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Abstract

:

Characterizing permafrost is crucial for understanding the fate of arctic and subarctic archaeological archives under climate change. The loss of bio-physical integrity of archaeological sites in northern regions is still poorly documented, even though discontinuous permafrost is particularly vulnerable to global warming. In this study, we documented the spatial distribution of the permafrost-supported Inuit archaeological site Oakes Bay 1 on Dog Island (Labrador, Canada) while employing a novel approach in northern geoarchaeology based on non-invasive geophysical methods. ERT and GPR were successfully used to estimate active layer thickness and image permafrost spatial variability and characteristics. The results made it possible to reconstruct a conceptual model of the current geocryological context of the subsurface in relation to the site topography, hydrology, and geomorphology. The peripherical walls of Inuit semi-subterranean sod houses were found to contain ice-rich permafrost, whereas their central depressions were identified as sources of vertical permafrost degradation. The geophysical investigations were used to classify the permafrost at Oakes Bay 1 as climate-driven, ecosystem-protected permafrost that cannot regenerate under current climate conditions. This work highlights how the permafrost at Oakes Bay 1 is currently affected by multi-point thermal degradation by both conduction and advection, which makes it highly sensitive to climate warming.
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1. Introduction


Arctic and subarctic regions have warmed at a rate of more than twice the global average since the 1980s [1]. Climate change greatly affects northern environments, and the threat it poses continues to grow. Rising air temperatures, permafrost thaw, fluctuations in precipitation, and rising sea levels affect geosystems [2] and cause physical and chemical damage to cultural heritage [3]. This looming threat poses a challenge for archaeologists and communities, as time is of the essence to locate and study these at-risk sites. However, very little is known about the impact of permafrost thaw on cultural heritage [4]. By deepening the active layer and weakening the soil supporting archaeological sites, permafrost degradation can lead to site erosion and alteration and consequently to the loss of integrity of cultural archives and historical records. This phenomenon has already been observed in some subarctic coastal areas [3,5]. Coastal erosion also has a significant impact in northern regions due to rapidly rising sea levels [6,7,8]. Additionally, climate change promotes an observable increase in vegetation—also called greening or shrubification [9,10]. This phenomenon, exacerbated by permafrost thaw, causes organic artifacts to be degraded by root action and bacterial processes [3].



As most northern archaeological sites are situated in remote coastal areas, the characterization of the spatial variability of permafrost will allow us to estimate the lifespan of cultural records that are at risk of disappearing before being documented [11].



To date, only archaeological and geoarchaeological approaches have been used to provide data on the condition of northern archaeological sites and their contents. However, while these approaches are effective, they have the disadvantage of requiring a great deal of time and financial resources. They are also invasive due to the need for excavation and sampling. By contrast, geophysical methods are non-invasive and can provide data on stratigraphy and substrate conditions, complementing the standard archaeological and geoarchaeological approaches [12,13].



Geophysical methods provide a new way to study the permafrost characteristics of archaeological sites. Furthermore, the use of multiple geophysical methods provides a complete and contextual view of the study area [14,15,16,17,18]. Saintenoy et al. [17] used ERT and GPR in Russia to study the spatial variability in active layer depths in an area under the thermal influence of a river. Hubbard et al. [15] used a combination of LiDAR, ERT, GPR, and EMI to successfully determine subsurface hydrogeochemical/thermal zonation in relation to the surface microtopography of a coastal plain in Alaska. Geophysical methods have also been used to study northern archaeological sites, focusing on the detection of archaeological structures, artifacts, and ecofacts [19,20,21,22,23]. Although these studies highlight the impact of permafrost thaw on artifact preservation, they were not primarily aimed at characterizing the permafrost underlying archaeological sites. To our knowledge, a geophysics approach has never been used in northeastern Canada to document permafrost conditions at archaeological sites.



As few of the thousands of inventoried northern archaeological sites have been investigated, it is paramount to gather information on the conditions of studied sites. Models are indispensable for forecasting the future effects of climate change on permafrost and on archaeological sites that currently benefit from the presence of permafrost [3]. However, northern geoarchaeological models of all types (conceptual and numerical) are sparse. The objective of the present study is to use a multi-method geophysical approach to propose a simplified conceptual model of current geocryological conditions in relation to the geomorphology and microtopography of a vulnerable northern coastal archaeological site, not unlike many found in the north.



The study site is located on Dog Island, one of the largest islands of the Nain archipelago located in Central-North Labrador (Canada) (Figure 1). The island is in a transition zone between the Low Arctic and Subarctic climate zones, and the region is part of the discontinuous permafrost zone. Rapid warming has been observed in Labrador since the 2000s [24], particularly in the winter [25]. In accordance with this warming trend, many studies [26,27,28,29] have detected signs of permafrost thaw at the study site, but the spatial variability of permafrost is still unknown.



