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Abstract  16 

Ongoing studies conducted in northern polar regions reveal that permafrost stability plays a key role 17 

in the modern carbon cycle as it potentially stores considerable quantities of greenhouse gases. Rapid 18 

and recent warming of the Arctic permafrost is resulting in significant greenhouse gas emissions, both 19 

from physical and microbial processes. The potential impact of greenhouse gas release from the 20 

Antarctic region has not, to date, been investigated. In Antarctica, the McMurdo Dry Valleys 21 

comprise 10% of the ice-free soil surface areas in Antarctica and like the northern polar regions are 22 

also warming albeit at a slower rate.  23 

The work presented herein examines a comprehensive sample suite of soil gas (e.g., CO2, CH4 and 24 

He) concentrations and CO2 flux measurements conducted in Taylor Valley during austral summer 25 

2019/2020. Analytical results reveal the presence of significant concentrations of CO2, CH4 and He 26 

(up to 3.44 vol%, 18,447 ppmv and 6.49 ppmv, respectively) at the base of the active layer. When 27 

compared with the few previously obtained measurements, we observe increased CO2 flux rates 28 

(estimated CO2 emissions in the study area of 21.6 km2 ≈ 15 tons day-1). We suggest that the gas 29 

source is connected with the deep brines migrating from inland (potentially from beneath the 30 
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Antarctic Ice Sheet) towards the coast beneath the permafrost layer. These data provide a baseline for 31 

future investigations aimed at monitoring the changing rate of greenhouse gas emissions from 32 

Antarctic permafrost, and the potential origin of gases, as the southern polar region warms.  33 

Highlights:  34 

- First extensive soil gas and flux survey in Antarctica. 35 

- Discovered zones of multigas (CO2, CH4, He, H2) anomalies. 36 

- CO2 emissions estimation in Lower Taylor Valley. 37 

- Gas rising from deep brines 38 
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1 Introduction 40 

Permafrost is defined as any ground (soil or rock and any ice and organic material inclusions) that 41 

remains completely frozen (0 °C or colder) for at least two years (Van Everdingen, 2005). It is present 42 

in both hemispheres at high latitudes and its temperature, thickness, and continuity are controlled by 43 

the geographic setting and, to a large extent, by the surface energy balance (Schuur et al., 2008). 44 

Climate warming effects are going to impact these regions in the upcoming decades (Shindell et al., 45 

2004; Chapman et al., 2007) and all three types of permafrost (dry, ice-cemented, and massive ice) 46 

present below 1000 m elevation may be susceptible to warming-related degradation depending on 47 

future emission pathways (Hagedorn et al., 2007; Swanger & Marchant, 2007). Permafrost thawing 48 

and the microbial decomposition of previously frozen organic carbon is considered one of the most 49 

likely positive climate feedbacks from terrestrial ecosystems to the atmosphere (Schuur et al., 2015; 50 

Xue et al., 2016). Measurements of CO2 and CH4 soil concentrations and fluxes are essential to 51 

understand the C cycle in terrestrial ecosystems, although less is known about controls over CO2 flux 52 

(φCO2) in ecosystems lacking vascular vegetation, including polar deserts and some hot deserts, 53 



 

 

where autotrophic inputs are low and abiotic factors tend to dominate in determining φCO2 (Shanhun 54 

et al., 2012).   55 

In the Arctic and boreal regions, permafrost is found in Greenland, Alaska, Canada, Northern Europe, 56 

Russia, and China (Schuur et al., 2008), and represents about 17% of the exposed land surface 57 

(Gruber, 2012). Studies carried out on permafrost soils in these ecosystems have shown these areas 58 

store almost twice the carbon currently present in the atmosphere (Schuur et al., 2008, 2009). These 59 

regions are rich in frozen organic matter, that would lead to an increase of the production of CO2 and 60 

CH4 by microbial activities in case of thawing (Schuur et al., 2008). Furthermore, part of the released 61 

carbon could easily dissolve in water and, through solar radiation, produce CO2 by the photo 62 

mineralization process (Cory et al., 2014). Large methane deposits currently stored at high latitude 63 

regions are either frozen within permafrost or trapped below impermeable buffer zones (Anthony et 64 

al, 2012). Methane has a global warming potential 28 times higher than that of CO2 on a 100-year 65 

time horizon (Ciais et al, 2013). It is therefore imperative to provide estimates of methane and other 66 

gases released from the high-latitude regions. In remote and scarcely monitored regions soil gas 67 

release can endure for decades or even centuries before being detected and quantified.  68 

In the Southern Hemisphere, permafrost soils are found at high elevations, in the Sub-Antarctic 69 

islands, in the Antarctic Peninsula and in the ice-free areas of the Antarctic region. Permafrost 70 

degradation in the Antarctic continent has not been widely studied (Levy et al., 2013) due to terrain 71 

limitations (i.e., ice-free area represents only 0.35% of the continent; Campbell & Claridge, 2009) 72 

and the overall limited organic content in soils (Schuur et al., 2008) making it less relevant for 73 

atmospheric carbon contributions. However, the role of microbial activity in Antarctic soils could 74 

potentially be more important than previously believed. Indeed, microbial activity affects the amount 75 

of total organic carbon and is more susceptible to weak temperature variations (Schuur et al., 2008). 76 

The McMurdo Dry Valleys (thereafter MDV) are the largest ice-free regions in Antarctica 77 

(Gilichinsky et al., 2007); and their geomorphology reveals how the landscape is strongly controlled 78 



 

 

by climate processes (Fountain et al., 2014). Attempts to quantify CO2 emissions on the Antarctic 79 

continent have been carried out in the MDV soils, highlighting that φCO2 is driven primarily by 80 

physical factors such as soil temperature and moisture, indicating that future climate change may alter 81 

the soil C cycle (Elberling et al., 2006; Bockheim et al., 2007; Gilichinsky et al., 2007; Ball et al., 82 

2009; MacIntyre et al., 2019). The lack of mechanistic understanding makes it difficult to predict the 83 

contribution of soil φCO2 to the C-cycle due to climate change in the polar deserts of Antarctica. In 84 

the MDV, φCO2 has been used to characterize a variety of ecosystem processes and properties, 85 

including soil C turnover, the functional role of differing origins of organic matter supporting C 86 

cycling, and biotic distribution and activity (Virginia et al., 1999; Burkins et al., 2001; Adams et al., 87 

2006; Barrett et al., 2006; Hopkins et al., 2006).  88 

To date, φCO2 studies conducted in MDV soils were performed on few measurement points. Results 89 

revealed low values that are highly uncertain and spatially variable (Gregorich et al., 2006; Burke et 90 

al., 2017). It is therefore difficult to separate the biological processes (e.g., C-fixation, heterotrophic 91 

respiration) from physical factors (e.g., carbonate dissolution). Parsons et al. (2004) suggested that in 92 

extreme desert environments, abiotic factors, like temperature gradients, parent material and soil 93 

water dynamics, may have the same magnitude of the biological processes influencing φCO2 rates; 94 

on the contrary, in mid-latitude ecosystems the physical φCO2 is often negligible. 95 

