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A B S T R A C T

Lunar polar regions are considered promising areas where massive water resources may exist, especially in the 
permanently shadowed regions (PSRs) where ice can hardly evaporate once formed due to the extremely low 
temperature. Here we estimate the ice retention by simulating the evolution of potential water ice reserves in 
PSRs in up to one billion years based on a simple numerical model. Dissipation at the warmer edge of PSRs and 
vapor supply from lower latitudes are identified as major mechanisms of ice spatial distribution evolution. We 
investigate the effects of PSRs sizes, boundary temperature, initial ice saturation, effective diffusion coefficient, 
the water vapor influx, and the reflected / scatted solar radiation from crater wall. Major findings include: 

1. In large cold traps (radius greater than 20 m), most initially trapped water ice can be preserved, 
that may serve as major water supply for human activity; in micro cold traps (radius smaller than 1 
m), water ice may only remain temporarily.

2. Mixing between ice in shallow regolith and in deep regolith in PSRs is very limited, which can be 
utilized for investigating their distinct geological origins.

This approach can also be extended to study other volatiles on extraterrestrial bodies in cold traps.

1. Introduction

Recent explorations imply the presence of exploitable water ice re
sources in the permanently shadowed regions (PSRs) at lunar polar re
gions (Colaprete et al., 2010; Li et al., 2018; Rubanenko et al., 2019). 
There may be up to 10 wt% water ice within 10 m below the lunar 
surface in PSRs, and the total mass of water ice on the Moon is estimated 
to be up to billions of tons (Cannon et al., 2020; He et al., 2023; Ruba
nenko et al., 2019). Abundant water ice reserves may allow large-scale 
in-situ extraction, which could fundamentally satisfy the need of water 
resource for future lunar stations' construction, operation, and indus
trialization. Cold traps with radius greater than 100 m are usually 
categorized as areas with potential extraction value (Rubanenko, 2024). 
Meanwhile, micro-cold traps are of larger numbers and easier to reach, 
and may also contain water ice reserves with scientific significance 

(Hayne et al., 2021). Past and future missions — including LRO, 
LCROSS, Chandrayaan-2, the Artemis Program, and Chang'e — are 
dedicated to identifying water ice reservoirs in the lunar polar region, 
with Chang'e-7 specifically targeting Shackleton Crater. (Angelopoulos, 
2011; Bandfield et al., 2015; Colaprete et al., 2010; Goswami and 
Annadurai, 2011).

Despite extensive remote sensing data and laboratory research, the 
origin of existing water ice on the Moon remains under debate. The three 
most widely accepted sources of polar water ice on the Moon include: 1) 
impacts from ice-bearing asteroids and comets, 2) transient atmosphere 
during volcanic outgassing, and 3) production of solar wind–mineral 
reactions (Arnold, 1979; Cannon et al., 2020; Crider and Vondrak, 2003; 
Luchsinger and Chanover, 2022; Ong et al., 2010; Stewart et al., 2011). 
In addition, water molecules migrate from low-latitude areas toward 
high-latitude cold traps via ballistic hopping (Cannon et al., 2020; Chen 
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et al., 2025; Luchsinger and Chanover, 2022; Moores, 2016; Watson 
et al., 1961). Water ice delivered by impactors may ultimately remain as 
a uniformly mixed component within the regolith over relatively short 
timescales. In contrast, water ice formed from solar wind, transient at
mosphere and ballistic water vapor influx may form an ice-rich, shallow 
regolith layer by the gardening effect.

Estimating the total extractable water ice in a cold trap is an 
important but challenging task. Water ice reserves in a specific cold trap 
mwater can be estimated as: 

mwater(t) = Mi⋅η(t,Rc,…) (1) 

where Mi is the total initial mass of ice in the cold trap, and t is the time 
after cold trap formation. Geological parameters that determine these 
parameters typically include the size of the cold trap Rc, boundary 
conditions, regolith transport properties, influx rate, etc.

In Eq.1, previous research has focused more on Mi (Arnold, 1979; 
Cannon et al., 2020; Costello et al., 2020; Ong et al., 2010; Stewart et al., 
2011), with extensive investigations conducted on the age of impact 
craters as cold traps, the relationship between crater and impactor size, 
and the retention of water vapor at the moment of impact (Ong et al., 
2010; Spudis et al., 2008; Stewart et al., 2011). However, there has been 
a lack of corresponding studies on retention rate η, leaving the key 
question unsolved: how much water ice can remain retained over 
geological timescales, that may be utilized in humanity's future lunar 
missions?

Dissipation of water ice after their formation includes direct escape 
into space from the regolith surface, and horizontal migration of vapor 
into warmer non-PSR regions which ultimately also escape into space. 
This process is through multiple evaporation – molecular diffusion - 
condensation cycles in porous regolith. Its governing equations are 
mathematically similar to the ripening and dissolution of dispersed fluid 
in the subsurface aquifer (de Chalendar et al., 2019; Feng et al., 2022; Li 
et al., 2020; Yu et al., 2023), but distinct Knudsen diffusion mechanism 
should be considered (Schieber et al., 2022). Previous predictive models 
typically simply considered vertical transport and neglected the hori
zontal temperature gradient, which can also drive vapor escape 
(Rubanenko and Aharonson, 2017; Siegler et al., 2015). Moreover, these 
studies typically estimated the local vapor pressure as the saturation 
pressure at the local temperature to derive mass transfer rates. This 
approach, however, overestimates the vapor pressure in regions that are 
dry or devoid of water ice (Danque and Cannon, 2024).

Influx is mainly from water vapor flux originating from low latitudes, 
and is subject to significant uncertainty, with previous studies esti
mating the range of solar wind-induced influx to be between 2.93 ×
10− 5 kg⋅m− 2⋅Gyr− 1 and 0.38 kg⋅m− 2⋅Gyr− 1 (Huang et al., 2022; Jones 
et al., 2018), and the range of low-latitude water vapor influx to be 
between 5.68 × 10− 2 kg⋅m− 2⋅Gyr− 1 and 4.1 × 103 kg⋅m− 2⋅Gyr− 1 (Crider 
and Vondrak, 2000, 2003; Grant et al., 1991; Schorghofer and Taylor, 
2007; Stewart et al., 2011). Influx history can also provide valuable 
information about the early-time behaviors of the solar system. 
Although volcanic activity and the resulting transient atmospheres may 
have been a significant source of water ice in cold traps, the period of 
peak lunar volcanism occurred between 4 and 2 Ga (Head et al., 2020; 
Luchsinger and Chanover, 2022; Wilcoski et al., 2022). Therefore, it 
does not serve as a mechanism for the influx of water vapor from the 
lunar surface into cold traps under present-day conditions and within 
the timeframe simulated in this study.

In this paper, we establish a preliminary model to resolve function 
η(t,Rc,…) at different geological conditions to predict the retention rate 
of exogenous water ice in PSRs. With this model, we aim to: 

1) identify key parameters that determine water ice evolution in a cold 
trap;

2) evaluate the water reserves in typical cold traps, and provide a rough 
criterion to predict whether ice in a trap is of value for massive water 
extraction;

3) identify potential connections between historical water influx rates 
from lower latitudes to PSRs and current features of the PSRs, which 
may help to reveal the interaction history between lunar and other 
solar system bodies.