Key transects and zones were chosen at the Oakes Bay 1 archaeological site on Dog Island, Labrador, to conduct geophysical investigations. Ground-penetrating radar (GPR) and electrical resistivity tomography (ERT) profiles were thus generated, alongside the creation of an electromagnetic induction (EMI) map. Photogrammetric images were also obtained on-site to obtain elevation data and high-quality images of topographic features. The locations of the geophysical transects were selected according to significant changes in the topography of the archaeological site, based on the hypothesis that the permafrost table would be lower in the center of the semi-subterranean houses and would follow a degradation gradient from the coast to the interior.




2. Study Site


Dog Island is located approximately 35 km northeast of Nain. The region’s climate is affected by the cold Labrador Current that flows southward [30] and is therefore subject to high inter-annual and intra-annual climate variability and extreme weather events. The mean annual air temperature (MAAT) is −2.2 °C. Precipitation, half of which falls as snow during the winter months, averages 925 mm per year [31]. The periglacial conditions in the region are suitable for discontinuous permafrost due to the long period of frost (mid-September to mid-June). Tundra vegetation dominates the island, including shrubs, mosses, lichens, and some black spruce trees, several of which are in the form of krummholz. A warming trend in air temperatures has been observed in the Nain region for the past 20 years. From 1987 to 2016, winter temperatures saw a strong increase of over 1.5 °C/100 years, whereas summer temperatures increased by about 0.5 °C/100 years [25,32].



Dog Island (Figure 1) is part of the Nain geological province of Labrador, which consists mostly of anorthosite, granite, and gneiss from the Archean and Proterozoic eons [33]. The landscape of the Nain region is marked by the Wisconsinan glaciation and subsequent deglaciation. The Labrador segment of the Laurentide Ice Sheet covered the region until ca. 9 ka cal. yr BP [34]. Following glacial retreat (ca. 8.5 yr BP), the marine transgression reached a relative sea level of 70 m in elevation [35]. Subsequent postglacial isostatic rebound and marine regression led to the formation of several marine terraces on the islands and along the coast.



Oakes Bay is sheltered from the wind and has an abundance of marine and terrestrial resources, making it a desirable site for human occupation [26]. Thule and Inuit inhabitants established their winter settlements on a raised Holocene marine terrace on the bay’s north shore at the end of the 17th century and the start of the 18th century, with the last occupation of the site dating from 1772 [36].



This period of human occupation corresponds to the Oakes Bay 1 site (Parngnertok) (Borden code: HeCg-08) (Figure 1). The site includes seven semi-subterranean sod houses and is bounded to the north by the Alagaiai mountain, to the west and east by thermokarstic gullies, and to the south by a small retreating cliff facing the bay (Figure 2) [28,29]. The site was built on marine terrace T13 (T1 being the oldest terrace and T14 the most recent [27]), dated at ca. 3.5 ka cal. yr BP [35]. The terrace is 6 m above sea level. It is a paludified terrace mainly composed of silty to coarse sand, topped with peat. The dwellings consist of depressions 1 to 2 m deep and approximately 10 m in diameter that were dug into the sand of the Holocene raised beach [29]. Originally, the peripheral walls were made of peat and wood, and the floor was paved with stones. The south wall opened on a long entrance tunnel pointing toward the bay, still visible today. To the east of the tunnel of each house (on the left-hand side when exiting the house), there is a midden that is now visible as a small shrubby mound.



Zones with differences in topography and plant cover were found on the study site, including thaw subsidence of permafrost mounds and thermokarst gullies and ponds. Since vegetation cover varies at the site (from bare soil to low lichens and medium shrubs), variations in permafrost conditions are also expected [37]. The intact surface of the terrace is dominated by lichens, indicating well-drained conditions. The edges of the terrace show signs of degradation, and the coastal edge has undergone significant erosion. In low-topography areas, vegetation such as shrubs has become established. These areas include the central depression of the semi-subterranean sod houses in which snow accumulates during the winter. The subhumid conditions in these areas are also conducive to the presence of mosses, Carex, and other Cyperaceae (plants typically found in wetlands).




3. Methods


In addition to geophysical surveys, geomorphological, archaeological, and geoarchaeological data already obtained from previous studies were used. A digital surface model (DSM) [38] derived from photogrammetric information acquired by drone was also used to provide a better perspective on the microtopography’s influence on the subsurface cryogenic conditions at the site. The aerial photographs were obtained using an onboard sensor (Hasselblad L1D-20c camera) on a DJI Mavic 2 Pro drone (SZ DJI Technology Co., Ltd., Shenzhen, China).



Processing of the images was performed using the Agisoft Metashape Professional application (version 1.8.3) (Table S1). Derived products (DSM and orthophotography) were georeferenced and used to study and map the site. Consequently, the locations of the electromagnetic induction (EMI), electrical resistivity tomography (ERT), and ground-penetrating radar (GPR) surveys conducted on-site in July 2022 are presented in Figure 3.



