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Abstract 

The Mt. Ojos del Salado (6893 m a.s.l.) is situated within the Andean Arid Diagonal, 

on the Chilean-Argentinean border. Due to the extremely arid climate, surface ice is not 

widespread on the Mt. Ojos del Salado and at similar high altitude massifs in the region, 

though ice-bearing permafrost might be present. However, the thermal regime of the ground is 

relatively unknown in the region, especially outside of rock glaciers at high elevations north 

of 30°S. To study ground thermal regimes, in-situ shallow ground temperature and snow 

coverage from satellite imagery have been surveyed for four years (2012-2016) at six sites 

between the elevations of 4200-6893 m a.s.l. on the Mt. Ojos del Salado (27°07胡S, 68°32胡W). 

According to the ground temperature and snow coverage data at the six monitoring sites, the 

presence of permafrost is unlikely below 4550 m a.s.l. but likely above 5250 m a.s.l. on the 

Mt. Ojos del Salado. It was also observed that the active layer becomes extremely thin around 

6750 m a.s.l. 
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1. Introduction 

The Puna de Atacama between 28°S - 22°S in Chile/Argentina has the highest 

theoretical equilibrium-line altitude (ELA) – at around 7000 m a.s.l. – on the Earth due to the 

extremely dry climate.1,2 The regional ELA is just above the summit of the Mt. Ojos del 

Salado (27°07胡S, 68°32胡W, 6893 m a.s.l.), thus glaciers are rare on the mountain.3,4 Although, 

perennial firn patches and small glaciers could be found in topographically sheltered 

positions,2,5-8 the Mt. Ojos del Salado is the highest mountain on the Earth without significant 

ice coverage. However, ground ice could be present in the permafrost which is assumed to 

occur above 4000-5600 m a.s.l. in the Puna de Atacama, based on periglacial landform 

surveys and permafrost modelling.9-11 This suggestion is supported by the presence of small 

transient lakes far from perennial firn patches at 5900-6000 m a.s.l. on the Mt. Ojos del 

Salado,12 though evidence about the real volume of ground ice in the region is not available. 

Despite recent advancements and the strong demand for detailed investigations,13-15 

there is still a considerable uncertainty about the distribution of permafrost and ground ice in 

the extremely arid zone of the Andes, north of 27°S. Systematic remote sensing based 

periglacial landform – most notably rock glacier – surveys have focused on areas south of 

27°S.14-22 Only a handful of such studies are available from the more arid northern region.23-26 

Well documented in-situ measurements of periglacial processes were focused on even more 

southerly areas – within the semiarid zone of the Andes – e.g. the Central Andes around 

33.5°S,27,28 and the Norte Chico around 30°S.29-33 To date, only one in-situ study is available 

from the extremely arid zone of the Andes, providing four weeks of measurements about the 

daily heat transfer in the regolith at multiple sites between 27°S - 22.7°S.34 

Long-term in-situ measurements of periglacial processes north of 30°S are still 

missing and permafrost outside of rock glaciers has remained largely unexplored.13,15 Hence, 

we initiated a long-term monitoring programme in 2012 on the Chilean side of the Mt. Ojos 

del Salado, to constrain our knowledge about the thermal conditions of the ground at debris 

surfaces (excluding rock glaciers) by using shallow depth in-situ temperature loggers and 

satellite derived snow coverage data. Based on these datasets, we also provide preliminary 

suggestions about the potential presence of ground ice. In addition, sedimentological 

characteristics and the local geomorphology were assessed based on regolith samples and 

field observations at our study sites. 

  



2. Study sites 

The Puna de Atacama within the Andean Arid Diagonal, extending from 5°S on the 

west coast to 50°S on the east coast of South America and crossing the Andes at around 27°S 

- 30°S,35-37 is one of the most extreme environments on the Earth due to its aridity, high 

altitude and strong winds.38 This high altitude plateau – adjacent to the hyper-arid Atacama 

Desert – has a mean elevation of 4000 m a.s.l. and volcanoes reaching elevations well above 

6000 m a.s.l. One of them is the 6893 m a.s.l. high dormant volcano complex,39 the Mt. Ojos 

del Salado which is the highest volcano on the Earth (Fig. 1).  

Six study sites were selected at different altitudes in the vicinity of the Mt. Ojos del 

Salado and on the volcano itself (Fig. 1, Table 1). Our lowest study site at the altitude of 4200 

m a.s.l. was chosen to coincide with the lowest altitude where the presence of permafrost has 

been suggested by the literature.10,11,40 Five more study sites were chosen at subsequently 

higher elevations up until the summit of the Mt. Ojos del Salado at 6893 m a.s.l. (Fig. 1, Table 

1). The sample sites, with the exception of Laguna Negro Francisco, were delineated along 

the mountaineering route to the summit of the Mt. Ojos del Salado to ensure a relatively good 

accessibility. In order to minimise local effects that could bias our outcomes,41-44 sample sites 

were chosen on relatively flat areas covered by debris (Table 1, Fig. 1), as far as possible from 

cliff faces, local topographical depressions – which are preferential sites for snow 

accumulation – and perennial snow patches.  