2. Numerical modeling

2.1. Computational domain setup

As shown in Fig. 1, we simulate the migration of water ice within the 
regolith of PSRs in high-latitude lunar craters over geological timescales. 
The cold traps receive no direct solar illumination; they are heated only 
by reflected and scattered thermal radiation from the crater rim and cool 
via thermal emission. Water ice inside the PSR may escape as vapor from 
the surface or subsurface edges, while the surface may also receive water 
vapor influx from other regions of the Moon.

The PSR is located on the floor of the crater, where the subsurface 
regolith is a porous medium with a thickness denoted by h and measured 
to be 10 m (Rubanenko et al., 2019). Given that the depth-to-diameter 
ratio of such craters is generally below 0.2 (Wu et al., 2022) and the 
floor elevation varies relatively little, the PSR can be reasonably 
approximated as a cylinder for computational simplicity. Since the PSR 
occupies the primary area at the center of the crater (Song et al., 2021), 
the radius of the cylinder (Rc) is approximated to equal the crater radius.

A certain amount of water ice is initially buried within the PSR. We 
aim to calculate the distribution and the retention fraction (η) over 
geological time. Our simulation covers the time span from 1 Ga to the 
present. This period is selected because the area of lunar PSRs has varied 
over time due to the polar axis deflection in the Moon's history (Siegler 
et al., 2011). As a reference, the site of the artificial impact in Cabeus 
crater has been in permanent shadow only since about 0.9 Ga ago 
(Schörghofer and Rufu, 2023).

2.2. Key assumptions and simplifications

Numerical simulations require systematic simplification to achieve 
an acceptable computational cost and ensure computational stability.

2.2.1. Heat transfer quasi-steady state assumption
We compare the characteristic times governing mass diffusion and 

heat conduction. The mass transfer is through Knudsen diffusion process 
of water vapor in an extreme vacuum environment, with a characteristic 
time on the order of 1022–1025 s. In contrast, the heat transfer process is 
dominated by thermal conduction within the lunar regolith, with a 
characteristic time of less than 109–1010 s, indicating that heat transfer 
is significantly faster than mass transfer. Additionally, the thermal 
relaxation time associated with the latent heat during phase change is 
less than 1010–1012 s, which is also negligible compared to the charac
teristic timescale of mass transfer. Detailed computational procedures 
are provided in Supplementary Material S2. Therefore, to simplify the 
computation, we treat the heat transfer process as reaching a steady 
state within a single time step, thereby decoupling the two processes. It 
is important to emphasize that this does not imply that the heat transfer 
is truly in a steady-state condition, because the thermal conductivity 
within the computational domain changes as the spatial distribution of 
ice evolves.

2.2.2. Binary-regions assumption
For computational stability, at the beginning of each time step we 

divide the computational domain into ice-bearing regions and dry re
gions based on an ice saturation fraction threshold (S = 10− 10, S is the 
ice saturation, i.e. ice volume fraction in void space). In the ice-bearing 
regions, water vapor and ice are in phase equilibrium. Accordingly, the 
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water vapor partial pressure is determined by phase equilibrium, set 
equal to the saturation vapor pressure Ps corresponding to the local 
temperature (Siegler et al., 2015). In the dry regions, S is explicitly set to 
zero, and the water vapor pressure Pwater is treated as an independent 
variable determined by the vapor diffusion dynamics. A transition rule is 
enforced: if the calculated Pwater exceeds Ps in dry regions, the node is 
immediately switched to the ice-bearing region.

2.2.3. Mass transfer quasi-steady state in dry regions
In dry regions, mass transfer is dominated by water vapor diffusion, 

with a characteristic time on the order of 102–103 s (Detailed compu
tational procedures are provided in Supplementary Material S2). This is 
significantly shorter than the characteristic time for mass transfer in ice- 
bearing regions (1022–1025 s). Consequently, it is safe to assume that the 
water vapor in dry regions reaches a steady state at each time step, 
shaped only by boundary conditions and adjacent ice-bearing region 
status.

2.2.4. Heat transfer is dominated by thermal conduction
Due to the extremely rarefied nature of the water vapor, its ability to 

carry and transfer thermal energy can be neglected, consequently, 
convective heat transfer can be disregarded. As for radiative heat 
transfer, its equivalent thermal conductivity can be calculated as σεT3lp 
(where σ is the Stefan-Boltzmann constant, ε is the surface emissivity, T 
is the temperature, and lp is the characteristic heat transfer length scale, 
taken as the mean particle size of the lunar regolith; see Table 1 for 
specific parameters). The resulting value ranges from 10− 5 to 10− 7 W/ 
(m⋅K), which is significantly lower than the thermal conductivity of the 
lunar regolith (~10− 2 W/(m⋅K) (Grott et al., 2010)). Thus, radiative 
heat transfer within the regolith can also be justifiably neglected. 
However, the thermal emission from the cold trap surface to space 
cannot be ignored.

2.2.5. Neglect of gravity and surface energy
In conventional modeling of multiphase flow through porous media, 

gravity and surface energy are typically considered key driving forces 
for mass transfer (Krevor et al., 2015; Xu et al., 2019). However, under 
the extreme thermal conditions of the lunar cold trap, the change in the 
molar Gibbs free energy (i.e., chemical potential μ) of water vapor
—which, due to phase equilibrium, is equal to that of water ice
—induced by temperature gradients is orders of magnitude greater than 
the contributions from gravitational potential differences and surface 
energy. Therefore, the effects of gravity and surface energy on mass 
transfer are considered negligible and are not included in the present 
model. Detailed computational procedures are provided in Supplemen
tary Material S3.

2.2.6. Assumption of a uniformly mixed top layer and frost layer
An excessive influx of water vapor may lead to the formation of an 

ice frost layer on the surface of the cold trap, where it can be preserved 
due to the persistently low temperatures. However, impact gardening 
from micrometeorite bombardment and other processes enables mate
rial to be buried below the surface (Costello et al., 2018). We assume 
that the top half-meter of regolith has been thoroughly mixed over 
geological timescales (Cannon et al., 2020), resulting in a uniform ice 

Fig. 1. Schematic of the geometric setup of cold trap with boundary conditions (left) and the two-dimensional cylindrical coordinate system for simulation (right).

Table 1 
Parameters adopted for our model.

