there are clear disparities exist in the Vs 608 

profiles. Such differences might be indicative of pronounced lateral variations in ice content or 609 

could reflect changes in the lithology or texture of the underlying sediments. 610 

Ice-wedge polygons occur on nearly all nearshore land surfaces (Kanevskiy et al., 2013) 611 

and can be outlined using 2D Vs profiles. The formation and degradation of these polygons are 612 

linked to climate change, resulting in severe landscape alteration. There are mainly three types of 613 

ice-wedge polygons in the tundra between Utqiaġvik and Elson Lagoon: high-centered polygons, 614 

flat-centered polygons (incipient polygons), and low-centered polygons. High-centered polygons 615 

are shown in Figure 8b, flat-centered polygons in Figure 8c, and low-centered polygons in Figure 616 

8d, surrounded by thermokarst lakes. An early stage of high-centered polygon formation can be 617 

seen in Figure 8a. MASW 4 is surrounded by coalescent low-center polygons (Lara et al., 2015) 618 

and thermokarst lakes based on the satellite view nearby (Figure 8d), presenting lower Vs 619 

compared with high-centered polygon regions (Figure 8b). The landscapes near MASW 4 620 

develop and degrade from flat-centered and high-centered polygons (Nitzbon et al., 2019), 621 

showing severe landscape alteration due to climate change. This transformation is referred to as 622 

ice-wedge polygon degradation. A water body in the center of the low-centered polygons can 623 

change the hydrological regime of polygon nets and lead to the onset of thermokarst activity 624 

(Kartoziia, 2019). As shown in Figure 8b, some of the high-centered polygons are developing 625 

and connecting, presenting ice-rich permafrost zones with high Vs,  which have the potential to 626 

form thermokarst lakes during permafrost degradation. MASW 2 and 3 cover the polygon 627 

centers and troughs of high-centered polygons, while MASW 4 is on the rim between 628 

thermokarst lakes. For locations with surface water, Vs presents lower values on the top of the 629 

permafrost layer than adjacent permafrost. 630 
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 631 

Figure 8. Satellite view of MASW testing locations in undisturbed permafrost tundra and 632 

disturbed permafrost roadside: (a) MASW 1 in the developing polygon trough area, (b) MASW 2 633 

in the flat-centered polygon area, (c) MASW 3 in the low-centered polygon area, (d) MASW 4 634 

surrounded by thermokarst lakes, and (e) Roadside.  635 

5.5 Influence of civil infrastructure on permafrost  636 

In this section, we discuss the influence of civil infrastructures, including gravel roads 637 

and pile foundations, two of the most common civil infrastructures in Northern Alaska, based on 638 

seven MASW surveys. Comparison of Vs profiles of disturbed permafrost locations (Roadside 639 
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and NOAA 1) and relatively undisturbed permafrost locations nearby (NOAA 3 and MASW 1) 640 

in Figure 4 demonstrates that the ALT is larger in disturbed permafrost due to higher surface 641 

temperature. For NOAA 3 and MASW 1, the maximum Vs is similar (~900 m/s), but the high-642 

velocity zone is deeper (~4 m) in permafrost near civil infrastructure (NOAA 1) compared with 643 

MASW 1 (~1 m). This discrepancy may be due to the disturbed gravel topsoil and also higher air 644 

temperatures near civil infrastructure, causing diffusive heat transfer from a more absorptive 645 

material and resulting in temperature profiles that differ from undisturbed permafrost locations.  646 

The MASW testing location beside a gravel road is shown in Figure 8e (Roadside). In 647 

cold regions, dry coarse-grained soil is often used to replace the foundation soil of roadbeds or 648 

airport runways to prevent frost heave (Vinson et al., 1996). The gravel fill reduces the road's 649 

frost heave and thaw settlement by providing better drainage capability but affects the moisture 650 

regime near the gravel road. As shown in Figure 8, high-centered polygons developed near the 651 

gravel road, with surface water accumulation next to the road embankment. 652 

Ice-rich permafrost zones can be identified beneath the polygon landscape in the Vs 653 

profiles shown in Figures 4 and 8. The depth of the ice-rich permafrost zone along the roadside 654 

