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Subsurface ice is common in regions where mean annual temperatures are below the 

freezing point of water. Once present, this ice may persist for long periods of time even under 

unfavorable environmental conditions. Subsurface ice is fundamentally important as a source of 

water for plants and microbes, a proxy for paleoclimatic information, and a major component 

controlling the periglacial landscape. This dissertation examines the stability and persistence of 

ground ice both in the Dry Valleys of Antarctica, a small part of the continent that is not covered 

in ice, and at the equatorial region on Mars. This research was initially motivated by claims that 

the ice buried under several decimeters of dry regolith in Beacon Valley is more than 1 Ma old and 

perhaps over 8.1 Ma, thereby making it the oldest known ice on Earth. My study uses numerical 

modeling to determine the short-term and long-term rates of sublimation of ground ice; the latter 

bears directly on the longevity of subsurface ice. The modeling utilizes extensive soil and 

environmental data from a well-characterized site in Beacon Valley. One component of the model 
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is to reconstruct subsurface temperatures based on measured surface temperatures. It is validated 

using ground temperature measurements. Both thermal and sublimation components of the model 

are then coupled, along with environmental data from the Curiosity Rover, to numerically simulate 

the sublimation of ground ice in Gale Crater, and to consider the potential for ground ice to have 

persisted there for long periods of time.  

The contemporary sublimation rate of ground ice in Beacon Valley, Antarctica is modeled 

using a vapor diffusion model constrained by 12 years of climate and soil temperature data, and 

field data of episodic snow cover and snowmelt events that have not been represented in previous 

models of the ground ice sublimation. The model is extended to reconstruct the sublimation history 

over the last 200 ka using paleotemperatures estimated from ice core data from nearby Taylor 

Dome, and a relationship between atmospheric temperature and humidity derived from our 

meteorological records. This study provides a realistic estimate of the long-term sublimation 

history in Beacon Valley. Sublimation occurs throughout the modeled period; however, the rates 

are slow enough that the residual buried ice is likely older than 1 Ma.  

I also studied the subsurface thermal regime and soil thermal properties in Beacon Valley 

and, using temperature-dependent thermal properties, numerically solved the heat diffusion 

equation using the finite volume method. The modeled temperatures approximate closely the 

measured temperatures at all depths with average differences ranging from 0.01°C to 0.03°C. The 

latent heat from documented episodic snowmelt events or modeled changes in ice content due to 

condensation or sublimation have negligible effects on the temperature. This study validates that 

our model is applicable to ground conditions in the cold, dry environments in general, including 

other regions in Antarctica, high mountain ranges in the central Asian and South America, and on 

Mars. 
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The heat and vapor diffusion models developed for Beacon Valley were then applied to 

Gale Crater, Mars to study the ground temperature and stability of ice that formed potentially 

during the last high obliquity phase of Mars. This study of subsurface heat and vapor transport is 

made use of one year of extensive ground-based measurements by Curiosity′s Rover 

Environmental Monitoring Station (REMS). As in Beacon Valley, ground ice is currently unstable 

along the Curiosity traverse; furthermore, also analogous to Beacon Valley, Gale Crater may have 

relict ground ice from as recently as ~0.5 Ma during the last high obliquity period. Similarly, 

modeling the sublimation rates, adjusted for Mars conditions, shows that water vapor loss deceases 

increasingly with depth as overlying dry regolith thickens. My study suggests ground ice that may 

have formed ~0.5 Ma ago could persist within meters of the surface; this finding may be important 

for future mission considerations. 

Overall, my studies advance our understanding of the thermal regime and long-term 

stability of subsurface ice in frigid, hyperarid environments.  
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No matter what you do, be good at it. 
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Chapter 1. Introduction 

1.1. Overview and Background 

Permafrost and associated subsurface ice cover approximately 20% of Earth′s land surfaces 

[Brown et al., 2002; Gruber, 2012] and all of Mars [Jakosky and Mellon, 2004]. The interest in 

subsurface ice is manifold, ranging from ground ice as an important reservoir of water for life 

[Gleick, 1993], as a proxy for paleoclimatic information [Schirrmeister et al., 2002; Stuiver et al., 

1981], and as a major component controlling the periglacial landscape [Black and Berg, 1963; 

Pewe, 1959; Sletten et al., 2003].  

Ground ice stability is of interest in a number of environments including the Arctic, 

Antarctic, and Mars. The interest in the Arctic centers on the stability of permafrost and ground 

ice in a changing climate [Kane et al., 1991; Roth and Boike, 2001; Scherler et al., 2010; Schuur 

et al., 2008]. In the frigid, hyperarid McMurdo Dry Valleys (MDV) of Antarctica, the formation 

and persistence of subsurface ice remain enigmatic, resulting in numerous papers investigating 

ground ice dynamics [Hagedorn et al., 2007; Hindmarsh et al., 1998; McKay et al., 1998; 

Schörghofer, 2005; 2009] and its long-term stability [Ng et al., 2005; Schäfer et al., 2000; Stone 

et al., 2000; Sugden et al., 1995]. The MDV are one of our best terrestrial analogs for studying 

Martian ground ice [Anderson et al., 1972; Heldmann et al., 2013; Sletten et al., 2003], which 

probably plays an important role in the formation and dynamics of many Martian landforms 

[Anderson et al., 1972; Mangold, 2010; Mellon et al., 2008; Squyres and Carr, 1986]. On Mars, 

the distribution and stability of subsurface ice has also been studied extensively [Fanale, 1976; 

Fanale et al., 1986; Mellon et al., 2004; Mellon and Jakosky, 1993; 1995; Mellon et al., 1997; 

Paige, 1992; Schörghofer, 2007; Schörghofer and Aharonson, 2005]. Under current conditions on 

Mars, ground ice is present near the polar regions and absent at mid- and low-latitudes.  
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1.1.1. Beacon Valley 

The McMurdo Dry Valleys (MDV) is the largest ice free area in Antarctica, with a 

combined area of approximately 4800 km2 [Doran et al., 2002]. The MDV get their name from 

the extremely low humidity and lack of a snow or ice cover. The hyperarid conditions are primarily 

the result of foehn winds [Nylen et al., 2004; Speirs et al., 2010] and a precipitation rate that is 

lower than the evaporation rate [Fountain et al., 2009]; any ice present at the surface sublimates 

slowly. Despite these hyperarid conditions, ice-cemented permafrost is common throughout the 

MDV [Bockheim et al., 2007]. 

One of the MDV that holds particular interest is Beacon Valley due to a massive ice body 

is buried 0.1 to 0.5 m below a layer of sublimation till and eolian material. This ice has received 

much attention initially spurred in the report by Sugden et al. [1995] that it was over 8.1 Ma old 

based on the age of tephra found in a sand wedge above the ice. If correct, this would make it the 

oldest known ice on Earth. The age of this buried ice was immediately questioned on theoretical 

grounds based on models of sublimation [Hindmarsh et al., 1998]. They suggested that the 

sublimation rate of the ice would be too high to allow the ice to persist close to the surface after 

such a long time period. If this enigma is explained, it would help further our understanding of 

similar situations on Mars where ground ice is present.  

In addition, microbes were detected in Beacon Valley ice samples [Bidle et al., 2007]. That 

study suggests that microorganisms had been encased in the ice since sometime during the 

Miocene epoch; however, the growth of microbes was extremely slow and suggested that the 

viability of the cells was severely compromised. The finding suggest that life may be found in 

other environments where ground ice has persisted, possibly at depth in ancient ice. 
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1.1.2. Mars 

Mars is of particular interest to astrobiologists because not only it is close to Earth and had 

many similarities with Earth including the presence of water ice. If liquid water existed once on 

Mars, it is possible that life could have existed on the planet. Even if the water is currently frozen, 

it is possible that extinct life could be preserved and discovered by future Mars missions. For 

example, the recent Mars Science Laboratory (MSL) was designed to undertake the search for past 

and present habitable environments at Gale Crater [Grotzinger et al., 2012], where is found to be 

a loosely defined, a habitable environment that has liquid water, a source of carbon (to enable 

organism metabolism), and a source of energy (to fuel organism metabolism) – in other words, the 

essential ingredients for life as we know it on Earth. 

There is an ongoing search for ice in the equatorial regions on Mars. Near the equator, 

water ice is unstable with respect to the atmosphere [Clifford and Hillel, 1983; Mellon and Jakosky, 

1993; Mellon et al., 1997; Schörghofer and Aharonson, 2005]; if ice exists in these regions, it is 

sublimating and the water vapor is diffusing through the regolith, dissipating into the atmosphere. 

Sublimation of any ground ice that formed in the past progressively lowers the ice table and 

eventually removes the ice altogether. There is, however, strong evidence that water ice once 

existed in these regions, and there are many observations of Martian surface morphological 

features that are consistent with the presence of subsurface ice [Balme and Gallagher, 2009; Head 

et al., 2003; Lanagan et al., 2001; Oehler, 2013; Reiss et al., 2006; Squyres and Carr, 1986; 

Yakovlev, 2012]. Moreover, the Curiosity landing site, below Mt Sharp in Gale Crater, is predicted 

to be a hemispheric maximum for snowmelt on Mars [Kite et al., 2013]. The combination of these 

factors may suggest the possibility for remnant ground ice in Martian equatorial regions. 
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1.2. Research Objectives 

The overall objective of my dissertation is to study the stability of subsurface ice in a cold, 

hyper-arid region, e.g., Beacon Valley, Antarctica, and use this work as a basis for examining the 

persistence of potential ground ice in Gale Crater on Mars. The 3 main chapters of my dissertation 

are described briefly below. Each chapter is written as a stand-alone paper.  

Chapter 2 presents an enhanced vapor diffusion model of ground ice at Beacon Valley, 

Antarctica that includes, for the first time, field measurements of episodic snow cover and 

snowmelt events. A realistic model of the long-term sublimation rates is extended back in time 

using a temperature proxy over the last 200 ka based on data from a nearby glacier ice core, and a 

correlation between relative humidity and air temperature developed from our field data.  

In Chapter 3, we study the Beacon soil thermal properties and develop a two-layer 1-D heat 

transport model to study subsurface temperatures at Beacon Valley. This model is validated with 

measured soil temperatures. A model for the ground thermal behavior is necessary to study the 

stability of equatorial ground ice at Gale Crater on Mars since ground temperatures are not 

available there.  

In Chapter 4, the persistence of subsurface ice at Gale Crater is studied using a coupled 

heat and vapor transport model that is constrained by climate data collected by Curiosity Rover 

(i.e. air temperature, relative humidity, and ground surface temperature). This model enables us to 

consider closely the potential persistence of ground ice that may have formed during last high 

obliquity 0.5 Ma ago [Mellon and Jakosky, 1995]. 

Each of these objectives is discussed in the next three chapters. Each chapter is written in 

the style of manuscript and have, or will be, submitted for publication. Chapter 2 has been 
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published in the Journal Geophysical Research: Earth Surfaces.  Chapters 3 and 4 will be submitted 

shortly. 
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Chapter 2. An enhanced model of the contemporary and long-term (200 ka) 

sublimation of the massive subsurface ice in Beacon Valley, Antarctica 

The content of this chapter was published in 

Liu, L., R. S. Sletten, B. Hagedorn, B. Hallet, C. P. McKay, and J. O. Stone (2015), An enhanced 

model of the contemporary and long‐term (200 ka) sublimation of the massive subsurface ice in 

Beacon Valley, Antarctica, Journal of Geophysical Research: Earth Surface, 120, 

doi:10.1002/2014JF003415. 

 

2.1. Abstract 

A massive ice body buried under several decimeters of dry regolith in Beacon Valley, 

Antarctica, is believed to be more than 1 Ma old and perhaps over 8.1 Ma; however, vapor diffusion 

models suggest that subsurface ice in this region is not stable under current climate conditions. To 

better understand the controls on sublimation rates and stability of this massive ice, we have 

modeled vapor diffusion using 12 years of climate and soil temperature data from 1999 to 2011, 

including field measurements of episodic snow cover and snowmelt events that have not been 

represented in previous models of ground ice sublimation. The model is then extended to 

reconstruct the sublimation history over the last 200 ka using paleotemperatures estimated from 

ice core data from nearby Taylor Dome and a relationship between atmospheric temperature and 

humidity derived from our meteorological records. The model quantifies the impact of episodic 

snow events; they account for a nearly 30% reduction in the massive ice loss. The sublimation rate 

of ground ice averages 0.11 mm a−1 between 1999 and 2011 in Beacon Valley. Parameterized with 
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past environmental conditions and assuming the same regolith thickness, the modeled sublimation 

rate of ground ice in Beacon Valley averages 0.09 mm a−1 for the last 200 ka, comparable to the 

long-term average rate estimated independently from various studies based on cosmogenic 

isotopes. This study provides a realistic estimate of the long-term sublimation history and supports 

the inference that the buried ice in Beacon Valley is older than 1 Ma.   
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2.2. Introduction 

Permafrost, defined as ground being below 0°C for at least two consecutive years 

[Washburn, 1979], covers approximately 20% of Earth′s land surfaces [Brown et al., 2002; Gruber, 

2012] and all of Mars [Jakosky and Mellon, 2004]. Permafrost may be dry or may contain ice 

ranging from a few percent interstitial ice cement to massive subsurface ice. In the McMurdo Dry 

Valleys (MDV) of Antarctica, ice is widespread within decimeters of the ground surface 

[Bockheim, 2002; Campbell and Claridge, 2006].  

Subsurface ice is fundamentally important as a reservoir of water [Gleick, 1993], a proxy 

for paleoclimatic information [Schirrmeister et al., 2002], and a major component controlling the 

periglacial landscape [Black and Berg, 1963; Pewe, 1959; Sletten et al., 2003]. Furthermore, 

subsurface ice in the upper elevations of the MDV is an instructive analog for Martian subsurface 

ice [Heldmann et al., 2013; Sletten et al., 2003]. Detected on Mars a few centimeters below the 

surface at mid-latitude and high-latitude regions [Mellon et al., 2008; Mellon et al., 2004], 

subsurface ice plays an important role in the formation of many Martian landforms [Anderson et 

al., 1972; Mangold, 2010; Mellon et al., 2008; Squyres and Carr, 1986]. In the Martian equatorial 

region, subsurface ice is not expected based on models of ice stability under current climate 

conditions [Clifford and Hillel, 1983; Mellon et al., 2004; Schörghofer and Aharonson, 2005], but 

morphological observations suggest the past presence of shallow subsurface water ice [Balme and 

Gallagher, 2009; Lanagan et al., 2001; Oehler, 2013; Reiss et al., 2006]. Hence, the stability of 

subsurface ice is of fundamental interest to both terrestrial and planetary science communities. 

Beacon Valley contains a massive body of buried glacial ice 0.1 to 0.5 m below a layer of 

sublimation till and eolian material. This ice has received much attention initially spurred in the 
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report by Sugden et al. [1995] that it was over 8.1 Ma old based on the age of tephra found in a 

sand wedge above the ice. The age of this buried ice was immediately questioned on theoretical 

grounds based on models of sublimation [Vanderwateren and Hindmarsh, 1995]. Subsequently, 

reanalysis of cosmogenically dated cobbles that are deposited from the ice body as it sublimates 

[Marchant et al., 2002; Schäfer et al., 2000] suggests that the sublimation till overlying the ice is 

only several hundred thousand years old [Ng et al., 2005]. Considering the cold and hyperarid 

climate conditions [Doran et al., 2002; Fountain et al., 2010] and the modeled rates of sublimation 

[Ng et al., 2005; Vanderwateren and Hindmarsh, 1995], ice would sublimate to a depth of 20 to 

40 m in soil and sediments within 300 ka, and yet it is typically found within 0.5 m of the ground 

surface in the upper MDV. Interest in the survival and age of buried massive Beacon ice, as well 

as the difference between current sublimation rates of the massive subsurface ice modeled using 

site-specific environmental data, and the long-term rates inferred from cosmogenic nuclide data, 

continue to focus attention on this ice. 

Sublimation rates of 0.1−0.5 mm a−1 for subsurface ice in the upper elevations of the MDV 

have been obtained using models of water vapor diffusion, constrained by meteorological data 

including air temperature, relative humidity, and soil temperature [Hagedorn et al., 2007; 

Hindmarsh et al., 1998; Kowalewski et al., 2006; McKay, 2009; McKay et al., 1998; Schörghofer, 

2005]. These rates suggest that interstitial ground ice should sublimate fairly quickly and that the 

top tens of meters of the soil should be free of ice within 100 ka, which is inconsistent with 

subsurface ice being pervasive within decimeters of the surface throughout the upper elevations of 

the MDV.  

Slower long-term sublimation of subsurface ice in the upper elevations of the MDV has 

been suggested in a number of studies of cosmogenic nuclides and stable isotopes. J. O. Stone et 
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al. (manuscript in preparation, 2015) estimated a sublimation rate of subsurface ice to be 0.02−0.03 

mm a−1 for at least the last ~200 ka in Beacon Valley using cosmogenic 10Be profiles in ice and 

quartz grains along 8 m of an ice core collected at the study site. Based on the concentration of 

cosmogenic 10Be and 26Al in bulk sediment samples from three glacial deposits in the Quartermain 

Mountains, Morgan et al. [2011] suggested that ice sublimated at rates of 0.0007−0.012 mm a−1; 

however, these rates are less constrained because they are sensitive to the assumed cosmogenic 

nuclide production profile, and the erosion history of the overlying till, for which the authors 

calculated similar rates of 0.0004−0.0012 mm a−1. Ng et al. [2005] determined a minimum 

sublimation rate of 0.007 mm a−1 of ice using 3He data from cobbles in Beacon Valley till. In 

addition, Lacelle et al. [2011] used a sublimation and molecular diffusion model in University 

Valley, 300 m above Beacon Valley, to account for the observed δ18O profile in subsurface ice. 

Their model suggests an average ice sublimation rate of 0.0002 mm a−1; however, the diffusion 

coefficients of the isotopes in dirty ice are poorly known, thus making the rate estimates relatively 

uncertain.  