Parameter Symbol Value Reference

Characteristic length 
(regolith particle 

size)
lp ~10− 4 m Heiken et al. (1991)

Tortuosity τ 1–2 Schieber et al. (2021)

Density of ice ρi 932 kg•m− 3
Daucik and Dooley (2011)

Bulk density of the 
lunar regolith ρregolith 1600 kg/m3

Fa (2020)

Initial water ice 
saturation Sinit 0.1%–10%

Arnold (1979); Colaprete 
et al., 2010; Rubanenko 
and Aharonson (2017); 
Schultz et al. (2010); 
Stewart et al. (2011)

Internal heat flow q0
0.0049 W/m2 

0.018 W/m2
Wei et al. (2023);  

Langseth et al. (1976a)
The number density 

of external 
atmospheric 
molecules

ne

5 ×
105molecules/ 

m3
Heiken et al. (1991)

Water vapor flux 
toward regolith 

surface
Jin

5.7 × 10− 2 

kg⋅m− 2⋅Gyr− 1 to 
4.1 × 103 

kg⋅m− 2⋅Gyr− 1

Stewart et al. (2011); 
Heiken et al. (1991)

Water vapor influx 
minus space 

weathering loss
Jin,net

0 kg⋅m− 2⋅Gyr− 1 

to 
4.1 × 103 

kg⋅m− 2⋅Gyr− 1

Stefan-Boltzmann 
constant σ 5.67 × 10− 8 

W•m− 2•K− 4

Surface emissivity ϵ 0.95 Bandfield et al. (2015); 
Logan et al. (1972)

Radiative flux from 
crater wall qwall

0.86–4.83 
W•m− 2

Supplementary materials 
S6; Hayne et al. (2017)

Temperature of the 
lateral boundary

Tboundary 120-160 K Williams et al. (2019); 
Zhong et al. (2023)

Cold trap radius Rc 1 cm-10 km
Halim et al. (2021); Hayne 

et al. (2021)
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saturation (S) within this layer (S can vary in the r direction). If the 
influx of water molecules entering the cold trap is sufficiently high, the 
water ice content in the surface layer may exceed its storage capacity. 
When S exceeds a threshold value of 0.8 (which we take as the maximum 
packing or retention capacity of the soil when saturated), the vapor 
influx can no longer effectively penetrate the surface layer and instead 
condenses as a frost layer on the cold trap surface.

2.3. Governing equations and boundary conditions

Based on the assumptions and simplifications outlined in Section 2.2, 
we have established the following governing equations to simulate the 
evolution of subsurface water ice within a 10-m-deep regolith column in 
the cold trap from 1 Ga to the present. The simulation is conducted in a 
two-dimensional cylindrical coordinate system (see Fig. 1). The finite- 
volume discretization scheme and the verification of grid indepen
dence are detailed in Supplementary Materials S4 and S5, respectively. 
Under the quasi-steady-state assumption for heat transfer, the heat and 
mass transfer equations are decoupled.

Heat transfer is treated as reaching a steady state at each computa
tional time step. 

∇⋅(K∇T) = 0 (2) 

where K denotes the thermal conductivity of the ice-bearing lunar 
regolith or the dry regolith, and T is the temperature.

To rigorously account for both pressure-driven diffusion and ther
modiffusion (temperature-driven diffusion), we characterize the molar 
Gibbs free energy of the water component using the chemical potential 
(μ). The gradient of the chemical potential drives the water vapor flux. 
Building upon earlier work concerning subsurface dispersed fluid evo
lution (Xu et al., 2019), we develop a mass transfer Darcy-scale con
tinuum model. The specific derivation of the formula is provided in 
Supplementary Material S1.

For mass transfer, we solve the distinct conservation equations for 
the ice-bearing region and the dry region, respectively: 

∂(Sρi + (1 − S)ρv )

∂t
= ∇⋅

(
(D/τ)ρv

RT
∇μ
)

, if S > 10− 10 (3) 

0 = ∇⋅
(

Dρv

RT
∇μ
)

, if S < 10− 10 (4) 

where t is time, R is ideal gas constant, ρi is the density of ice (Table 1), ρv 
is the density of water vapor (calculated using the ideal gas equation, 
PwaterM/RT, M is molar mass of water, 0.018 kg⋅mol− 1), S is the ice 
saturation (ice volume fraction in void space), D is the water vapor 
diffusion efficient, and τ the tortuosity (the ratio of the actual diffusion 
path length of molecules in lunar regolith to the apparent distance) 
(Schieber et al., 2021; Zheng et al., 2013).

The chemical potential (μ) of the water component is expressed as 
follows. Due to phase equilibrium, the chemical potential of water ice 
equals that of water vapor. The detailed derivation of this formula is 
provided in Supplementary Material S1. 

μ = μ0 + RTln
Pwater

P0
+ S0

e (T − T0) − Cp

(

Tln
T
T0

+ T0 − T
)

(5) 

This expression defines the chemical potential as a function of partial 
water vapor pressure (Pwater) and temperature (T). Here, μ0 and S0

e are 
the reference chemical potential and entropy, respectively, at the 
reference state (at T = T0 and Pwater = P0, T0 = 273.16 K is the reference 
temperature, and P0 is the saturated vapor pressure when T = T0, 
611.73 Pa). In addition, Cp = (1 + f/2)R represents the specific heat 
capacity at constant pressure for an ideal gas composed of polyatomic 
molecules, where f denotes the number of molecular degrees of freedom. 
For a water molecule, f = 6, comprising three translational and three 
rotational degrees of freedom.

Initial condition. We assume that the water ice content within the 
regolith is initially uniform, resulting from impact gardening processes. 
Impactors, categorized as comets or asteroids based on composition, 
determine the mass of water delivered to the Moon (Ong et al., 2010). 
The size of these impactors can be inferred from associated crater 
morphology (Ivanov, 2001), and the formation age of a specific area can 
be revealed through crater counting (Spudis et al., 2008). Combining 
these parameters allows for the preliminary estimation of the total water 
ice delivered. Existing studies generally establish that the thickness of 
the loose regolith is approximately 10 m, with the water ice content 
typically ranging from 0.1 wt% to 10 wt% (Arnold, 1979; Colaprete 
et al., 2010; Rubanenko and Aharonson, 2017; Schultz et al., 2010; 
Stewart et al., 2011). Considering that the densities of ice (ρi) and lunar 
regolith (ρregolith, Table 1) are not significantly different, the initial 
saturation of the system is also set to a uniform value (Sinit), ranging 
from 0.1% to 10%.

Additionally, since we have provided the heat transfer quasi-steady 
state assumption, the calculation does not require the specification of 
thermal initial conditions. The initial temperature field is obtained by 
solving the steady-state heat transfer equation with the initial saturation 
distribution.

The boundary conditions are illustrated in Fig. 1.

2.3.1. Bottom boundary
At the bottom of the regolith domain, heat transfer is dominated by 

the geothermal flux. Prior studies have established the critical impor
tance of quantifying this internal heat flow q0 as Table 1. Concurrently, 
this boundary is treated as closed with respect to mass transfer.