3. Materials and methods 

3.1. Ground temperature measurements and analyses 

HOBO Pro v2 loggers (operation range: -40°C - 70°C, accuracy: ±0.21°C) were 

installed at multiple depths (10, 20, 35, 60 cm), which vary depending on the study site (Table 

1), in shallow boreholes dug into the debris and covered with local ground material. Shallow 

ground temperatures were registered hourly by these loggers during our data acquisition 

periods between February 2012 and February 2016, the exact time intervals vary depending 

on the study site (Table 1). Daily mean ground temperatures (DMGT) were calculated by 

taking the mean of the hourly temperature measurements for each calendar day. Daily ground 

temperature variations (DGTV) were calculated by calculating the difference between the 

maximal and minimal temperature measurements of each calendar day. These calculations 

were carried out for the full data acquisition period of every temperature logger (Table 1). 

Annual Mean Ground Temperatures (AMGT) were calculated by taking the average of 365 



DMGTs starting on 23 Feb 2012, which is the earliest initial installation date of the 

temperature loggers.  

The presence of the permafrost, ground with temperatures below 0°C for at least two 

consecutive years,45 could be deduced directly from our temperature record. However, this is 

only possible where the permafrost table – i.e. the upper boundary surface of permafrost45 – is 

above the deepest temperature logger. As the loggers were buried at relatively shallow depths 

(Table 1), direct observations are restricted. Thus, the seasonal evolution of the near surface 

ground temperature have also been investigated. If the snow layer is thick enough to insulate 

the ground, temperatures become stable with small diurnal variations during winter. These 

winter equilibrium temperatures – measured near to the ground surface – are often used to 

infer the presence of permafrost in regions where the snow layer is thicker than about 0.8-1 

m.43-45 Furthermore, if water and ice is present in the ground, the latent heat of fusion causes 

the temperatures to persist close to 0°C with small diurnal variations (i.e. zero-curtain 

periods) during spring/autumn.45,46 To aid the detection of these potential phenomena a time-

frequency decomposition of the measured temperature signal was carried out by Morlet 

wavelet transformation (Eq. 1) ܹ݊ ሺݏሻ  =  σ ܺ݊Ԣ݊݊כߖ
=0  ቔ(݊ Ԣെ ݊)ݏݐߜ ቕ    Eq. 1 

 where the ‘*’ represents the complex conjugate, ‘ܺ݊’ the original data stream, ‘s’ the scale, ߖ 

the wavelet function, and ‘h’ the degree of resolution. This analysis is suitable to provide 

localized information – on the time domain – about the strength of certain frequencies in the 

signal,47-50 such as the strength of daily periodicity in our temperature record. Firstly, it is 

recommended to remove large-scale trends from the signal, since they may hinder the 

estimation of small-scale periodicity. Thus, a centred 24 hour moving average was subtracted 

from the measured hourly temperature signal (Fig. 2). Then, the Morlet wavelet 

transformation was applied on the residuals in R using the dplR 1.6.4. package (Fig. 2).  

In order to determine whether the peaks in our wavelet power spectra are significant – 

i.e. the strength of the measured temperature periodicity at a certain frequency and time differ 

significantly from an appropriate background noise – the wavelet transforms of our 

temperature records were compared with the corresponding theoretical red-noise Fourier 

spectra, which are calculated according to Torrence and Compo.49 On average, the local 

wavelet power spectrum is identical to the theoretical Fourier spectrum,49 which is ߯
2
2 

distributed as smoothing has not been applied.49 Thus, the 0.95 confidence contours could be 

calculated49 for our wavelet transforms (Fig 2). Temperature periodicity is considered 



significant – at the 0.05 level – within these contours. Zero curtains have been delineated 

where the daily temperature periodicity is not significant and the raw hourly temperature is 

within -0.5°C and +0.5°C (Fig. 2). 

3.2. Snow coverage survey 

In order to account for its thermal effects, snow coverage was surveyed at our study 

sites for the period of ground temperature measurements – between February 2012 and 

February 2016 – by the visual interpretation of Landsat 7 Enhanced Thematic Mapper 

(ETM+) and Landsat 8 Operational Land Imager (OLI) Level 1 calibrated data (spatial 

resolution: 30 m) acquired from the U.S. Geological Survey. RGB combinations of 321, 453, 

and 543 of Landsat 7 ETM+ bands and RGB combinations of 432, 564, and 654 of Landsat 8 

OLI bands were used for the visual interpretations. Three categories were separated: snow 

free, partial and full snow coverage.  

The Moderate Resolution Imaging Spectroradiometer (MODIS) daily global 

Normalized Difference Snow Index (NDSI) version 6 product (spatial resolution: 500 m),51,52 

from both the Terra and Aqua satellites, has also been used to survey the snow coverage at 

our study sties. Firstly, the NDSI has been converted to fractional snow coverage (FSC) 

according to Riggs and Hall (Eq. 2.) 53 

FSC =  െ0.01 + 1.45 ൈ NDSI    Eq. 2 

The FSC was then sampled at our study sites and interpreted as snow free (FSC < 50%), 

partial (50%  FSC < 90%) and full snow coverage (FSC  90%) to ensure compatibility 

with the Landsat derived snow coverage survey. 