3.1. Electrical Resistivity Tomography (ERT)


ERT is used to reconstruct the electrical resistivity of the subsurface, which is tied to ground properties. Data were acquired using the Lippmann Earth resistivity meter 4-point light 10 W, with a Wenner–Schlumberger array. This array is moderately sensitive to both horizontal and vertical structures, allowing horizontal and vertical spatial variabilities of the subsurface to be detected. It also generally has a high signal-to-noise ratio, giving reliably good-quality data [39]. Different profile lengths were investigated, ranging from 19.5 m (40 electrodes) to 100 m (80 electrodes, using the roll-on method), for a total of 5 profiles. A 0.5 m electrode spacing was used on all profiles to obtain a sufficient resolution of the upper layers of the subsurface, as the permafrost table was found to be less than 50 cm in several test pits (Figure 3). At times, salt water had to be poured on the ground to facilitate electrode coupling.



Raw data from ERT acquisitions provide information on the apparent resistivity of the substrate. The Pygimli Python library [40] was used for the inversion of the data with the DSM topography. A geophysical inversion is an iterative process used to find an electrical resistivity model that fits the field measurements (apparent resistivity) and is geologically reasonable. To assess the fit between the measured apparent resistivity and the simulated model at each iteration of the inversion process, the root mean square (RMS) error was calculated. For each profile, the inversion was carried out until the RMS error value was smaller than 5%.



Depending on the characteristics of the substrate, permafrost electrical resistivity can vary from a few thousand to millions of Ωm [14,41]. Different types of frozen ground can therefore be identified based on electrical resistivity measurements. Ground truth from test pits was used to set a specific resistivity corresponding to permafrost. As in other studies [42,43,44], values of 10 kΩm or greater were interpreted as an indication of permafrost.



The scientific literature shows that the ERT method can differentiate unfrozen from frozen ground [18,45,46]. In these highly resistive environments, the penetration depth decreases because of the screening effect: high-resistivity layers screen the current from deeper layers. In conjunction with the decrease in resolution with depth inherent to all geophysical investigation methods [47], the screening effect makes it difficult to assess the bottom of the permafrost table. As used in the present study, a depth of investigation index (DOI)-related mask of the data prevents the over-interpretation or misinterpretation of the inversion results of electrical resistivity [41].




3.2. Ground-Penetrating Radar (GPR)


The interface between thawed and frozen ground is known to present a strong signal on GPR radargrams due to the contrast in dielectric permittivity between the two layers [48]. Permafrost has been known to have a dielectric constant ranging between 3 and 4, whereas humid sandy soil (as found in the active layer of test pits) typically has a dielectric constant between 15 and 30 [49]. Based on this contrast, GPR was used to detect permafrost spatial variability and the top of the permafrost table. It was also used to estimate the thickness of the active layer. GPR data were collected at the study site along 4 transects, using the MALÅ EL Pro WideRange HDR with both 160 MHz and 670 MHz antennas. The use of two antennas allows for both high-surface-resolution radargrams (670 MHz frequency) and radargrams with greater penetration depth (160 MHz) for all profiles. Two W-E parallel transects (40 m and 90 m long) and two N-S parallel transects (80 m and 100 m long) were established. A differential GNSS (Global Navigation System) was used in conjunction with the radar so that geographical coordinates were associated with the radargram data. Processing of the data with Reflexw (version 9.5.7) [50] included zero-time adjustment, bandpass filtering, background noise removal, gain filtering, and conversion of travel time to depth. To ensure consistency between the representation of the same profiles acquired with both ERT and GPR, the topographic data used for topographic adjustment of the transects was exported from the DSM model. Since few hyperbolas were visible on the GPR radargrams, the velocity of the radar waves could not be accurately estimated for all the visible layers. Consequently, ERT electrical resistivity data were used to infer the depth of the unfrozen–frozen interface, coupled with on-site pits [51]. This interface was identified in ERT data by the transition between conductive material to highly resistive material. The depth of this transition on ERT profiles was thus used to calibrate the depth of the linear interface visible in GPR data. This calibration gave an estimated electromagnetic wave velocity of 0.07 m/ns above the permafrost table. A velocity of 0.07 m/ns was thus used to convert the vertical axis into depth for all the profiles.



It is known that GPR is an effective and fast method for studying the subsurface. Resistive materials, such as permafrost, ground ice, sand, and gravel, provide a good medium for the propagation of electromagnetic waves [51]. A strong interface can, however, reflect great quantities of energy, masking deeper structures [52]. Radar signals are attenuated by electrically conductive materials, such as brackish or salt water, clay, and magnetic rocks. Proximity to water, particularly salt water, can therefore greatly attenuate the signal [52].




3.3. Electromagnetic Induction (EMI)


An electromagnetic induction survey was also conducted at the site to target potential permafrost zones that could then be investigated with ERT and GPR, as EMI may be used for fast contactless mapping of electrical conductivity. However, since the electrical conductivity of the substrate was often too low for the EMI device’s sensibility (less than 1 mS/m), this approach could not be used. The measured values were indeed considered too close to the noise level. Thus, site selection and survey line design relied on the nature and magnitude of the features that were observed at the surface. Apparent electrical conductivity maps still showed qualitative conductivity trends for the zones that were inspected (Figure S1). Additional information on the method and results obtained can be found in the additional content section.