Recent studies have revealed a diffuse subsurface brine system in the MDV area. This occurs 96 

preferentially near the coast and under the surface sediments of the main valleys and is sourced 97 

beneath the East Antarctic Ice Sheet (Mikucki et al., 2015). The presence of this deep fluid circulation 98 

may also favour the uprising of geogenic gases that could be in overpressure due to a permafrost cap 99 

(Cartwright & Harris, 1981). Soil gas composition in the MDV has been poorly investigated and 100 

essentially aimed to study biological process and temporal variability, respectively (Gregorich et al., 101 

2006 and MacIntyre et al., 2019). To better understand the different production and migration 102 

mechanisms of gaseous species in this environment, systematic investigations are required. To date, 103 



 

 

no studies have been completed to investigate the spatial distribution of soil gas linked to possible 104 

fault/fracture systems, or permafrost degradation, and characterize seepage for both CO2 and CH4 in 105 

Antarctica. Soil gas geochemistry is a useful approach that is widely used to detect diffusive/advective 106 

gas emissions and identify preferential migration pathways such as buried faults and fracture systems 107 

(Baubron et al., 2002; Bigi et al., 2014; Ciotoli et al., 2016; Ascione et al., 2018; Sciarra et al, 2018, 108 

2019, 2021). Permafrost is generally a barrier to the migration and leakage of endogenous gaseous 109 

species. However, the presence of faults and/or fractures, the thawing of the active layer and 110 

permafrost degradation could allow the surface migration of anomalous concentrations of 111 

endogenous gaseous species.  112 

In order to investigate the possible presence of soil gas anomalies and fill the knowledge gaps 113 

described above, a large-scale geochemical campaign was carried out in the MDV (i.e., in Taylor 114 

Valley) during the 2019/2020 austral summer. The goal of this research is to investigate (a) the 115 

composition (through soil gas survey) and (b) the potential volumes of greenhouse gasses (e.g., CO2) 116 

released atthe interface between the permafrost and active layer over a large area of Taylor Valley 117 

(Fig.1). The emission rate obtained for the Lower Taylor Valley can be used for future monitoring 118 

surveys and for broad extrapolations across the continent’s peri-coastal zone. 119 



 

 

 120 

Figure 1. Location of the study area (yellow square) in Taylor Valley, McMurdo Dry Valleys, 121 
Southern Victoria Land, Antarctica. The inferred area is located among the Lake Fryxell, the 122 
Commonwealth Glacier and the McMurdo Sound. The inset indicates the location of the McMurdo 123 
Dry Valleys. (credit: NASA). 124 

 125 

2 Methods 126 

2.1. Site description and sampling strategy 127 

The MDV feature a mosaic of ice-covered lakes, ponds, ephemeral streams, valley glaciers and 128 

glacial, fluvial, lacustrine and aeolian sediments (Fig. 2A). Mean annual air temperature in the MDV 129 

is −17 °C (Doran, et al 2002; Obryk et al. 2020), in particular at Lake Fryxell station over the two-130 

year period between 2019-2020 the mean annual air temperature was - 16 ° C (Doran and Fountain, 131 

2022), and annual precipitation (snow water equivalent) spans 3–50 mm (Fountain et al., 2010), 132 

making the MDV a cold, polar desert (Monaghen et al., 2005). Continuous permafrost, by definition, 133 

is a regional land surface with temperatures below 0°C on interannual timescales and underlies 90–134 



 

 

100% of the MDV. This permafrost is predominantly ice-cemented (ranging from ice-saturated to 135 

weakly cemented), although overlying “dry-frozen” (ice-free) permafrost is common in the upper ~1 136 

m along valley walls (Bockheim et al., 2007). Massive buried ice (ground ice) is common in the MDV 137 

and has been mapped in the Quartermain Range, in Victoria Valley, and in extensive ice-cored Ross 138 

Sea drift deposits emplaced during the last glacial maximum (Hall & Denton, 2000; Bockheim et al., 139 

2007; Swanger et al., 2010). Taylor Valley (77°37′ S, 163°15′ E) is the southernmost of the three 140 

large Dry Valleys in the Transantarctic Mountains and extends WSW-ENE for ~29 km from Taylor 141 

Glacier to McMurdo Sound (Fig. 1). Our study area is located in the eastern sector of the valley and 142 

extends for 6 km to the east of Lake Fryxell bordering the southern part of the Commonwealth Glacier 143 

(Fig. 3). The area is characterized by hummocky moraines, lacustrine deposits, and outwash fans 144 

where ephemeral streams and water tracks are active during summer. Recent studies also documented 145 

the presence of shallow underground brine systems (Mikucki et al., 2015; Foley et al., 2019). 146 

Sampling for this study was conducted according to a 250m x 250m regular grid. In the farthest areas 147 

from the expedition base camp (Fig. 2C), mainly eastern and southern sectors of the study area, the 148 

inter-distance of the samples was about 500m (Fig. 3). The sampling strategy was developed 149 

considering the logistical constraints and finalized to obtain the most representative results of the 150 

study area. Sampling was conducted as far as possible in flat/low gradient slope areas to have the 151 

same sampling conditions and to avoid gas concentrations being affected by the slope effect. 152 

 153 

2.2 Soil gas and φCO2 measurements 154 

He, Ne, H2, CH4, CO2 content and φCO2 distributions were investigated to detect potential leakages 155 

from permafrost, and/or to identify the possible presence of faults and fractures, which may provide 156 

gas migration pathways. 157 



 

 

Soil gas and flux surveys were carried out between December 20, 2019, and January 25, 2020. A total 158 

of 157 soil gas samples (Fig. 2B) and 159 φCO2 measurements (Fig. 2D, E) were collected in an area 159 

of 21.6 km2 with an average density of 7.3 samples/km2. 160 

Typically, soil gas samples are collected from the soil pore air by pounding a steel probe in the soil 161 

at a depth of about 0.6-0.8 m (Hinkle, 1994; Beaubien et al., 2015). However, in the presence of a 162 

shallow permafrost cap, our soil gas samples were collected at the bottom of the active layer that was 163 

present to depths ranging between 0.15 to 0.5 m, with average depth of about 0.3 m. Elemental gas 164 

composition was then analysed at Scott Base (at Pram Point on Ross Island) two weeks after 165 

collection to determine the concentrations of He, Ne, H2, O2, N2, CH4, CO2 analyses were made using 166 

a MicroGC Varian 4900 CP, equipped with two Thermal Conductivity Detectors (TCD), responding 167 

to the difference in thermal conductivity between the carrier gas (Ar) and the sample components. 168 

The analytical error was < 3%. 169 

φCO2 amounts were measured directly in the field by using a West System™ portable fluxmeter (Fig. 170 

2d, e) equipped with an IR Spectrometry detector (LICOR–LI820), with high accuracy in the range 171 

from 0 up to 600 mol m−2 d−1 (0 - 26400 g m−2 d−1).  The accuracy of the measured concentration is 172 

2% and the repeatability is ± 5ppm. 173 

The concentration change over time is converted into CO2 flux in g m-2 d-1 (φCO2) considering the 174 

pressure and temperature variations measured during the day, together with volume (0.0028 m3) and 175 

surface (0.0306 m2) of the accumulation chamber, using the formula: 176 

φCO2 = (φCO2 * (86400 * P * (V/A)) / (1000000 * R * T)) * M   (1) 177 

where φCO2 is the soil flux expressed in ppm/sec; P is the pressure in mbar; V is volume (m3) and A 178 

is surface area (m2) of the accumulation chamber; T is the temperature in K; M is molecular weight; 179 