The bottom boundary conditions are specified as follows: 

K
∂T
∂z
|z=h = q0 (6) 

∂μ
∂z
|z=h = 0 (7) 

2.3.2. Axis of symmetry (r = 0)
Due to the axial symmetry of the problem, a zero-flux (Neumann) 

condition is applied for all variables: 

∂T
∂r

∣r=0 = 0 (8) 

∂μ
∂r

∣r=0 = 0 (9) 

2.3.3. Lateral boundary
Existing studies indicate that although the lunar regolith within 

several centimeters of the surface experiences extreme diurnal temper
ature variations, the low thermal conductivity of the surface regolith 
means that temperatures at a certain depth underground remain unaf
fected by surface illumination conditions (Heiken et al., 1991; Vasavada 
et al., 1999; Zhong et al., 2023). Furthermore, geothermal influence is 
negligible (Zhong et al., 2023). Therefore, we can reasonably consider 
the outer boundary of the cold trap to be at a constant temperature, 
Tboundary. Additionally, due to the high temperatures present, we assume 
the exterior region beyond the boundary is a dry region. Therefore, we 
also specify this boundary as having a water molecular density ne 
(Table 1), set to a value in equilibrium with the lunar exosphere—hence 
it is a constant independent of the water molecule influx based on 
published data (Heiken et al., 1991). Although the water vapor density 
in the exosphere above the cold trap varies with the influx, we assume 
that the incoming molecules possess a net downward velocity and thus 
do not establish a local equilibrium.

The lateral boundary conditions are specified as follows: 

T|r=Rc
= Tboundary (10) 

S. Zhou et al.                                                                                                                                                                                                                                    Icarus 452 (2026) 117022 

4 



Pwater(r = Rc) = ne/(kBT) (11) 

where kB is the Boltzmann constant. The chemical potential at the 
boundary is calculated by substituting this pressure and temperature 
into Eq. 5.

2.3.4. Upper boundary
The upper boundary of the cold trap is in contact with the lunar 

exosphere. We neglect conductive heat transfer at this boundary, and 
consider only radiative heat transfer since the temperature difference 
between the regolith surface and space background is sufficiently large. 
The radiative term qrad includes the surface's thermal emission and the 
solar radiation reflected or scattered from the crater rim qwall. Specific 
calculations of qwall can be found in the Supplementary Materials S6. 
Therefore, a radiation term is present on the surface: 

∇⋅(K∇T)|z=0 = − qrad (12) 

qrad = − σϵT4 + qwall (13) 

The values adopted are reported in Table 1.
For mass transfer boundary condition on upper surface, water mol

ecules migrate from the subsurface to the surface layer and escape, while 
the lunar exosphere also experiences an influx of water molecules from 
lower latitudes (Moores, 2016). For the net surface flux Jnet, we define it 
as the difference between the external influx Jin,net and the molecular 
leakage Jout. Here, Jin,net represents the flux of water molecules arriving 
above the cold trap from lower latitudes via the lunar exosphere Jin, 
minus the loss due to space weathering at the surface (Farrell et al., 
2019; Morgan and Shemansky, 1991). Jout denotes the flux of water 
vapor escaping from the cold trap surface, originating from the subli
mation of subsurface ice. The upper boundary conditions are specified as 
follows: 

(D/τ)ρv

RT
∂μ
∂z
|z=0 = − Jnet (14) 

Jnet = Jin,net

/

ϕsolid − Jout = Jin,net

/

ϕsolid −
1
4

Pwater

RT
vM (15) 

where v =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8RT/πM

√
is the mean molecular speed and ϕsolid is the lunar 

regolith porosity. The reason for dividing the influx by porosity is that 
Eq. 3 itself already results from dividing both sides of the equation by 
porosity (see Supplementary Material S1). Jin,net is critical for the 
accumulation of water ice in the cold trap. Based on previous studies of 
the continuous accumulation process caused by comet impacts (Stewart 
et al., 2011), we estimate the upper limit of the water vapor influx Jin to 
be 4.1 × 103 kg⋅m− 2⋅Gyr− 1. The lower limit is derived from prior 
measurements of water molecule density in the lunar surface environ
ment (Heiken et al., 1991), which is 5.68 × 10− 2 kg⋅m− 2⋅Gyr− 1. How
ever, it remains challenging to estimate the losses in the lunar regolith 
surface layer caused by space weathering (Farrell et al., 2019; Morgan 
and Shemansky, 1991). Therefore, the lower limit of Jin,net is estimated 
as 0.

2.4. Key parameters and variables

The parameters and variables intrinsic to the governing equations 
exhibit strong dependence on local temperature (T) and ice saturation 
(S). To solve the model, we must define the functional forms for the 
thermal conductivity (K), the diffusion coefficient (D), and the saturated 
vapor pressure (Ps).

2.4.1. Thermal conductivity K
The thermal conductivity represents the effective thermal conduc

tivity of the ice-bearing lunar regolith mixture. It is thus inherently 
dependent on both the ice saturation (S) and the inter-particle bonding 

modes between the ice crystals and the solid regolith grains (Siegler 
et al., 2012). Given the low water-ice content in lunar regolith and 
temperature-constrained low saturation vapor pressure, we adopt a 
simplified approach based on a volume mixing law dominated by point- 
contact interactions between the ice and soil components: 

K = Ksolid + S⋅ϕi⋅Ki (17) 

where Ksolid is the thermal conductivity of a granular packing of lunar 
regolith grains, which depends on both how the grains are in contact 
with each other and the intrinsic thermal conductivity of the grains 
themselves (Ks), Ki is the thermal conductivity of ice crystals, and ϕi is 
the porosity of water ice structures (such as frost on the surface of lunar 
soil particles. Ksolid is determined by their mechanical properties 
(Parzinger, 2014; Reiss, 2018), while Ki is determined by temperature 
(Ratcliffe, 1962): 

Ksolid = 3.44(1 − ϕsolid)
4
3

(
1 − v2

p

Y

)
1
3KsP

1
3
compress (18) 

Ki =

(
7.8
T

− 0.00615
)

⋅100 (19) 

where ϕsolid is the porosity of the lunar regolith particle packing, νp = 0.3 
is Poisson's ratio, Y = 80 MPa is Young's modulus of the solid particle, 
and Pcompress = ρregolithgz is the load that compresses the particles, where 
g is gravitational acceleration (1.62 m⋅s− 2) and z is the depth. The value 
of Ks varies with temperature and rock type (Reiss, 2018; Woods-Rob
inson et al., 2019), and it ranges from 2 to 10 W/(m⋅K) between 100 and 
400 K. Considering that its variation is relatively small compared to the 
thermal conductivity of ice, we set this as the constant 3.49 W⋅m− 1⋅K− 1, 
which is the thermal conductivity of basalt. Additionally, the tempera
ture (T) mentioned here is in Kelvin units, and the units of Ksoild and Ki 
are W/(m⋅K). At a depth of 2 cm, the calculated conductivity is 0.03 W/ 
(m⋅K), which is consistent in magnitude with values reported in the 
literature (Grott et al., 2010; Langseth et al., 1976b). For deeper rego
lith, our formulation suggests that thermal conductivity increases as 
interparticle contact becomes tighter, but this lacks validation against 
data from the depths of permanently shadowed regions.