4. Results and Interpretation


4.1. On-Site Pits and Pedostratigraphy


On-site, soil pit tests were excavated down to the top of the permafrost table (bottom of the active layer). In the absence of permafrost, the maximum depth reached without frozen ground was recorded [46]. Each pit displayed some micro-lateral variability of active layer thickness, so pit interpretations represent average unit thicknesses.



Test pits revealed a podzolized soil overlaid with peat (Figure 4). The soil profile consisted of oxidized fine to medium sand with lenses of coarse sand and gravel (Bf horizon), overlain by oxidized red sand and pale gray sand (Ae horizon) and finally by peat (O horizon).



This general pedostratigraphy corresponds with the horizons provided by Roy et al. [27] in their study of the coastal side of the site. Pits were generally located less than 5 m from ERT and GPR profiles, providing reasonable accuracy on structure and stratigraphic thicknesses. However, as the depth and lateral distribution of permafrost vary along the pits, caution is needed when using the test pits as ground truth, as these differences as well as the ambiguity in pit locations relative to the geophysical profiles may cause uncertainty in depth calculations.




4.2. Electrical Resistivity Tomography (ERT)


The analysis of changes in the inverted electrical resistivity profiles attests to several tendencies, resulting in four units with different characteristics (Figure 5): 1. a relatively low-resistivity unit from the top of the profiles to a depth of about 1 m (U1—300 Ω·m to 1000 Ω·m); 2. a moderately resistive unit (U2—1000 Ω⋅m to 25k Ω·m); 3. a highly resistive unit (U3—>25 kΩ⋅m) usually found at a depth of about 1 m; and 4. a low-resistivity unit (more conductive) (U4—<1000 Ω·m) at greater depths. To enable a comparison between the resistivities presented in the different profiles, a common color scale has been chosen (300 Ω·m–53 kΩ·m). Profile 1, Profile 4, and Profile 5 (Figure 5A,D,E) had resistivities of up to 56 kΩ·m, 56 kΩ·m, and 72 kΩ·m k, respectively.



Unit U1 corresponds to the thawed active layer, composed of a peat layer overlying humid sand. This conductive zone’s thickness ranges from 50 cm to 1 m. An abrupt transition from a few hundreds of Ω⋅m to thousands of Ω·m was detected between U1 and U2 (Figure 5) on all profiles. This transition between U1 and U2 is interpreted as the limit between the active layer and underlying frozen ground, which was confirmed by at least one on-site test pit. The depth of this sharp increase in resistivity depends on the terrain slope and the proximity to thermokarst features at the surface. An approximative minimum electrical resistivity value for permafrost in each profile was determined and later used for the calibration of the GPR interfaces. U2 presents resistivities ranging from a few thousand Ω·m up to 25k Ω·m and is therefore interpreted as frozen sand, as was confirmed by direct observations in test pits [53]. An exception can be made for the test pit near Profile 2, where no permafrost was found even though a U2 zone was identified on the profile. This can be explained by the distance between the profile and the test pit, as the latter was 3 m closer to the coast. This underscores the high variability in permafrost distribution at the site, even on a small scale.



U3 is a highly resistive unit (U3—>25 kΩ⋅m) found beneath U1. The vertical and horizontal extent of unit U3 is heterogeneous from profile to profile and inside each profile. The very-high-resistivity zones in Profiles 1, 4, and 5 (Figure 5A,D,E) could indicate a high ground-ice content in the sediments, or massive ice. Massive ice has been known to have resistivity values ranging from 10k Ω·m to 40k Ω·m and more [53,54], but its presence could only be confirmed by drilling. Some profiles had no resolution beneath U3, which can be due to the umbrella effect of highly resistive permafrost. Indeed, some zones and depths under highly resistive structures cannot be assessed with electrical measurements from the surface [41,55]. In Profile 1 (Figure 5A), a thickness gradient of unit U3 from inland (north) to the coast (south) is present; residual highly resistive zones become thinner when located closer to the coast. A comparison of the thickness of U3 between Profile 2 (Figure 5B) and Profiles 4 and 5 (Figure 5D,E) also illustrates this gradient. U3 is absent in the central depression of house H3, and the lower-resistivity zones U1 and U2 expand downwards (Figure 6). This can be explained by the insulation from the cold being provided by snow accumulation in the depression during the winter. Profile 5 (Figure 5E) presented a U3 zone between 20 and 25 m, where the electrodes were planted in the midden of house H3. The high resistivity in this zone could be due to the presence of frozen sediments, frozen cultural material (faunal remains, charcoal, etc.) [29], or buried resistant materials.