Two hypotheses have been advanced for the discrepancy in sublimation rates between 

vapor diffusion and cosmogenic isotope studies. First, the current cold and dry climate conditions 

in the upper elevations of the MDV, used in the vapor diffusion models, are not representative of 

past climate conditions. McKay et al. [1998], Schörghofer [2005], and Kowalewski et al. [2006; 

2012] suggest that either a slight decrease in air temperature or increase in relative humidity would 

be sufficient to stabilize subsurface ice; however, treating changes in temperature and humidity 

independently is not realistic because they change concurrently. This change has not been taken 

into account in these estimates. Second, McKay et al. [1998] suggested that water recharge from 

snowmelt could offset, at least to a certain extent, the modeled ice loss due to sublimation. As 
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shown by Schörghofer [2009], this meltwater could act as a buffer between the subsurface ice and 

atmosphere, thereby slowing net sublimation. McKay [2009] concluded that a recurring snow 

cover every 2 years could account for the near-surface presence of subsurface ice at an elevation 

of ~1600 m in University Valley. Gooseff et al. [2003] showed a higher water content under 

seasonal snow patches and Hagedorn et al. [2007] modeled retarded sublimation of subsurface ice 

under snow cover. Hagedorn et al. [2010] quantitatively estimated ice recharge from snowmelt at 

a rate of ~0.4 mm a−1 over 10 ka in Victoria Valley soil using δ18O profiles. Recharge at this rate 

is sufficient to compensate for the modeled sublimation rate of the ice-cemented permafrost in 

Victoria Valley and thereby maintain the ice-rich permafrost a few decimeters below the surface 

[Hagedorn et al., 2010]. Our study addresses both the hypotheses presented above by using field-

derived data as discussed next. 

A 1-D mass balance model of vapor diffusion and ice condensation/sublimation, similar to 

that of Hagedorn et al. [2007], was developed to examine the stability of massive subsurface ice 

in Beacon Valley. The model is constrained by hourly measurements made from 1999 to 2011 of 

local climate parameters (air temperature and humidity), soil temperatures down to a depth of 0.60 

m, and episodic snow cover and snowmelt events based on field measurements and time-lapse 

photography. In addition, a regional temperature-humidity correlation was developed using in situ 

measurements in Beacon Valley and the long-term temperature history was reconstructed based on 

ice core records; this enables us to model the sublimation rate realistically for the past 200 ka and 

provides a sound basis for considering the long-term stability of subsurface ice in this cold, 

hyperarid environment. 
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2.3. Study Site and Methods 

2.3.1. Study Site 

Beacon Valley (77º49′S, 161º39′E) is the southernmost of the MDV and the largest ice-free 

valley in the Quartermain Mountains (Figure 2.1). Beacon Valley trends northeast-southwest and 

is approximately 3 km wide and 12 km long. The floor of middle Beacon Valley where the ancient 

massive subsurface ice was found is approximately 1350 m above sea level. This massive 

subsurface ice contains approximately 10 wt% rock debris, commonly concentrated in bands up 

to 15-cm thick [Marchant et al., 2002; Sugden et al., 1995]. Sublimation of the ice has produced a 

sublimation till that, together with eolian material, mantles the ancient massive subsurface ice in 

central Beacon Valley (Figure 2.1 insert). On the valley floor, a network of contraction-crack 

polygons with diameters of 10 to 20 m is well developed [Sletten et al., 2003]. This study is based 

on local climate data (air temperature and relative humidity) and subsurface temperatures from a 

site approximately midway between a polygon center and a trough (5.9 m from the adjacent trough) 

with a total regolith thickness of 0.30 m. 



21 
 

 

Figure 2.1. The McMurdo Dry Valleys (MDV) lie between the McMurdo Sound region of the Ross 

Sea and the East Antarctic Ice Sheet. Insert: buried massive ice lies beneath several decimeters of 

regolith in Beacon Valley, Antarctica. 
 

2.3.2. Field Data Collection 

Air temperature and relative humidity (RH) were measured with a Vaisala HMP45C probe 

every 10 seconds, averaged hourly, and recorded using a Campbell CR10X data logger. Because 

the HMP45C records temperatures only above −40.0°C, an internal temperature sensor is used to 

measure lower temperatures. The HMP45C probe reports humidity relative to liquid water; 

therefore, RH values recorded at sub-zero temperatures have been converted to RH values with 

respect to ice using the relationship for saturated vapor pressure from Lowe [1977]. The error for 

the HMP45C temperature is ±0.2°C at 20.0°C and increases linearly to ±0.4°C at −40.0°C. The 
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accuracy of HMP45C RH probe at 20.0°C is ±2% RH between 0% and 90% RH and ±3% between 

90% and 100% RH. The temperature dependence of humidity accuracy is ±0.05% RH/°C. 

Thermistors, assembled at University of Washington and calibrated to within ±0.02°C, were 

installed in the regolith at depths: 0.02 m, 0.10 m, 0.20 m, and 0.30 m (regolith-ice boundary); and 

in the ice at 0.45 m, and 0.60 m. Archived data are available as described at: 

http://gcmd.nasa.gov/r/d/[GCMD]UW_Dry_Valley_Datalogging. 

A digital camera (Model CC640, Campbell Scientific, Inc.) was installed at the study site 

to monitor the snow-cover condition every 3 h continuously for 2 years (January 2009 to January 

2011). During the austral winters when there is 24 h darkness (May to August), the surface is 

assumed to be covered with snow. In actuality, during this period, there is virtually no ice 

sublimation/condensation and the surface-snow cover has little impact on the sublimation rate of 

the subsurface ice [Hagedorn et al., 2007]. 

To document snowmelt infiltration, the electrical conductivity (EC) was measured hourly 

between a pair of bare wires installed 0.05 m below the surface and recorded hourly. A sharp 

increase in soil EC indicates soil wetting.  

Records of oxygen (δ18O) and deuterium (δD) isotopes in the ice core from Taylor Dome, 

30 km west of Beacon Valley, provide an estimate of past temperatures in that region for the last 

200 ka [Steig et al., 2000]. The present mean annual surface temperature at Taylor Dome is 

−41.2°C [Clow and Waddington, 1996] and at Beacon Valley is −22.9°C. This temperature 

difference, due to the elevation difference and geographic locations, is assumed to persist when 

reconstructing past temperature conditions for Beacon Valley for the last 200 ka. 
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2.3.3. Model Description 

A 1-D water vapor diffusion model is used to determine the rate of ice exchange between 

massive subsurface ice and the atmosphere under current climate conditions in Beacon Valley. 

Water vapor diffusion in the atmosphere-soil-ice system is driven by water vapor density gradients; 

water vapor diffuses toward regions of lower vapor density. Water vapor density, ρv (molecules 

m−3 air) is calculated from the water vapor pressure (e in Pa) and temperature (T in K) using the 

ideal gas law: 

𝜌v =
𝑒

R𝑇
                                                            (2.1) 

where R is the gas constant. The flux of water vapor F (molecules m−2 s−1) can be calculated using 

Fick′s first law: 

𝐹 = −
𝜀

𝜏
𝐷v

𝜕𝜌v

𝜕𝑧
                                                      (2.2) 

where Dv is the diffusion coefficient of water vapor in free air (m2 s−1), porosity ε is used to account 

for the cross-sectional area of diffusion, and tortuosity τ is for the characteristic length of the 

diffusion pathway. The diffusion coefficient for water vapor in free air at the given soil 

temperatures is calculated using an empirical fit to experimental measurements made at 1 atm 

pressure over a wide range of temperatures [Fuller et al., 1966]: 

𝐷v = 1.176 × 10−9 × 𝑇av
1.75                                         (2.3) 

where Tav is the average temperature for each soil layer. Dv ranges between 1.6×10−5 and 2.2×10−5 

m2 s−1 (Table 2.1). The porosity ε is estimated based on intrinsic density ρi (kg m−3) and the dry 

bulk density ρb (kg m−3) of the soil: 



24 
 

𝜀 = 1 −
𝜌b

𝜌i
                                                           (2.4) 

Table 2.1. Characteristic soil parameters used in this study. 

Parameter Unit Value Note 

Intrinsic density (ρi) kg m−3 2570 Measured 

Bulk density (ρb) kg m−3 1780 Measured 

Porosity (ε) – 0.31 – 0.32 Equations (2.4) and (2.5) 

Tortuosity (τ) – 2.25 – 2.33 Equation (2.6) 

Diffusion coefficient (Dv) m2 s−1 1.6×10−5 to 2.2×10−5 Equation (2.3) 

 

If ice is present in soil, the porosity (εicy) is calculated as the difference between the porosity 

of the dry soil εdry and volumetric ice content (Table 2.1): 

𝜀icy = 𝜀dry −
𝜃𝑚w

Av1000𝜌ice
                                                 (2.5) 

where θ is the amount of condensed water (molecules msoil
−3), mw (kg) is the mass of water 

molecules, Av is the Avogadro number (6.02×1023 molecules mol−1), and ρice is the density of ice 

(917 and 920 kg m−3 at 0.0°C and −20.0°C, respectively). Tortuosity τ is estimated, using an 

empirical fit of modeled porous solids by Zalc et al. [2004], as a cosecant function of porosity ε 

(Table 2.1):  

𝜏 = csc(𝜀/0.7)                                                      (2.6) 

The water vapor density at depth changes over time as a function of the divergence in the 

water-vapor flux dF/dz. Mass conservation can be expressed as [Hindmarsh et al., 1998; 

Schörghofer and Aharonson, 2005]:  

𝜀
𝜕𝜌v

𝜕𝑡
 =  −(

𝜕𝐹

𝜕𝑧
 +  

𝜕𝜃

𝜕𝑡
 +  

𝜕𝜎

𝜕𝑡
)                                             (2.7) 
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where σ and θ are the amounts of condensed ice and adsorbed water (molecules msoil
−3), 

respectively. Instantaneous vapor transport was calculated without considering water adsorption 

because adsorption accounts for a very small quantity of water vapor as discussed in Schörghofer 

and Aharonson [2005] and Hagedorn et al. [2007]. The density of water vapor in the air is 

calculated from the air temperature and relative humidity, and the vapor density at the soil-ice 

boundary is calculated from soil temperatures assuming saturated vapor densities. In dry soil, water 

vapor condenses when temperature drops below the frost point, and the water vapor density is 

assumed to equal the saturated vapor density for the measured soil temperature as long as ice is 

present. In such situations, the vapor density depends on soil temperature and the convergence in 

the water-vapor flux leads to ice formation [Hindmarsh et al., 1998].  

The water vapor transport between the massive subsurface ice and the atmosphere was 

modeled by solving equations (2.2) and (2.7) using an explicit finite difference approach in 

MATLAB. The initial condition assumes a linear gradient in water vapor density between the 

soil-ice boundary and the air above the soil. The model steps through with hourly time steps to 

calculate the water vapor flux and the mass balance of water vapor and ice. Water vapor flux is 

defined as positive when vapor diffuses into the soil and negative when transport is toward the 

atmosphere. 

2.4. Results and Discussions 

2.4.1. Meteorology 

Hourly measurements of temperature and RH in Beacon Valley from March 1999 to 

January 2011 are shown in Figure 2.2. The air temperature averaged −22.9°C; it reached a 

maximum of 2.6°C and a minimum of −47.9°C. Summertime air temperatures rarely rise above 
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0°C (Figure 2.2a) and precipitation is <50 mm water equivalent per year [Fountain et al., 2010]. 

Over the 12 year period of our records, the annual mean air temperature has stayed roughly 

constant (within ±2.0°C, Table S2.1 in the supporting information). Wintertime air temperatures 

are highly variable due to warm katabatic winds that can abruptly warm the air by several tens of 

degrees Celsius and lower the RH [Nylen et al., 2004]; recently these winds have been suggested 

to be the foehn type rather than katabatic [Speirs et al., 2010].  

The soil temperature at 0.02 m below the surface is up to 10.0 ± 2°C warmer than the air 

in the summer due to solar radiation (Figure 2.2c and Table S2.1 in the supporting information). 

Soil temperature oscillations dampen with depth. In the winter, soil temperatures are strongly and 

sporadically affected by warm katabatic winds. At the soil-ice boundary, temperature ranged from 

−3.0°C to −41.2°C.  

The saturated water vapor density in the soil is positively correlated with temperature; 

therefore, the temperature gradient is critical in determining the direction of the water vapor flux 

as vapor moves toward the colder region. Soil is warmer at the surface during the summer, but 

during the winter the temperature gradient reverses so that the soil is colder at the surface (Figure 

2.2c). Warm winds during the winter can also warm the soil at depth and temporarily reverse the 

temperature gradient, which would temporarily switch the direction of water vapor flux. 
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Figure 2.2. (a). Hourly measurements of atmospheric temperature (Tair). The dashed blue line 

delineates the average temperature during 12 year period; red filled circles are annual average 

temperatures. (b). Hourly measurements of relative humidity (RH). (c). Hourly measurements of 

soil temperatures (Tsoil) at various depths for the 12 year period of this study. 

 

2.4.2. Water Vapor Diffusion Model Results 

The model results show that water vapor is generally lost from the soil-ice boundary 

throughout the year; the rate of loss is highest during the austral summer from December to January. 

During the winter, the water content in the atmosphere exceeds that in the dry soil above the 

massive subsurface ice (Figure 2.3a), resulting in a downward water vapor flux and ice 

condensation in the soil, with a maximum gain of 2.6×10−3 mm (Figure 2.3b). During the summer 

when sublimation rates exceed condensation rates, these transient accumulations of ice in the dry 
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soil are lost, and sublimation resumes at the boundary between the regolith and the massive ice. 

This leads to a net loss of massive subsurface ice during the summer (Figure 2.3c). The warming 

winds during the winter cause the air and soil temperature to temporarily increase to the point 

where net sublimation occurs. For the 12 year duration of the soil and meteorological data, the 

sublimation rate of the massive ground ice in Beacon Valley calculated by the water vapor diffusion 

model averages 0.17 mm a−1.  

 

Figure 2.3. (a). Atmospheric temperature Tair (right axis) and water vapor concentration in 

atmosphere and at the ice boundary (left axis). (b). Cumulative ice formed in the dry soil due to 

water vapor condensation at 0.10 m and 0.20 m depth; all ice in the dry soil is lost during the 

following austral summer. (c). Cumulative change of the massive subsurface ice over the 12 year 

period. 



29 
 

2.4.3. Effect of Snow Cover Events 

Hagedorn et al. [2007] modeled vapor transport assuming continuous annual snow cover 

that resulted in a net gain of 0.14 mm a−1 at the subsurface ice boundary suggesting that snow 

cover can potentially slow or reverse the sublimation rate. McKay [2009] suggested that snow 

cover is sufficient to stabilize subsurface ice at the high elevation site at University Valley under 

the conditions of a persistent annual snow cover for 1 year out of every 10 years. A 2-D model 

from Kowalewski et al. [2012] also suggested that snowfall in polygon troughs results in a net 

downward flux of water vapor that can condense and thereby decreases the sublimation rate. 

While previous studies could only make assumptions about the timing and duration of snow 

cover, we documented snow cover from 2009 to 2011 using an automated camera. Figure 2.4 

shows a typical snow event on 3 and 4 January in 2009. An extensive snow cover developed over 

a 6 h period (from 18:00 3 January to 00:00 4 January). By 18:00 h on 4 January, much of the snow 

had sublimated, exposing a portion of the soil surface. These snow cover events were incorporated 

into the vapor diffusion model by assuming that the air below the snow layer was saturated with 

water vapor when snow was present. Such a saturated water vapor layer on top of the soil 

temporarily reverses the vapor density gradient and thus the vapor flux. Incorporation of the snow 

cover events from January 2009 to January 2011 into the vapor diffusion model significantly 

slowed down the sublimation rates during the austral summer season with the most prominent 

effect in December and January, while snow cover during the rest of the year had a minimal effect 

on vapor transport. Over the 2 years of camera operation, the monitored snow cover reduced the 

ice sublimation rate to 0.15 mm a−1.  
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If the snowfall conditions observed in 2009−2011 were representative of the past 12 years 

(additional images taken from 2011 to 2014 show near-identical trends in snow cover), surface 

snow would reduce the average modeled ice sublimation rate from 0.17 to 0.14 mm a−1.  

 

Figure 2.4. Examples of images at the ground surface in Beacon Valley during January 2009 that 

were used to document episodic snow events.  

2.4.4. Effect of Snowmelt Events 

During the summer, solar radiation can penetrate thin snow cover, and warming of the 

ground beneath the snow cover to a temperature above 0°C causes snow to melt. Although 

Hagedorn et al. [2010] determined a direct recharge of subsurface ice by snowmelt in Victoria 

Valley based on the stable isotope profile of the ice, it is unlikely that snowmelt infiltration will 

reach the ground ice table at 0.30 m in Beacon Valley due to generally lower soil temperatures. 

However, snowmelt water provides a buffer between the subsurface ice and the atmosphere 

because, like surface snow, it increases the water vapor concentration in the upper soil layer, 

thereby reducing the water vapor gradient and slowing the ice sublimation. Field measurements of 

EC at 0.05 m showed periodic spikes indicating that snowmelt had infiltrated into the soil. These 
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infiltration events occurred very consistently between 1 December and 31 January over the entire 

monitoring period from 1999 to 2011 (Figure 2.5).  

 

Figure 2.5. Electrical conductivity (EC) measurements with a relative scale: a spike in 

electroconductivity indicates a snowmelt event. Insert: snowmelt infiltration to several centimeters 

documented at 4 P.M. on 7 January, 2011 after an overnight snow event in Beacon Valley. 

 

Snowmelt infiltration, at least to a depth of 0.05 m, can occur only under certain conditions 

of snow cover and solar radiation. Figure 2.6 compares the snow cover and snowmelt events along 

with the temperature profile at 0.02 m during the austral summer of 2009−2010. This comparison 

indicates that melting events generally occur near the end of the period of snow cover and that 

snow cover occurs more often and lasts longer than the snowmelt events throughout the year. This 

is based on several requirements to generate enough snowmelt infiltration to be recorded by the 

EC probe at 0.05 m: (1) ground surface temperature drops below 0°C for snow to persist; (2) solar 

radiation penetrating the snow cover is sufficient to warm the underlying soil above 0°C; otherwise, 
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the snow will sublimate directly back into the atmosphere without melting; and (3) the amount of 

snowmelt is sufficient to penetrate to a depth of 0.05 m. 