In total, 105 Landsat images were used, however, the number of snow coverage data 

points ranged from 96 to 105 due to cloud coverage. Thus, the actual mean temporal 

resolution – i.e. the average time between data points – of this snow coverage dataset is 14-15 

days. Although the MODIS NDSI dataset has a daily nominal temporal resolution, the number 

of valid data points has ranged between 966-1233 due to cloud coverage and data quality 

issues. Hence, the actual mean temporal resolution is 1.27 and 1.41 days of the Terra and 

Aqua derived snow coverage datasets, respectively. 

3.3. Measuring physical properties of the regolith and assessing local geomorphology 

Regolith samples were collected in February, 2014 at the Atacama and Tejos Camps 

from the same depths as the temperature loggers (Table 1), by hitting metallic cylinders 

(diameter: 4 cm, length: 20 cm) into the walls of boreholes created near the loggers. The 



containers were then closed airtight and transported to the laboratory where analyses were 

carried out in June-July 2014. The ratio of the coarse (d > 2 mm) and fine (d < 2 mm) grained 

fractions was determined by using Retsch sieve (d = 2 mm). Particle size distribution of the 

fine fraction was determined by Horiba Partica LA-950 V2 laser diffraction particle size 

analyzer, measuring in the range of 0.01 たm – 3 mm54,55 with a refractive index of 1.54 and an 

imaginary part of 0.01.56,57 Grain size classification was carried out according to the USDA 

(United States Department of Agriculture) texture classification scheme, modified by Konert 

and Vandenberghe.54 Bulk density, overall porosity, ratio of macro- and micropores 

(Appendix 1), grain density of the fine and coarse fractions (Appendix 2), and hygroscopicity 

(Appendix 3) of the regolith samples were also measured. 

In order to assess the local geomorphological context of these measurements, 

periglacial and aeolian landforms have been surveyed by field observations and Google Earth 

imagery in the vicinity of the Atacama and Tejos Camps. Instead of creating a comprehensive 

geomorphological map, our goal was simply to provide an inventory of the key non-volcanic 

landforms found in this area in order to guide future investigations. 

3. Results 

3.1. Snow coverage and ground temperature records in the vicinity of the Mt. Ojos del 

Salado 

Winter snow coverage was observed at the Laguna Negro Francisco (4200 m a.s.l.), 

the Murray Lodge (4550 m a.s.l.) and the Atacama Camp (5260 m a.s.l.), especially in 2013 

and 2015. However, instead of temperature stabilisation (i.e. the onset of a winter equilibrium 

temperature), only seasonal frost and high diurnal temperature variability was observed 

during each winter (Fig. 3, 4, 5). The depth of seasonal frost penetration is at least 35-60 cm 

at these sites, though this could be considerably larger according to the minimal DMGTs 

recorded by the deepest loggers: -4.4°C, -10°C and -7.9°C at the Negro Francisco (-60 cm, 

August 2015), Murray Lodge (-35 cm, July 2015), and Atacama Camp (-60 cm, July 2015) 

respectively (Table 2). Despite the lack of winter temperature stabilisation, relatively short 

periods of low diurnal temperature variability and temperatures close to 0°C (i.e. zero-curtain 

periods) were observed at the Atacama Camp (-35, -60 cm) during every spring and autumn, 

even without simultaneous snow coverage (Fig. 5, Table 2). Similar events were also 

observed at the Laguna Negro Francisco, the Murray Lodge and at shallower depths of the 



Atacama Camp (-10 cm) but for only very short periods of time (Table 2) and mostly in 

relation to snow coverage periods, e.g. April 2015 (Fig. 3, 4, 5). 

Similar to sites at lower elevations, at the Tejos Camp (5830 m a.s.l.) winter 

temperatures retained high diurnal variations at all depths, even during snow coverage events 

(Fig. 6). However, as opposed to the clear seasonal frost recorded by our loggers at smaller 

depths (-10 and -35 cm), temperatures only exceeded 0°C for brief periods at -60 cm (Fig. 6). 

Zero-curtains were observed to persist throughout each summer at -60 cm, and for around a 

month during each spring/autumn at -35 cm, regardless of surface snow coverage (Fig. 6). 

Regular zero-curtain events – during each spring/autumn – were also observed at -10 cm. 

However, these zero-curtains are less continuous and only last for a couple of weeks, except 

during snow coverage events e.g. February 2013 and April 2015 (Fig. 6). 

At the Crater Edge (6750 m a.s.l.) and the Mt. Ojos del Salado summit (6893 m a.s.l.) 

diurnal temperature variations are high throughout our data acquisition period – except during 

some snow coverage events, e.g. February 2014 – and zero curtains were not observed (Fig. 7, 

8). Although ground temperatures have risen above 0°C for a couple of hours during 11-30 

days per year at smaller depths (i.e. -10 cm at the Crater Edge and the Mt. Ojos del Salado 

summit), positive temperatures were not measured at larger depths (i.e. -20 cm at the Crater 

Edge). Furthermore, maximal DMGTs remained well below 0°C at these sites and depths 

(Table 2). We also note that, the Landsat derived snow coverage dataset diverges significantly 

from the MODIS derived datasets at the Crater Edge (Fig. 7), despite the good general 

alignment elsewhere. This is attributed to the preferential accumulation of snow in 

topographical depressions situated in the close vicinity of the small ridge where the 

temperature loggers are buried at the Crater Edge (Fig. 1/H). This appears to dominate the 

Landsat derived dataset, while MODIS offers a more aggregated view about the general 

evolution of snow coverage around this site. 