Unit U4 has resistivity values similar to U1, indicating the absence of permafrost (Figure 5). The conductive zone of U4 is interpreted as being either taliks or the water table. Here, taliks refer to regions of perennially unfrozen ground surrounded by permafrost bodies, as well as regions in proximity to permafrost bodies (Figure 5C). Taliks can be due to a local anomaly in thermal, hydrological, or hydrochemical conditions [56]. Electrical resistivity is generally lower in a water-saturated substrate [14]. The electrical resistivities of U4 therefore are consistent with wet/unfrozen sediment. As highlighted earlier, caution must be used when interpreting this unit, as the highly resistive U3 unit may shield the actual electrical resistivity of those deeper zones. However, U4 zones not overlain by highly resistive permafrost, such as between 20 and 40 m of Profile 3 (Figure 5C), offer a better resolution and can be interpreted with greater confidence. These low-resistivity zones correlate with the presence of taller and denser surface vegetation like shrubs, as in the center of the semi-subterranean sod house H3 (Figure 5D,E) and the low-topography zones on the extremities of Profile 2 (Figure 5B). The U4 zone of Profile 3 is more extended than in the other profiles (Figure 5C). This could be explained by its proximity to a zone of thermokarst gullying, and therefore a thermal and hydrological anomaly.



The heterogeneity of thickness and resistivity values from the ERT profiles indicates that the characteristics of the subsurface may vary over small distances, even if only over a few meters. The electrical resistivity of frozen soil depends on unfrozen water content, soil temperature, soil type and texture, and soil salinity [14]. Therefore, the resistivity at which the ground is considered frozen may vary from profile to profile. This is to be expected, as the study site is in a zone of discontinuous and dispersed permafrost [57].




4.3. Ground-Penetrating Radar (GPR)


Four main units were identified and interpreted in the 160 MHz radargrams (Figure 7): 1. a unit from the top of the profiles to a depth of about 1 m, composed of many linear reflectors underlain by a clear interface (U1); 2. an unattenuated unit underneath the clear interface at the bottom of U1, or faint signal multitudes (U2); 3. a unit of strong signal multitudes (U3); and 4. a unit of highly attenuated signal (U4) at greater depths and near humid zones. These units are classified by their radargram characteristics and correspond to the units identified by ERT. The 160 MHz radargrams were used to identify permafrost characteristics, as this frequency allows more penetration depth beyond the top of the permafrost table.



The interface at the bottom of U1 (at a depth of 1 m) (Figure 8) has a shape close to the topography and could be an indicator of the bottom of the active layer [58]. Furthermore, this strong interface indicates a high contrast of relative dielectric permittivity, which could indicate the contrast between frozen and unfrozen sediments [53,59]. Accordingly, this interface was identified as the bottom of the active layer (top of the permafrost table).



In all the profiles, linear reflectors in the thawed active layer (U1) correspond to the sandy stratified sediments confirmed by test pit findings (Figure 8). Figure 8B presents a 670 MHz radargram from Profile 1, cropped at a distance of 30 m to visualize the many interfaces imaged in the active layer.



Linear dipping reflectors were found at depths between 50 and 80 m on Profile 3, in unit U4 (Figure 7C). As these reflectors follow the shape of surface topography, they were identified as layers of unfrozen sediment overlain by peat. GPR has been known to successfully detect the interface between peat and silt in the active layer [59]. Due to the high resistivity of U3, radar waves are reflected on this ice-rich layer and therefore detail the layers within the active layer. The many visible layers are consistent with the pedostratigraphy identified in the test pits (Figure 4), which showed sediments with variable grain size. The characteristic pattern of peat on a radargram is of planar bedding [60], which was observed at the east end of Profile 3 (Figure 7C).



U3 is a zone that shows strong multiples of the permafrost table reflector (Figure 7). These multiples result from the resonance of the linear reflector at the bottom of U1 (Figure 8), which suggests a strong contrast in the dielectric properties of the materials. According to previous studies [54,61], a zone where multiples of the reflector are visible may correspond to ice-rich frozen sediment or massive ice. Due to the relative homogeneity of ground ice, few reflections other than the resonance of the previous interface were visible [60]. Profiles 1, 3, and 6 (Figure 7A,C,D) show hyperbola reflectors that could be associated with ice wedges. Indeed, GPR is known to detect ice wedges [62,63,64], as ice wedges act as point sources that induce hyperbolic reflections [62] because of the contrast in electrical permittivity between the massive ice and surrounding permafrost. The head of the visible hyperbolas would correspond to the top of the ice wedges. They would therefore be located at the base of the active layer. Ice wedge depth would correspond to the hyperbolic reflections caused by the base of the wedge [65]. Those hyperbolic reflectors are not visible in the zones near water or thermokarst, as in Profile 2 and the last 30–80 m of Profile 3 (Figure 7). These findings reinforce the probability that these reflectors indicate ice wedges, as they seem to be present only in profiles with dry and cold conditions. Moreover, Foury [29] has noted the presence of ice wedges measuring about 20 cm long inside the midden of the semi-subterranean sod house H1 on the site. However, no polygonal network was visible at the surface. This may be because the ice wedges appear to be positioned beneath the active layer, rendering their pattern invisible at the surface.



For Profiles 2 and 6 (Figure 7B,D), signal attenuation at the beginning and end of the profiles is associated with proximity to humid zones, such as thermokarst ponds, that have high electrical conductivity. U4 zones can therefore be interpreted as taliks.