 

Figure 2.6. Measurements of ground surface temperature at 0.02 m, snow cover, and snowmelt 

(peak in electoral conductivity) for the austral summer 2009−2010. Temperature is plotted with 

the blue line, snow cover duration is represented by the grey shaded bars, and electrical 

conductivity by the red line for the period snow cover was documented. 

 

The sublimation model was modified by incorporating these melt events. When the EC 

readings are above the detection limit, indicating that water is present in the soil, the RH of the 

surface layer was assumed to be 100% with respect to water. The presence of snow would lower 

or reverse the vapor density gradient in the dry soil and, as a consequence, decrease or stop the 

vapor flux out of the soil. The model results indicate that the saturated vapor pressure in the top 

soil layer exceeds the vapor pressure at the ice boundary from December to the end of January 

whenever there is a wetting event detected by the EC probe (Figure 2.5). As a result, a small 

amount of ice condenses in the dry soil and at the subsurface massive-ice boundary (Figure 2.7). 

With the incorporation of these summer wetting events, the sublimation rate at the soil-ice 

boundary decreases by 0.03 mm a−1 during the time of observation (1999 to 2011), and thus, 
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combined effect of the observed snow and snowmelt effects leads to a sublimation rate of 0.11 mm 

a−1. The effect of snowmelt on water vapor transport as it is modeled here does not account for 

smaller snowmelt events or for liquid water infiltration and, therefore, may underestimate the 

slowing effect of snow on sublimation. 

 

Figure 2.7. Water vapor diffusion model results including snow cover and wetting events as 

indicated by EC measurements for the dry regolith (a) and massive subsurface ice (b). The graphs 

are similar to Figure 2.3 with a reduced average sublimation rate to 0.11 mmice a−1; the episodic 

snow cover wetting events lead to slight transient ice accumulation at the regolith-ice boundary 

(Figure 2.7b) as well as in the dry regolith (Figure 2.7a). 

 

2.4.5. Modeling of the Long-Term Sublimation Rates 

This sublimation rate of 0.11 mm a−1 for contemporary environmental conditions is 

significantly faster than the long-term rate estimated from cosmogenic isotopes in an ice core from 
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this study site (0.02−0.03 mm a−1, J. O. Stone et al., manuscript in preparation, 2015). The 

difference may well be due to the large glacial-interglacial climate variations in the recent geologic 

past. 

The sublimation rate of subsurface ice is very sensitive to minor changes in temperature 

and also strongly depends on water vapor concentration in the atmosphere; therefore, it is 

important to examine the relationship between atmospheric temperature and RH, as presented in 

the next section. This correlation is then used, along with reconstructed paleotemperatures [Steig 

et al., 2000], to investigate the long-term sublimation rates of the massive subsurface ice over the 

last 200 ka in Beacon Valley. 

2.4.5.1. Covariance of Atmospheric Temperature and Humidity 

Daily averages of the 12 year climate record of Beacon Valley were used to study the 

relationship between atmospheric temperature and humidity. RH shows a weak negative 

correlation with atmospheric temperature (Figure 2.8a), while the atmospheric water-vapor density 

ρv correlates positively with atmospheric temperature Tair (Figure 2.8b). The negative correlation 

between RH and Tair indicates that the amount of ρv increase with Tair is insufficient to maintain a 

constant RH. To visualize this, the blue line in Figure 2.8b delineates ρv calculated using a constant 

RH of 50% throughout the measured Tair range. It shows that water vapor density required to 

maintain a constant RH is larger than the measured ρv (red line in Figure 2.8b). Following Gaffen 

et al. [1992], the relationship between the daily averaged atmospheric water vapor density ρv and 

the daily averaged atmospheric temperature Tair (in K) in Beacon Valley is expressed as the natural 

logarithm of ρv versus the inverse of Tair with a correlation coefficient (r) of 0.933 (r2 = 0.8701): 

ln(𝜌V) = 18.165 − (
4.792×103

𝑇air
)                                              (2.8) 
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This relationship indicates that atmospheric vapor density decreases with the inverse of 

atmospheric temperature in a predictable manner: a decrease in temperature (that causes slower 

sublimation) leads to a lower atmospheric vapor density (that causes an opposite effect and results 

in faster sublimation). As stated above, however, the changes in ρv are not large enough to maintain 

a constant RH at different temperatures highlighting the importance to consider the covariance of 

temperature and RH when extending the sublimation model to longer time scales where detailed 

measurements of both parameters are absent. Gaffen et al. [1992] suggested that the relationship 

between the water vapor and temperature might slightly vary from month-to-month and 

year-to-year. With lack of long-term RH monitoring, our data provide our best estimate to adjust 

RH to changes in atmospheric temperature in Beacon Valley for the last 200 ka. 

 

Figure 2.8. Relationships between daily averaged Tair and water vapor density. (a). RH versus Tair 
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with a weak negative correlation shown with the red line (b). Water vapor density versus Tair and 

its correlation shown with the red line. Blue line delineates the change of water vapor density with 

Tair given a constant RH of 50%. (c). Relationship between 1/Tair and water vapor density on a 

logarithmic scale.  

 

2.4.5.2. Long-Term Sublimation Rate of the Massive Subsurface Ice 

The long-term sublimation rate of the massive subsurface ice at Beacon Valley is 

investigated over the last 200 ka using temperature estimate reconstructed from the Taylor Dome 

ice core and assuming a constant temperature offset of 18.3ºC (Figure 2.9a). For each temperature, 

the concurrent atmospheric vapor density is calculated using the dependence of atmospheric vapor 

density on temperature (equation (2.8)). Other input parameters in the vapor diffusion model (i.e., 

depth of the soil-ice boundary, dry soil properties including porosity and tortuosity, and the 

frequency of the snow cover and snowmelt) are assumed to be the same as at the present time. The 

sublimation rate is then modeled using the vapor diffusion model for each available temperature 

(time steps dependent on the Taylor Dome ice core data). The modeled long-term sublimation rates 

of massive subsurface ice in Beacon Valley over the last 200 ka are plotted in Figure 2.9b.  
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Figure 2.9. (a). Reconstructed Tair profile for Beacon Valley over the last 200 ka from Taylor Dome 

ice core records. (b). Modeled sublimation rates of massive subsurface ice in Beacon Valley for 

the last 200 ka. 

 

Sublimation rates of the massive subsurface ice in Beacon Valley average 0.09 mm a−1 for 

the past 200 ka and vary from 0.04 to 0.17 mm a−1, driven primarily by temperature variations of 

~16.0°C. No stable condition for the massive subsurface ice existed at any time over the modeling 

period, but sublimation was slower, 0.04 mm a−1, at approximately 18 ka and 65 ka, the coldest 

periods of the past 200 ka. The data presented here indicate that a decrease in temperature can slow 

sublimation; however, when coupled with concurrent changes in humidity, ice continues to 

sublimate. 
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Table 2.2 summarizes the modeled sublimation rates of the massive subsurface ice at 

Beacon Valley under different modeling scenarios. The average rate derived from the long-term 

model is more consistent with estimates of ice loss based on the abundance of cosmogenic nuclides 

in the Dry Valleys region (J. O. Stone et al., manuscript in preparation, 2015). Furthermore, the 

dependence of the net sublimation rate on climate parameters, and the calculated sublimation 

history for the past 200 ka, will allow more realistic modeling of 10Be accumulation in the ice. It 

is also possible that time-dependent calculation of the 10Be buildup allowing for glacial-interglacial 

changes in the sublimation rate will provide a better fit to the 10Be data than the simple, constant 

sublimation rate model used to interpret the data previously [Stone et al., 2000]. 

Table 2.2. Modeled sublimation rates of the massive subsurface ice under various scenarios. 

Modeling Scenarios Sublimation Rates (mm a−1) 

Vapor diffusion 1999-2011 0.17 

Snow cover incorporated 0.14 

Snowmelt and snow cover incorporated 0.11 

Long-term rate over 200 ka 0.09 

  

2.4.6. Potential Influences on the Long-Term Sublimation Rates 

Perturbations in the key input parameters (temperature, RH, porosity, and EC detection) 

affect the long-term sublimation rates of the massive subsurface ice as illustrated in Figure 2.10. 

Other factors could also influence the estimated sublimation rates, i.e., depth of the subsurface ice 

table, soil texture, cloud cover, and variations in surface cover conditions. This study assumes that 

the thickness of the sublimation till was constant over the last 200 ka; however, it was shown that 

the sublimation rates decrease significantly with the thickness of the sublimation till above the 

massive ground ice [Bryson et al., 2008; Chevrier et al., 2008]. In addition, the sublimation rates 

of subsurface ice are not uniform throughout the polygons [Kowalewski et al., 2012; Mangold, 
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2010; Marchant et al., 2002; Schäfer et al., 2000]. Marchant et al. [2002] suggested that the 

development of high centered polygons at the till surface exerts a strong control on ice sublimation; 

initially rates of sublimation are highest at immature polygon troughs, but as troughs deepen via 

sublimation, they become preferred sites for windblown snow, and this snow cover reduces 

underlying ice sublimation and may lead to the formation of secondary ice [Kowalewski et al., 

2012]. These observations indicate that sublimation rates vary with topography: maximum ice loss 

occurs along polygon trough walls; the lowest ice loss rates are at the base of the polygon trough; 

the polygon plateau has an ice loss rate in between [Kowalewski et al., 2012]. The rates vary by a 

factor of 2.5. Both the temporal and spatial factors likely contribute to the differences between 

vapor diffusion models and cosmogenic isotope estimates.  

 

Figure 2.10. Sensitivity analysis on the effect of various parameters on sublimation rates: (a). mean 

annual temperature ± 2.5 °C; (b). mean annual RH ± 10% of the mean RH; (c). porosity ± 10%; 

(d). mean annual percentage of EC detection ± 50%. 
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In addition to the parameters discussed above, the presence of salts may play an important 

role in subsurface ice stability. The discovery of perchlorate in Beacon and University Valleys, 

albeit at low levels [Kounaves et al., 2010b], indicates that salt with extremely low eutectic 

temperatures are present. In addition, Chevrier et al. [2008] and Bryson et al. [2008] have shown 

that slow adsorption kinetics of water vapor to grain surfaces can strongly affect the diffusion of 

water vapor through the regolith. Neither of these effects are included in our current model. 

Kowalewski et al. [2012] suggested that salt-rich horizons may reduce the porosity and thereby 

lower the sublimation rate. While it is evident that reduced porosity decreases the sublimation rate, 

there is no direct evidence to support the assertion that salts, which exist as part of the soil mineral 

assemblage, reduce porosity by filling in pore spaces. 

The estimate of long-term sublimation rates in this study assumes continuous exposure of 

the ground surface; however, the valley floor may have been overridden by an expanded ice sheet 

during glacial periods in the Pleistocene or earlier [Denton and Hughes, 2002; Denton et al., 1984]. 

This would stop subsurface ice sublimation and could potentially lead to subsurface ice recharge.  

The longevity of the massive subsurface ice in Beacon Valley depends on the sublimation 

rate and the original thickness of the ice. The distribution of the buried Beacon ice is highly 

correlated with the granite drifts that are believed to have been deposited concurrently during a 

past advance of Taylor Glacier into Beacon Valley [Sugden et al., 1995]. Based on the granite drifts, 

Potter et al. [2003] suggested that the ice surface in Beacon Valley may have been 350-450 m 

higher than where the ice remains now. Given that the bulk of this ice must have been clean, but 

overlaying dirty basal ice, as seen in numerous glaciers in the Dry Valleys [Cuffey et al., 2000; 

Fitzsimons et al., 2008], the most likely scenario is that the clean ice initially sublimated at much 

higher rates of thousands of meters per million years [Bliss et al., 2011] and more slowly as a 
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sublimation till developed. In supporting this, Ng et al. [2005] found that the age of the sublimation 

till above the ice is on the order of several hundred thousand years. Furthermore, given the mineral 

content of the remaining ice, only a few tens of meters of the dirty ice sublimation would be 

required to produce the thickness of the sublimation till. It is unlikely that slow sublimation rates 

occurred for the entire downwasting history of the original ice body, but most likely have only 

occurred for the last tens of meters of basal ice. 

2.5. Summary and Conclusions 

In Beacon Valley, Antarctica, massive subsurface ice is unstable under current 

environmental conditions and yet it persists within 0.30 m of the surface. To determine the rate of 

water vapor exchange between the massive subsurface ice and the atmosphere in Beacon Valley 

more realistically, we developed an enhanced water vapor diffusion model that accounts for the 

effects of episodic snow cover and snowmelt events. This model is founded on 12 years of hourly 

data on air temperature, relative humidity, and soil temperature. The meteorological data show a 

consistent seasonal pattern with strong katabatic winds during the winter season that affect soil 

temperature profiles and, hence, water vapor gradients. The ice loss from the massive ice body 

based on a simple vapor-diffusion model averages 0.17 mm a−1 during 1999−2011 with most 

sublimation occurring during the summer season. Accounting for the episodic snow cover and 

snowmelt events reduces the ice sublimation rate by 30% to 0.11 mm a−1. The modern sublimation 

rate estimated from our enhanced model is ~3 times greater than the long-term rate estimated from 

a cosmogenic isotope concentration profile in an ice core from the study site. 

The difference between the contemporary and long-term rates is consistent with the large 

glacial-interglacial climate variations of the recent geologic past and is supported by the modeling 
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results defining the long-term sublimation rate over the past 200 ka. This model is based on the 

atmospheric temperature reconstructed from the ice core records from nearby Taylor Dome, and a 

detailed comparison between measured atmospheric temperature and relative humidity from 1999 

to 2011 in Beacon Valley. The latter yielded a defined relationship between the atmospheric 

temperature and vapor density. The model produces an average sublimation rate of 0.09 mm a−1 

for the past 200 ka. It is noted that the cosmogenic isotope record is sensitive to the sublimation 

rate during the last ~20 ka, which averaged 0.04 mm a−1 according to the model and this is 

comparable to the cosmogenic nuclide-based rate of 0.02−0.03 mm a−1. This study indicates that 

ground surface conditions such as snow cover and snowmelt affect the sublimation rates of 

subsurface ice; however, under none of the scenarios is the massive subsurface ice in Beacon 

Valley stable during the past 200 ka. Even with the slowest loss rate, 40 meters of ice would be 

lost in 1 Ma. The model results suggest that the hypothesized age for buried glacier ice in the 

central Beacon Valley of 8.1 Ma to be unlikely. The sublimation rate and likely thickness of the 

dirty ice suggest that the massive subsurface ice may well be over 1 Ma old. This comprehensive 

vapor diffusion model also provides a valuable tool to study the long-term stability and prolonged 

persistence of subsurface ice on Earth, Mars, and other icy worlds, particularly where episodic 

surface frost/melt occurs. 
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2.7. Supporting Information 

Table S2.1 Annual and austral summer (December, January, and February) average, maximum, and minimum values of air temperature 

(Tair), RH, soil temperatures at depths, and annual degree days above freezing (DDAF) from 1999 to 2010. 

 

  Annual Summer (Dec, Jan, Feb) Annual DDAF 

(°C· day)   Average Maximum Minimum Average Maximum Minimum 

1
9
9
9
 

Tair (°C) −25.7 −4.3 −47.2 −11.9 −4.3 −25.9 0.0 

RH (%) 61.4 100.0 7.7 45.8 100.0 7.7 − 

T at 0.02 m (°C) −27.4 17.0 −51.1 −5.7 17.0 −27.7 68.5 

T at 0.10 m (°C) −27.2 2.4 −45.7 −7.1 2.4 −21.1 0.0 

T at 0.20 m (°C) −27.2 −3.5 −42.2 −8.4 −3.2 −18.4 0.0 

T at 0.30 m (°C) −27.2 −7.1 −38.8 −9.7 −6.1 −16.6 0.0 

2
0
0
0
 

Tair (°C) −22.5 −3.1 −44.3 −11.3 −3.0 −24.8 0.0 

RH (%) 56.7 100.0 8.2 53.4 100.0 11.6 − 

T at 0.02 m (°C) −23.0 17.1 −49.7 −4.6 17.1 −27.4 102.4 

T at 0.10 m (°C) −22.8 2.0 −45.2 −6.3 2.0 −20.5 1.1 

T at 0.20 m (°C) −22.9 −3.2 −42.1 −7.7 −2.5 −17.2 0.0 

T at 0.30 m (°C) −22.9 −6.1 −39.0 −9.1 −6.0 −15.2 0.0 

2
0
0
1
 

Tair (°C) −22.9 0.9 −46.9 −9.9 1.6 −25.5 0.2 

RH (%) 56.8 100.0 8.5 46.6 100.0 10.0 − 

T at 0.02 m (°C) −23.2 20.5 −50.8 −4.5 20.5 −28.0 155.5 

T at 0.10 m (°C) −23.0 6.6 −44.3 −5.8 6.6 −21.3 12.9 

T at 0.20 m (°C) −23.0 0.8 −40.3 −7.2 0.8 −18.4 0.2 

T at 0.30 m (°C) −23.0 −3.7 −37.6 −8.6 −3.7 −16.4 0.0 

2
0
0
2
 Tair (°C) −23.2 1.6 −47.9 −10.4 −0.6 −22.2 0.1 

RH (%) 58.1 100.0 7.0 48.9 100.0 10.8 − 

T at 0.02 m (°C) −24.2 15.2 −53.7 −5.2 15.2 −24.3 97.4 
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T at 0.10 m (°C) −23.6 3.7 −47.9 −6.4 2.2 −17.7 6.8 