R = 0.08314472 in bar L (K mol)-1 that is used to calculate the volume in L of an ideal gas from its 180 

temperature in K, pressure in bar and mole number. 181 



 

 

 182 

Figure 2 – View of Taylor valley from the E to W (A), soil gas sampling (B), view of the base camp 183 
(C) and detail of φCO2 measurements (D, E). 184 

 185 

2.3 Statistical and geostatistical analysis 186 



 

 

Exploratory Data Analysis (EDA) (numerical and graphical techniques) was applied to elaborate soil 187 

gas data in terms of main statistical parameters, distribution type, background, and anomalous values. 188 

Normal probability plots (NPP) were interpreted according to the Sinclair method (Sinclair, 1991) in 189 

order to distinguish different populations and statistical anomaly threshold values for each gas species 190 

(see Fig. S1). Subsequently, geostatistical analysis (e.g., variogram analysis and kriging; Ciotoli et 191 

al., 2014) was applied to construct contour maps to represent the spatial distribution of gas 192 

concentrations in the surveyed area. Topographic Position Index (TPI; Jenness, 2006) has been 193 

calculated to define the slope gradient of the samples by using a high-resolution Digital Elevation 194 

Model (DEM; Fountain et al., 2017). Furthermore, φCO2 measurements were used to estimate the 195 

total output of CO2 emissions from the soil to the atmosphere in the investigated area (Chiodini & 196 

Frondini, 2001). This emission rate (expressed in tons day-1) was calculated by multiplying the 197 

average flux value of each population recognized in the NPP by the respective area estimated in the 198 

contour map. The contributions of the different populations (excluding background values) where 199 

then summed to obtain the total φCO2 (see Table S1).   200 

 201 

3 Results 202 

3.1 Soil gas composition and flux magnitude of the lower Taylor valley  203 

Spatial distribution of soil gas content and flux measurements are shown in Fig. 3.  204 



 

 

 205 

Figure 3. Location of soil gas and φCO2 measurement points (yellow dots), of lakes and ponds (cyan 206 
areas), streams (blue lines) and wetlands (sea green areas) within Lower Taylor Valley.  207 

 208 

The main statistics obtained for soil gas concentrations and φCO2 are reported in Table 1. All gas 209 

species highlight broadly skewed distributions with the presence of few outliers (see SD and SK in 210 

Table 1). By comparing the mean and median values, the presence of outliers is particularly evident 211 

for H2 and CH4 (mean values > median values). The difference between the mean and median values 212 

also suggests a log-normal distribution for φCO2, CO2, CH4 and H2.  213 

Table 1.  214 
Descriptive statistics of He, Ne, H2, O2, N2, CH4, CO2 soil gas concentration and φCO2 measurements 215 
carried out in the Lower Taylor Valley.  216 

  N Mean Median Min Max LQ UQ P10% P90% SD SK 

He (ppmv) 157 5.08 5.06 4.20 6.49 5.0 5.13 4.74 5.24 0.30 1.77 

Ne (ppmv) 157 17.61 17.48 15.23 22.12 17.15 17.84 16.98 18.39 0.83 2.15 



 

 

H2 (ppmv) 157 3.57 1.79 0.15 36.95 1.02 2.73 0.65 9.51 5.60 3.59 

O2 (vol%) 157 20.82 20.88 19.52 21.09 20.75 20.94 20.59 20.99 0.20 -3.07 

N2 (vol%) 157 76.18 76.25 74.23 77.19 75.95 76.54 75.50 76.77 0.53 -1.03 

CH4 (ppmv) 157 220.3 3.7 1.8 18447 3.2 4.4 2.9 25.3 1553 10.7 

CO2 (vol%) 157 0.53 0.20 0.04 3.44 0.06 0.78 0.05 1.52 0.69 2.01 

φCO2 (g m-2d-1) 159 1.73 1.20 -0.74 11.36 0.74 2.08 0.42 4.11 1.63 2.22 

N: number of observations; LQ: lower quartile; UQ: upper quartile; P10%: percentile 10%; P90%: percentile 90%; SD: 217 
standard deviation; SK: skewness. 218 

 219 

Calculated mean values are compared with the average concentrations of the same gaseous species 220 

present in the atmosphere, in the soil-atmosphere interface, and in soil gases from the available 221 

literature (Table S2) to understand the magnitude and the significance of the soil gas concentrations 222 

measured in Antarctica. In Taylor Valley, O2, N2 and Ne concentrations are broadly equal to their 223 

atmospheric concentration in contrast to H2, CO2 and CH4 that are higher. He concentrations highlight 224 

a mean value lower than the atmospheric concentration (5.22 ppmv), and as evidenced by the 90% 225 

percentile, as only less than 10% of the total samples shows higher concentrations than the 226 

atmosphere.  227 

N2, O2 and Ne concentrations (76.2 vol%, 20.8 vol% and 17.6 ppmv, respectively; Table 1) highlight 228 

atmospheric origin as confirmed by the N2/O2 ratio (~ 3.8). This value is different from those detected 229 

in ice bubbles (up to 6; Ikeda‐Fukazawa et al., 2001) or dissolved gas from groundwater, together 230 

with the lack of O2 depletion, highlights that N2, O2 and Ne are linked to the overlying air diffusing 231 

downward into the soil column. Otherwise, the linear trend of the samples in the scatterplot of Fig. 4 232 

shows the existence of a dilution process of atmospheric gases (N2 and O2) by CO2 (dashed line). This 233 

effect leads to exclude a biological or atmospheric contribution to the soil system but may be linked 234 

to a different intake of CO2, for example, a deep geological CO2 contribution (Romanak et al., 2012). 235 

An in-situ consumption of O2 (e.g., biological/chemical reactions) shown by the stoichiometric 1:1 236 

(black solid line) decrease in oxygen is not obviously present. 237 



 

 

 238 

Figure 4. (A) Scatter plot of O2 and N2 vs CO2 (concentrations, vol%). The correlations between 239 
nitrogen and carbon dioxide, as well as oxygen and carbon dioxide, provide information about the 240 
trend of data. Black solid lines highlight a biological source for the CO2. Green lines show CO2 241 
derived by CH4 oxidation, while dashed lines indicate a dilution, an external contribution of CO2 into 242 
the soil closed system. (B) The same plot showing CO2 concentrations up to 5%. 243 
 244 

3.2 Spatial distribution of soil gas concentrations and φCO2 values 245 

The analysis of samples’ position versus slope (TPI slope position, Fig. S2) reveals that more than 246 

60% of the data fall within the middle slope class (Table S3), in this way we limited slope influence 247 

on the measured gas concentration. NPPs highlighted the following anomaly threshold values: 5.4 248 

ppmv for He, 18.8 ppmv for Ne, 4 ppmv for H2, 9 ppmv for CH4, 0.5 vol% for CO2 and 3 gm-2d-1 for 249 