3.2. Landforms and physical properties of the regolith at the Atacama and Tejos Camps 

In general, sediments are coarser at the Tejos Camp than at the Atacama Camp (Table 

3). However, the proportion of coarse grains (d > 2 mm) is dependent on depth – with the 

lowest ratios at -35 cm – at both the Atacama and Tejos Camps (Table 3). At the Atacama 

Camp, particle size distribution curves of the fine fraction (d < 2 mm) are quite similar at 

different depths, though grains are generally larger at -60 cm (Fig. 9). At the Tejos Camp, the 

curves also align reasonably well, but at -35 cm the proportion of silt is particularly high (Fig. 

9). The bulk density of the sediment samples is very low, especially at the Tejos Camp (Table 



3). The grain density of the fine fraction has a distinctive vertical pattern at both study sites, 

with the lowest density found at -10 cm and the highest density at -35 cm (Table 3). These 

vertical density gradients are larger at the Tejos Camp than at the Atacama Camp.  

 Both sites have highly porous sediments, with porosity varying between 51-66% 

(v/v), but at the Tejos Camp porosity is considerably higher than at the Atacama Camp (Table 

3). Although, macro-pores (d > 10 µm) are dominant at both sites, the proportion of 

capillaries (d < 10 µm) is significantly higher at the Tejos Camp than at the Atacama Camp 

(Table 3). Water adsorption capacity (i.e. hygroscopicity) of the sediment is weak at both sites 

and at all depths without significant differences, excluding -10 cm at the Atacama site (Table 

3). Grains may adsorb a 200-1000 nm thick water film under wet conditions – RH96% – 

however when conditions are dry – RH 5.1% – the water film is less than 10-70 nm thick 

(Table 3). 

In the vicinity of the Atacama and Tejos Camps clearly identifiable landforms related 

to cryoturbation, the movement and disturbance of soil caused by frost action,45 were not 

found on the field. However, distinctive aeolian landforms were observed near to these sites. 

Above 5000 m a.s.l. boulders and bedrock outcrops exposed to the dominant direction of the 

wind show features of strong wind abrasion (Fig. 10/A), while blankets of coarse grained 

residual deposits – i.e. lag gravel pavements – were also found (Fig. 10/B). In addition to 

these erosional landforms, coarse grained dunes are also present on the lee-side slopes of 

ancient lava flows between the Atacama and Tejos Camps (Fig. 10/C). However, the most 

striking landforms found near these sites are gravel-mantled megaripples38,58 around 5000-

5500 m a.s.l. (Fig. 10/D). The wavelength and amplitude of the megaripples observed on the 

field are 15-20 m and 50-130 cm respectively, while the size of the megaripple fields range 

between 0.06-0.63 km2 (Fig. 11). The base of the ripples is composed of light coloured, light-

density pumice clasts – with a density of 0.8-1.1 g/cm3 and a maximum size around 4-6 cm – 

while the top of the ripples is covered by dark coloured, dense volcanic litoclasts, with a 

density of 2.5-3 g/cm3 and a maximum size around 1.8 cm (Fig. 10/E, F).  

4. Discussion 

4.1. Permafrost presence 

Although the snow coverage is sporadic, a significant winter snowpack was present at 

our study sites in some years during the data acquisition period, e.g. 2013 and 2015. However, 

even during these periods, near surface ground temperatures have not stabilised and high 



diurnal temperature variations dominated the record. This corresponds to the type-2 thermal 

regime described by Ishikawa43 and is caused by the weak insulating effect of a thin and 

spatially discontinuous snowpack.41-43 This is not surprising given the aridity of this region, 

which is confirmed by Espinoza et al.59 who have reported an annual mean snow thickness 

below 5 cm for this region. These conditions hinder the development of winter equilibrium 

temperatures which are often used to infer the presence of permafrost from near surface 

ground temperature records.43 Consequently, we can only confirm the presence of permafrost 

beyond doubt where the permafrost table is above our deepest temperature logger. Our 

outcomes correspond well to previous in-situ investigations from the Norte Chico (30°S), 

which also showed large daily ground temperature variability during winter due to 

insignificant snow coverage29,30. However, ground thermal regimes are different in the Central 

Andes (33.5°S) further to the south, where thicker snow coverage – due to more humid 

winters – enables the development of winter equilibrium temperatures, which were observed 

at a large number of sample sites by Apaloo et al.28 

 At the Laguna Negro Francisco, the Murray Lodge and the Atacama Camp, we have 

not detected permafrost directly, which could either mean that permafrost is not present or 

that the depth of the permafrost table larger than 35-60 cm at these sites. However, the 

distinctively positive AMGTs at all depths suggest that permafrost around the Laguna Negro 

Francisco and the Murray Lodge might be strongly restricted to preferential locations (Table 

2). On the other hand, at the Atacama Camp AMGTs are just below 0°C at all depths (Table 

2), which suggests that the presence of permafrost is more likely around this site compared to 

the Laguna Negro Francisco and the Murray Lodge. These findings align well with previous 

periglacial landform surveys suggesting 4150 m a.s.l. as a lowermost limit for permafrost 

occurrence in this region.9,60 The modelling results of Gruber11 also indicate that the presence 

of permafrost is less restricted to preferential locations at the Atacama Camp – which has a 

permafrost zonation index (PZI) of 0.54  – than at the Laguna Negro Francisco and the 

Murray Lodge, which are part of the PZI fringe of uncertainty (i.e. PZI = 0.01). However, 

PZIs are based on low resolution gridded annual mean air temperature data from the period of 

1961-199011, and thus should be interpreted with caution against our outcomes. 