T at 0.20 m (°C) −23.6 −0.6 −44.5 −7.9 −2.4 −15.1 0.0 

T at 0.30 m (°C) −23.5 −3.9 −41.2 −9.5 −5.8 −15.7 0.0 
2
0
0
3
 

Tair (°C) −22.6 −0.6 −45.2 −10.2 −0.9 −23.5 0.0 

RH (%) 61.2 100.0 9.7 52.7 100.0 10.9 − 

T at 0.02 m (°C) −23.0 12.7 −50.4 −4.9 13.4 −26.1 102.9 

T at 0.10 m (°C) −22.6 3.7 −43.9 −5.6 4.1 −18.3 7.6 

T at 0.20 m (°C) −22.7 −1.0 −40.1 −7.0 −0.7 −15.5 0.0 

T at 0.30 m (°C) −22.7 −4.9 −37.1 −8.5 −4.4 −13.9 0.0 

2
0
0
4
 

Tair (°C) −23.3 −0.9 −47.8 −10.3 −1.7 −27.8 0.0 

RH (%) 55.6 100.0 7.4 56.1 100.0 11.6 − 

T at 0.02 m (°C) −23.9 13.4 −54.2 −6.7 9.1 −24.0 80.8 

T at 0.10 m (°C) −23.4 4.1 −47.6 −6.2 2.9 −19.1 7.8 

T at 0.20 m (°C) −23.4 −0.7 −43.8 −7.4 −1.4 −17.4 0.0 

T at 0.30 m (°C) −23.3 −4.4 −40.1 −8.7 −4.6 −15.9 0.0 

2
0
0
5

 

Tair (°C) −22.5 0.4 −44.3 −9.4 0.4 −24.8 0.0 

RH (%) 58.7 100.0 8.8 49.4 100.0 10.8 − 

T at 0.02 m (°C) −23.1 9.2 −49.4 −5.8 9.9 −25.1 46.8 

T at 0.10 m (°C) −22.7 4.8 −43.8 −5.0 5.2 −18.3 17.3 

T at 0.20 m (°C) −22.7 0.2 −40.4 −6.3 0.6 −16.0 0.0 

T at 0.30 m (°C) −22.7 −3.5 −37.7 −7.8 −3.0 −14.3 0.0 

2
0
0
6
 

Tair (°C) −23.4 −1.1 −44.8 −10.8 1.2 −29.0 0.0 

RH (%) 62.9 100.0 9.2 51.8 100.0 13.0 − 

T at 0.02 m (°C) −24.3 9.9 −50.6 −6.8 12.8 −29.8 35.3 

T at 0.10 m (°C) −23.6 5.2 −45.0 −6.3 5.7 −22.8 14.5 

T at 0.20 m (°C) −23.5 0.6 −42.0 −7.5 0.5 −19.9 0.3 

T at 0.30 m (°C) −23.4 −3.0 −39.4 −8.8 −3.7 −17.5 0.0 

2
0
0
7

 

Tair (°C) −21.8 1.2 −43.8 −11.7 −0.4 −25.4 0.3 

RH (%) 57.9 100.0 7.7 48.5 100.0 11.8 − 
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T at 0.02 m (°C) −22.5 13.2 −49.0 −7.2 15.0 −27.6 75.1 

T at 0.10 m (°C) −22.2 5.7 −43.3 −7.0 3.5 −20.5 14.2 

T at 0.20 m (°C) −22.3 0.5 −39.9 −8.2 −1.2 −17.6 0.2 

T at 0.30 m (°C) −22.3 −3.7 −36.6 −9.4 −4.1 −15.7 0.0 
2
0
0
8
 

Tair (°C) −22.3 2.6 −45.8 −11.1 2.6 −28.6 1.2 

RH (%) 55.6 100.0 9.1 46.3 100.0 10.3 − 

T at 0.02 m (°C) −22.9 15.0 −51.7 −6.8 13.6 −30.6 63.2 

T at 0.10 m (°C) −22.5 7.5 −45.9 −6.4 7.5 −23.5 13.5 

T at 0.20 m (°C) −22.6 1.9 −42.2 −7.6 1.9 −20.3 0.9 

T at 0.30 m (°C) −22.5 −3.0 −38.8 −8.8 −3.0 −17.9 0.0 

2
0
0
9
 

Tair (°C) −22.6 −0.9 −45.2 −10.6 −1.8 −26.9 0.0 

RH (%) 59.0 100.0 4.6 56.4 100.0 13.7 − 

T at 0.02 m (°C) −23.5 11.0 −51.4 −6.5 12.0 −26.8 49.6 

T at 0.10 m (°C) −23.0 4.2 −45.7 −6.2 2.8 −20.5 5.2 

T at 0.20 m (°C) −23.0 −0.3 −42.2 −7.4 −2.0 −17.9 0.0 

T at 0.30 m (°C) −22.9 −3.9 −38.9 −8.7 −5.0 −16.1 0.0 

2
0
1
0
 

Tair (°C) −22.9 0.1 −45.0 − − − 0.0 

RH (%) 59.3 100.0 10.5 − − − − 

T at 0.02 m (°C) −23.6 12.0 −50.2 − − − 76.8 

T at 0.10 m (°C) −23.1 4.6 −45.0 − − − 15.5 

T at 0.20 m (°C) −23.1 0.0 −41.7 − − − 0.0 

T at 0.30 m (°C) −23.0 −4.1 −38.7 − − − 0.0 
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Chapter 3. Soil thermal properties and ground thermal regime above an 

ancient ground ice body in Beacon Valley, Antarctica  

The content of this chapter is currently in preparation for publication as: 

Liu, L., R. S. Sletten, B. Hallet, E. D. Waddington, and S. E. Wood (in prep), Soil properties and 

ground thermal regime above an ancient ground ice body in Beacon Valley, Antarctica, Journal 

of Geophysical Research: Earth Surface. 

 

3.1. Abstract 

Subsurface temperatures in polar environments are important for understanding periglacial 

processes and ground ice stability. Most models of the ground thermal regime in permafrost areas 

have been developed for the Arctic; there are few detailed studies in Antarctica where soils are 

subjected to much colder and dryer conditions. Here, we present a study on the soil thermal 

properties and the subsurface temperatures in Beacon Valley, one of the McMurdo Dry Valleys of 

Antarctica, where the stability and long-term persistence of ground ice are of great interest. For 

the temperature range of −47.9 to 7.5°C at our study site, the heat capacity of the dry soil is 589 to 

687 J kg−1 K−1, thermal conductivity is 0.29 to 0.32 W m−1 K−1, and the calculated thermal 

diffusivity is 0.30 to 0.32 mm2 s−1. Both the finite difference method (FDM) and the finite volume 

method (FVM) were used to solve the 1-D heat diffusion equation. Utilizing the 

temperature-dependent thermal properties, the FVM modeled temperature most closely 

approximates the measured temperature at all depths with average differences ranging from 0.01°C 

to 0.03°C. There was a negligible effect on the temperature profile due to the latent heat from 

documented episodic snowmelt events or modeled changes in ice content due to condensation or 
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sublimation. This study is applicable to systems where subsurface temperature measurements are 

not available such as the frigid, hyperarid environment on Mars.  
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3.2. Introduction 

Modeling subsurface temperature is of particular interest for permafrost-affected soils in 

the Arctic and Antarctica because it helps predict the active layer thickness, latent heat effect of 

water phase changes, soil moisture content, and ground (ice) stability [Boike et al., 1998; 

Hagedorn et al., 2007; Ikard et al., 2009; Lachenbruch et al., 1962; Liu et al., 2015; Putkonen, 

1998; Romanovsky and Osterkamp, 1997; 2000; Roth and Boike, 2001]. A number of factors, 

including meteorology, terrain, soil properties and snow, influence the subsurface temperature by 

affecting the energy flow between the atmosphere and the ground [Gold and Lachenbruch, 1973]. 

A key property of the ground that determines its response to temperature changes at the surface is 

the thermal diffusivity, which is a measure of the ability of a material to conduct thermal energy 

relative to its ability to store thermal energy. Thermal diffusivity (α) includes the components of 

thermal conductivity (k) and volumetric heat capacity (ρC), soil latent heat, and water content and 

is defined as: 

𝛼 =  
𝑘

𝜌𝐶
                                                             (3.1)                                                                                                                        

A quantitative understanding of the processes controlling the thermal behavior of permafrost is 

paramount to study its response to a changing climate and to improve current climate models [Kane 

et al., 1991].   

While both the Arctic and Antarctica have permafrost, they possess distinct environments: 

most soils in continental Antarctica have a mean annual temperature below the freezing point of 

water [Bockheim and Hall, 2002]. In contrast, the arctic soils typically experience thawing 

conditions during the summer and have free liquid water in the active layer [Brown et al., 2002; 

Lachenbruch et al., 1962]. Arctic thermal studies are primarily based on 1-D thermal diffusion 
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models for soils that are often water saturated above the permanently frozen zone and are solved 

by a finite difference scheme; these studies show the importance of non-conductive heat transfer 

processes, e.g. energy consumed from rapid snowmelt leads to more rapid warming of the soil in 

the late spring, and latent heat released due to ice growth slows freezing in the autumn (known as 

the zero degree curtain) [Hinkel and Outcalt, 1994; Putkonen, 1998; Romanovsky and Osterkamp, 

2000; Roth and Boike, 2001]. In general, heat is transferred primarily via conduction in the Arctic 

soils, and the water-rich soils are highly conductive thermally. Moreover, latent heat and vapor 

migration are also important processes affecting the thermal dynamics. Due to the lack of liquid 

water, latent heat effects are generally less important in Antarctic soils; these effects will be 

assessed here. 

The current study focuses on soils in the McMurdo Dry Valleys (MDV) of Antarctica, 

which is the largest ice free area on the continent [Priscu, 1998]. The environment is frigid and 

hyper-arid, with mean air temperatures of approximately −20.0°C and less than 100 mm annual 

precipitation [Bromwich, 1988; Clow et al., 1988; Fountain et al., 2010]. Due to the frigid 

conditions, liquid water is rare; however, near surface ground ice is pervasive in the MDV. 

Bockheim et al. [2007] estimated that, within the top meter, 53% of the MDV is comprised of 

ice-cemented permafrost and 43% is "dry permafrost", ground that remains permanently below 

0°C but lacks ice. There is additional interest in the MDV since they are considered to be the best 

terrestrial analog for Mars with regard to research involving periglacial processes, geomorphic 

features, and as indicators of ground ice [Heldmann et al., 2013]. As is common in the MDV, 

ground ice beneath a dry layer (<0.1 m) of soil was discovered by the Phoenix lander [Mellon et 

al., 2009].  
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Previous studies in the MDV have focused on the stability of subsurface ice using vapor 

diffusion models [Hagedorn et al., 2007; Hindmarsh et al., 1998; Kowalewski et al., 2006; Liu et 

al., 2015; McKay, 2009; McKay et al., 1998; Mellon et al., 2009; Paige, 1992; Rossbacher and 

Judson, 1981; Schörghofer and Aharonson, 2005]. Modeling studies of the ground thermal regime 

and thermal properties are rare in Antarctic soils. Heat transfer in the MDV can be treated as purely 

conductive; latent heat contributions can be ignored due to the very dry conditions and dearth of 

liquid water. Putkonen et al. [2003] modeled the ground temperatures at Beacon Valley using a 

standard 1-D thermal conduction model with 2 layers (dry soil and ice) to evaluate the internal 

consistency of the measured and assumed thermal conductivities. Hunt et al. [2010] developed an 

energy model that incorporated sensible heat exchange between the atmosphere and ground 

surface, inter- and intra-layer heat conduction by rock and soil, and shortwave and longwave 

radiation in Taylor Valley. Their model accounted for 96−99% of the observed variation in soil 

surface temperature but overestimated surface temperatures in winter by a few degrees. 

Our modeling study focuses on the subsurface thermal regime at Beacon Valley, Antarctica. 

We model conductive heat transfer constrained by hourly temperature measurements at the ground 

surface. Both the finite difference method (FDM) and the finite volume method (FVM) are used 

to numerically solve the heat diffusion equation. The model’s ability to reproduce the temperature 

profile is evaluated by comparing modeled temperatures to our in situ hourly temperature 

measurements made at various depths below the surface for over a decade. A sensitivity analysis 

of the soil thermal parameters on the modeled temperatures is also presented. The contribution of 

latent heat due to documented snowmelt and due to ice condensation or sublimation, both 

estimated by a physical vapor transport model [Liu et al., 2015], was also assessed. This detailed 

study provides a comprehensive test of a current thermal model, which can be used in other 
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systems including those where subsurface temperature measurements are not available, such as on 

Mars. 

3.3. Geologic Setting at Beacon Valley, Antarctica 

The present day environment of the MDV is a frigid, polar desert exhibiting a hyperarid 

precipitation regime with mean air temperatures of approximately −20.0°C and less than 100 mm 

annual precipitation [Bromwich, 1988; Clow et al., 1988; Fountain et al., 2009]. Sublimation in 

the MDV exceeds precipitation at all localities, except where wind-blown snow accumulates 

[Fountain et al., 2009; Gooseff et al., 2003]. Sublimation is largely responsible for glacier ablation 

in the MDV [Chinn, 1980; Fountain et al., 1998]. Beacon Valley is the largest ice free valley in 

the Quartermain Mountains, and is approximately 3 km wide and 12 km long (Figure 3.1). It is 

one of the higher elevation valleys with the main valley floor in central Beacon Valley at 

approximately 1350 m above sea level. The mean annual temperature is −22.9°C based on our 

field measurements [Liu et al., 2015] and the estimated mean annual water-equivalent precipitation 

is less than 10 mm a−1 [Bromwich et al., 2005; Fountain et al., 2009]. Polygonal patterned ground 

covers the floor of Beacon Valley; the 10−20 m polygons are equidimensional, have straight sides 

that intersect at triple junctions at similar angles, and are delimited by with deep troughs [Marchant 

et al., 2002; Sletten et al., 2003].  

At our study site (77°49′S and 160°39′E) in central Beacon Valley, massive ground ice is 

30−50 cm below the surface (Figure 3.1 insert). The ice contains approximately 3 wt% mineral 

debris, and has been sublimating for at least the past 200 ka [Liu et al., 2015]. Sublimation of the 

ice leaves behind the debris producing a thin protective cap of sublimation till. This ice has 

received much attention initially spurred by the report by Sugden et al. [1995] that it was over 8.1 

Ma old based on the age of tephra found in a sand wedge above the ice. The age of this buried ice 
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was questioned on theoretical grounds based on models of sublimation [Vanderwateren and 

Hindmarsh, 1995]. In addition, reanalysis of cosmogenically dated cobbles [Marchant et al., 2002; 

Schäfer et al., 2000] that are deposited from the ice body as it sublimates indicates that the 

sublimation till overlying the ice is only several hundred thousand years old [Ng et al., 2005]. This 

discrepancy has raised much interest in studying the ground ice stability in the MDV [Hagedorn 

et al., 2007; Hindmarsh et al., 1998; Kowalewski et al., 2012; Kowalewski et al., 2006; Liu et al., 

in review; McKay, 2009; McKay et al., 1998; Mellon et al., 2009; Paige, 1992; Rossbacher and 

Judson, 1981; Schörghofer, 2005; Schörghofer and Aharonson, 2005]. 

Our analysis uses more than a decade of continuous temperature measurements from the 

relatively stable central portion of a polygon, approximately midway between its center and the 

trough 5.9 m away, with a total thickness of the sublimation till above the ice of 0.30 m. Ground 

temperature was recorded hourly using a Campbell CR10X data logger with thermistors calibrated 

at the University of Washington to within ±0.02°C. The thermistors were installed in the ice-free 

soil at depths of 0.02 m, 0.10 m, 0.20 m, and 0.30 m (the regolith-ice boundary), and in the ice at 

depths of 0.45 m, and 0.60 m. Small holes were drilled into the ice to install the thermistors. 

Temperatures were also measured deeper in the ice, 4 m, 9 m, 14 m, and 19.6 m below the surface 

in a borehole in an adjacent polygon. 
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Figure 3.1. The McMurdo Dry Valleys (MDV) lie between the McMurdo Sound region of the Ross 

Sea and the East Antarctic Ice Sheet. Insert: buried massive ice lies beneath several decimeters of 

the regolith in Beacon Valley, Antarctica. 

 

3.4. Soil and Ice Thermo-Physical Properties 

3.4.1. Soil Bulk Density 

The bulk density of the dry soil (ρs) was determined by pouring soils freely into a chamber 

of known volume and tapping and shaking the soil chamber gently between additions of small 

volumes of soil. This procedure was carried out in triplicate, and the average bulk density of soil 

from our study site is 1640 kg m−3.  

3.4.2. Soil Heat Capacity 

The heat capacity (Cs) of the dry soil was measured using a Q2000 heat-flux Differential 

Scanning Calorimeter (DSC by TA Instruments). The DSC measures specific heat capacity by 



64 
 

heating a sample and measuring the temperature difference between the sample and a standard. In 

order to obtain reliable results, three measurements are usually carried out [Thomas, 2003]. First, 

a baseline is recorded with both sample pans empty, yielding a signal bias inherent in the system. 

Next is a reference test, in which a sample with a well-defined specific heat is tested for comparison 

to an experimental sample. Finally, an experimental sample is tested. The baseline allows removal 

of system bias from the data, while the reference test allows calculation of the specific heat of the 

experimental sample as a ratio of the reference material specific heat. For heat flux standards, 

synthetic sapphire supplied by TA Instruments was used. The sample pans used for the DSC 

analysis were TzeroTM aluminum sample pans. The DSC is cooled by liquid nitrogen and uses 

nitrogen as a purge gas at a flow rate of 50 ml min−1. 

Calibration of the DSC for heat-capacity measurements requires both a temperature 

calibration and a heat flux calibration [Della Gatta et al., 2006; Höhne et al., 2003; Price, 1995]. 

Because the calibration factor is known to be sensitive to many different experimental factors, 

including scanning rate, sample size, sample geometry, etc. [Höhne et al., 2003], we kept the 

protocol for both calibration and sample analysis identical over all runs: (1) heating at 80.0°C to 

drive off soil moisture, (2) a 5 min isothermal period at –100.0°C, and (3) a 20.0°C min−1 cooling 

scan to 25.0°C. Heat capacity is determined from the measured heat flux and the heating rate. 