φCO2. In Fig. 5A, CH4 spatial distribution shows higher values (up to 18,447 ppmv) in the NE and E 250 

sectors, and weak anomalies (between background and anomaly) in the other sectors except for the 251 

central part of the study area where only background values occur. The contour map of CO2 (Fig. 5B) 252 

shows diffuse anomalous values (up to 3.44 vol%) to the S, SW and central sectors of the study area, 253 

while in the E sector background values dominate. Some weak CO2 anomalies are consistent with 254 

CH4 anomalies, suggesting a common source for these gases and the same migration mechanisms 255 

towards the surface. The spatial distribution of φCO2 is shown in Fig. 5C. The main anomalies are 256 

observed in the NE and SE sectors, in the central south part, and weak ones are also present in the 257 



 

 

SW sector. H2 distribution (Fig. 5D) shows small anomalous values scattered throughout the study 258 

area. However, some of the H2 anomalies correspond with those observed for CH4 and CO2. Regions 259 

with high He concentrations (Fig. 5E) are distributed along N and S borders of the study area. Ne 260 

concentrations (Fig. 5F) largely increase together with He and are mostly located along the N edge 261 

of the study area.   262 



 

 

 263 

Figure 5. Contour maps of the analysed gas species and the φCO2. The figure shows the spatial 264 
distribution of CH4 concentrations (A), CO2 concentrations (B), φCO2 (C), H2 concentrations (D), He 265 
concentrations (E) and Ne concentrations (F).  266 

 267 



 

 

The distribution of the positive anomalies for CH4, CO2, H2 and φCO2 are consistent in the NE, NW 268 

and S sectors, while He shows a good correlation with CO2 and CH4 anomalies in the S and N sectors, 269 

respectively (Fig. 5). The detection of helium in shallow soil is generally indicative of deep sources 270 

(Baubron et al., 2002; Sciarra et al., 2021), and is typically associated with high concentrations of 271 

CO2 and CH4 that act as carrier gas for trace gases (e.g., He, 222Rn; Ciotoli et al., 2007; Ascione et al., 272 

2018). Indeed, these trace gases (like radon, hydrogen and helium, often together with other gas like 273 

CO2 and CH4) are successfully used as pathfinder component to discover buried fault and fracture 274 

fields, mostly when other conventional structural-geology methods are lacking or unreliable (e.g., 275 

Sciarra et al., 2021 and references therein). Indeed, the spatial distribution of soil gasses in 276 

faulted/fractured areas appears to be a suitable tool for identifying active structures that act as 277 

preferential leakage pathways. The migration of these gases by diffusion and/or advection along 278 

buried active faults/fractures can generate shallow anomalies with concentrations significantly higher 279 

than background levels; these anomalies can provide reliable information about the location and the 280 

geometry of the shallow fracturing zone, as well as about the permeability within the fractured zone.  281 

The source of these gas anomalies could be linked with the over pressurized (Cartwright & Harris, 282 

1981) brine system flowing under Taylor Valley (Mikucki et al., 2015; Foley et al., 2019) that during 283 

summer periods can release dissolved gases after active layer thawing/permafrost degradation. These 284 

gases can then easily migrate toward the surface through permeable layers, as well as local fractures 285 

and/or buried faults or permafrost lateral discontinuities (e.g., permafrost/bedrock contact at the edges 286 

of the valley). These may act as preferential migration pathways (Ciotoli et al., 2007; Ascione et al., 287 

2018; Sciarra et al., 2019) thus resulting in the linear multigas anomalous zones observed in the study 288 

area (pink zones in Fig. 6). These gas anomalies are aligned in ENE-WSW direction in the S and N 289 

sectors of the study area, respectively. In the northernmost sector of the studied area, the anomalous 290 

zone does not appear as continuous as that occurring in the southern sector, due to the presence of the 291 

Commonwealth Glacier and related wetlands and streams (Fig. 3). These systems, being richer in 292 

water content, probably prevent gas upwelling, creating a sealing effect.  293 



 

 

 294 

Figure 6. The map shows contour areas of CO2 (green) and CH4 (blue) concentrations higher than 295 
0.7 vol% and 100 ppmv, respectively, samples with H2 higher than 9 ppmv (light blue rhombuses), 296 
He higher than 5.95 ppmv (yellow crosses), φCO2 higher than 4.5 g m-2d-1 (green triangles). The 297 
multigas anomalous zones are shown by the pink ellipsoids. 298 

 299 

As for the southern sector, there are also two physical factors that may increase permafrost 300 

degradation: solar radiation and soil albedo. Solar radiation is more intense on the North facing slopes 301 

than on the South facing ones and, in summertime the soil temperatures increase in the former 302 

(Fountain et al., 2014; Lacelle et al., 2016). On the southern slope, south of Commonwealth Glacier 303 

is an area rich in dark basalt and anorthoclase phonolite (Murrell, 1973). Campbell et al. (1998) found 304 

the greatest heating on dark coloured basalt soils. The combination of these phenomena may enhance 305 

the superficial degradation of the permafrost in the southern sector (i.e., where the major gaseous 306 

anomalies have been identified). 307 



 

 

 308 

4 Discussion 309 

In the MDV, very limited prior datasets are available for soil gas concentrations of CO2, CH4 and N2. 310 

In the 2003-2005 austral summers, Gregorich et al. (2006) measured up to 0.55 vol% of CO2 and up 311 

to 5780 ppmv of CH4 in Garwood Valley. In January 2014, MacIntyre et al. (2019) measured a 312 

maximum value of 0.044 vol% of CO2 in the Lower Taylor Valley, near Howard Glacier (Fig.1). 313 

Both studies found CO2 concentrations 1-2 orders of magnitude lower than the maximum value 314 

measured in this study (3.44 vol%, Table 1). The highest CH4 value reported in Gregorich et al. (2006) 315 

is in the same order of magnitude as found in this study, although more than three times lower than 316 

our maximum value (18,447 ppmv, Table 1). Both previous studies, collected a limited number of 317 

measurements and focused on temporal variability rather than spatial variability. Worldwide, CO2 318 

and CH4 soil gas data are numerous, and measured in different environments: in the Arctic Finnish 319 

Lapland, Voigt et al. (2019), measured CO2 max value of about 6 vol% and CH4 max value of about 320 

300 ppmv. In Italy, for example, where a database with over 10,000 soil gas measurements is 321 

available, Ciotoli et al. (2014) reported CO2 mean values for 3 different geological scenarios: about 322 

3 vol% for Tyrrhenian basins, 1.57 vol% for Apennine Intermontane plains and 1.09 vol% for 323 

foredeep basins.  324 

In contrast, φCO2 measurements have been conducted in Antarctica since 1994 (see Table 2). The 325 

φCO2 measurements in the study presented herein are up to three orders of magnitude higher than 326 

previous studies, therefore, the highest measured in the MDV. φCO2 measurements in this work in 327 

Taylor Valley are on average comparable with the values measured in the Arctic (Burkins et al, 2001), 328 

sub-Arctic (Turetsky et al., 2002), desert (Burkins et al., 2001; Mazzini et al., 2019) and alpine 329 

(Sommerfeld et al., 1993) areas and lower than other areas of the globe (Oechel et al, 1993; Burkins 330 

et al., 2001). 331 



 

 