At the Tejos Camp, our logger buried at -60 cm only recorded temperatures above 0°C 

for brief periods (Fig. 6). According to this, -60 cm is very close to the top of the possible 

permafrost table, thus we can infer the presence of permafrost at this site. This is in agreement 

with previous landform based suggestions for the region9,60 and also with the modelling of 

Gruber11 who reported a PZI of 0.94 at the Tejos Camp, suggesting that permafrost will occur 



in most conditions around this site. As the thawing is already underway and the active layer is 

only about 60 cm thick, the area around the Tejos Camp (5830 m a.s.l.) could be particularly 

vulnerable to further atmospheric warming. At the Crater Edge and the Mt. Ojos del Salado 

summit hourly temperatures recorded by our loggers buried at -10 cm, only occasionally 

exceed 0°C. Therefore, we can infer the presence of permafrost at these sites, and suggest that 

the active layer is only slightly thicker than 10 cm. 

4.2. The potential presence of liquid water and ice in the ground 

Zero curtains – i.e. the persistence of ground temperatures close to 0°C accompanied 

by low diurnal temperature variations – usually indicate freezing-thawing in wet 

sediments.46,61,62 At our temperature loggers this moisture could originate from melting 

snowpack, thawing ground ice and throughflow, i.e. water percolating laterally through the 

ground e.g. from melting perennial firn patches nearby. Although it is not possible to fully 

control for these potential moistures sources, we aim to reduce the chance of throughflow 

affecting our temperature records by burying the loggers at shallow depths on local 

topographical highs as far as possible from perennial firn patches. Also, we have surveyed the 

snow coverage at our study sites using multiple data sources in order to control for this 

potential moisture source as well. Consequently, we can provide suggestions about the 

potential sources of moisture causing the observed zero curtains on our temperature records. 

At the Laguna Negro Francisco, the Murray Lodge and also at shallow depths of the 

Atacama Camp (-10 cm) short duration zero curtains were observed (Table 2) when snow 

coverage was present (Fig. 3, 4, 5). Therefore, we suggest that the primary source of the 

moisture causing these events is the melting snowpack. The most notable example 

corresponds to a large storm at the end of March 2015, causing the largest recorded floods in 

the region.63 However, even this exceptional precipitation event63 has not created a snowpack 

that could insulate the ground throughout the subsequent winter (Fig. 3, 4, 5). After May, 

2015 daily ground temperature variations have gradually resumed, indicating a progressive 

decrease in snow thickness – especially at higher elevations (Fig. 5, 6) – probably due to the 

sublimation and wind redistribution of the snowpack. 

However, at the Tejos Camp (-10, -35, -60 cm) and at larger depths of the Atacama 

Camp (-35, -60 cm), zero curtains appear to be less reliant on simultaneous snow coverage. At 

these sites and depths, zero curtains appear regularly during every spring/autumn – and in the 

case of the Tejos Camp (-60 cm) throughout most of the summer – both in the presence and 

absence of snow coverage (Fig. 5, 6). Therefore, we suggest that thawing ground ice – in 



addition to melting snow – could be a potential source of moisture at these sites and depths. 

However, even at these two sites the upper layers of the regolith are relatively dry, which is 

demonstrated by the shorter duration of zero curtain periods (Table 2). 

At the Crater Edge and the Mt. Ojos del Salado summit, ground temperature 

variability is very high throughout our data acquisition period (Fig. 7, 8). Furthermore, the 

potential for melting is extremely limited due to the low temperatures, which only 

occasionally exceed 0°C. Accordingly, zero curtains have not been observed (Table 2) and the 

potential for the presence of liquid water in the ground is very low. However, we can observe 

slightly dampened diurnal temperature variability during major snow coverage events, e.g. in 

February 2013 and in February 2014 (Fig. 7, 8), which we attribute to the weak insulating 

effect of the thin snowpack.  

4.3. Sediments and geomorphological processes at the Atacama and Tejos Camps 

Sediments are highly porous at both the Atacama and Tejos Camps with a high 

proportion of macro-pores (Table 3). This enhances infiltration at both sites which could 

partially explain the presence of dry upper layers, along with the high evaporation and 

sublimation.64-66 However, the higher percentage of capillaries at the Tejos Camp (Table 3) 

indicates a higher water retention capacity compared to the Atacama Camp. Although the 

presence of ground ice is mostly controlled by thermal and hydrological characteristics, 

higher water retention capacity could limit the drying of the upper layers at the Tejos Camp. 

This is in agreement with our previous remarks suggesting the presence of ground ice below -

10 cm at the Tejos Camp and below -35 cm at the Atacama Camp. 