The measured heat capacity of the dry soil from our study site in Beacon Valley shows a 

strong temperature dependence, ranging from 585 to 691 J kg−1 K−1 from −50.0 to +10.0°C (Figure 

3.2a); this dependence is similar to previous studies on silicate minerals [Robinson and Haas, 1983; 

Winter and Saari, 1969]. The measured heat capacity values are smaller than the typical values 

used for the Antarctica dry soils of ~800 J kg−1 K−1 [Putkonen et al., 2003; Sizemore and Mellon, 

2006; Swanger and Marchant, 2007] and lower than the values for the planetary soils [Winter and 
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Saari, 1969]. This may be due to the different mineralogical compositions at different locations 

[Alnefaie and Abu-Hamdeh, 2013] including the presence of secondary minerals from weathering 

of these old soils. There is no significant variation in measured heat capacity with depth. 

3.4.3. Soil Thermal Conductivity 

The thermal conductivity of the dry permafrost (ks) was estimated using the Johansen’s 

method [Farouki, 1981a; Farouki, 1981b; Johansen, 1975]. Considering the experimental data, 

Johansen [1975] noted that the thermal conductivity of the dry natural soils is mainly determined 

by dry density or porosity; the conductivity of the mineral grains had relatively little effect. Setting 

the conductivity ratio (solids to air) to 125, Johansen [1975] developed a semi-empirical equation 

that is based on the Maxwell-Fricke′s equation: 

𝑘s =  
𝜀+(1−𝜀)×6.65

𝜀+(1−𝜀)×0.053
                                                  (3.2) 

where ε is porosity that can be estimated based on intrinsic density ρi (kg m−3) and the dry bulk 

density ρb (kg m−3) of the soil 𝜀 = 1 − 𝜌𝑏 𝜌𝑖⁄ . Equation (3.2) will then be of the form: 

𝑘s =  
0.024𝜌i + 0.1356 𝜌b

𝜌i− 0.0.947 𝜌b
                                              (3.3) 

The calculated thermal conductivity of the dry soil ks is approximately 0.31 W m−1 K−1 at 

our study site. It has been shown that thermal conductivity also varies with temperature and this 

has been modeled using Wood’s model [Wood, 2011]. This model estimates the bulk thermal 

conductivity of the dry soil given the environment properties (i.e., temperature, gravity, and depth), 

the gas properties (i.e., atmospheric gas composition and atmospheric pressure), and the soil 

composition and particle properties (i.e., the soil composition, particle size, and porosity). The 

conductivity increases with temperature (Figure 3.2b) due to the combined effects of the 
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temperature on the thermal conductivities of the pore-filling gas, mineral grains, and the radiative 

component [Piqueux and Christensen, 2009; Wood, 2011]. 

The thermal conductivity values presented in this study compare favorably to other 

reported values elsewhere in the MDV. McKay et al. [1998] found the thermal conductivity of the 

ice-free soil to be 0.6 ± 0.1 W m−1 K−1 at Linnaeus Terrace (77°36'S, 161°05'E) based on the 

attenuation and phase of the measured temperature variation with depth. Putkonen et al. [2003] 

found values for thermal conductivity based on their model to be 0.4 W m−1 K−1 in dry debris at 

Beacon Valley, larger than the in-situ measurement of 0.2 W m−1 K−1 and laboratory measurements 

of 0.3 W m−1 K−1. The thermal conductivity values of the dry soil in the MDV are one fourth to 

one fifth of those of the arctic soils [Putkonen, 1998; Romanovsky and Osterkamp, 1995] due to 

the lack of ice/water, and are ~10 times larger than the values suggested for Martian soils [Clifford, 

1993a; Martínez et al., 2014; Mellon and Jakosky, 1993]. The relative low thermal conductivity of 

the dry soil makes it an effective insulator that limits the penetration of the heat wave in the summer; 

therefore, the underlying massive ice is relatively insensitive to the annual temperature extremes.  
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Figure 3.2. Thermal properties of the dry soil at 0.10 m from our study site in Beacon Valley: (a) 

measured heat capacity in J kg−1 K−1and (b) calculated thermal diffusivity in mm2 s−1. 

 

3.4.4. Soil Thermal Diffusivity 

The calculated thermal diffusivity of the dry soil at our study site using equation (3.1) is 

shown in Figure 3.2c; it ranges from 0.30 to 0.32 mm2 s−1 for the temperature range of −47.9°C to 

7.5°C. There is a negative correlation with temperature, opposite to the temperature dependence 

of the heat capacity and thermal conductivity because of the stronger temperature dependence of 

the heat capacity than that of the thermal conductivity. Several studies have assessed the thermal 

diffusivity of soils from continental Antarctica. Campbell et al. [1997] reported thermal diffusivity 

values of 0.124 to 0.138 mm2 s−1 for soils located near Scott Base (on Ross Island, across McMurdo 
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Sound from MDV) and two locations ~70 km north of Taylor Valley. Ikard et al. [2009] 

characterized soil thermal properties along a soil-moisture gradient adjacent to Lake Fryxell in 

Taylor Valley, Antarctica, and they found diffusivity values tended to decrease with decreasing 

soil moisture; the reported thermal diffusivity range from 0.0029 to 0.116 mm2 s−1. Variations in 

thermal diffusivity values are likely because of different moisture content and bulk density at each 

site.  

3.4.5. Massive Ground Ice Thermal Diffusivity 

The thermo-physical properties of ice: density ρi, heat capacity Ci, and thermal conductivity 

ki, also vary with temperature (Table 3.1, data from the CRC Handbook of Chemistry and Physics, 

89th Edition, [2008-2009]). The thermal conductivity and density of ice decrease with temperature 

while the heat capacity increases. The thermal diffusivity of ice calculated using equation (3.1) 

averages approximately 1.3 mm2 s−1 and decreases with temperature.  

Table 3.1. Calculated thermal diffusivity of ice using ice density, heat capacity, and thermal 

conductivity values for the range of temperature in this study from the CRC Handbook of 

Chemistry and Physics, 89th Edition, [2008-2009]. 

Temperature 

T (°C) 

Density  

ρi (kg m−3) 

Heat Capacity  

Ci (kJ kg−1 K−1) 

Thermal Conductivity  

ki (W m−1 K−1) 

Thermal Diffusivity  

αi (mm2 s−1) 

0 916.7 2.10 2.16 1.12 

−10.0 918.2 2.02 2.26 1.22 

−20.0 919.6 1.95 2.38 1.33 

−30.0 920.9 1.88 2.50 1.44 

−40.0 922.2 1.80 2.63 1.58 

−50.0 923.5 1.73 2.77 1.73 

 

The thermal diffusivity of ice is approximately four times higher than the thermal 

diffusivity values of the dry soil. The sharp compositional interface between the overlying dry soil 
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and the massive ice underneath leads to an abrupt change in thermal diffusivity across the soil-ice 

boundary, which requires special attention in the numerical modeling as discussed below.  

3.5. Ground Thermal Regime 

3.5.1. Model Description 

This section describes the governing equation of the 1-D thermal model, the numerical 

approaches adopted, and the initial and boundary conditions used to in the model. 

3.5.1.1. Heat Diffusion Equation 

For a relatively uniform surface with little relief in cold and hyper-arid environments, the 

subsurface thermal regime can be described using the general 1-D thermal diffusion equation 

without phase changes, or other heat sources or sinks: 

𝜌𝑚𝐶(𝑇)𝑚
𝜕𝑇

𝜕𝑡
=

𝜕

𝜕𝑧
(𝑘𝑚(𝑇)

𝜕𝑇

𝜕𝑧
)                                          (3.4)                                                      

where T is temperature (°C), t is time (s), k is the thermal conductivity (W m−1 K−1), ρ is the density 

(kg m−3), C is the heat capacity (J K−1 kg−1), z is depth (m), and m refers to the different media 

through which heat is conducting (s for the dry soil and i for the massive ground ice). Accordingly, 

the rate of temperature change is related to the vertical gradients in thermal conductivity and 

temperature gradient at various depths, as well as the other relevant material properties.  

Simplifying assumptions have been made to model the subsurface thermal regime. For 

example, the surface energy flux, largely driven by solar radiation, is assumed to propagate 

vertically downwards in a laterally uniform soil by heat conduction; convective processes are 

neglected due to the lack of vertical bulk motion in the ground. Therefore, annual and higher 

frequency fluctuations in soil temperature at depth are assumed to be driven by atmospheric 
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forcing, primarily through surface temperature fluctuations. The heat release/consumption 

associated with water phase changes is omitted here; it is negligible because of the extremely dry 

conditions and absence of liquid water in Beacon Valley. The 1-D thermal diffusion equation 

applies only when the temperature and elevation of the surface can be considered uniform for 

lateral distances equal to several times the depth of interest [Gold and Lachenbruch, 1973].  

3.5.1.2. Numerical Methods for Heat Diffusion Equation 

Equation (3.4) is numerically evaluated by stepping through time and space in discrete 

steps. In this study, a fully implicit scheme was used, where it finds a solution by simultaneously 

solving the time and spatial derivatives involving both the current state of the system and the future 

state. It allows for a large time step and simplifies the resulting equations while accurately 

representing the heat diffusion equation [Botte et al., 2000; Patankar, 1980]. 

The finite difference method (FDM) is a popular numerical technique for solving systems 

of differential equations that describe mass, momentum, and energy balances. Take heat diffusion 

for example, in the FDM, the heat equation is approximated by a set of algebraic equations using 

a Taylor Series expansion, and the accuracy is improved by using more terms in the series and 

using smaller grid spacing sizes. This method is very useful in various studies due to its simplicity; 

however, the FDM sometimes yields unrealistic behavior and the energy is rigorously conserved 

only in the limit when the grid spacing approaches zero [Patankar, 1980; West and Fuller, 1996]. 

To circumvent this situation, the finite volume method (FVM) was developed, where the heat 

equation is integrated over a finite volume. Energy is rigorously conserved because the FVM 

integrates over small control volumes and the flux of energy at the common interface between two 

adjacent control volumes is represented consistently by the same expression. Thermal 

conductivities at the interfaces of adjacent control volume interfaces (i.e. interfaces of w and e in 
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Figure 3.A.2. in Appendix 3.A) are expressed using the geometric mean (see equations (3.A.11) 

and (3.A.12) in Appendix 3.A), which allows for accurate representation of identical heat flux 

across the interfaces of two adjacent volumes. Details of the discretization process and the 

numerical representation for both the FDM and the FVM are presented in Appendix 3.A.  

3.5.1.3. Boundary Conditions  

Boundary conditions as well as an initial condition are needed to solve the 1-D transient 

heat diffusion equation numerically. At Beacon Valley, the top boundary is set by hourly 

near-surface ground temperature measurements at 0.02 m depth at the study site over a 12 year 

period [Liu et al., 2015]. This depth is a minimum depth for inserting a thermistor without altering 

the surface characteristics of this soil, as has been found in other studies [Guglielmin, 2006; 

Guglielmin et al., 2003; Osterkamp, 2003]. The average annual near-surface ground temperature 

is −23.6°C, with a maximum and minimum temperature of 20.5°C and −54.2°C. The surface 

temperature is more variable during the winter than the summer due to warm katabatic winds that 

can warm the air by several tens of degrees Celsius in a short period of time [Hagedorn et al., 

2007; Nylen et al., 2004]. The bottom boundary is measured borehole temperature at 30 m in lower 

Beacon Valley. At this depth, seasonal variations are less than one hundredth of a degree and the 

temperature converges to the mean annual temperature of −23.0°C. The initial condition was 

assumed to be −20.0°C at all depths. 

3.5.2. Model Results 

As described earlier, the thermal model is driven by observed near-surface ground 

temperature. Soil and ice thermal diffusivities are functions of temperature at corresponding depths, 

and they are updated at every iteration. Figure 3.3 summarizes the modeled ground temperature 

profile over the 12 year period. The upper graph shows the modeled results from 0−1 m. At the 
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ground surface, seasonal temperature variations are prominent, and propagate into the permafrost. 

The maximum depth to which the soil temperatures rise above zero (the active layer) during the 

austral summer is ~0.15 m (Figure 3.3). The diurnal skin depth is approximately 0.12 m. The 

buried ice is relatively insensitive to short-lived temperature extremes due to the insulating effect 

of the overlying dry soil layer and essentially integrates the long-term mean soil surface 

temperature. 

In addition to the prominent seasonal temperature variations, on multiple occasions during 

the winter the surface suddenly warms several tens of degrees Celsius due to the increased air 

temperature from foehn winds [Nylen et al., 2004; Speirs et al., 2010]. These warming events can 

affect the temperature to several meters, as reflected in the model results. The lower graph in Figure 

3.3 shows the modeled thermal profile from 0−30 m. As indicated by that white dashed line, 

seasonal temperature fluctuations attenuate to less than 0.5°C at 21 m, which is consistent with 

other studies elsewhere in the MDV [Campbell, 1997; Guglielmin et al., 2011; Putkonen et al., 

2003] . 

The soil temperature gradient is the principle variable in studies of vapor transport and 

ground ice sublimation [Hagedorn et al., 2007; Liu et al., 2015]. The soil temperature decreases 

with depth during the austral summer; when solar radiation is weak or absent during austral winter, 

the soil is colder at the surface and the temperature gradient reverses (Figure 3.3). However, 

katabatic during the winter can warm the soil considerably to a depth of 1.5 m and temporarily 

invert the temperature profile. These large soil temperature fluctuations in the winter are consistent 

with studies in Victoria Valley [Hagedorn et al., 2007]. 
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Figure 3.3. Modeled temperature profile over the 12 year period at study site. Upper graph: 0−1 

m. The white dashed line represents the soil-ice boundary at 0.3 m. Lower graph: 0−30 m. The 

white dashed lines represent the 21 m depth where temperature variations are less than 0.5°C. 

 

3.5.3. Model Validation against Measured Temperatures 

The modeled temperatures are compared for both the FDM and the FVM to the field 

measurements made at four depths (Figure 3.4, see Appendix 3.B for complete comparison). In 

general, the modeled temperatures agree well with field measurements. The differences between 

measured and modeled temperatures are shown on the right side of the panel on each figure (Figure 

3.4, Figure 3.B.1−3.B.3). Using the FDM, there is a systematic offset with modeled temperature 

being higher in the summer and lower in the winter compared to measured temperature (Figure 
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3.4 and Figure 3.B.1). The average differences at various depths vary from −0.5°C to 0.5°C with 

actual differences reaching ±4.0°C. This results from the abrupt change in temperature gradient 

across the soil-ice boundary caused by significant difference of thermal diffusivity between soil 

and ice; the FDM does not represent the heat flux accurately across this boundary considering the 

grid spacing used in this study [Patankar, 1980].  

In contrast, modeled temperatures using FVM are close to measured temperatures. The 

FVM model was run using both temperature-independent and temperature-dependent thermal 

parameters, and they both yield realistic temperatures based on the in situ measurements (Figure 

3.4 and Figure 3.B.2−3.B.3). Using the temperature-dependent parameters, the average differences 

between the FVM modeled temperatures and those measured at various depths range from 0.01°C 

to 0.03°C; individual differences at any particular time range from −0.6°C to 0.6°C (Figure 3.4 

and Figure 3.B.2−3.B.3). The temperature-dependent thermal properties not only help reduce the 

model′s error by ~40%, but also provide more realistic estimates when modeling the subsurface 

thermal regime. 

The FVM modeled temperatures were also compared to measured borehole temperatures 

in Beacon Valley at a range of depths (Figure 3.B.4), and there is a remarkably close agreement 

between the modeled and measured temperatures. For example, modeled and measured 

temperatures agree well at 0.3 m, the depth of soil-ice boundary; respectively, they average 

−23.2°C and −23.1°C over the 12 year length of the record, and reach a maxima of −3.0°C and 

−2.9°C in December and a minima of −41.3°C and −41.2°C in August. The fraction of variation 

in the dependent variable accounted for by the model (coefficient of determination r2) ranges from 

0.9992 to 0.9996 at different depths, and the root mean squared error (RMSE) ranges from 0.2°C 

to 0.3°C (Table 3.2). Overall, the FVM is a more appropriate and accurate approach when 
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modeling subsurface temperature in systems with abrupt changes in thermal properties. Notably, 

these include soils in the MDV and the Martian subsurface where massive ground ice underlies a 

layer of dry soil. 

 

Figure 3.4. Measured temperatures and modeled temperature using the FDM and the FVM and the 

differences between them at 0.30 m in Beacon Valley during the period of 07/01/2001 to 

07/01/2002 (see Appendix 3.B for more complete comparisons). On the right plot, the red line 

shows the temperature difference using temperature-independent thermal parameters in the FVM. 

 

There still is, however, a small temporal variation in the differences between measured and 

the FVM modeled temperatures (Figure 3.4 and Figure 3.B.2−3.B.3). At a depth of 21 m, seasonal 

temperature variations are significantly attenuated and the temperature averages −23.0°C. This 
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slight difference from the mean annual near surface temperature (−23.6°C) may be due to 

geothermal gradient and is consistent with the gradients measured for this region; they range from 

30 to 33ºC/km [Decker, 1974]. At shallow depths where temperature variations are significant, 

thermal diffusivity values used in the model directly affect the calculated temperature. Therefore, 

inaccurate values of local thermal diffusivity could degrade the accuracy the model, and may 

account for the small residual differences between the measured and modeled temperatures. 

3.6. Discussion 

The sensitivity of the model has been analyzed with regard to the thermal conductivity k 

and to the latent-heat effects of the episodic snowmelt and of the ice sublimation and/or 

condensation. The following discussion is based on our FVM model constrained by the 

temperature-dependent thermal parameters. 