Table 2. 332 
Summary table of φCO2 measured in different terrestrial environments. Soil emission rates in g m-2 333 
d-1 from Antarctic, Arctic, and other ecosystems (e.g., Alpine and sub-alpine, Mediterranean, desert 334 
and tropical climates). 335 

Study site Date CO2 rate (g m-2d-1) Reference 

Antarctic       
Taylor Valley 1994-1997 0.1 Burkins et al., 2001 

Ross Sea 1997-2003 -0.35 — -0.02 Arrigo and Van Dijken, 2007 
Lake Fryxell, Taylor Valley  2001-2002 -0.3 — 0.57 Parsons et al., 2004 
Lake Hoare, Taylor Valley 2001-2002 -0.38 — 0.42 Parsons et al., 2004 

Lake Bonney, Taylor Valley 2001-2002 0.004 — 0.08 Parsons et al., 2004 
Upper moraine; Garwood Valley 2003 0.0005 Elberling et al., 2006 

Delta; Garwood Valley  2003 0.0006 Elberling et al., 2006 
Sand dune; Garwood Valley 2003 0.00045 Elberling et al., 2006 

Lower moraine; Garwood Valley 2003 0.0009 Elberling et al., 2006 
Polygons; Garwood Valley 2003 0.0007 Elberling et al., 2006 
Hill slope; Garwood Valley 2003 0.0008 Elberling et al., 2006 

Stream edge; Garwood Valley 2003 0.0024 Elberling et al., 2006 
Lake edge; Garwood Valley 2003 0.0137 Elberling et al., 2006 

Garwood Valley 2003 0.9504 Gregorich et al., 2006 
Garwood Valley 2005 1.59 Gregorich et al., 2006 
Lake Mochou 2007-2008 -1.70 Zhu et al., 2010 
Lake Tuanjie  2007-2008 -0.89 Zhu et al., 2010 
Taylor Valley 2008-2009 h13:00-15:00 0.097 Shanhun et al., 2012 
Taylor Valley  2008-2009 h06:00-08:00 -0.09 Shanhun et al., 2012 
Hidden Valley 2011 0.02 – 1.56 Risk et al., 2013 
Taylor Valley 2019-2020 1.73 This work 

Arctic       
Subarctic fens, Canada - 0.09 — 1.28 Moore and Knowles, 1987 

Bog, Canada - 0.05 Vitt and Chee, 1990 
Poor fen, Canada - 0.17 Vitt and Chee, 1990 

Drained swamp peatlands, Canada - 0 — 0.016 Shannon et al., 1993 
Toolik Lake, Alaska - 0.15 — 0.78  Oechel et al., 1993 

Arctic tundra - 1.59 Burkins et al., 2001 
Boreal peatland, Canada - 0.08 Turetsky et al. 2002 

Other ecosystems       
Sub-alpine snowpack - 2.046 Sommerfeld et al., 1993 

Alpine snowpack - 0.693 Sommerfeld et al., 1993 
Desert scrub soil - 0.59 Burkins et al., 2001 

Deciduous forest soil - 2.5 Burkins et al., 2001 
Tropical soil - 3.34 Burkins et al., 2001 
Temperate - 1.9 - 30.41 Oertel et al., 2016 

Mediterranean - 1.9 - 10.26 Oertel et al., 2016 
Subtropical - 2.66 - 4.94 Oertel et al., 2016 

Rocky Desert - 6.17 Mazzini et al., 2019 

 336 

 337 



 

 

Although carbon isotope and radiocarbon analyses would strengthen the hypothesis on the origin and 338 

age of carbon, from a geological point of view, various authors have identified in the soil, in 339 

correspondence with faults and particularly fractured areas, concentrations of different gases and CO2 340 

fluxes higher than those given by simple soil respiration. From these studies it appears that the 341 

presence in anomalous concentrations of CO2 (but also CH4, 222Rn and He) derives from a 342 

combination of the biological component and endogenous contributions. Our study is exclusively 343 

focused on the endogenous contribution linked to geogenic processes. 344 

Previous studies, linked the origin of CO2 in Antarctic soils to biological activity, favoured by soil 345 

alkalinity and by shallow abiotic processes (CO2 solubility), soil moisture content and soil 346 

temperature variations (Parsons et al., 2004; Elberling et al., 2006; Gregorich et al., 2006; Ball et al., 347 

2009; MacIntyre et al., 2019). Shanhun et al. (2012) and Risk et al. (2013), however, suggested an 348 

abiotic origin of CO2 based on the isotopic analyses, reporting very high positive φCO2 values that 349 

cannot be explained by normal microbial activity, also considering the typical dry valley soils 350 

characterized by low organic C contents (<1 mg g-1). We suggest that the measured high anomaly 351 

values, originate from the subsurface brine system (Mikucki et al., 2015; Foley et al., 2019), and are 352 

linked to permafrost cap discontinuities at the edges of the valley (fractures, buried local faults or 353 

bedrock contact). The spatial distribution of these anomalous zones could also be locally influenced 354 

by shallow active layer thawing and/or permafrost degradation.  355 

While the samples were collected at shallow depths (i.e., the top layer of the permafrost is often 356 

present at 30 cm depth) and are potentially affected by atmospheric gas dilution (Hinkle, 1994; 357 

Beaubien et al., 2015), the anomalous values of He, CH4, CO2 and φCO2 cannot completely be 358 

explained by biological activity and/or superficial physical processes. Another aspect concerns the 359 

presence of soil moisture which prevents both sampling and gas rising (Hinkle, 1994; Beaubien et al., 360 

2015). In Taylor Valley, the wetlands represent an area where water permeates the pores of the soil 361 

but does not emerge on the surface. Within these areas (about 2.1 km2, i.e., equal to 10% of the total 362 

study area), we managed to complete 16 soil gas samples and φCO2 (Fig. 3). However, it should be 363 



 

 

noted that the gas concentrations are certainly underestimated compared to those conducted in dry 364 

and ventilated soil conditions as confirmed by statistical analyses (Table S4). 365 

Figure 7 is a compilation of the ranges and average values of φCO2 measured over time in Antarctica. 366 

It should be noted that the reported measurements were conducted using various methods and in 367 

different environments, e.g., there are measurements on dry soil, near and far from lakes and from 368 

the Ross Sea. The average value of our data is in the same order of magnitude of those reported from 369 

the Garwood Valley (Gregorich et al., 2006). The maximum values measured in Gregorich et al. 370 

(2006) and our study, is at least one order of magnitude higher than those previously reported in 371 

Antarctica. Our measurements values are two orders of magnitude greater than those previously 372 

measured in the Taylor Valley (Burkins et al., 2001; Parsons et al., 2004; Shanhun et al., 2012). 373 

 374 

Figure 7. Summary diagram of φCO2 measurements carried out since 1994 in Antarctica. The 375 
diagram shows CO2 measurements performed in Antarctica by using various methods and in different 376 
environments. Measurements on dry soil (in black), lakes (in light blue) and the Ross Sea (in blue) 377 
are reported. References: 1 Burkins et al., 2001; 2 Arrigo and Van Dijken, 2007; 3 Parsons et al., 378 
2004; 4 Elberling et al., 2006; 5 Gregorich et al., 2006; 6 Zhu et al., 2010; 7 Shanhun et al., 2012; 8 379 
Risk et al., 2013. 380 