A maximum penetration with a good resolution of about 3 m in depth was attained for all profiles at 160 MHz (Figure 7). For the 670 MHz antenna, the signal penetrated to a maximum of about 2 m (Figure 8B). As the more electrically conductive the medium, the more the radar signal is attenuated, this attenuation of the signal may be caused by unfrozen wet sediment (U4) or the presence of more fine-grained sediment. In support of this interpretation, Roy et al. [27] showed the presence of silty sand at a depth of about 2 m through stratigraphic cross-sections. The attenuation of the signal may also be the result of the strong dielectric contrast between the active layer and resistive permafrost, preventing the radar wave from penetrating deeper [53,60,66]. Due to this signal attenuation, bedrock depth cannot be determined.





5. Discussion


5.1. Complementarity of the Geophysical Methods


ERT and GPR were used to identify four units within the subsurface (Table 1). These were identified as follows: U1—active layer; U2—permafrost; U3—ice-rich permafrost; U4—talik or water table. Possible ice wedges identified by GPR were mostly found in U3 zones (Figure 6), with some also found in U2 zones (Figure 7D). Both methods identified taliks (U4) in proximity to thermokarst (Figure 5; Figure 7).



The combination of ERT and GPR results demonstrates that the use of both methods can provide information about the geocryological conditions of the site. Their combined use made it possible to interpret those data in ways that would not have been feasible when relying solely on either one of the two datasets. The use of GPR alone could not have permitted the identification of ice-rich permafrost zones (U3), as signal multitudes occur because of very high contrast in dielectric permittivity (which could be the contrast between frozen–unfrozen sediment, or vice versa). The comparison with ERT data made it possible to identify ice-rich permafrost zones, as they correlate with areas of high electrical resistivity. This interpretation was in part confirmed through on-site test pits. However, probing would be required to verify the presence of ice deeper in the subsurface, as test pits only attained the top of the permafrost layer. Figure 9 shows the superimposed ERT and GPR data and interpretation for Profile 1.



Both ERT and GPR data identified the top of the permafrost table with confidence, as the thawed active layer provided a strong contrast with the frozen soil. Using the 670 MHz antenna for GPR allowed us to image the interior of the active layer and detail stratigraphy (Figure 8). Both ERT and GPR (160 MHz) provided an investigation depth of 3–4 m, below which resolution was lost. By combining those two methods, the relationship between surface features and the subsurface was made clearer.




5.2. Current Distribution of Permafrost at the Site Scale


The comparison of data obtained using GPR and ERT provides valuable insights into the geocryological context of the Oakes Bay 1 site. The information obtained is summarized in the conceptual model presented in Figure 10.



Massive ice has been known to occur mainly in continental locations, but massive ice landforms (peat plateaus, palsas, ice wedges, etc.) have also been documented in coastal locations in Canada [8,67,68,69]. While the presence of massive ice has been underestimated by large-scale studies on the Labrador coast, field-based studies and many inhabitants of Inuit communities have noted its presence [70]. Ice-rich permafrost has also been observed at depths of 3 to 4 m in Nain, 35 km west of the study site [71]. Differences in sediment grain size influence the formation of ground ice: thicker ice lenses can form in fine-grained sediments, and thinner ice lenses form in coarser sediments [72]. As Oakes Bay 1 is mainly composed of sand and silty sand, it is extremely unlikely that there could be a massive ice body at the site. Instead, the frozen structures that were identified likely correspond to sand with a high segregated ice content, as is common in water-saturated sandy sediments, or are indicative of ice wedges. The high ground-ice content of the site is supported by research carried out by Roy et al. [27], which proposed that the paludification (peat formation due to the transition from mesic to wet conditions) of the terrace 13 of Oakes Bay 1 was caused by the impermeabilization of the ground due to permafrost formation. This finding also correlates with the location of the possible ice wedges, at the bottom of the active layer and therefore inactive and buried. The ice wedges would have grown with an epigenetic process. Furthermore, thaw subsidence caused by thermokarst gullying to the west and east of the site (Figure 10) suggests that there once was excess ice in the now unfrozen soil [18].



In addition to the detection of the bottom of the active layer, ERT and GPR data revealed the homogeneous presence of a 50 cm–1 m thick active layer over the entirety of the site. As the measurements were made in July, active layer thickness would have been near its annual maximum [73]. Most of the profiles showed the presence of frozen sediment underlying the active layer, except for the south end of Profile 3, which indicated a zone interpreted as a talik. This finding could be explained by the proximity of this zone to a highly shrubby topographic depression with overland flow (Figure 11).



ERT and GPR profiles reveal a permafrost thickness of at least a few meters. This, however, represents an approximation, as the highly resistive frozen ground did not allow the identification of the permafrost’s base. Thinner permafrost is located near topographic depressions and thermokarst ponds.



As shown in Figure 10, the permafrost at Oakes Bay 1 is currently affected by multi-point thermal degradation due to a combination of the following factors: unfrozen sediments deep in the subsurface, contact with the sea, the well-insulated interior of the semi-subterranean sod houses, and already existing thermokarst features. The site is affected by two heat-transfer mechanisms: conduction and advection [74]. The movement of water along the coastal cliff interacting with the sea and within thermokarst ravines primarily accelerates permafrost degradation through advection mechanisms. The central depression of the semi-subterranean sod houses on the other hand contributes to permafrost degradation mainly through conduction mechanisms. Permafrost can also thaw from its base due to geothermal heat conducted from the Earth’s core [74].