Typical values of ϕsolid for lunar regolith range from 0.44 ± 0.02 to 
0.52 ± 0.02, including both inter- and intra-granular porosity, as 
calculated from the depth-dependent bulk density measured in situ 
during the Apollo missions (Heiken et al., 1991). We set ϕsolid = 0.5 in 
this article. Furthermore, we assume that the porosity of water ice ϕi is 
similar to that of lunar soil particles, without changing their porosity. 
Therefore, ϕi is also equal to 0.5.

As shown in Fig. 2 (a), the ice saturation is a critical factor in 
calculating the thermal conductivity of lunar regolith.

2.4.2. Frost layer alters the thermal conductivity of the top regolith layer
If the water ice saturation in the uniformly mixed top layer exceeds 

0.8, a frost layer forms at the surface. Under this condition, the effective 
thermal conductivity of the composite layer is calculated as the series 
combination of the ice-bearing regolith and the overlying frost layer 
(Levenspiel, 2014). 

K =

(
hregolith + hfrost

)
⋅ϕi⋅Ki⋅Ksaturated

hregolith⋅ϕi⋅Ki + hfrost⋅Ksaturated
(16) 

where hregolith = 0.5 m is the depth of the top layer, hfrost is the height of 
the frost on the regolith surface, Ksaturated is the thermal conductivity of 
the saturated regolith (S = 0.8). The height of the frost, hfrost, is deter
mined by the mass of accumulated water ice at the surface (excluding 
that mixed with the regolith), the density of water ice (ρi), and the 
porosity of the water ice structures (ϕi, taken as 0.5).
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2.4.3. Diffusion coefficient D
n lunar regolith, Kn > > 10, so we adopt the Knudsen diffusion co

efficient (Reinecke and Sleep, 2002), which can be calculated as: 

D =
1
3

vlp (17) 

The parameter values adopted are reported in Table 1. Therefore, the 
effective diffusion coefficient depends on the average particle size of the 
lunar regolith lp divided by the porous media tortuosity τ. The tortuosity 
typically ranges from 1 to 2 (Schieber et al., 2021).

2.4.4. Saturated vapor pressure PS
The saturated water vapor pressure is a function of temperature, and 

it is calculated using the empirical equation (Daucik and Dooley, 2011): 

Ps = P0exp(α/T*) (18) 

Where T* = T/T0 is the dimensionless temperature, and α = − 21.2 
T*0.00333 + 27.3 T*1.21–6.11 T*1.7. The formula demonstrates that a 
decrease in temperature can reduce the saturation vapor pressure of 
water ice by orders of magnitude, thereby also lowering the sublimation 
rate. For individual water molecules, this is equivalent to an exponential 
increase in their average adsorption time on the ice surface (Schorghofer 
and Taylor, 2007). Consequently, lower temperatures significantly slow 
down the diffusion rate of water ice (Schörghofer, 2025).

As shown in Fig. 2 (b), in the deep low-temperature regime, the 
magnitude of the saturated vapor pressure of ice crystals changes dras
tically with temperature. Consequently, even minor local temperature 
differences can establish a significant pressure gradient capable of 
driving mass transfer. This sensitivity leads to conditions, as shown in 
Fig. 2 (c), where the chemical potential of water vapor in potentially dry 
regions can exceed that within the ice-bearing lunar regolith when the 
local temperatures are sufficiently low.

3. Results

We first examine the evolution of water ice in a demonstrative micro 
cold trap, followed by an investigation into the influence of geothermal 
flux (q0), lateral boundary temperature (Tboundary), initial saturation 
(Sinit), cold trap size (Rc), effective diffusion coefficient, net surface 
water vapor influx (Jin,net), and radiative flux from crater wall (qwall), on 
the resulting ice evolution.

3.1. Evolution in a demonstrative micro cold trap

A significant portion of the cold trap area on the Moon is concen
trated in micro cold traps smaller than 1 km (Hayne et al., 2021). Given 
this prevalence, and to avoid complexities associated with heterogeneity 
that arise in larger domains, we focus our initial analysis on a 

representative small-scale system. Specifically, we examine a micro cold 
trap characterized by a 10-m diameter and 10-m depth. The thermal 
boundary condition is held constant at 160 K, slightly above the re
ported Shackleton crater rim temperatures of 120–156 K (Zhong et al., 
2023). Furthermore, this also corresponds to the typical annual mean 
temperature in high-latitude regions (Paige et al., 2010; Williams et al., 
2019). Initial conditions specify a 0.5% saturation. The radiative flux 
from the crater wall is set to 2.63 W/m2. The lunar geothermal heat flux 
is set to 0.018 W/m2 (Langseth et al., 1976a). The value of the average 
lunar regolith particle size divided by the tortuosity is set to 10− 4 m. 
Under the assumption that space weathering balances the influx of water 
molecules, Jin,net is taken as 0. The primary objective is to determine the 
resulting water ice distribution after an evolutionary timescale of one 
billion years.

The temperature and ice saturation field evolution are shown in 
Fig. 3 (a)-(f). The boundary of the ice-bearing region (ice front) retreats 
faster in the deep layer than in the surface layer. This non-uniform front 
movement is a result of the non-uniform temperature field in the vertical 
direction, which is shaped by the radiative cooling upper surface and 
weakly heating bottom boundary. We note that the majority of ice loss 
occurs through the lateral boundary and dissipation from upper 
boundary is negligible, although the upper boundary area is comparable 
to that of literal boundary.

We further observe that the maximum water-ice saturation is located 
near the ice front within the ice-bearing region. This is attributed to the 
positive correlation between the chemical potential and temperature in 
the ice-bearing region (Fig. 2 (c)), which drives water ice at the ice front 
continuously transports mass inward (as illustrated in Fig. 3 (g)).

Fig. 3 (h) plots the variation of the ratio (η) of water ice content in the 
cold trap to the initial water ice mass over time. The dissipation becomes 
slower during the 1 billion years, and 81% of total initial water ice can 
be preserved.

3.2. Sensitivity analysis

Here we investigate the sensitivity of the water ice dissipation dy
namics to several key physical parameters. In the simulations for this 
section, we use the case from Section 3.1 as the baseline and modify only 
the parameters for sensitivity analysis, keeping all other parameters 
unchanged.

3.2.1. Geothermal flux
As compiled in Table 1, reported estimations for lunar geothermal 

heat flux (q0) exhibit significant variance across the literature. To assess 
the impact of this uncertainty on our primary findings, we performed a 
sensitivity analysis using geothermal flux values spanning two orders of 
magnitude. We set the geothermal flux to 0.018 W/m2 (Langseth et al., 
1976a), 0.0018 W/m2 (one order of magnitude lower than the typical 

Fig. 2. Key physical property parameters varying with temperature. (a) Thermal conductivity of pure ice and ice-bearing lunar regolith with different saturation 
levels. (b) Equilibrate vapor pressure. Note that it is very sensitive to temperature. (c) The chemical potential of water vapor in the ice-bearing region, and in the dry 
region under external atmospheric molecule density shown in Table 1.
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lunar value), and 0.067 W/m2 (terrestrial heat flow data for the Earth, (Lucazeau, 2019))), respectively. The resulting evolution of water ice 
retention rate (η) over time, illustrated in Fig. 4, demonstrates that the 
geothermal flux has almost no effect on the dynamics of water vapor 
evolution. Therefore, in following simulations, we always set q0 = 0.018 
W/m2.