 381 



 

 

The total CO2 gas emission rates over the surveyed area (A = 21.6 km2) have been computed 382 

following a statistical approach (see 2.3 Statistical and geostatistical analysis) and, the calculated 383 

average CO2 output is ~15 tons day-1 (Table S1) which is estimated to count for a total of 1,345 tons 384 

released during the three summer months. This value can be also considered as the total annual CO2 385 

emitted, providing a conservative estimate for the warmest months expecting much lower emissions 386 

during the rest of the year. Therefore, the estimated emission factor in the study area is 62 tons km-2 387 

y-1. Although our emission value is low, forecasting that ice-free regions in Antarctica are likely to 388 

expand with gradual warming, this amount will tend to increase and should be counted in the global 389 

CO2 budget estimations.  390 

 391 

5 Conclusions 392 

The main objective of this study was to detect the presence of degassing in permafrost bearing region 393 

and to evaluate the migration mechanisms along different permeability pathways. 394 

We provide the first unedited spatial distribution maps of soil gas concentrations and φCO2 over a 395 

large area (> 20 km2) of Taylor Valley, Antarctica. 157 soil gas samples were collected and analysed 396 

allowing two gas categories to be identified based on their composition. We found atmospheric values 397 

of O2, N2 and Ne, probably related to the overlying air that spreads down the column of the soil, and 398 

anomalous values of CO2 (up to 3.44 vol%) causing a dilution of atmospheric gases due to an upward 399 

flux of deep carbon dioxide. We also detected high and anomalous values of CH4 (up to 18,447 400 

ppmv), He (up to 6.49 ppmv) and H2 (up to 32.95 ppmv), supporting the presence of buried gas-401 

bearing channels where the CO2 migration acts as carrier for trace species (e.g., He, H2), suggesting 402 

a potentially deep origin of these gases. This hypothesis is strengthened where methane and helium 403 

anomalies are also measured. The calculated CO2 emissions during the summer period is 1,345.5 tons 404 

for 90 days (summertime) for the whole studied area. The collected data identified areas characterized 405 



 

 

by multigas anomalies where active layer melting occurs during the summer period and where fluids 406 

migrate to the surface through structures/fractures or permafrost lateral discontinuities aligned with 407 

the main direction of the valley. We suggest that the gases originate from the subsurface over 408 

pressurized brine system that is probably rich in dissolved gasses. The superficial melting of the active 409 

layer/permafrost degradation and the presence of permeable zones inside the permafrost cap, allowed 410 

these gases to migrate to the surface. Here we report the highest concentrations of GHGs measured 411 

in an Antarctic region that previously considered to be a CO2 sink. Our results show that these soils 412 

have already begun to degas; this phenomenon may not be limited to Taylor Valley alone but extend 413 

to all the more than 24,000 km of coastline of the Antarctic continent in the future. Our results 414 

emphasize that extensive surveys are necessary to properly evaluate greenhouse gas emissions in 415 

regions with permafrost. The established baseline maps produced during this expedition can be used 416 

to compare future monitoring soil gas concentrations and CO2 emissions in the region. 417 

 418 
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Figure S1. Normal Probability Plots of CO2 (A), CH4 (B), φCO2 (C), H2 (D), He (E), Ne (F) 659 
measurements carried out the Taylor Valley, Antarctica. The graphs also show the different 660 
populations recognized for each gas species. 661 

 662 



 

 

 663 

Figure S2. TPI slope position map of the study area, Taylor Valley, Antarctica. For its elaboration 664 
the high precision DEM has been used, resampled with 50m cells. The resulting map show the 665 
presence of 5 classes of slopes. Class 6 "Valley" is not present in the selected area. 666 

 667 

Table S1. Output of φCO2 measurements carried out at Taylor Valley, Antarctica. The total gas 668 
emission rates over the surveyed surface (21.6 km2) have been computed following the Chiodini and 669 
Frondini (2001) approach. Background values were not included.  670 

Population classes average (g m-2d-1) 

φCO2 
2-3 2.47 
3-5 3.89 
>5 6.26 

tons day-1 14.95 
 671 

 672 

Table S2. Comparison of gas content measured in the Lower Taylor Valley and air composition at 673 
different layers in the surficial environment. Typical average values of soil gas concentration of Ne, 674 



 

 

O2, N2, H2O, Ar, CO2, He, CH4, and H2 in the Taylor Valley (this work), atmospheric air, atmosphere-675 
soil interface and soil gas.  676 

    Taylor Valley  
(this work)   Atmospheric 

air   Atmosphere-
soil interface   Soil 

gas 

N2 (vol%)   76.18   78.08   78.08   79.2 
O2 (vol%)   20.82   20.95   20.94   20.6 
H2O (%)   -   0.1 – 4   na   na 
Ar (%)   -   0.93   0.93   na 
CO2 (vol%)   0.53   0.04   0.031   0.25 
Ne (ppmv)   17.61   18   na   na 
He (ppmv)   5.08   5.24   5.22*   na 
CH4 (ppmv)   220.3   1.9   1.4   na 
H2 (ppmv)   3.57   0.5   0.5   na 

      Modified from Rose et al. (1979); *Holland & Emerson (1990). 677 
 678 
Table S3. Statistics of soil gas concentration of He, Ne, H2, O2, N2, CH4, CO2 and φCO2 in the 5 slope 679 
classes defined by TPI slope position analysis. 1: Ridge; 2: Upper slope; 3: Middle slope; 4: Flat slope; 5: 680 
Lower slope. 681 

  TPI-Slope 
class N Mean Median Min Max SD CV 

He (ppmv) 1 12 5.10 5.06 4.77 5.61 0.20 3.89 
Ne (ppmv) 1 12 17.61 17.39 17.10 19.82 0.75 4.24 
H2 (ppmv) 1 12 5.78 1.80 0.61 36.95 10.27 177.56 
O2 (vol%) 1 12 20.87 20.88 20.68 21.06 0.11 0.52 
N2 (vol%) 1 12 76.25 76.25 75.91 76.57 0.20 0.26 
CH4 (ppmv) 1 12 45.89 3.73 2.69 506.10 144.94 315.81 
CO2 (vol%) 1 12 0.28 0.08 0.05 0.80 0.31 110.97 
φCO2 (g m-2d-1) 1 12 1.36 0.85 -0.61 4.35 1.50 110.52 
He (ppmv) 2 11 5.01 5.02 4.68 5.57 0.27 5.32 
Ne (ppmv) 2 11 17.86 17.66 15.99 20.66 1.24 6.96 
H2 (ppmv) 2 11 4.92 1.95 0.46 19.35 6.57 133.56 
O2 (vol%) 2 11 20.80 20.81 20.62 20.94 0.12 0.60 
N2 (vol%) 2 11 76.17 76.23 75.22 76.87 0.52 0.68 
CH4 (ppmv) 2 11 3.64 3.60 2.61 5.49 0.76 20.85 
CO2 (vol%) 2 11 0.34 0.06 0.05 1.74 0.52 153.15 
φCO2 (g m-2d-1) 2 11 1.83 1.17 0.42 5.77 1.89 103.15 
He (ppmv) 3 105 5.10 5.07 4.44 6.49 0.31 6.17 
Ne (ppmv) 3 105 17.54 17.45 15.23 21.26 0.71 4.04 
H2 (ppmv) 3 105 3.28 1.79 0.15 28.50 4.63 141.34 
O2 (vol%) 3 105 20.82 20.88 19.52 21.05 0.23 1.09 
N2 (vol%) 3 105 76.13 76.23 74.23 77.11 0.57 0.74 
CH4 (ppmv) 3 105 283.93 3.69 1.75 18446.56 1858.97 654.73 
CO2 (vol%) 3 105 0.58 0.20 0.04 3.44 0.78 134.06 
φCO2 (g m-2d-1) 3 106 1.66 1.15 -0.74 6.25 1.44 86.70 
He (ppmv) 4 17 4.98 5.07 4.20 5.29 0.29 5.90 