The contact with seawater induces thermo-erosion of coastal permafrost, as seawater causes degradation both laterally and from below, creating a horizontal “permafrost wedge” affected both by air temperature degradation from above and seawater temperature degradation from below [75,76]. This also induces a positive feedback loop, as ice-free sediments are looser and less resistant to coastal erosion and gullying.




5.3. Current Distribution of Permafrost within Inuit Semi-Subterranean Sod Houses


Spatial and thermal variations in permafrost are a direct consequence of interactions between climate and climate-driven elements such as vegetation, snow cover, peat thickness, and ground-ice content [46,77]. At the site level, microtopography drives the lateral redistribution of snow, liquid water, and vegetation, which in turn modify the ground’s thermal and hydrological regime [78,79]. The spatial variations of permafrost in the subsurface are therefore closely linked to microtopography.



This relationship is evident in the distribution of permafrost in the semi-subterranean houses. The elevated peripheral walls provide significant exposure to cold temperatures and therefore contain ice-rich permafrost in the subsurface (Figure 6). By contrast, the central depressions of the houses contribute to active layer thickening, shrubification, and permafrost thaw, as they trap snow that insulates the ground from cold (Figure 6). Permafrost degradation therefore occurs by conduction from the surface. Some of the semi-subterranean houses are also located close to the shore of Oakes Bay (1–2 m) (Figure 2) and are thus threatened by coastal erosion and seawater thermo-erosion.




5.4. Anticipated Evolution of Permafrost at Oakes Bay 1


Field geophysical studies and the resulting conceptual model allow us to classify the current discontinuous permafrost in Oakes Bay as a climate-driven, ecosystem-protected permafrost [80]. This corresponds to permafrost that has grown under favorable postglacial climatic conditions and is maintained during warmer conditions by being protected by the ecosystem and soil properties. The possible presence of inactive ice wedges buried under the current active layer, as suggested by GPR results, further reinforces this classification. This type of discontinuous permafrost is particularly sensitive to anomalies in climatic, thermal, hydrological, and hydrochemical conditions [81]. Once degraded, it will not be able to re-establish itself under present climatic conditions [80]. Relatively thin ice-rich permafrost such as that found at Oakes Bay 1 is even more sensitive to climatic changes [82].



Air temperatures in the region are projected to warm significantly during the 21st century, with the largest warming (+6.7 °C) occurring after 2050 [25]. This warming would significantly increase surface runoff, active layer thickening, and coastal erosion caused by a higher sea level. Sea level rise also greatly impacts permafrost by thawing the frozen ground both laterally and vertically [83]. Hydrological changes will therefore greatly influence the distribution of permafrost at the Oakes Bay 1 site. As it is thawing, ice-rich permafrost causes ground subsidence and produces thermokarst ponds. The present-day topography and geomorphology of the site provide evidence that its long-term evolution is governed by lateral thermokarst and coastal erosion, and by thermokarst processes on the raised terrace itself, where pond formation has started.



Permafrost properties are also highly dependent on the nature of the vegetation cover [37]. The freezing front generally penetrates deeper in places dominated by lichens and low shrubs than in places dominated by medium shrubs or trees [84]. It is thus to be expected that as the current warming trend continues, the shrubification of the site will be amplified, along with thaw subsidence.





6. Conclusions


In this study, with the use of a novel approach in northern geoarchaeology, the geocryological context of a subarctic coastal archaeological site was studied for the first time in northeastern Canada. The characterization of the frozen ground supporting the Oakes Bay 1 archaeological site provides a valuable case study for many other coastal northern archaeological sites that face similar climatic and geomorphological pressures. The results show that geophysical methods can provide an overview of the spatial variability of permafrost in relation to surface features. ERT and GPR were successfully used to estimate the thickness of the active layer and the spatial heterogeneity of frozen ground. These geophysical methods confirmed the impact of topography and hydrology on the distribution of frozen ground and confirmed the classification of the permafrost at Oakes Bay 1 as climate-driven, ecosystem-protected permafrost that cannot regenerate under current climate conditions. The peripherical walls of the Inuit semi-subterranean sod houses were found to contain ice-rich permafrost, whereas the central depressions of the houses were identified as sources of vertical permafrost degradation. The results produced by the three geophysical methods were, however, affected by the site’s high resistivity: the penetration depth of ERT and GPR was reduced, and EMI electrical conductivity measurements were too low for the resolution of the device. Because the electrical conductivity measurements from the EMI device were too close to noise levels, we did not consider these data in this study. Indeed, the apparent conductivity of the zone reveals that the terrain is very resistant to electricity, probably because of the presence of ground ice [52]. For soils with coarse sediments and the possibility of high ground-ice content, the EMI method would thus not be recommended.