3.6.1. Sensitivity of the Model to Thermal Conductivity 

The sensitivity of the model to thermal conductivity is tested for the 12 year period that 

was used to assess the fit of the modeled temperature to actual temperature measurements. This 

study explores the effect of changing the thermal conductivity of the upper dry soil layer and of 

the lower ground ice layer by ±20%, both separately and together. Table 3.2 lists the results of the 

sensitivity tests at depths of 0.20 m, 0.30 m, 0.45 m, and 0.60 m for the various scenarios, where 

RMSE and r2 are all calculated relative to measured temperature at corresponding depths. The 

results show that increasing the thermal conductivity of either the dry soil layer, the ice layer, or 

both increases RMSE and reduces r2 values substantially at all depths. Decreasing the thermal 

conductivity by 20% also results in an even worse fit between modeled and measured temperatures, 

and higher RMSE values, than increasing thermal conductivity. 
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As can be seen in Table 3.2, the model is more sensitive to the thermal conductivity of the 

dry soil layer than that of the ice at all depths. The model’s sensitivity to the change in the thermal 

conductivity of both dry soil layer and ground ice layer is intermediate. The high relative sensitivity 

to ks of the dry soil layer is expected because the 1-D thermal model is driven by the near-surface 

ground temperature, and temperature variations attenuate quickly with depth, hence the thermal 

properties of the near-surface material have the greatest impact on the calculated variations in 

ground temperatures. 

Table 3.2. Results of the model’s sensitivity analysis of thermal conductivity at various depths. 

In
cr
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se

d
 α

 

Depth 

(m) 

Ksoil&Kice Ksoil + 20% Kice + 20% Ksoil&Kice + 20% 

RMSE 

(°C) 
R2 

RMSE 

(°C) 
R2 

RMSE 

(°C) 
R2 

RMSE 

(°C) 
R2 

0.20 0.3 0.9992 0.3 0.9993 0.3 0.9992 0.2 0.9995 

0.30 0.2 0.9996 0.5 0.9975 0.2 0.9996 0.3 0.9988 

0.45 0.2 0.9996 0.4 0.9980 0.4 0.9982 0.2 0.9995 

0.60 0.2 0.9996 0.3 0.9984 0.5 0.9968 0.2 0.9996 

D
ec

re
as

ed
 α

 Depth 

(m) 

Ksoil&Kice Ksoil − 20% Kice − 20% Ksoil&Kice − 20% 

RMSE 

(°C) 
R2 

RMSE 

(°C) 
R2 

RMSE 

(°C) 
R2 

RMSE 

(°C) 
R2 

0.20 0.3 0.9992 0.5 0.9993 0.3 0.9991 0.4 0.9983 

0.30 0.2 0.9996 0.5 0.9975 0.3 0.9988 0.3 0.9991 

0.45 0.2 0.9996 0.8 0.9923 0.2 0.9994 0.5 0.9969 

0.60 0.2 0.9996 0.9 0.9884 0.2 0.9996 0.6 0.9945 

  

3.6.2. Latent Heat Effect of Episodic Snowmelt 

Conductive heat transport governs the ground thermal regime; temperature variations 

attenuate and lag with depth. Based on our model results that are generated assuming latent heat 

effects are negligible, the temperatures showed no signs of phase change of soil ice or water, in 

contrast with most arctic or alpine soils in which latent heat plays an important role [Hinkel and 

Outcalt, 1994; Putkonen, 1998; Romanovsky and Osterkamp, 2000; Roth and Boike, 2001]; 

however, as can be seen in Figure 3.4 and Figure 3.B.3, there is still a slight mismatch between 



78 
 

the measured and modeled temperatures, which might be caused by non-conductive heat transport 

due to episodic snowmelt events in the MDV. As shown in Liu et al.[2015], snowmelt infiltration 

events, indicated by electric conductivity (EC) measurements in the soil at 0.05 m depth (Figure 

3.5a), consistently occurred between 1999 and 2011 based on our field measurements in Beacon 

Valley. 

Because the amount of snowmelt that infiltrated and the infiltration depth were not known, 

the hourly temperature change at each depth was calculated to study the potential impact of vertical 

water advection or latent heat release. This approach is possible given the high data collection 

frequency. For one of the biggest snowmelt events during the measurement period, at the 

beginning of January 2006, the measured hourly temperature change is shown in Figure 3.5. Note 

the decrease in hourly temperature change with depth, as expected in a system dominated by heat 

conduction. There are no obvious deviations in the hourly changes in temperature at depths during 

the corresponding time period, beginning of January 2006; therefore, the latent heat effect of the 

snowmelt event recorded during the period of observation appears negligible at the study site. 
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Figure 3.5. (a) Hourly EC measurements at 0.05 m as an indication for episodic snowmelt events 

for the period of 11/01/2005–03/01/2006; (b), (c), and (d) Measured hourly temperature change in 

the dry soil for the period of 11/01/2005–03/01/2006 at depths of 0.02 m, 0.10 m, and 0.20 m, 

respectively. 

 

3.6.3. Latent Heat Effect of Ice Sublimation/Condensation 

Another physical process that could potentially account for the difference between the 

modeled and measured temperature is the latent heat effect of ice condensation/sublimation. When 

ice condenses, it releases heat and when it sublimates, it consumes heat. These processes can be 

represented as a source/sink term in the heat diffusion equation (equation (3.4)) modified from 

Putkonen [1998]: 
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𝜌𝑚𝐶(𝑇)𝑚
𝜕𝑇

𝜕𝑡
=

𝜕

𝜕𝑧
(𝑘𝑚(𝑇)

𝜕𝑇

𝜕𝑧
) +

𝐿𝑉𝜌𝑖

𝑉𝑢

𝜕𝑉

𝜕𝑡
                                     (3.5) 

where Lv is the latent heat of vaporization of ice (J kg−1), ρi is density of ice (kg m−3), Vu is unit 

volume (1 m3), V is volume of ice (m3). The amount of ice change in the dry soil layer, as well as 

the ice boundary, is estimated based on vapor diffusion model results at the study site [Liu et al., 

2015]. 

 In general, the rate of ice loss or gain is on the order of 10−8 m3 h−1. This gives the third 

term in equation (3.5) (
𝐿𝑉𝜌𝑖

𝑉𝑢

𝜕𝑉

𝜕𝑡
) on the order of 10−2 J m−3 h−1, which is several orders of magnitude 

smaller than the first and second term (106 – 107 J m−3 h−1). The latent heat effect can be examined 

in greater detail by incorporating it (the third term in equation (3.5)) into the heat diffusion model; 

the results are shown in Figure 3.6. This latent heat does affect the modeled temperature results, 

but only slightly, at most 10−3 °C. The intrinsic latent heat of vaporization of ice is a large term; 

however, the actual latent heat produced/consumed by ice condensation/sublimation is very small 

due to the small amount of ice forming or sublimating. 
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Figure 3.6. Comparison of modeled temperature results with and without source term from ice 

condensation/sublimation at 0.20 m, 0.30 m, and 0.45 m, respectively. 

 

3.6.4. Polygon Trough Effects 

To date, analyses of the thermal regime in the MDV utilize 1-D models of heat conduction 

suitable for infinite half-spaces or planar layers of laterally homogeneous medium (i.e. only 

vertical conductive heat transfer). The effects of significant local relief would complicate or 

obscure the regional subsurface thermal regime [Lachenbruch et al., 1962]. Because the nearest 

polygon trough is ~5 m from the borehole with thermistors, lateral heat flow to and from polygon 

troughs is likely to contribute negligibly to the temperature at shallow depths (< 1 m). However, 
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at greater depth, the cold polygon troughs and lateral heat flow may have some influence, and a 

two- or three-dimensional model may provide a more exact solution. This could explain some of 

the offsets among the borehole temperature comparisons (Figure 3.B.4). 

3.7. Summary and Conclusions 

This study characterized the soil thermal properties and developed numerical models of the 

ground thermal regime in Beacon Valley in the MDV of Antarctica using a 1-D heat diffusion 

equation. Both heat capacity and thermal conductivity have a positive temperature dependence. 

For the temperature range of −47.9 to 7.5°C at our study site, the heat capacity of the dry soil 

ranges from 589 to 687 J kg−1 K−1 and thermal conductivity ranges from 0.29 to 0.33 W m−1 K−1; 

thermal diffusivity ranges from 0.30 to 0.32 mm2 s−1 with a negative temperature dependence. For 

the massive ground ice, heat capacity ranges from 1800 to 2060 J kg−1 K−1, thermal conductivity 

from 2.20 to 2.63 W m−1 K−1, and thermal diffusivity from 1.17 to 1.58 mm2 s−1.  

According to the thermal model, soil temperature at depth is driven primarily by the surface 

temperature measurements. Both the FDM and the FVM were employed to numerically evaluate 

the temperature profile and its evolution; the modeled temperatures agree well with in situ 

temperature measurements for both methods. Nevertheless, the FVM results more closely match 

measured temperature with average differences ranging from 0.01°C to 0.03°C at various depths. 

Seasonal as well as shorter-term fluctuations are reflected well in the model results; these include 

foehn winds that warm up the surface temperature by several tens of degrees during the winter. A 

realistic thermal model is essential for modeling vapor diffusion to investigate the stability of 

ground ice in the absence of in situ temperature measurements. In addition to more accurately 

modeling the subsurface temperature, using temperature-dependent thermal parameters for the dry 

soil and the massive ground ice provides more realistic constraints. The model is sensitive to 
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changes in the thermal conductivity of either the dry soil layer or ground ice layer, or both. Latent 

heat from episodic snowmelt and ice sublimation/condensation could alter the temperature up to 

10−3 °C, which is insufficient to impact the temperature observations.  

Overall, the FVM handles this system better than the FDM by conserving heat flux using 

the geometric mean of thermal conductivities at the control volume interfaces, and this is critical 

when dealing with multi-layer systems with abrupt change in thermal diffusivity. This approach 

can be widely applied to the cold, dry environments, including other regions in Antarctica, high 

mountain ranges in the central Asian and South America, and on Mars.  
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Appendix 3.A. The Finite Difference Method (FDM) and the Finite Volume Method (FVM) 

 

Figure 3.A.1 shows the grid points to be used in the FDM modeling [Patankar, 1980].  

 

Figure 3.A.1. Grid points used for a one-dimensional Taylor Series expansion. 

For grid point 2, located midway between grid points 1 and 3, the Taylor Series expansion 

gives: 
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Adding and subtracting the two equations yield the substitution into the differential 

equation for the FDM: 

(
𝑑𝜙

𝑑𝑥
)

2
=  

𝜙3− 𝜙1

2Δ𝑥
                                                   (3.A.3) 

(
𝑑2𝜙

𝑑𝑥2
)

2
=  

𝜙1− 2𝜙2+ 𝜙3

(Δ𝑥)2
                                             (3.A.4) 

Figure 3.A.2 shows the control volume to be used in the FVM modeling [Patankar, 1980]. 

The grid points are labeled as W, P, and E, and the control volume interfaces are w and e. 
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Figure 3.A.2. Control volume for a 1-D situation. 

The discretization equation of Equation (3.6) for a fully implicit FVM is: 

𝑎𝑃𝑇𝑃 = 𝑎𝑊𝑇𝑤 + 𝑎𝐸𝑇𝐸 + 𝑏                                              (3.A.5) 

where 

 𝑎𝐸 =
𝑘𝑒

𝛿𝑥𝑒
,                                                          (3.A.6) 

𝑎𝑊 =
𝑘𝑤

𝛿𝑥𝑊
,                                                          (3.A.7) 

 𝑎𝑃
0 = Δ𝑥 Δ𝑡⁄ ,                                                       (3.A.8) 

 𝑏 = 𝑎𝑃
0𝑇𝑃

0,                                                         (3.A.9) 

𝑎𝑃 = 𝑎𝐸 + 𝑎𝑊 + 𝑎𝑃
0 ,                                              (3.A.10) 

𝑘𝑒 = (
1−𝑓𝑒

𝑘𝑃
+

𝑓𝑒

𝑘𝐸
)

−1
,                                           (3.A.11) 

𝑘𝑤 = (
1−𝑓𝑤

𝑘𝑃
+

𝑓𝑤

𝑘𝑊
)

−1
,                                          (3.A.12) 

𝑓𝑒 =
(𝛿𝑥)𝑒

+

(𝛿𝑥)𝑒
,                                                     (3.A.13) 
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𝑓𝑤 =
(𝛿𝑥)𝑤

+

(𝛿𝑥)𝑤
.                                                   (3.A.14) 

Where T is temperautre, k is thermal conductivity, Δx is spatial step, and Δt is time step. Note that 

when Δ𝑡 → ∞, this equation reduces to steady state discretization equation. 
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Appendix 3.B. Comparison of Modeled and Measured Temperature 

 

Figure 3.B.1. The FDM modeled and measured temperatures and the differences between them at 

0.20 m, 0.30 m, and 0.45 m, respectively.  
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Figure 3.B.2. The FVM modeled and measured temperatures and the differences between them at 

0.20 m, 0.30 m, and 0.45 m, respectively using temperature-independent thermal properties. 

  

-40

-20

0

20
T

e
m

p
e

ra
tu

re
 (

o
C

)

 

 

Modeled-0.20 m Measured-0.20 m

-5

0

5

T
e
m

p
e

ra
tu

re
 (

o
C

)

 

 

Measured-Modeled at 0.20 m

-40

-20

0

T
e
m

p
e

ra
tu

re
 (

o
C

)

 

 

Modeled-0.30 m Measured-0.30 m

-40

-20

0

T
e
m

p
e

ra
tu

re
 (

o
C

)

 

 

01
-0

1-
19

99

01
-0

1-
20

00

01
-0

1-
20

01

01
-0

1-
20

02

01
-0

1-
20

03

01
-0

1-
20

04

01
-0

1-
20

05

01
-0

1-
20

06

01
-0

1-
20

07

01
-0

1-
20

08

01
-0

1-
20

09

01
-0

1-
20

10

01
-0

1-
20

11

Modeled-0.45 m Measured-0.45 m

-5

0

5

T
e
m

p
e

ra
tu

re
 (

o
C

)

 

 

Measured-Modeled at 0.30 m

-5

0

5
T

e
m

p
e

ra
tu

re
 (

o
C

)

 

 

01
-0

1-
19

99

01
-0

1-
20

00

01
-0

1-
20

01

01
-0

1-
20

02

01
-0

1-
20

03

01
-0

1-
20

04

01
-0

1-
20

05

01
-0

1-
20

06

01
-0

1-
20

07

01
-0

1-
20

08

01
-0

1-
20

09

01
-0

1-
20

10

01
-0

1-
20

11

Measured-Modeled at 0.45 m



98 
 

 

Figure 3.B.3. The FVM modeled and measured temperatures and the differences between them at 

0.20 m, 0.30 m, and 0.45 m, respectively using temperature-dependent thermal properties. 
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Figure 3.B.4. Comparison between FVM modeled temperature and measured borehole 

temperature in Beacon Valley at depths of 4 m, 9 m, 14 m, and 19 m. 
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Chapter 4. Long-term persistence of potential ground ice at Gale 

Crater, Mars constrained using Curiosity Rover REMS data 

The content of this chapter is currently in preparation for publication as: 

Liu, L., R. S. Sletten, B. Hallet, M. A. Mischna, and A. R. Vasavada (in prep), Long-term 

persistence of potential ground ice at Gale Crater, Mars constrained using Curiosity 

Rover REMS data, Icarus. 

 

4.1. Abstract 

Surface ice and shallow ground ice in the equatorial region on Mars would be 

quickly lost to sublimation under current Martian climate conditions; however, if ground 

ice formed during the last high obliquity of 32º approximately 0.5 Ma ago, when ice is 

believed to have been stable there, residual ice may currently persist below the surface. 

Ground-based measurements by Curiosity Rover′s Environmental Monitoring Station 

(REMS) in Gale Crater enable a detailed study of the subsurface transport of heat and water 

vapor that determines the rate of sublimation. This study is prompted and guided by an 

analogous investigation in the Dry Valleys of Antarctica where ground ice is currently 

unstable but has persisted ~0.5 m below the surface for over 1 Ma. A heat and vapor 

diffusion model is developed to study quantitatively the ground thermal regime and the 

persistence of potential ground ice in the equatorial region of Mars using the first year of 

data collected by Curiosity. Based on the derived thermal properties of dry regolith, 

including thermal inertia values ranging from 300 to 450 J m–2 K–1 s–1/2, diurnal and annual 

temperature variations propagate to depths of 0.05 m and 1.3 m, respectively. The modeled 
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rate of water vapor escape from the ground ice to the atmosphere corresponds to a 

sublimation rate of ~350 m Ma−1 for ice at the ground surface; however, the sublimation 

rate decreases rapidly with depth as the overlying dry regolith thickens. We explore 

whether interstitial ground ice that formed at Gale Crater ~0.5 Ma ago during the last high 

obliquity period could currently exist at shallow depths. While this study does not account 

for the effects of replenishing processes, adsorption, and climate change influenced by 

obliquity, it highlights the potential long-term persistence of ground ice and implications 

for future missions on Mars.  
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4.2. Introduction 

Liquid water has been shown to be metastable under current Martian conditions 

[Hecht, 2002; Martin-Torres et al., 2015; Martínez and Renno, 2013; Renno et al., 2009; 

Zorzano et al., 2009]; it would quickly freeze or evaporate in the cold, thin atmosphere. 

The bulk of Mars′ water inventory therefore occurs in the cryosphere, which probably 

penetrates to depths of several kilometers.   

The stability of Martian ground ice has been the focus of numerous studies, and 

various models have been constructed to predict the global distribution and depth of ice 

below the surface of Mars assuming that the vapor in the regolith is in equilibrium with the 

vapor in the atmosphere. Ground ice models range from conceptual descriptions by 

Leighton and Murray [1966], to models including latitudinal dependence [Fanale, 1976; 

Fanale et al., 1986; Schörghofer, 2007], to models with both latitudinal and longitudinal 

dependence [Mellon and Jakosky, 1993; 1995; Mellon et al., 1997; Paige, 1992]. The most 

recent models include observed spatial and temporal variations in atmospheric humidity 

[Mellon et al., 2004; Schörghofer and Aharonson, 2005]. The modeling work has focused 

on the key physical processes responsible for ground ice: vapor diffusion and condensation. 

These processes predict the spatial distribution of ground ice occurring under a dry regolith. 

Comparing the model results with observed geographic ice boundaries suggests that the 

ground ice has adjusted to the atmospheric humidity [Boynton et al., 2002; Mellon et al., 

2004]. The past studies have shown that the cryosphere extends to the surface near the 

poles, but exists below a distinct layer of ice-free regolith at low- to mid-latitudes. 