3.2.2. Lateral boundary temperature
The boundary temperature surrounding the cold trap is a crucial 

control on water ice retention. Observational data suggest that the 
annual average temperature at the edges of typical polar cold traps 
ranges between 120 K and 160 K (Williams et al., 2019). As shown in 
Fig. 5, simulations are conducted over 1 Gyr with the radial boundary 
temperature (Tboundary) set to 140 K, 160 K, and 180 K, while all other 
parameters are kept consistent with those in Section 3.1. The ice-loss 
rate is clearly highly sensitive to the boundary temperature: the cold 
trap with a boundary temperature of 140 K shows almost no water-ice 
loss, whereas the one at 180 K loses more than 60% of its initial ice. 
As illustrated in Fig. 5 (c), under high-temperature conditions the 
divergence in ice-loss rates at different depths becomes pronounced; in 
this scenario, only the surface layer retains appreciable water ice. This is 
consistent with the findings of (Talkington et al., 2022).

As discussed in Section 3.1, when the lateral boundary temperature 
is sufficiently high, a high-saturation belt forms at mild depth and near 
the ice front, due to inward mass transfer of water ice from the boundary 
region. This high-saturation belt is particularly evident under higher 

Fig. 3. The evolution of a typical micro cold trap initially containing a certain amount of uniformly distributed water ice over 1 billion years. The cold trap has a 
radius of 5 m and a depth of 10 m, with a radial boundary temperature of 160 K. The value of the average lunar regolith particle size divided by the tortuosity is set to 
10− 4 m. The upper boundary receives reflected or scattered solar radiation from the crater wall at 2.63 W/m2. The initial water-ice saturation is 0.5%. The lunar 
geothermal heat flux is set to 0.018 W/m2. No water-vapor influx from the exosphere is considered. (a, b, c) Spatial distributions of water-ice saturation at 10 Myr, 
100 Myr, and 1 Gyr. (d, e, f) Temperature distributions at 10 Myr, 100 Myr, and 1 Gyr. (g) Arrows represent the spatial distribution of the water-ice mass-flux vector 
at a simulation time of 0.9 Gyr; arrow size indicates flux magnitude, overlaid on a heatmap of water-ice saturation. (h) Temporal evolution of the water-ice retention 
rate (η).

Fig. 4. The evolution of cold traps initially containing a certain amount of 
uniformly distributed water-ice. The cold trap has a radius of 5 m and a depth of 
10 m, with a radial boundary temperature of 160 K. The value of the average 
lunar regolith particle size divided by the tortuosity is set to 10− 4 m. The upper 
boundary receives reflected or scattered solar radiation from the crater wall at 
2.63 W/m2. The initial water-ice saturation is 0.5%. No water-vapor influx from 
the exosphere is considered. The curves show the water-ice retention rate (η) 
over time under different geothermal flux settings (0.0018 W/m2, 0.018 W/m2, 
0.067 W/m2).
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temperature, as shown in Fig. 5 (c).

3.2.3. Initial saturation
The initial water ice saturation is another critical factor. Based on the 

preceding analysis in Section 2, the initial saturation is considered to 
range from 0.1% to 10%. We set initial saturation Sinit as 10%, 0.5% and 
0.1%, and demonstrate the spatial distribution of ice saturation after 
109 years in Fig. 6 (a)-(c), respectively. All other parameters are kept 
consistent with those in Section 3.1.

As shown in Fig. 6, the ice-loss rate and retention rate are strongly 
dependent on the initial saturation. Since the sublimation rate of water 
ice depends solely on temperature and the corresponding saturated 
vapor pressure, a cold trap with higher initial saturation experiences 
slower retreat of the ice front and thus attains a relatively higher 
retention rate. However, the proportional relationship between the 
retention rate and initial saturation in Fig. 6 (d) also indicates that cold 
traps with higher initial saturation experience a greater absolute mass 
loss of ice.

3.2.4. Cold trap size
The size of the cold trap, quantified by its radius, is a primary indi

cator for estimating potential water ice reserves. Observational esti
mates suggest that natural cold traps span an extensive range, from 
micro-scale traps with radii as small as 1 cm (Hayne et al., 2021) up 
to major features exceeding 20 km in diameter (Shackleton crater, 
(Halim et al., 2021)). However, traps significantly smaller than the 
meter scale often exhibit very short lifetimes due to the impact envi
ronment (Costello and Lucey, 2024). To assess the impact of scale on 
long-term retention, we investigate the evolution patterns of water ice 

within cold traps whose radii (Rc) range from 5 m to 100 m. All other 
parameters are kept consistent with those in Section 3.1.

As shown in the results of Fig. 7 (a-d), the ice-loss profiles along the 
edges are highly similar, and the retreat distances of the ice fronts are 
nearly identical. Consequently, larger cold traps achieve higher water- 
ice retention rates. Furthermore, the temperature distributions (Fig. 7
(e, f)) reveal that in large cold traps, only the peripheral regions reach 
temperatures sufficiently high to cause ice loss, while the extensive 
central low-temperature zone (〈100 K) allows water ice to be preserved 
almost indefinitely.

3.2.5. Effective diffusion coefficient
The effective diffusion coefficient is governed by a characteristic 

length scale, namely the ratio of lunar regolith particle size to tortuosity 
(lp/τ), which consequently influences the rate of water-ice loss. Based on 
(Grant et al., 1991), lp is approximately 10− 4 m, while τ typically ranges 
between 1 and 2 (Schieber et al., 2021). Accordingly, we performed 
simulations with lp/τ set to 5 × 10− 5 m, 1 × 10− 4 m, and 2 × 10− 4 m, 
respectively. All other parameters are kept consistent with those in 
Section 3.1.

The saturation distributions shown in Fig. 8 (a-c) indicate that a 
larger effective diffusion coefficient accelerates the loss of water ice. 
Fig. 8 (d) displays the temporal evolution of the water ice retention rate 
(η), which is inversely correlated with lp/τ. Nevertheless, we notice that 
four times higher diffusion coefficient corresponds to less than two times 
higher dissipation, indicating the diffusion coefficient affect dissipation 
with a weak sublinear scaling.

Fig. 5. The evolution of micro cold traps initially containing a certain amount of uniformly distributed water ice over 1 billion years. The cold trap has a radius of 5 
m and a depth of 10 m. The value of the average lunar regolith particle size divided by the tortuosity is set to 10− 4 m. The upper boundary receives reflected or 
scattered solar radiation from the crater wall at 2.63 W/m2. The initial water-ice saturation is 0.5%. The lunar geothermal heat flux is set to 0.018 W/m2. No water- 
vapor influx from the exosphere is considered. (a, b, c) Spatial distribution of water-ice saturation in the cold trap at a simulation time of 1 Gyr, with radial boundary 
temperatures set to 140 K, 160 K, and 180 K, respectively. (d) Temporal evolution of the cold-trap water-ice retention rate (η).