Documenting the distribution of permafrost provides a firm foundation for making projections about the future degradation of similar coastal archaeological sites in the north. Historically, the cold subarctic conditions facilitated the preservation of archaeological material and structures. However, future temperature warming will increasingly endanger this cultural heritage [3]. In addition, shrubification induced by a warming climate also causes physical damage to organic archaeological artifacts, as roots penetrate the soil. Roots may also disturb the archaeological context or artifacts, rendering site interpretation even more difficult [85].



While the physical site may deteriorate and ultimately be lost, preservation can still be accomplished through collaborative means [86]. The model presented in this study may be regarded as a starting point for efforts to document and contextualize this Inuit cultural heritage site. By assessing the physical condition of Oakes Bay 1, an alternative future for the site may be achieved in collaboration with the Nain community. The present study also represents an instructive case study on the importance of the management of high-latitude sites that contain archaeological information threatened by the effects of climate change.
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Figure 1. Localization of Oakes Bay 1 site on Dog Island, Labrador, Canada. 
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Figure 2. Oakes Bay 1, July 2022. Photogrammetric site image derived from 80 m elevation drone surveys. Inuit semi-subterranean sod houses are identified from H1 to H5. Marine terraces T12 to T14 are identified (T12 being the oldest and T14 the most recent). 
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Figure 3. Geophysical surveys conducted on Oakes Bay 1, July 2022. Photogrammetric site image derived from 80 m elevation drone surveys. Note the shared profile names between ERT and GPR. Profile 1, Profile 2, and Profile 3 were investigated using both ERT and GPR. The depth (e.g., 42 cm) of the permafrost table as revealed by test pits is indicated. Inuit semi-subterranean sod houses are identified from H1 to H5. 
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Figure 4. Pedostratigraphy of test pits, corresponding to a podzolized soil overlain by peat. At about 48 cm depth, ice that started to melt when exposed to air is visible (top of the permafrost table). Test pits revealed a podzolized soil composed of a dark red illuvial Bf horizon overlaid by a light-colored eluvial Ae horizon and an organic O horizon. 
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Figure 5. Electrical resistivity tomography (ERT) profiles and positions of permafrost and ice-rich permafrost along the profiles. (A) Profile 1 (N-S). (B) Profile 2 (W-E). (C) Profile 3 (N-S). (D) Profile 4 crossing the semi-subterranean sod house H3 (W-E). (E) Profile 5 crossing the semi-subterranean sod house H3 (NW-SE). Vertical elevation scale varies for the different profiles. Resistivity scale is the same for all ERT profiles. RMS Error: Root Mean Square error in percent. Contours indicate features interpreted from the surveys (U1: active layer; U2: permafrost; U3: ice-rich permafrost; U4: unfrozen soil or talik). Grey W and M designate the walls of semi-subterranean sod house H3 and its midden, respectively. Whitened (masked) area corresponds to zones with low data resolution. Test pits located < 5 m from the profiles are shown, with the depth of the top of the permafrost table indicated. 
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Figure 6. Electrical resistivity tomography (ERT) Profile 4 crossing the semi-subterranean sod house H3 (W-E). Absolute error: RMS error. Contours indicate features interpreted from the surveys (U1: active layer; U2: permafrost; U3: ice-rich permafrost; U4: unfrozen soil or talik). The whitened area corresponds to zones with low data resolution. The walls of the house contain ice-rich permafrost, whereas its topographically depressed center induces permafrost degradation by snow accumulation in the winter. 
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Figure 7. Ground-penetrating radar (GPR) profiles at a frequency of 160 MHz. (A) Profile 1 (N-S). (B) Profile 2 (W-E). (C) Profile 3 (N-S). (D) Profile 6 (W-E). Maximum elevation varies for the different profiles. Contours indicate features interpreted from the radargrams (U1: active layer; U2: permafrost; U3: ice-rich permafrost; U4: unfrozen soil or talik). The red continuous line corresponds to the bottom of the active layer. The dashed red line identifies the zonation of the units, and the dashed blue line identifies hyperbolas from possible ice wedges. For Profiles (A,C), the sea is located about 7 m to the south of each profile’s south extremity. Test pits located < 5 m from the profiles are shown, with the depth of the top of the permafrost table indicated. 
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Figure 8. Interface interpreted as the transition between unfrozen and frozen soil. Both radargrams correspond to the first 30 m of GPR Profile 1. (A) Radargram at 160 MHz frequency. (B) Radargram at 670 MHz frequency. The red line corresponds to the bottom of the active layer. The stratigraphy of the active layer is visible as linear reflectors in U1. Note the vertical scale difference between boxes (A,B). 
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Figure 9. Correspondence of superimposed ERT and GPR data for Profile 1. The red line corresponds to the bottom of the active layer as seen by a continuous linear reflector in GPR data. This interface corresponds to the transition between high conductivity (300 Ω·m) and high resistivity (10 kΩ·m and more) in ERT data. Zones of high amplitude reflector multiples in GPR data correspond to zones of high electrical resistivity in ERT data (U3). Both datasets were topographically corrected using microtopography derived from photogrammetry. 
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Figure 10. Conceptual model of current geocryological conditions at Oakes Bay 1 in relation to surface features and processes. Vertical and lateral degradation threatens permafrost. 
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