Observed distributions of leakage neutrons measured by the Neutron Spectrometer, an 

instrument that is part of Mars Odyssey spacecraft′s Gamma Ray Spectrometer (GRS) 
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instrument suite, have supported the ground ice distribution predicted by vapor transport 

models, revealing that the uppermost 50–100 cm of regolith poleward of ~60° latitude 

contains substantial amounts of hydrogen, interpreted to be equivalent to several tens of 

weight percent water ice [Feldman et al., 2004]; this is consistent with an ice-rich porous 

regolith. Phoenix landed at 68°N on Mars and confirmed the existence of ground ice under 

a layer of an average of 4.6 cm of dry soil [Mellon et al., 2009].  

The current Martian climate in the equatorial region, in particular the atmospheric 

water content and the mean surface and subsurface temperature, dictate that subsurface ice 

is unstable with respect to sublimation [Clifford and Hillel, 1983; Mellon et al., 2004; 

Mellon and Jakosky, 1993; Schörghofer and Aharonson, 2005]. This is consistent with the 

GRS observations [Feldman et al., 2002]. Ground ice present in these regions would 

sublimate and the water vapor would diffuse through the regolith to the atmosphere, 

causing the ice table to progressively descend below the surface and eventually vanish. The 

stability of ice at or near the ground surface is a function of temperature, which is sensitive 

to the obliquity of the planet's rotation that changes on timescales of ~100 ka; in the past 

five million years it has reached extremes of 15° and 40° [Laskar et al., 2004]. Models 

suggest that at low obliquity, near-surface ice is stable only poleward of about 60° latitude, 

but when obliquity is high, near-surface ice can be stable at low latitudes [Chamberlain 

and Boynton, 2007; Mellon and Jakosky, 1995]. For example, at an obliquity of 32° or 

higher, ground ice becomes stable globally; this was suggested to have occurred most 

recently approximately 0.5 Ma ago [Mellon and Jakosky, 1995]. 

Previous studies that have also considered the persistence of ground ice on Mars. 

Smoluchowski [1968] concluded that it could persist for as long as 109 years with a 
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sufficiently thick soil cover by estimating rates of subsurface ice sublimation and molecular 

diffusion through a soil layer into the atmosphere. Clifford and Hillel [1983] calculated the 

lifetime of equatorial ground ice for various types of soils, and concluded that the longevity 

of ice would be shortest under warmer soils with larger pores and longest for colder soils 

with smaller pores; with the latter reaching between 108 and 109 years is in accord with 

Smoluchowski [1968]. Fanale et al. [1986] modeled the thermal and diffusive behavior of 

a regolith initially saturated with ice and they found that ice was stable poleward of about 

±30° to 40° and that the equatorial regions should be depleted of ice. Paige [1992] 

considered the range of thermal properties observed on Mars and suggested that the 

stability region of ground ice is closer to the surface and closer to the equator for areas with 

lower thermal inertia values. If a process replenished the ground ice periodically or 

continuously, ground ice could have persisted in the equatorial region throughout Martian 

geologic history.  

Morphological observations on the surface of Mars are consistent with the former 

presence of shallow subsurface water ice [Balme and Gallagher, 2009; Head et al., 2003; 

Lanagan et al., 2001; Oehler, 2013; Reiss et al., 2006; Squyres and Carr, 1986; Yakovlev, 

2012]. According to Aharonson and Schorghofer [2006], this water ice may be locally 

preserved, and it could be stable today on pole-facing slopes at low latitudes. Moreover, 

the Curiosity landing site, Gale Crater′s mound, is predicted to be a hemispheric maximum 

for snowmelt on Mars [Kite et al., 2013]. The combination of these factors highlights the 

potential for residual ground ice to persist in Martian equatorial regions, despite the 

unfavorable current conditions. 
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The potential existence of ice covered by a dry layer of regolith on Mars in regions 

where it is not currently stable was motivated by a terrestrial analog for ground ice observed 

in Beacon Valley, Antarctica, where massive ice is found beneath ~30 cm of dry sandy soil. 

The ice was first suggested to be more than 8.1 Ma old based on the age of a pocket of 

volcanic ash found in the sediments above ice [Sugden et al., 1995]. This initial age 

estimate was challenged based on modeling studies on ice sublimation and vapor diffusion 

through the dry regolith suggesting that the ice is much younger [Hindmarsh et al., 1998; 

Liu et al., 2015]. Understanding the dynamics and stability of the ground ice on Earth 

provides a basis for understanding the evolution of the Martian counterpart, and hence the 

evolution of the Martian climate.  

Here we present a study of the stability and persistence of ground ice at Gale Crater 

on Mars using in situ climate data collected by Curiosity. We examine the ground thermal 

regime using a 1-D time-dependent thermal model [Liu et al., in prep] and a vapor diffusion 

model modified from Liu et al. [2015] to calculate rates of ice sublimation and 

condensation. If deposited 0.5 Ma ago under high obliquity (> 32°), ground ice could have 

persisted to the present at a depth of meters, as discussed in Section 4.7. This work provides 

constraints on the long-term evolution of ground ice at Gale Crater on Mars and is 

applicable to other regions on Mars. 

4.3. Sites Description 

Gale Crater, the Mars Science Laboratory (MSL) landing site, is a Martian impact 

crater ~154 km in diameter, centered near 5°S, 138°E. It has an interior mound composed 

of layered rocks up to ~5 km high known informally as Mt Sharp that may represent the 

thickest exposed stratigraphic reference section for environmental change on Mars 
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[Grotzinger et al., 2015; Grotzinger and Milliken, 2012]. The crater has been estimated to 

be Noachian in age (~3.5–3.8 Ga) [Bridges, 2001; Cabrol et al., 1999]. In Gale Crater, 

ground ice is assumed to not be present within the top 1 m of the ground surface [Feldman 

et al., 2002; Mellon et al., 2004].  

 

Figure 4.1. Global topographic map of Mars adapted from Smith et al. [1999]. The black 

arrow marks the location of Gale Crater that is shown in the insert; white circle in the insert 

marks the landing ellipse of Curiosity Rover. 

 

Curiosity is equipped with a set of analytical and optical instruments [Grotzinger 

et al., 2012] capable of parameterizing models of the stability and persistence of potential 

ground ice that may have formed when climatic conditions favored ice formation in the 

region. Of particular relevance are the Rover Environmental Station (REMS), a suite of 

sensors designed to study the environmental conditions along the rover traverse, that 

systematically measures atmospheric pressure, relative humidity, atmospheric temperature, 

and wind speed. The REMS suite also includes an infrared ground temperature sensor 
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(GTS) that enhances significantly our knowledge of surface temperature variations on Mars 

[Gómez-Elvira et al., 2012].  

4.4. REMS Measurements 

The ~5 min hourly average of REMS measurements of atmospheric temperature, 

relative humidity (RH), pressure, and ground surface temperature for the first Martian year 

at Gale Crater are shown in Figure 4.2. Air temperature ranges from 183 K to 277 K with 

an annual average of 224 K. At Gale Crater, the range of seasonal temperature variation is 

less prominent than that of diurnal variation that can reach as much as 60 K. Atmospheric 

RH ranges from 0% to 100%, and it peaks at the beginning of the southern winter. Daily 

RH values peak between 3 A.M. and 6 A.M. local time. Atmospheric pressure varies from 

689 Pa to 969 Pa with the lowest pressures occurring during the southern winter and the 

highest during the end of the southern spring.   

Ground surface temperatures range from 173 K to 288 K with an annual average of 

226 K. The offset in the diurnal peaks of ground surface temperature occurring at around 

sol 120 is the result of the rover moving over a different type of soil: from a sandy soil to 

fine grained debris sediment [Martínez et al., 2014]. Systematic uncertainties and 

environmental influences associated with the GTS performance have been discussed by 

Hamilton et al. [2014] and Martínez et al. [2014]. 
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Figure 4.2. REMS measurements of atmospheric temperature, relative humidity (RH), 

pressure, and ground surface temperature for the first Martian year at Gale Crater. 

 

4.5. Model Description 

4.5.1. Subsurface Temperature Modeling 

Subsurface temperatures at Gale Crater are modeled using a 1-D thermal diffusion 

equation assuming that the annual and diurnal fluctuations in soil temperature are driven 

by atmospheric forcing through surface temperature fluctuations [Liu et al., in prep]. The 

thermal regime of a laterally uniform soil can be modeled using the general 1-D thermal 

diffusion equation with no phase change, or other heat transport or generation processes: 

      𝜌𝑚𝐶(𝑇)𝑚
𝜕𝑇

𝜕𝑡
=

𝜕

𝜕𝑧
(𝑘𝑚(𝑇)

𝜕𝑇

𝜕𝑧
)                                     (4.1) 
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where T is temperature (K), t is time (s), k is the thermal conductivity (W m−1 K−1), ρC is 

the volumetric heat capacity (J m−3 K−1), z is depth (m), and m refers to the different media 

types through which heat is conducting (s for the dry soil and i for the ice-cemented soil). 

Thermal diffusivity (𝛼 =  𝑘 𝜌𝐶⁄ ) reflects the ability of a material to conduct thermal energy 

relative to its ability to store thermal energy. The ability of the soil to exchange the radiative 

energy received at the surface with the shallow subsurface and the near-surface air depends 

on the thermal inertia (I) of the soil. Given a radiative forcing at the surface, the thermal 

inertia regulates thermal excursions of ground and subsurface temperatures at diurnal and 

seasonal timescales. The thermal skin depth Δ can be derived from these parameters for 

temperature variations of period P, this is the depth at which the amplitude of temperature 

variations decreases to 1/e of the surface value, by equation 4.2 [Lachenbruch et al., 1962]: 

∆ =  √
𝑘

𝜌𝐶

𝑃

𝜋
=  √𝛼

𝑃

𝜋
=  

𝐼

𝜌𝐶
√

𝑃

𝜋
                                           (4.2) 

The upper boundary condition for the model is set by the REMS GTS 

measurements. The technical description, design, and in-flight calibration of the REMS 

GTS are described by Sebastián et al. [2010]. Hourly temperature meansuremnt are derived 

frm the first 5 minutes of 1 Hz measurements that are made each hour during a sol. The 

temperatures values range from 170 K to 290 K for the first year. The second boundary 

condition required is the geothermal flux at the lower boundary. For this study, we use 20 

mW/m2 [Hoffman, 2001; Mellon and Jakosky, 1993; Solomon and Head, 1990]. Given that 

rover is traversing along the surface at Gale Crater and not remaining stationary, the initial 

condition is updated at the beginning of each sol. 
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4.5.2. Thermo-physical Properties 

Equation (4.1) describes the evolution of the subsurface temperature regime as a 

function of both thermal conductivity and volumetric heat capacity. The thermal diffusivity 

of the regolith plays an important role in heat diffusion, as well as in water vapor diffusion, 

because the rate of vapor diffusion scales with subsurface temperature gradients; however, 

the values of diffusivity for Martian regolith need to be inferred from other data. Available 

measurements of the thermal properties of the Martian surface primarily determine the 

thermal inertia I. REMS GTS and surface energy budget estimates of I are in the range of 

265-450 J m−2 K−1 s−1/2 [Hamilton et al., 2014; Martínez et al., 2014], which is consistent 

with satellite measurements [Christensen et al., 2013; Fergason et al., 2006; Mellon et al., 

2000]. Thermal inertia varies with the types of terrain traversed by the rover, as well as the 

porosity and particle sizes of the uppermost regolith.  

In this study, the temperature effects of both the volumetric heat capacity and 

thermal conductivity have been taken into account [Liu et al., in prep]. We use I = 300 J 

m–2 K–1 s–1/2 for sols 1-120 and I = 450 J m–2 K–1 s–1/2 for sols 121-668 (Table 4.1), which 

are consistent with values estimated for the terrain [Hamilton et al., 2014; Martínez et al., 

2014]. The skin depths are then calculated using equation (4.2). On Mars, the dirunal and 

annual skin depth are approximately 0.05 m and 1.3 m. 

Thermal inertia I derived from satellite measurements is based on the diurnal 

cooling rate; therefore, it is an indication of the thermal properties of the upper tens of 

centimeters of the dry regolith. If ice is present, the thermal conductivity, density, and heat 

capacity of the regolith all need to be modified. In this study, for the initial condition, it is 

simply assumed that subsurface ice was distributed evenly in the regolith. The thermal 
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conductivity k of the ice-cemented regolith can be modeled given its volumetric ice content 

[Liu et al., in prep]; the volumetric heat capacity ρCp of the ice-cemented regolith can be 

calculated additively from the heat capacity of the dry regolith and the interstitial ice 

[Schörghofer and Aharonson, 2005]. 

Table 4.1. Thermal properties of the dry and ice-cemented regolith used in this study at 

Gale Crater. 

 Dry Soil 
Ice-cemented Soil 

Sol 1-120 Sol 121-668 

Volumetric Heat Capacity ρCp 

J m−3 K−1 
~1.25×106 ~1.50×106 ~2.10×106 

Thermal Inertia I 

J m−2 K−1 s−1/2 
~300 ~450 ~2290 

Thermal Conductivity k 
W m−1 K−1 

~0.07 ~0.13 ~2.5 

Thermal Diffusivity α 
m2 s−1 

~5.8×10-8 ~9.0×10-8 ~1.2×10-6 

 

4.5.3. Water Vapor Diffusion Modeling 

A 1-D water-vapor diffusion model from Liu et al. [2015] is used to determine the 

rate of ice exchange between ground ice and the atmosphere under current climate 

conditions at Gale Crater. In this model, water vapor diffusion in the system is driven by 

the gradients of water vapor density; the flux of water vapor is calculated using Fick′s first 

law: 

𝐹 = −
𝜀

𝜏
𝐷eff

𝜕𝜌v

𝜕𝑧
                                                (4.3) 

where F is the flux of vapor (molecules m−2 s−1), Deff is the effective diffusion coefficient 

of water vapor in Martian air (m2 s−1), ε is porosity to account for the cross-sectional area 

of diffusion, and τ is tortuosity accounting for the length of the diffusion pathway. The 
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water vapor density at depth changes with time as a function of the divergence in the water 

vapor flux dF/dz. Mass conservation can be expressed as [Hindmarsh et al., 1998; Liu et 

al., 2015; Schörghofer and Aharonson, 2005]: 

𝜀
𝜕𝜌𝑣

𝜕𝑡
= −(

𝜕𝐹

𝜕𝑧
+

𝜕𝜃

𝜕𝑡
+

𝜕𝜎

𝜕𝑡
)                                             (4.4) 

where σ and θ are the amounts of condensed and adsorbed water (molecules msoil
−3), 

respectively. Instantaneous vapor transport is calculated without considering water 

adsorption, which may change vapor density gradient and thus vapor fluxes significantly 

[Houben et al., 1997; Jakosky et al., 1997; Schörghofer and Aharonson, 2005; Zent et al., 

1993]. This process will be included in future studies. 

The diffusion coefficient, Deff, plays a key role in the diffusion equation, and it is 

significantly different under Earth and Mars conditions. Similar to other studies, here we 

assume that diffusion of H2O molecules through a porous soil can be modeled in two ways, 

depending on the mean free path of the molecules in the gas and the size of the pores in the 

soil [Clifford and Hillel, 1983; Clifford and Hillel, 1986; Fisher, 2005; Mellon and Jakosky, 

1993]. The effective diffusivity Deff of H2O vapor in a porous soil is expressed as [Clifford 

and Hillel, 1986]: 

1

𝐷eff
=  

1

𝐷AB
+  

1

𝐷KA
                                              (4.5) 

where DAB is the normal gas diffusivity of water vapor in a host CO2 atmosphere, and DKA 

is the Knudsen diffusivity that dominates where the pore sizes are smaller than the mean 

free path of the water molecules in the host CO2 air. DAB of H2O through an atmosphere of 

CO2, in units of m2 s−1, is given by [Clifford, 1991; 1993a; Fisher, 2005; Mellon and 

Jakosky, 1993]: 
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𝐷AB = 0.1654 (
𝑇

273.15
)

3/2
(

1.013∙106

𝑃
)                                 (4.6) 

where T is the temperature in K, and P is the total surface pressure of the atmosphere in Pa. 

DKA, in cm2 s−1, is estimated as [Clifford and Hillel, 1986]: 

𝐷KA =
2

3
𝑟 (

8R𝑇

𝜋𝑚H2O
)

1/2

                                          (4.7) 

where r is pore size in cm, R is the universal gas constant (8.314×107 ergs g−1 mole−1 K−1), 

T is temperature in K, mH2O is the molecular weight of H2O. By inserting the constant, this 

equation can be reduced to: 

𝐷KA = 22.85𝑇1/2𝑟                                                     (4.8) 

where DKA is in units of m2 s−1. The effective diffusivity Deff here is assessed using REMS 

measurements. 

4.5.4. Water Vapor Diffusion Coefficient 

Figure 4.3a illustrates the calculated effective vapor diffusion coefficient as a 

function of pore radius under current temperature and pressure conditions at Gale using 

REMS measurements. The linear region towards smaller pore radii is the Knudsen region, 

where Deff is proportional to r. The almost constant region with larger pore radii is the 

normal diffusion region, where Deff is independent of r. Between the two regions, both 

diffusion processes influence the effective diffusion coefficient. In general, variations in 

temperature have a small effect, especially in the Knudsen region. For typical Martian 

conditions, the range of pore sizes has been suggested to be 1−10 μm [Clifford and Hillel, 

1986; Fisher, 2005]. We assume the pore size to be 10 μm for this study. For the measured 

temperature and pressure range at Gale Crater, the effective diffusion coefficient Deff 
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ranges from 0.7×10−3 to 1.5×10−3 m2 s−1 and is in the transition region. Hence, both 

diffusion processes are taken into account. 

The effective diffusion coefficient Deff is a function of both temperature and 

pressure for a fixed pore size. Figure 4.3b  and 4.3c demonstrate the dependence of Deff on 

temperature and pressure at the surface and 10-m depth. The range of Deff decreases with 

depth from 0.7×10−3 to 1.5×10−3 m2 s−1 at the surface to 0.9×10−3 to 1.2×10−3 m2 s−1 at 10 m 

depth. Deff increases with the temperature, and it shows a greater range at the surface than 

at depth (e.g. 10 m in Figure 4.3). Deff decreases with the pressure; it shows a greater 

variation at the surface. 