The observed vertical gradients in grain density (Table 3) – indicating preferential 

separation and migration of light particles to shallow depths within the top 35 cm – imply 

shallow cryoturbation at the Atacama and Tejos Camps. Vertical grain density gradients are 

higher at the Tejos Camp (Table 3), suggesting a higher degree of cryoturbation at this site. 

This is supported by our ground temperature records which imply that sediments at the Tejos 

Camp are less dry than at the Atacama Camp. However, even at the Tejos Camp patterned 

ground structures have not been found on levelled surfaces. Hence, we propose that 

cryoturbation is weak around our study sites due to the highly porous and dry sediments, 

limiting volumetric changes during freezing-thawing cycles. 

Although periglacial landforms formed by cryoturbation were not found on the field 

around the Atacama and Tejos Camps (Fig. 10, 11), aeolian processes could be effective in 

the periglacial zone of the Mt. Ojos del Salado. This is due to the strong winds,38,58,67 low 



precipitation, high evaporation/sublimation,37,66 and extremely sparse vegetation.68 Hence, 

periglacial landforms could be overwritten by aeolian processes, creating a unique blend of 

periglacial and aeolian landscape. In fact, distinctive aeolian landforms have been found in the 

vicinity of the Atacama and Tejos Camps (Fig. 10), most notably gravel mantled megaripples 

between 5140-5480 m a.s.l. (Fig. 11). The dimensions of these megaripples are similar to the 

ones observed at lower elevations – around 4000 m a.s.l. – in the Argentinian Puna.38,58 

5. Conclusions 

Results presented here represent the highest altitude long-term in-situ data about 

ground thermal regimes in the South American Andes, as previously published short- and 

long-term ground temperature records are not available from higher altitudes than 5850 m 

a.s.l.34 and 4700 m a.s.l.29-30 respectively. According to our findings, the widespread presence 

of permafrost is unlikely below 4550 m a.s.l., but likely above 5250 m a.s.l. on the Mt. Ojos 

del Salado, at 27°S. Our ground temperature records also suggest that the regolith gets wet 

regularly – during every spring/autumn – in the elevation range of 5250-5850 m a.s.l. on the 

Mt. Ojos del Salado. Although more research is needed, we suggest ground ice could be a 

potential source of this moisture. These outcomes are consistent with previous research and fit 

nicely into the trend of increasing elevation of ice-bearing permafrost towards the north in the 

Arid Andes – consistent with increasing aridity – shown by previous in-situ and remote 

sensing investigations. 

According to our results, sediments are relatively dry near to the surface and 

periglacial landform genesis is weak at our study sites. This, combined with the strong wind,38 

allows aeolian processes to overwrite periglacial landforms in the high altitude zone of the 

Mt. Ojos del Salado. In conclusion, we suggest that the zone between 5000 and 6000 m a.s.l. 

– just above the vast desert plateaus and below the steep taluses and remnant lava flows – is a 

distinct geomorphological zone on the Mt. Ojos del Salado, where landform genesis is mostly 

determined by the cold, dry and windy conditions. Further investigations in this region could 

yield interesting insights into the geomorphology of extremely cold, dry and windy periglacial 

environments, which could also serve as useful Mars analogues.58,67 

  



Appendix 1: Density and porosity measurements 

Undisturbed regolith cores of 100 cm3 (V) were used to determine the bulk density 

(b), overall porosity (), and the ratio of macro- and micropores (ma; mi) at our study 

sites.69,70 The cores were completely saturated with distilled water – using a vacuum-

desiccator – then they were weighted (ms). Subsequently the cores were weighted under field 

capacity (mfc), and after drying them at 105°C (md). Using these measurements, the following 

calculations were carried out: 

b = mdV-1   (Eq. 3) 

 = (ms - md)  V-1  (Eq. 4) 

ma = (ms - mfc)  V-1  (Eq. 5) 

mi = (mfc - md)  V-1  (Eq. 6) 

 

Appendix 2: Grain density measurements 

After the separation of the coarse and fine fractions, a 25 cm3 oven-dry sample from 

the coarse fraction was weighed (mgd) then it was added to 50 cm3 (V0) distilled water at 24 

C°. The suspension was gently boiled and slowly stirred for 30 minutes. Then it was cooled 

back to 24 C° and poured into a volumetric flask. The volume (Vs) of the suspension was 

recorded and the grain density (g) was calculated (Eq 7.).71 The process was repeated for the 

fine fraction as well. 

g = mgd (Vs-V0)
-1  (Eq. 7) 

Appendix 3: Hygroscopicity measurements 

25 cm3 oven-dry samples were weighed and put into dessicators with different relative 

humidity (RH) levels, which were provided by different concentrations of sulphuric acid: 70% 

(m/m) H2SO4 = RH 5.1%; 50% (m/m) H2SO4 = RH 36.9%; 24% (m/m) H2SO4 = RH 82.2%; 

10% (m/m) H2SO4 = RH 96.2%.72 Specimens were weighted after two days. The amount of 

adsorbed water was calculated by subtracting the oven-dry mass from the treated mass of the 

specimens. Thickness of the adsorbed water film – i.e. interfacial water – was calculated using 

the estimated surface area of the grains in the samples – inferred from the particle size 

distribution data – and the amount of adsorbed water. 
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Tables 