(Figure 3e) is shallower than the nearby tundra location at NOAA 3 (Figure 3g), suggesting the 655 

influence of the gravel road. Along the roadside, the ice-rich permafrost zone (~4 m thickness) is 656 

thicker than MASW 1. Different moisture migrations beside the gravel road may cause these 657 

differences. In addition to unfrozen water migration as the dominant mode of moisture 658 

movement, vapor flux also contributes to frost heaving (Currie, 1983; Farouki, 1981; Smith & 659 

Burn, 1987; Teng et al., 2020). Gaseous water (vapor) migrates from the warm and humid side of 660 

the soil layer to the cold and dry layer below the closed and impermeable ground surface in 661 

coarse-grained soil and then condenses into ice, causing frost heaving (Guthrie et al., 2006; Niu 662 

et al., 2017; Zhang et al., 2020). This phenomenon is known as the "pot effect" or "canopy 663 

effect" (Bai et al., 2018). Generally, soil with an initial moisture content of less than 30% is more 664 

prone to showing the "pot effect" (Bai et al., 2018). 665 

Pile foundations are the most common building foundation type in Arctic Alaska to 666 

overcome differential settlement. Figures 4f and 4g display the 2D Vs profiles for MASW 667 

surveys under the NOAA building (NOAA 1), and ~80 meters from the building in the tundra 668 

(NOAA 3), respectively. As shown in Figure 3, NOAA 1 shows a similar low-high-low Vs trend 669 

to NOAA 3 (and also MASW 1-4). At depths of 0-2 m, shear wave velocities are slightly 670 

different for NOAA 1 and NOAA 3 due to the topsoil of NOAA 1 being gravel, while NOAA 3 671 

is tundra permafrost. At 2-8 m depths, NOAA 3 presents an ice-rich permafrost zone, while 672 

NOAA 1 has much smaller Vs in this depth range, indicating softer soil. In addition, in NOAA 1, 673 

we observed a ~150 m/s decrease in Vs for the ice-rich zone compared to the ice-rich zone at 674 

NOAA 3 (farther into the tundra). This lower Vs in the ice-rich zone near the building suggests 675 

that the pile foundation impacts the soil properties in the surrounding area. Although there is 676 

lower Vs in the ice-rich zone near the building, the ice-rich zone near the building is more 677 

laterally uniform than the ice-rich zone further in the tundra. Because the building had been 678 

present in the area for many years, it could have contributed to the thawing and freezing of the 679 

surrounding ground, leading to a more uniform distribution of ice-rich soil after years of thermal 680 

diffusion of heat from the building. The substantial differences observed at these sites highlight 681 

the need to consider the long-term effects of anthropogenic activities on the geological and 682 

geotechnical properties of the ground. 683 

 684 
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5.6 Applications in quantifying engineering properties and designing infrastructure on 685 

permafrost 686 

Investigating the long-term effect of civil infrastructure on permafrost's stiffness could 687 

help improve the engineering design of structures' foundations on permafrost. Permafrost's 688 

parameters, such as VS30 and E, are affected by soil types (Coduto, 1999), soil temperature (Ji et 689 

al., 2023), and soil's ice content (Fisher et al., 2020). Changes in these soil properties show 690 

possible changes in soil types, thermal conditions, and cryostructure. For instance, the stability of 691 

the subgrade in permafrost regions, as noted by Anhua (2014), is closely linked to the ice content 692 

in the permafrost beneath roadways. Here, we quantitatively analyze Vs profiles at NOAA 1 and 693 

NOAA 3 locations. Based on the MASW results, VS30 for locations NOAA 1 and NOAA 3 are 694 

equal to 744.2 m/s and 799.5 m/s, respectively. This reduction can affect the soil's ability to carry 695 

loads (as the soil at NOAA 1 is less stiff than the NOAA 3 location), leading to greater 696 

settlement or deformation under structural loads. Assuming a Vp/ Vs = 1.6 for the site's 697 

permafrost layer based on (Ji et al., 2023), and 𝛾 and 𝑔 equal to 19.62 kN/m3 and 9.81 m/s2, 698 

respectively, equations 1-3 result in an elastic modulus of 261.07 MPa at NOAA 1 location and 699 