S. Zhou et al.                                                                                                                                                                                                                                    Icarus 452 (2026) 117022 

8 



Fig. 6. The evolution of micro cold traps initially containing a certain amount of uniformly distributed water ice over 1 billion years. The cold trap has a radius of 5 
m and a depth of 10 m, with a radial boundary temperature of 160 K. The value of the average lunar regolith particle size divided by the tortuosity is set to 10− 4 m. 
The upper boundary receives reflected or scattered solar radiation from the crater wall at 2.63 W/m2. The lunar geothermal heat flux is set to 0.018 W/m2. No water- 
vapor influx from the exosphere is considered. (a, b, c) Spatial distribution of water-ice saturation in the cold trap at a simulation time of 1 Gyr, with initial water-ice 
saturations set to 0.1%, 0.5%, and 10%, respectively. (d) Temporal evolution of the cold-trap water-ice retention rate (η).

Fig. 7. The evolution of cold traps initially containing a certain amount of uniformly distributed water ice over 1 billion years. The cold trap has a depth of 10 m, 
with a radial boundary temperature of 160 K. The value of the average lunar regolith particle size divided by the tortuosity is set to 10− 4 m. The upper boundary 
receives reflected or scattered solar radiation from the crater wall at 2.63 W/m2. The initial water-ice saturation is 0.5%. The lunar geothermal heat flux is set to 
0.018 W/m2. No water-vapor influx from the exosphere is considered. (a, b, c) Spatial distribution of water-ice saturation in the cold trap at a simulation time of 1 
Gyr, with radii set to 5 m, 20 m, and 100 m, respectively. (d) Temporal evolution of the cold-trap water-ice retention rate (η). (e, f) Spatial temperature distributions 
in the 5 m-radius and 100 m-radius cold traps at 1 Gyr.
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3.2.6. Net external water vapor flux
The magnitude of external water vapor flux is a major uncertainty 

affecting the total water ice reserves within the cold trap. In previous 
studies, estimations of the water vapor influx diffusing to the polar re
gions could differ by up to five orders of magnitude (Jin = 10− 2–103 

kg⋅m− 2⋅Gyr− 1, Table 1). However, space-weathering processes such as 
meteoroid impacts can disrupt water ice in the surface layer of cold traps 
(Farrell et al., 2019; Morgan and Shemansky, 1991). Therefore, the 
lower limit of the net influx Jin,net is taken as zero in our analysis.

As shown in Fig. 9, a small influx (e.g., 0.05 kg/m2/Gyr, Fig. 9 (b)) 
does not alter the position of the ice front, and the ice loss in the sub
surface remains essentially the same as in the no-influx case (Fig. 9 (a)). 
When the influx reaches 50 kg/m2/Gyr (Fig. 9 (e)), the retreat of the ice 
front at top layer is noticeably slowed. With a sufficiently large influx 
(500 kg/m2/Gyr, Fig. 9 (f)), a frost layer (S > 0.8) forms at the surface. In 
addition, due to the minimal mass transfer between the top layer and the 
underlying layers (Section 3.1), the vapor influx does not affect the ice 
front at the bottom, as shown in Supplementary Material Fig. S2.

We note that thick icy layer (as that with S > 0.8) does not match 
current observation (Kereszturi, 2023). This suggests that estimates of 
Jin exceeding 500 kg/m2/Gyr may be too high, or that the effects of 
space weathering have been underestimated.

A question therefore arises: can we distinguish the ice from external 
vapor influx and the initially formed ice? To answer this question, we 
analyze the net water vapor flux at 0.5-m subsurface depth (Jz=0.5m), and 
calculate its ratio to that of Jin,net, shown in Fig. 9(h). The results 
demonstrate that the magnitude of Jz=0.5m is negligible when compared 
to Jin,net if Jin,net > 0.5 kg/m2/Gyr, indicating minimal exchange be
tween interior and exterior water ice. This phenomenon suggests that 

the water ice in shallow lunar regolith and deep regolith likely exhibits 
significant physicochemical differences due to distinct origins.

3.2.7. Radiative flux from crater wall
The radiative flux from the crater wall, qwall, is a key factor con

trolling water ice retention. Based on calculations from Supplementary 
Material S6, qwall in high-latitude craters can range from 0.86 to 4.83 W/ 
m2. Multiple scenarios are simulated by setting qwall to 0.86 W/m2, 2.63 
W/m2, and 4.83 W/m2. All other parameters are kept consistent with 
those in Section 3.1.

In absence of external water vapor influx, ice-loss rate is very weakly 
correlated with the radiative flux from the crater wall, as shown in 
Fig. 10 (a-d). However, when there is a net water-vapor influx Jin,net = 5 
kg/m2/Gyr, as presented in Fig. 10 (e-h), qwall exerts a stronger influence 
on the top layer of the water ice. When an external vapor influx is pre
sent at the surface, qwall has a more pronounced impact on the overall ice 
retention rate.

4. Implications and limitations

4.1. Reserve prediction

Based on the aforementioned simulation results, we analyze the 
factors influencing the retention rate of water ice in cold traps. In this 
section, we show comprehensive results to show prediction of ice 
reserve under different PSR size (Rc), initial saturation (Sinit) and 
boundary temperature (Tboundary).

As shown in Fig. 11, we plot heat maps of the water-ice retention rate 
(η) as a function of cold-trap radius (Rc) versus initial saturation (Sinit), 

Fig. 8. The evolution of micro cold traps initially containing a certain amount of uniformly distributed water ice over 1 billion years. The cold trap has a radius of 5 
m and a depth of 10 m, with a radial boundary temperature of 160 K. The upper boundary receives reflected or scattered solar radiation from the crater wall at 2.63 
W/m2. The initial water-ice saturation is 0.5%. The lunar geothermal heat flux is set to 0.018 W/m2. No water-vapor influx from the exosphere is considered. (a, b, c) 
Spatial distribution of water-ice saturation in the cold trap at a simulation time of 1 Gyr, with the ratio of lunar regolith particle size to tortuosity (lp/τ) set to 5 ×
10− 5 m, 1 × 10− 4 m, and 2 × 10− 4 m, respectively. (d) Temporal evolution of the cold-trap water-ice retention rate (η).
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and as a function of radial boundary temperature (Tboundary) versus 
initial saturation (Sinit). Contour lines corresponding to η = 30%, 50%, 
and 90% are overlaid. All other simulation conditions are the same as in 
Section 3.1. Detailed numerical values are provided in Supplementary 
Materials Tables 1 and 2. We can employ η as a quantitative criterion to 
estimate the ranges of radius, initial saturation, and radial boundary 
temperature for cold traps that possess practical value for large-scale 
water extraction. For example, cold traps with radii larger than 20 m 
or radial boundary temperatures below 140 K exhibit η > 90%.