 

 

Ne (ppmv) 4 17 17.47 17.63 16.29 18.66 0.61 3.50 
H2 (ppmv) 4 17 3.59 1.67 0.28 32.71 7.57 210.62 
O2 (vol%) 4 17 20.82 20.89 20.42 21.09 0.18 0.86 
N2 (vol%) 4 17 76.46 76.46 75.72 77.19 0.41 0.54 
CH4 (ppmv) 4 17 237.96 3.67 2.81 3977.37 963.63 404.95 
CO2 (vol%) 4 17 0.42 0.52 0.05 0.90 0.35 82.60 
φCO2 (g m-2d-1) 4 18 2.17 1.66 -0.34 11.36 2.55 117.90 
He (ppmv) 5 12 5.01 5.04 4.72 5.13 0.13 2.53 
Ne (ppmv) 5 12 17.91 17.70 17.08 19.28 0.76 4.25 
H2 (ppmv) 5 12 3.10 2.34 0.67 8.80 2.80 90.31 
O2 (vol%) 5 12 20.79 20.84 20.52 20.95 0.15 0.72 
N2 (vol%) 5 12 76.06 76.08 75.29 76.91 0.49 0.65 
CH4 (ppmv) 5 12 3.83 3.58 3.12 6.12 0.99 25.77 
CO2 (vol%) 5 12 0.69 0.45 0.06 1.68 0.54 78.81 
φCO2 (g m-2d-1) 5 12 1.73 1.57 0.38 5.53 1.68 96.99 
N: number of observations; SD: standard deviation; CV: coefficient of variation. 682 

 683 

Table S4. Statistics of soil gas concentration of He, Ne, H2, O2, N2, CH4, CO2 and φCO2 in the Lower Taylor 684 
Valley wetlands. 685 

  N Mean Median Min Max LQ UQ P10% P90% SD SK 

He (ppmv) 16 5.00 5.06 4.64 5.15 5.0 5.09 4.68 5.14 0.15 -1.66 

Ne (ppmv) 16 17.36 17.31 16.84 17.78 17.15 17.64 16.85 17.70 0.30 -0.31 

H2 (ppmv) 16 5.54 1.59 0.46 36.95 0.93 2.81 0.51 19.35 9.87 2.62 

O2 (vol%) 16 20.8 20.9 20.6 21.0 20.8 20.9 20.6 21.0 0.1 -0.9 

N2 (vol%) 16 76.3 76.3 75.7 77.1 76.0 76.6 75.8 76.8 0.4 0.4 

CH4 (ppmv) 16 3.6 3.5 2.0 6 3.0 4.1 2.8 4.9 1 0.6 

CO2 (vol%) 16 0.29 0.09 0.05 1.05 0.06 0.54 0.05 0.69 0.32 1.22 

φCO2 (g m-2d-1) 16 1.27 0.94 -0.26 4.11 0.67 1.84 0.32 2.73 1.08 1.30 
N: number of observations; LQ: lower quartile; UQ: upper quartile; P10%: percentile 10%; P90%: percentile 90%; SD: 686 
standard deviation; SK: skewness. 687 