301.31 MPa at NOAA 3 location. This indicates a 13.35% reduction in elastic modulus 700 

accompanied by an equivalent increase in settlement values, as delineated by equation 4. While 701 

our findings offer useful insights for designing and maintaining infrastructure in polar regions, 702 

extending these findings to other permafrost settings should be approached with caution, 703 

considering local variations in soil composition, temperature trends, and permafrost degradation. 704 

 705 

6 Conclusions 706 

This study uses 1D and 2D Vs profiles from MASW along with temperature 707 

measurement, ERT, and permafrost sampling to reveal various permafrost features in Utqiaġvik, 708 

Alaska. Vs profiles, combined with electrical resistivity models and temperature measurements, 709 

can qualitatively characterize active layer, ice-rich permafrost, and cryopeg in permafrost layer, 710 

but cannot identify small-scale cryostructures such as ice lenses. Vs in active layer ranges from 711 

240 to 370 m/s (silty peat to silt), while Vs in permafrost layer ranges from 450 to 1700 m/s (silt 712 

to slightly sandy silt) in August 2022. Vs profiles demonstrate a consistent vertical low-high-low 713 

velocity trend in permafrost. Ice content, ice layers, and ice-wedge influence shear wave 714 

velocities, with higher Vs indicating higher ice content. Low Vs permafrost zones may exist 715 

across the tundra near Elson Lagoon and east of Utqiaġvik. The Vs variation in ice-rich 716 

permafrost correlates with ground temperature variation at 0-15 m depths at the study region. 717 

This correlation indicates that ice-rich permafrost with higher Vs values demonstrates lower 718 

temperatures than active layer and ice-poor permafrost. By using ERT, multiple layers can be 719 

identified at shallow depths: active layer (200-300 Ωm), cryopeg (10-20 Ωm), and ice-rich 720 

permafrost (100-600 Ωm). The presence of ice becomes evident through the analysis of Vs and 721 

ERT profiles. To strengthen our conclusions, we validate geophysical results with stratigraphy 722 

and salinity analyses from permafrost cores. Integrating geophysical, temperature, and core 723 

sampling methods offers a reliable approach to evaluating and understanding permafrost spatial 724 

variability. 725 

Civil infrastructure can impact permafrost, resulting in a higher active layer thickness and 726 

lower Vs. The influence of gravel road and pile foundation on permafrost degradation varies. 727 

Thicker ice-rich permafrost layers at shallower depths, surface water accumulation, and ice 728 
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polygon development are identified near the gravel road on permafrost. At the sites with building 729 

and pile foundations, lower shear wave velocities are observed at depths shallower than 7 m 730 

when compared to nearby undisturbed tundra. The active layer and permafrost are more laterally 731 

homogeneous closer to the building compared to nearby undisturbed tundra, and a thinner high-732 

velocity zone exists closer to the building. The resulting Vs profile suggests weaker ground near 733 

infrastructure, which should be accounted for by civil engineers.  734 
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Open Research 748 

• The seismic and ERT data used for geophysical data processing are available through the 749 

Arctic Data Center Tourei et al., (2023) https://doi:10.18739/A2V40K14Q 750 

• The seismic data were processed using the SeisImagerSW software (GeometricsTM, 751 

Version 3.0.), with parameters described in Section 3.1.  752 

• The ERT data were processed using Prosys II software (IRIS Instruments) and the 753 

Res2Dinv software (Geotomo SoftwareTM, Version 3.59.), with parameters described in 754 

Section 3.2.  755 

• The temperature data are available through the Arctic Data Center Nicolsky & Wright, 756 

(2023) https://doi.org/10.18739/A2C53F305 757 

• The physical permafrost core samples in Figure 6 are registered and available through 758 

SESAR with the International Geo Sample Number (IGSN) of IENNA0001 759 

(https://doi.org/10.58052/IENNA0001), IENNA0002, IENNA0003, IENNA0007, 760 

IENNA0008, IENNA0009, IENNA000A, IENNA000E, IENNA000F, IENNA000G, 761 

IENNA000K, IENNA000L, IENNA000M, and IENNA000N.   762 
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