Site name Latitude Longitude Elevation (m a.s.l.) Slope (°) Aspect Depth (cm) Start date End date

10 Feb, 2014 Feb, 2016

60 Feb, 2014 Feb, 2016

10 Feb, 2014 Feb, 2016

35 Feb, 2014 Feb, 2016

10 Feb, 2014 Feb, 2016

35 Feb, 2014 Feb, 2016

60 Feb, 2012 Feb, 2016

10 Feb, 2012 Feb, 2016

35 Feb, 2012 Feb, 2016

60 Feb, 2012 Feb, 2016

10 Feb, 2012 Feb, 2016

20 Feb, 2012 Feb, 2016

Mt. Ojos del Salado Summit 27°07胡34菰S 68°32胡26菰W 6893 1.4 E 10 Feb, 2012 Feb, 2016

27°06胡27菰S 68°33胡34菰W 6750

4200

4550

5260

583068°32胡17菰W N8.1

10.3 W

Laguna Negro Francisco

Murray Lodge

Atacama Camp

Tejos Camp

Crater Edge

27°05胡14菰S

27°29胡16菰S

26°56胡01菰S

27°04胡32菰S 68°33胡51菰W

69°15胡23菰W

68°36胡49菰W

2.1 NE

SW1.2

4.3 W

 
Table 1. Geographical coordinates, elevation, slope and aspect – derived from SRTM V.3.0 – of our study 
sites, the start and end date of the ground temperature records at different depths are also shown. 



Period of analysis
Mean 

AMGT (C°)

Min 

DMGT 

(C°)

Max 

DMGT 

(C°)

Period of 

Landsat 

snow 

cover (%)

Period of 

Aqua 

snow 

cover (%)

Period of 

Terra 

snow 

cover (%)

Zero 

curtain 

period 

(%)

Laguna Negro Francisco (4200 m)

Depth: 10 cm Feb, 2014 - Feb, 2016 6.3 -7.1 18.3 44 24 21 4

Depth: 60 cm Feb, 2014 - Feb, 2016 5.9 -4.4 15.0 44 24 21 9

Murray Lodge (4550 m)

Depth: 10 cm Feb, 2014 - Feb, 2016 4.8 -11.6 18.3 14 12 15 4

Depth: 35 cm Feb, 2014 - Feb, 2016 4.8 -10.0 16.1 14 12 15 5

Atacama Camp (5260 m)

Depth: 10 cm Feb, 2014 - Feb, 2016 -0.7 -14.3 11.2 33 31 31 3

Depth: 35 cm Feb, 2014 - Feb, 2016 -0.4 -12.1 9.7 34 31 32 13

Depth: 60 cm Feb, 2012 - Feb, 2016 -0.4 ± 0.04 -7.9 6.5 23 24 25 17

Tejos Camp (5830 m)

Depth: 10 cm Feb/2012 - Feb/2016 -3.7 ± 0.05 -17.9 6.7 25 24 28 15

Depth: 35 cm Feb/2012 - Feb/2016 -3.5 ± 0.13 -15.0 4.1 25 24 28 22

Depth: 60 cm Feb/2012 - Feb/2016 -3.3 ± 0.24 -11.3 0.8 25 24 28 33

Crater Edge (6750 m)

Depth: 10 cm Feb, 2012 - Feb, 2016 -15.2 ± 0.5 -25.9 -4.5 85 29 45 0

Depth: 20 cm Feb, 2012 - Feb, 2016 -14.8 ± 0.58 -22.5 -6.6 85 28 44 0

Ojos del Salado Summit (6893 m)

Depth: 10 cm Feb, 2012 - Feb, 2016 -17.6 ± 0.3 -32.2 -4.1 21 40 58 0

 
Table 2. Average values of the Annual Mean Ground Temperatures (AMGT), minimal and maximal Daily 
Mean Ground Temperatures (DMGT). The percentage of days characterized by zero curtains, and partial or full 
snow coverage – derived from Landsat, MODIS (Aqua) and MODIS (Terra) imagery – are also included. 



AT 10 cm AT 35 cm AT 60 cm TE 10 cm TE 35 cm TE 60 cm

Particle size distribution

Coarse fraction (% m/m) 36 18 28 54 48 60

Fine fraction (% m/m) 65 82 71 47 53 40

Silt in the f ine fraction (% v/v) 6 24 18 13 30 13

Porosity 

Porosity (% v/v) 50 55 51 55 67 66

Macro- and meso-pores (% v/v) 36 46 43 33 49 47

Micro-pores (% v/v) 14 9 8 22 19 20

Density

Bulk density (g cm-3) 1.3 1.5 1.5 1.1 1.3 1.0

Grain density of coarse fraction (g cm-3) 3.0 3.2 3.1 3.0 3.1 3.0

Grain density of f ine fraction (g cm-3) 2.6 3.4 3.1 2.4 4.1 3.0

Hygroscopicity

RH 96% (nm) 1081 356 277 240 165 257

RH 82% (nm) 891 296 228 202 135 219

RH 37% (nm) 450 156 121 133 85 152

RH 5.1% (nm) 67 24 18 19 12 23
 

Table 3. Physical properties of the regolith at different depths of the Atacama Camp (AT), 5260 m a.s.l., and 
the Tejos Camp (TE), 5830 m a.s.l.. Grain diameter is larger than 2 mm in the coarse fraction and smaller than 2 
mm in the fine fraction, silt particles are smaller than 50 たm. The diameter of macro- and meso-pores is above 10 
たm, while micro-pores are smaller than 10 たm in diameter. 
 