 688 
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	Abstract
	Ongoing studies conducted in northern polar regions reveal that permafrost stability plays a key role in the modern carbon cycle as it potentially stores considerable quantities of greenhouse gases. Rapid and recent warming of the Arctic permafrost is...
	The work presented herein examines a comprehensive sample suite of soil gas (e.g., CO2, CH4 and He) concentrations and CO2 flux measurements conducted in Taylor Valley during austral summer 2019/2020. Analytical results reveal the presence of signific...
	Highlights:
	- First extensive soil gas and flux survey in Antarctica.
	- Discovered zones of multigas (CO2, CH4, He, H2) anomalies.
	- CO2 emissions estimation in Lower Taylor Valley.
	- Gas rising from deep brines
	Key words: Permafrost, soil gas survey, CO2 output, McMurdo Dry Valleys, Antarctica
	1 Introduction
	Permafrost is defined as any ground (soil or rock and any ice and organic material inclusions) that remains completely frozen (0  C or colder) for at least two years (Van Everdingen, 2005). It is present in both hemispheres at high latitudes and its t...
	In the Arctic and boreal regions, permafrost is found in Greenland, Alaska, Canada, Northern Europe, Russia, and China (Schuur et al., 2008), and represents about 17% of the exposed land surface (Gruber, 2012). Studies carried out on permafrost soils ...
	In the Southern Hemisphere, permafrost soils are found at high elevations, in the Sub-Antarctic islands, in the Antarctic Peninsula and in the ice-free areas of the Antarctic region. Permafrost degradation in the Antarctic continent has not been widel...
	To date, φCO2 studies conducted in MDV soils were performed on few measurement points. Results revealed low values that are highly uncertain and spatially variable (Gregorich et al., 2006; Burke et al., 2017). It is therefore difficult to separate the...
	Recent studies have revealed a diffuse subsurface brine system in the MDV area. This occurs preferentially near the coast and under the surface sediments of the main valleys and is sourced beneath the East Antarctic Ice Sheet (Mikucki et al., 2015). T...
	In order to investigate the possible presence of soil gas anomalies and fill the knowledge gaps described above, a large-scale geochemical campaign was carried out in the MDV (i.e., in Taylor Valley) during the 2019/2020 austral summer. The goal of th...
	Figure 1. Location of the study area (yellow square) in Taylor Valley, McMurdo Dry Valleys, Southern Victoria Land, Antarctica. The inferred area is located among the Lake Fryxell, the Commonwealth Glacier and the McMurdo Sound. The inset indicates th...
	2 Methods
	2.1. Site description and sampling strategy
	The MDV feature a mosaic of ice-covered lakes, ponds, ephemeral streams, valley glaciers and glacial, fluvial, lacustrine and aeolian sediments (Fig. 2A). Mean annual air temperature in the MDV is −17  C (Doran, et al 2002; Obryk et al. 2020), in part...
	2.2 Soil gas and φCO2 measurements
	He, Ne, H2, CH4, CO2 content and φCO2 distributions were investigated to detect potential leakages from permafrost, and/or to identify the possible presence of faults and fractures, which may provide gas migration pathways.
	Soil gas and flux surveys were carried out between December 20, 2019, and January 25, 2020. A total of 157 soil gas samples (Fig. 2B) and 159 φCO2 measurements (Fig. 2D, E) were collected in an area of 21.6 km2 with an average density of 7.3 samples/km2.
	Typically, soil gas samples are collected from the soil pore air by pounding a steel probe in the soil at a depth of about 0.6-0.8 m (Hinkle, 1994; Beaubien et al., 2015). However, in the presence of a shallow permafrost cap, our soil gas samples were...
	φCO2 amounts were measured directly in the field by using a West System™ portable fluxmeter (Fig. 2d, e) equipped with an IR Spectrometry detector (LICOR–LI820), with high accuracy in the range from 0 up to 600 mol m−2 d−1 (0 - 26400 g m−2 d−1).  The ...
	The concentration change over time is converted into CO2 flux in g m-2 d-1 (φCO2) considering the pressure and temperature variations measured during the day, together with volume (0.0028 m3) and surface (0.0306 m2) of the accumulation chamber, using ...
	φCO2CO2 * (86400 * P * (V/A)) / (1000000 * R * T)) * M   (1)
	where CO2 is the soil flux expressed in ppm/sec; P is the pressure in mbar; V is volume (m3) and A is surface area (m2) of the accumulation chamber; T is the temperature in K; M is molecular weight; R = 0.08314472 in bar L (K mol)-1 that is used to c...
	Figure 2 – View of Taylor valley from the E to W (A), soil gas sampling (B), view of the base camp (C) and detail of φCO2 measurements (D, E).
	2.3 Statistical and geostatistical analysis
	Exploratory Data Analysis (EDA) (numerical and graphical techniques) was applied to elaborate soil gas data in terms of main statistical parameters, distribution type, background, and anomalous values. Normal probability plots (NPP) were interpreted a...
	3 Results
	3.1 Soil gas composition and flux magnitude of the lower Taylor valley
	Spatial distribution of soil gas content and flux measurements are shown in Fig. 3.
	Figure 3. Location of soil gas and φCO2 measurement points (yellow dots), of lakes and ponds (cyan areas), streams (blue lines) and wetlands (sea green areas) within Lower Taylor Valley.
	The main statistics obtained for soil gas concentrations and φCO2 are reported in Table 1. All gas species highlight broadly skewed distributions with the presence of few outliers (see SD and SK in Table 1). By comparing the mean and median values, th...
	Table 1.
	Descriptive statistics of He, Ne, H2, O2, N2, CH4, CO2 soil gas concentration and φCO2 measurements carried out in the Lower Taylor Valley.
	N: number of observations; LQ: lower quartile; UQ: upper quartile; P10%: percentile 10%; P90%: percentile 90%; SD: standard deviation; SK: skewness.
	Calculated mean values are compared with the average concentrations of the same gaseous species present in the atmosphere, in the soil-atmosphere interface, and in soil gases from the available literature (Table S2) to understand the magnitude and the...
	N2, O2 and Ne concentrations (76.2 vol%, 20.8 vol% and 17.6 ppmv, respectively; Table 1) highlight atmospheric origin as confirmed by the N2/O2 ratio (~ 3.8). This value is different from those detected in ice bubbles (up to 6; Ikeda‐Fukazawa et al., ...
	Figure 4. (A) Scatter plot of O2 and N2 vs CO2 (concentrations, vol%). The correlations between nitrogen and carbon dioxide, as well as oxygen and carbon dioxide, provide information about the trend of data. Black solid lines highlight a biological so...
	3.2 Spatial distribution of soil gas concentrations and φCO2 values
	The analysis of samples’ position versus slope (TPI slope position, Fig. S2) reveals that more than 60% of the data fall within the middle slope class (Table S3), in this way we limited slope influence on the measured gas concentration. NPPs highlight...
	Figure 5. Contour maps of the analysed gas species and the φCO2. The figure shows the spatial distribution of CH4 concentrations (A), CO2 concentrations (B), φCO2 (C), H2 concentrations (D), He concentrations (E) and Ne concentrations (F).
	The distribution of the positive anomalies for CH4, CO2, H2 and φCO2 are consistent in the NE, NW and S sectors, while He shows a good correlation with CO2 and CH4 anomalies in the S and N sectors, respectively (Fig. 5). The detection of helium in sha...
	The source of these gas anomalies could be linked with the over pressurized (Cartwright & Harris, 1981) brine system flowing under Taylor Valley (Mikucki et al., 2015; Foley et al., 2019) that during summer periods can release dissolved gases after ac...
	Figure 6. The map shows contour areas of CO2 (green) and CH4 (blue) concentrations higher than 0.7 vol% and 100 ppmv, respectively, samples with H2 higher than 9 ppmv (light blue rhombuses), He higher than 5.95 ppmv (yellow crosses), φCO2 higher than ...
	As for the southern sector, there are also two physical factors that may increase permafrost degradation: solar radiation and soil albedo. Solar radiation is more intense on the North facing slopes than on the South facing ones and, in summertime the ...
	4 Discussion
	In the MDV, very limited prior datasets are available for soil gas concentrations of CO2, CH4 and N2. In the 2003-2005 austral summers, Gregorich et al. (2006) measured up to 0.55 vol% of CO2 and up to 5780 ppmv of CH4 in Garwood Valley. In January 20...
	In contrast, φCO2 measurements have been conducted in Antarctica since 1994 (see Table 2). The φCO2 measurements in the study presented herein are up to three orders of magnitude higher than previous studies, therefore, the highest measured in the MDV...
	Table 2.
	Summary table of φCO2 measured in different terrestrial environments. Soil emission rates in g m-2 d-1 from Antarctic, Arctic, and other ecosystems (e.g., Alpine and sub-alpine, Mediterranean, desert and tropical climates).
	Although carbon isotope and radiocarbon analyses would strengthen the hypothesis on the origin and age of carbon, from a geological point of view, various authors have identified in the soil, in correspondence with faults and particularly fractured ar...
	Previous studies, linked the origin of CO2 in Antarctic soils to biological activity, favoured by soil alkalinity and by shallow abiotic processes (CO2 solubility), soil moisture content and soil temperature variations (Parsons et al., 2004; Elberling...
	While the samples were collected at shallow depths (i.e., the top layer of the permafrost is often present at 30 cm depth) and are potentially affected by atmospheric gas dilution (Hinkle, 1994; Beaubien et al., 2015), the anomalous values of He, CH4,...
	Figure 7 is a compilation of the ranges and average values of φCO2 measured over time in Antarctica. It should be noted that the reported measurements were conducted using various methods and in different environments, e.g., there are measurements on ...
	Figure 7. Summary diagram of φCO2 measurements carried out since 1994 in Antarctica. The diagram shows CO2 measurements performed in Antarctica by using various methods and in different environments. Measurements on dry soil (in black), lakes (in ligh...
	The total CO2 gas emission rates over the surveyed area (A = 21.6 km2) have been computed following a statistical approach (see 2.3 Statistical and geostatistical analysis) and, the calculated average CO2 output is ~15 tons day-1 (Table S1) which is e...
	5 Conclusions
	The main objective of this study was to detect the presence of degassing in permafrost bearing region and to evaluate the migration mechanisms along different permeability pathways.
	We provide the first unedited spatial distribution maps of soil gas concentrations and φCO2 over a large area (> 20 km2) of Taylor Valley, Antarctica. 157 soil gas samples were collected and analysed allowing two gas categories to be identified based ...
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