4.2. Limited vertical mixing

Surface ice frost layer may provide valuable information about the 
surrounding environment (Rubanenko, 2024). For example, the frost 
thickness is directly connected to water vapor influx at the surface, 
which may indicate the historical intensity of solar wind and past impact 
events. Under given geological conditions, the thickness of lunar surface 
water ice can be used to estimate both the cold trap evolution timescale 
and the average surface vapor influx.

In addition, we note that the temperature of the upper layer is so low 
that water vapor migration downward is negligible as shown in Fig. 9
(h). The external vapor accumulates only at the top 0.5 m layer (Fig. 9
(e-f)), with limited mixing with regolith by the gardening effect.

There may be a geochemically plausible implication: if we get 

samples from both the upper layer and deep regolith, they should be 
poorly mixed before and thus should have completely different sources. 
This separation may provide richer information than previously 
expected.

4.3. Limitations

To allow fast calculation with acceptable accuracy, the simulations 
are of some major limitations. Some limitations can be addressed by 
incorporating more existing data and investing more computational 
resources: 

- we simplify the shape of PSRs as a thin cylinder, while real PSRs are 
of more complex geometry;

- we adopt uniform porosity and permeability distribution in the 
regolith, while there is variation in both vertical and horizontal 
directions;

However, some limitations need future investigations on lunar 
samples, new lunar missions and more remote sensing data to overcome: 

- the interaction between water ice and regolith particles may be 
oversimplified, while realistic ice-regolith interaction is not fully 
resolved;

Fig. 9. The evolution of micro cold traps initially containing a certain amount of uniformly distributed water ice over 1 billion years. The cold trap has a radius of 5 
m and a depth of 10 m, with a radial boundary temperature of 160 K. The value of the average lunar regolith particle size divided by the tortuosity is set to 10− 4 m. 
The upper boundary receives reflected or scattered solar radiation from the crater wall at 2.63 W/m2. The initial water-ice saturation is 0.5%. The lunar geothermal 
heat flux is set to 0.018 W/m2. (a, b, c, d, e, f) Spatial distribution of water-ice saturation in the cold trap at a simulation time of 1 Gyr, with the net water-vapor influx 
Jin,net set to 0, 0.05 kg/m2/Gyr, 0.5 kg/m2/Gyr, 5 kg/m2/Gyr, 50 kg/m2/Gyr, and 500 kg/m2/Gyr, respectively. (g) Temporal evolution of the cold-trap water-ice 
retention rate (η). (h) The ratio of the time-averaged ice mass transfer between the top regolith layer (0–0.5 m) and the underlying layer Jz=0.5m, (in kg⋅m− 2⋅Gyr− 1) to 
the net influx from the exosphere Jin,net (in kg⋅m− 2⋅Gyr− 1) as a function of the latter.
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- we assume that the top 0.5 m layer is uniform due to gardening effect 
and the influx can be fully mixed with shallow layer in geologically 
short time, which needs further validation;

- we do not count for the water dissipation by external disturbances 
such as electrostatic fields, solar wind bombardment, and micro
meteorite impacts.

5. Conclusions

In this work, we investigate the impact of various geological vari
ables on the retention ratio of water ice by constructing a comprehensive 
model for the evolution of water ice in the PSRs of the lunar polar re
gions. We propose a model for water ice evolution that incorporates 
chemical potential gradients as the mass transfer driving force. The 
model highlights the influence of lateral temperature differences on 
water ice distribution. We demonstrate the correlation between water 

ice distribution and PSRs sizes, boundary temperature, initial ice satu
ration, effective diffusion coefficient, the water vapor influx, and the 
reflected and scatted solar radiation from crater wall.

The main conclusions of this work include: 

1) Cold trap size, boundary temperature, initial ice saturation, regolith 
particle size and water vapor influx from lower latitudes have sig
nificant effects on ice distribution evolution over 1 billion years in 
PSRs. In contrast, gravitational effect, surface energy, latent heat for 
ice phase change and geothermal flux have negligible effect.

2) In cold traps with radii greater than 20 m, the water ice retention 
ratio exceeds 90%, and the ice distribution evolution near the side 
boundary is insensitive to cold trap size. In contrast, water ice within 
cold traps with a radius smaller than 1 m may completely dissipate.

3) The intensity of water vapor influx from lower latitudes determines 
the ice-bearing layer on the cold trap surface. When the net water 

Fig. 10. The evolution of micro cold traps initially containing a certain amount of uniformly distributed water ice over 1 billion years. The cold trap has a radius of 5 
m and a depth of 10 m, with a radial boundary temperature of 160 K. The value of the average lunar regolith particle size divided by the tortuosity is set to 10− 4 m. 
The initial water-ice saturation is 0.5%. The lunar geothermal heat flux is set to 0.018 W/m2. (a, b, c) Spatial distribution of water-ice saturation in the cold trap at a 
simulation time of 1 Gyr, with radiative flux from the crater wall set to 0.86 W/m2, 2.63 W/m2, and 4.83 W/m2, respectively. No water-vapor influx from the 
exosphere is considered. (d) Temporal evolution of the cold-trap water-ice retention rate (η). (e, f, g) Spatial distribution of water-ice saturation in the cold trap at a 
simulation time of 1 Gyr, with radiative flux from the crater wall set to 0.86 W/m2, 2.63 W/m2, and 4.83 W/m2, respectively. The net water-vapor influx Jin,net is 
fixed at 5 kg/m2/Gyr. (h) Temporal evolution of the cold-trap water-ice retention rate (η) under the condition that the net water-vapor influx Jin,net is set to 5 kg/ 
m2/Gyr.

Fig. 11. Water-ice retention over 1 billion years heat maps for cold traps initially containing a certain amount of uniformly distributed water ice. The cold trap has a 
depth of 10 m. The value of the average lunar regolith particle size divided by the tortuosity is set to 10− 4 m. The upper boundary receives reflected or scattered solar 
radiation from the crater wall at 2.63 W/m2. The lunar geothermal heat flux is set to 0.018 W/m2. No water-vapor influx from the exosphere is considered. Contour 
lines mark η = 30%, 50%, and 90%. (a) Retention rate η as a function of cold-trap radius (Rc) and initial ice saturation (Sinit) under a fixed radial boundary tem
perature of 160 K. (b) η as a function of radial boundary temperature (Tboundary) and Sinit for a cold-trap radius of 5 m.
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vapor influx exceeds 5 kg/m2/Gyr, the shallow regolith ice accu
mulation can effectively compensate the escape of water ice from the 
edge in a 5-m cold trap. The influx Jin is unlikely to be larger than 
500 kg/m2/Gyr unless gardening effect results in major mass loss. 
The vertical mass exchange between shallow regolith and deeper 
regolith at half meter depth is extremely low, indicating that ice in 
shallow regolith and deep regolith in PSRs may have distinct origins 
and are not necessarily relevant.

This work provides a framework to analyze the evolution of water ice 
and other volatile in lunar PSRs and other similar geological structures, 
and contribute to future in-situ water ice utilization for lunar bases.
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