 

Figure 4.3. (a). The effective vapor diffusion coefficient Deff as a function of pore radius 

under current temperature and pressure condition at Gale using REMS measurements. The 

dashed lines delineate ranges of Deff for each pore size. (b). Deff as a function of ground 

temperature at 0 m and 10 m, respectively. (c). Deff as a function of atmospheric pressure 
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at 0 m and 10 m, respectively. 

 

4.6. Results 

4.6.1. Ground Temperature Profile 

Given that the ground structure is unknown, a uniform dry regolith has been 

assumed here to model the ground temperature profile. The modeled ground temperatures 

along the Curiosity traverse in Gale Crater for the first year are shown in Figure 4.4, and 

in greater detail for 1 sol on sols 100 and 500 in Figure 4.5. Temperatures in the upper 0.1 

m of the regolith closely track ground surface temperature with dampened and lagged 

variations. Diurnal variations are negligible below 0.5 m. Seasonal variations are well 

presented with the same average temperature over depths on each sol. The collapse in GTS 

measurements around sol 120 is also reflected at depths up to 0.0175 m, but this phenomena 

disappears at depth 0.05 m.   

The daily variations of ground surface temperature change with location and 

seasonality. On sol 100, MSL Rover was collecting data at Rocknest in the spring. Ground 

surface temperature ranged from 196 K to 283 K and averaged 235 K (Figure 4.5a). On sol 

500, MSL Rover was collecting data at Dingo Gap in the autumn. Ground surface 

temperature ranges from 185 K to 257 K and averaged 215 K (Figure 4.5b). In addition to 

the seasonal effect, thermal inertia values of different soils play significant roles. At 

Rocknest (sol 100), the regolith is sandy and has an estimated thermal inertia of 295 J m−2 

K−1 s−1/2, whereas at Dingo Gap (sol 500), fine-grained sediment covers the surface and has 

an estimated thermal inertia of 450 J m−2 K−1 s−1/2 [Martínez et al., 2014]. Rocknest soil, 
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with lower thermal inertia, experiences larger temperature oscillations at the surface than 

the Dingo Gap soil. 

The temperature variations attenuate with depth at similar rates despite the 

differences in thermal inertia (Figure 4.4 and Figure 4.5). They decrease by ~70% at 0.05 

m and by ~90% at 0.10 m on all sols, consistent with the calculated diurnal skin depth of 

0.05 m. This is largely dictated by the thermal diffusivity and the values used in this model 

are the same for both before and after sol 120 (Table 4.1). Subsurface temperature is 

constant at depth of 0.20 m or lower, somewhat deeper than assumed by Martínez et al. 

[2014].  

 

Figure 4.4. Modeled ground temperature for the first Martian year at Gale Crater at depths: 

0 m, 0.0075 m, 0.0175 m, 0.05 m, 0.10 m, 0.50 m, and 1 m. 
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Figure 4.5. Modeled ground temperature for 1 sol at Gale Crater at depths of 0.0025 m, 

0.0075 m, 0.0175 m, 0.05 m, 0.10 m, and 0.50 m on sols 100 and 500. 

 

4.6.2. Ground Ice Sublimation Rates 

To model the sublimation rate of an un-replenished layer of ground ice at Gale 

Crater, some initial assumptions are necessary regarding the vertical distribution of ice 

within the regolith. In this study, it is assumed that ice initially fills the pore space in a 

single, uniform regolith layer, consistent with other studies of potential or ancient ground 

ice in the equatorial region of Mars [Clifford and Hillel, 1983; Mellon et al., 1997]. As ice 

sublimates, the front of this ice-rich layer descends below the surface, leaving a layer of 

dry regolith overlaying the ice-rich layer.   

The water vapor flux through the regolith in exchange with the atmosphere is driven 

by the water vapor density gradient according to equation 4.3. Figure 4.6 shows the water 
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vapor density in the atmosphere and at the ground surface at Gale Crater calculated from 

REMS measurements of air temperature, RH, and ground surface temperature. Overall, the 

water vapor density at the ground surface exceeds that in the atmosphere ~250 folds. There 

is a tendency for water vapor to escape from the regolith surface to the atmosphere. 

 

Figure 4.6. Water vapor density in the atmosphere and at the ground surface at Gale Crater. 
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rate is estimated to be ~1.2 m Ma−1 when the top of ground ice layer reaches 1 m, ~0.16 m 

Ma−1 at 10 m, and ~0.035 m Ma−1 at 50 m (Figure 4.7).  

 

Figure 4.7. Modeled sublimation rates at the interface between dry regolith and ice-rich 

regolith as the front of the ground ice layer propagates to depth due to ice sublimation 

(porosity ε = 0.3; pore size r = 10 μm).  
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is 32° or higher [Mellon and Jakosky, 1995], ice would have been stable below the surface 

at Gale Crater ~0.5 Ma. Assuming that the regolith was 100% saturated with ice at that 

time, the model results suggest that this ancient ice would persist to the present day below 

the ground surface at depths exceeding 2 m. Residual ice-rich regolith would persist at 

greater depths if the regolith was not initially saturated with ice (Figure 4.8b). 

If recharge mechanisms including seasonal surface frost took place during this 

period of time [Bapst et al., 2014; Schörghofer and Edgett, 2006], the sublimation rate 

would be decreased significantly [Hagedorn et al., 2010; Liu et al., 2015; Schörghofer, 

2009] and ground ice would be expected closer to the ground surface.  

 

Figure 4.8. (a). Relationship between the sublimation rates and depths. (b). Modeled 

temporal evolution of the top of the ice-rich regolith for the last 2 Ma for different initial 

ice contents. 
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The effect of the adsorbed water on ground ice persistence has not been included 

in this study. The diurnal and seasonal fluctuations of the temperature and local pressure 

can produce substantial changes in the adsorptive capacity of the top few meters of the 

regolith because the amount of adsorbed water in the regolith is a function of both the 

temperature and the local partial pressure of within the soil pores [Jakosky, 1983; Jakosky 

et al., 1997; Schörghofer and Aharonson, 2005; Zent and Quinn, 1995]. Therefore, the 

diffusion of water vapor through the pore system of the near-surface regolith can be 

significantly damped. On the other hand, according to Schörghofer and Aharonson [2005], 

adsorption does not play a role in the net ice diffusion with periodic changes in the 

temperature and vapor density and it does not change the mean vapor density profile. 

The stability and persistence of the ground ice is dictated by the Martian climate 

history that is mostly influenced by orbital parameters, in particular the obliquity on time 

scales of 105 Martian years [Laskar et al., 2004]. At an obliquity higher than the present 

value (25°), more solar energy is provided to the polar region, which raises the mean annual 

temperature and prolongs the polar summer season, while less solar energy reaches the 

mid- and low-latitudes including the equatorial regions, which lowers mean annual 

temperatures. As a result, this temperature change will accelerate the sublimation of the 

polar water ice cap [Jakosky et al., 2005; Mellon and Jakosky, 1993; 1995; Toon et al., 

1980]. The increased atmospheric water abundance can be carried to lower latitudes and 

could saturate the atmosphere and deposit onto the ground or into the subsurface as ice 

[Jakosky and Carr, 1985; Mischna et al., 2003]. The rate and direction of water vapor 

diffusion to the atmosphere can be affected. Other studies have shown that water vapor can 
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diffuse and condense within the near-surface regolith from the atmosphere during periods 

of high obliquity [Jakosky and Carr, 1985; Jakosky and Mellon, 2004; Mellon and Jakosky, 

1995; Schörghofer, 2007]. This process acts as periodic replenishment to the ground ice 

and thus prolongs its persistence.  

Ground ice can also be replenished by condensation of water vapor from greater 

depth driven toward the surface by the geothermal gradient [Clifford, 1991; 1993b; Mellon 

et al., 1997].  

The results presented here are conservative estimates of the persistence of ancient 

ground ice at Gale Crater in the sense that ice could persist closer to the surface than 

suggested by this study because the model does not include any replenishment mechanisms. 

Moreover, the model reflects the simple assumption that at the end of the last high obliquity 

phase, around 0.5 Ma ago, the climate changed abruptly to the modern conditions 

represented by climate data collected by Curiosity. A more realistic, gradual change in 

climate would result in slower ground ice sublimation. 

4.8. Summary and Conclusions 

Martian ground ice has been a subject of extensive investigation due to its 

fundamental importance as a source of water for microorganisms, a reservoir of 

paleoclimatic information, and a major component controlling the landscape. The 

acquisition of hourly climate measurements including air temperature, RH, pressure, and 

ground surface temperature by REMS enables a detailed investigation of the stability and 

persistence of ground ice at Gale Crater, in the equatorial region on Mars. This study 

presents a heat and vapor transport model to examine the ground thermal regime and the 

dynamics of atmospherically derived ground ice in the present Martian climate.  
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The thermal model results document the rapid attenuation and lag of ground 

temperature variations with depth. The attenuation is similar in different terrains despite 

significant differences in thermal inertia. Diurnal variations of the ground surface 

temperature change with location and seasonality. The diurnal and annual skin depth are 

approximately 0.05 m and 1.3 m at Gale Crater, respectively. 

Under current climate conditions, water vapor has a tendency to escape from the 

regolith to the atmosphere. Ice in the regolith would sublimate quickly, especially near the 

ground surface; the rate of sublimation decreases as the top of the ice-rich regolith descends 

and the dry regolith above the ice thickens. If ground ice was stable and present at Gale 

Crater ~0.5 Ma ago at the last high obliquity cycle, residual ice is expected meters below 

the ground surface at present if the regolith was initially saturated with ice. This study did 

not account for the effects of potential replenishing processes, adsorption, and gradual 

climate change influenced by obliquity, all of which may slow the sublimation rate. 
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Chapter 5. Conclusions and Future Work 

5.1. Summary and Conclusions 

The dissertation investigates the long-term persistence and stability of the massive ice 

occurring within decimeters of the ground surface in the McMurdo Dry Valleys of Antarctica and 

equatorial ice on Mars that has been suggested to have formed during last high obliquity of 32 

degrees. First, the evolution of subsurface ice in Beacon Valley was studied using a water-vapor 

diffusion model constrained by local climate data including episodic snow events and soil 

temperature measurements to depth. At the same site, a thermal model was developed to calculate 

the subsurface temperatures driven by the near-surface temperatures as a boundary condition, and 

validated against the measured subsurface temperatures. Finally, using the validated thermal model 

to constrain subsurface temperatures on Mars based on surface temperatures from the Curiosity 

rover, a water-vapor diffusion model was developed for Mars to assess the long-term persistence 

of the ground ice since the most recent high obliquity changes at ~500 ka. 

To determine the rate of water vapor exchange between the massive subsurface ice and the 

atmosphere in Beacon Valley, an enhanced water vapor diffusion model that accounts for the 

effects of episodic snow cover and snowmelt events was developed and presented in Chapter 2. 

This model is founded on 12 years of hourly data on air temperature, relative humidity, and soil 

temperature. The ice loss from the massive ice body based on a simple vapor-diffusion model 

averages 0.17 mm a−1 during 1999−2011 with most sublimation occurring during the summer 

season. Accounting for the episodic snow cover and snowmelt events reduces the ice sublimation 

rate by 30% to 0.11 mm a−1. This model is then extended over the past 200 ka based on the 

atmospheric temperature reconstructed from the ice core records from nearby Taylor Dome, and a 
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detailed comparison between measured atmospheric temperature and relative humidity from 1999 

to 2011 in Beacon Valley. The latter yielded a defined relationship between the atmospheric 

temperature and vapor density. The model produces an average sublimation rate of 0.09 mm a−1 

for the past 200 ka. It was shown that ground surface conditions such as snow cover and snowmelt 

affect the sublimation rates of subsurface ice; however, under none of the scenarios is the massive 

subsurface ice in Beacon Valley stable during the past 200 ka. Even with the slowest loss rate, 40 

meters of ice would be lost in 1 Ma.  

Modeling ground temperatures is essential for vapor diffusion models investigating the 

ground ice stability when in situ temperature measurements are not available. A study on the soil 

thermal properties and 1-D heat diffusion process in Beacon Valley was presented in Chapter 3. 

For the temperature range of −47.9 to 7.5°C at our study site, the heat capacity of the dry soil 

ranges from 589 to 687 J kg−1 K−1 with a positive temperature dependence, thermal conductivity 

ranges from 0.29 to 0.33 W m−1 K−1, and thermal diffusivity ranges from 0.30 to 0.32 mm2 s−1 with 

a negative temperature dependence. The 1-D thermal diffusion model, numerically solved both by 

the finite difference method (FDM) and finite volume method (FVM), assumes that soil 

temperature at depth is driven primarily by the surface temperature. The results demonstrated that 

the FVM modeled results provide a much better fit with average differences range from 0.01°C to 

0.03°C at various depths. Seasonal, as well as short-term, fluctuations in temperature are reflected 

well in the modeled results. In addition to reducing the model error, using temperature-dependent 

thermal parameters for the dry soil and the massive ground ice provides more realistic constraints 

on the thermal model. Increasing the thermal conductivity of either the dry soil layer, ground ice 

layer, or both, will increase the difference between modeled and measured temperature. In contrast 

to the Arctic where liquid water is present seasonally, the amount of latent heat from episodic 
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snowmelt and ice sublimation/condensation could alter the temperature up to 10−3 °C, which is 

insufficient to impact the temperature observations. 

Our studies on the vapor and heat diffusion process were then applied on Mars (Chapter 4) 

to understand the ground thermal regime and the dynamics of atmospherically derived ground ice 

in the present Martian climate, which was made possible by the acquisition of hourly climate 

measurements including air temperature, RH, pressure, and ground surface temperature by 

Curiosity REMS. The thermal model results document the rapid attenuation and lag of ground 

temperature variations with depth. The attenuation is similar in different terrain despite the 

differences in thermal inertia. Diurnal variations of ground surface temperature change with 

location and seasonality. The diurnal and annual skin depth are approximately 0.05 m and 1.3 m 

at Gale Crater, respectively. 

Under current climate conditions, water vapor has a tendency to escape from the regolith 

to the atmosphere. Ice in the regolith would sublimate quickly, especially near the ground surface; 

the rate of sublimation decreases as the top of the ice-rich regolith descends and the dry regolith 

above the ice thickens. If ground ice was stable and present at Gale Crater ~0.5 Ma ago at the last 

high obliquity cycle, residual ice is expected within several meters of the ground surface at present, 

assuming that the regolith was saturated with ice initially. This study did not account for the effects 

of potential replenishing processes, adsorption, and climate change influenced by obliquity, all of 

which may slow the sublimation rate. 

5.2. Future Work 

Current vapor diffusion models treat soil/regolith as a simple inert, porous material, and 

indicate that ground ice should sublimate to several meters below the surface within a few thousand 
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years in the MDV; however, other processes are likely to influence vapor transport. Adsorbed 

water can affect vapor density, and hence vapor fluxes in ice-free soil. Solutes in soil water lower 

the freezing point, absorb atmospheric water, and thereby affect the sublimation rate by influencing 

soil water activity (water availability). 

Salts can hydrate and lower the water activity [Marion and Grant, 1994] and are abundant 

on Mars. The occurrence of salts in regolith in dry regions includes homogeneous salt-cemented 

soil horizons, salt clods, surface efflorescence and encrustations, salt crystals under boulders and 

cobbles, centimeter to meter thick massive salt bodies, and salt precipitates in bedrock cracks. Salts 

are common on the surface of Mars [Toner et al., 2014]; carbonates [Bandfield et al., 2003; 

Ehlmann et al., 2008; Morris et al., 2010], sulfates [Kounaves et al., 2010; Langevin et al., 2005], 

chlorides [Ruesch et al., 2012], and perchlorates [Hecht et al., 2009] have been detected. In the 

MDV, more than 30 salts have been described [Keys, 1979]. It has been suggested that unfrozen 

water films on mineral surfaces exist to very low temperatures [Anderson and Morgenstern, 1973; 

Smith and Tice, 1988], and it is assumed that most ion migration occurs along these thin water 

films [Dickinson and Rosen, 2003; Ugolini and Anderson, 1973]. The thin surface films may 

contain high solute concentrations and thereby lowers the freezing point of bulk water well below 

0°C. Previous studies have not focused on the influence of salts on the chemical potential of soil 

moisture and the stability of subsurface ice. Moreover, standard vapor diffusion models neglect 

kinetics and assume chemical equilibrium is maintained between the water vapor and hydrated 

salts. It merits further consideration as to how the hysteresis of the adsorption and desorption of 

salty soils may affect the transport or water into and out of the soil.  

Adsorption of vapor onto mineral surfaces is another important physical process to take 

into account when modeling the water vapor diffusion through a porous regolith. Water molecules 
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are lightly bound to the mineral surfaces by van der Waal forces. They are in equilibrium with the 

surrounding water vapor in the pore space. In turn, this vapor diffuses through the regolith to 

equilibrate with the atmospheric water vapor [Jakosky et al., 1997; Zent and Quinn, 1995]. 

Adsorption is strongly dependent on the subsurface temperature, soil composition, thermal inertia, 

albedo, and atmospheric water content. The adsorption or desorption of water can have a 

significant effect on the instantaneous vapor density, and therefore on gradients in vapor density. 

Adsorption increases with partial pressure and may influence local vapor density gradients. 

We expect that the kinetics of salt hydration/dehydration and water adsorption/desorption 

have influence on water vapor pressure, and thereby affect ground ice sublimation rates and 

stability. Most studies have assumed that the adsorption/desorption of water by salts and surfaces 

are in equilibrium and do not affect the vapor transport over long time periods [Schörghofer and 

Aharonson, 2005]. These studies have not considered the kinetics of these processes, which are 

known to be slow [Bryson et al., 2008; Chevrier et al., 2008]. Considering the effects of adsorption 

and salts on the chemical potential of soil water will help improve our estimate of the water activity 

and therefore the water vapor density gradient driving the sublimation or condensation of ground 

ice.  
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