  



Figures 

 
Fig 1. Our area of interest within the wider Andes (A), our study sites (white diamonds) along with major 
volcanic peaks (white triangles), salt lakes (dark grey polygons) and playas (light grey polygons) plotted on a 
Shuttle Radar Topography Mission (SRTM) V.3.0 shaded relief map (B, C). Photographs taken at the Laguna 
Negro Francisco (D), Murray Lodge (E), Atacama Camp (F), Tejos Camp (G), Crater Edge (H) and the Mt. Ojos 
del Salado summit (I). 



 
Fig 2. A sample of the raw hourly temperature record measured at the depth of 35 cm at the Tejos Camp (5830 
m a.s.l.) between 01 August 2014 and 01 February 2015. The hourly temperature residuals – the centred 24 hour 
mean subtracted from the hourly temperature measurements – the wavelet transform of the temperature residuals 
and the Daily Mean Ground Temperatures (DMGT; blue solid line), Daily Ground Temperature Variations 
(DGTV; red solid line) are also plotted. The 0.95 confidence contour, which highlights significant temperature 
periodicity, is plotted on the wavelet transform panel, where the diurnal frequency axis is also highlighted. Zero 
curtains – delineated where the 0.95 confidence contour does not intersect the diurnal frequency axis and the raw 
hourly temperature is between -0.5°C and +0.5°C – are highlighted (shaded grey area) on the hourly 
temperature, hourly temperature residual and DMGT/DGTV panels. A distinctive zero curtain is visible during 
January 2015. 



 
Fig 3. Snow coverage derived from Landsat, MODIS aboard Aqua and MODIS aboard Terra (light blue: partial 
snow coverage; dark blue: full snow coverage) at the Laguna Negro Francisco study site (4200 m a.s.l.). Daily 
Mean Ground Temperatures (DMGT; blue solid line), Daily Ground Temperature Variations (DGTV; red solid 
line) and the wavelet transform of the temperature record (yellow: strong periodicity; blue: weak periodicity) are 
plotted for the depths of 10 and 60 cm. The 0.95 confidence contour is plotted on the wavelet transform panels 
(solid black contour line), to highlight significant temperature periodicity. The diurnal frequency axis is also 
highlighted on the wavelet transform panels. Zero curtains are plotted (shaded gray area) on the DMGT/DGTV 
panels. 



 
Fig 4. Results of the snow coverage and ground temperature survey – measured at the depths of 10 and 35 cm – 
at the Murray Lodge study site (4550 m a.s.l.). For detailed description see the caption of Figure 3. 



 
Fig 5. Results of the snow coverage and ground temperature survey – measured at the depths of 10, 35 and 60 
cm – at the Atacama Camp study site (5260 m a.s.l.). For detailed description see the caption of Figure 3. 



 
Fig 6. Results of the snow coverage and ground temperature survey – measured at the depths of 10, 35 and 60 
cm – at the Tejos Camp study site (5830 m a.s.l.). For detailed description see the caption of Figure 3. 



 
Fig 7. Results of the snow coverage and ground temperature survey – measured at the depths of 10 and 20 cm – 
at the Crater Edge study site (6750 m a.s.l.). For detailed description see the caption of Figure 3. 



 
Fig 8. Results of the snow coverage and ground temperature survey – measured at the depth of 10 cm – at the 
Mt. Ojos del Salado summit study site (6893 m a.s.l.). For detailed description see the caption of Figure 3. 

  



 

 
Fig 9. Particle size distribution of the fine fraction (d < 2 mm) at different depths of the Atacama Camp (5260 
m a.s.l.) and the Tejos Camp (5830 m a.s.l.) study sites. 

  



 

 
Fig 10. Aeolian landforms in the vicinity of the Atacama Camp (5260 m a.s.l.) and the Tejos Camp (5830 m 
a.s.l.): aggressive aeolian abrasion on the windward side of a boulder at 6000 m a.s.l. near the Tejos Camp (A), 
coarse lag gravel pavement between the Atacama and Tejos Camps (B),  relict lateral moraine transformed into a 
coarse grained dune on the lee-side of an ancient lava flow between the Atacama and Tejos Camps (C), gravel-
mantled megaripples next to the Atacama Camp (D and E), clasts found on a gravel-mantled megaripple (F). 

  



 

 
Fig 11. High altitude gravel-mantled megaripple fields in the vicinity of the Atacama Camp (5260 m a.s.l.) and 
the Tejos Camp (5830 m a.s.l.) plotted on an SRTM V.3.0 shaded relief map, with elevation contours at 50 m 
intervals (A). The three megaripple fields observed on the field are also well visible on high resolution Google 
Earth imagery retrieved in 2008. The fields are situated between 5140-5275 m a.s.l. (field B), 5240-5290 m a.s.l. 
(field C), and 5390-5480 m a.s.l. (field D) and have an area of 0.06, 0.09 and 0.63 km2 respectively. 


