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Abstract

The regolith on the Earth’s Moon has been attracting attention from the perspective
of understanding the planetary surface processes and procuring in-situ resources. However,
very few studies have investigated the hydraulic properties of the lunar regolith, which
should pose one of the most significant physical properties for understanding the lunar
surface processes and evaluating regolith utilizations. In this paper, we study the water
permeability of the surficial regolith layer on sunlit lunar highlands using the lunar highlands
regolith simulant LHS-1. We measure the water permeability of LHS-1 at packing fractions of
0.49-0.60 by simulating lunar gravitational environments and evaluating the influences of
freeze-thaw, which is expected to occur on the sunlit lunar highland surfaces. Our results
indicate that the water permeability of lunar highland regolith is one to two orders of
magnitudes lower than that of fine silica sands and monodisperse spherical glass beads at
the given packing fraction. The low water permeability of lunar highland regolith attributes
to the regolith particles having irregular and angular shapes with sharp edges and micron-
sized chunks due to the least weathering, unlike soil particles on the Earth. The horizontal
water permeability of lunar highland regolith simulant before freeze-thaw is 1.6x107'3 m? at
a packing fraction of 0.6. From the porosity-depth profile available from previous studies,
we also obtained the water permeability-depth curve, representing the vertical water
permeabilities of 6x1073-2x10712 m? and 7x107'*-3x107*3> m? at the lunar surface and the
depth of 5 m within the surficial lunar regolith layer, respectively. We also found that the
water permeability of lunar highland regolith increased after one freeze-thaw cycle,
achieving 6.4 times higher than the permeability before the freeze, and the increase was
more significant with lower packing fractions. We suggest that the pore water in the solid
phase due to the freeze encourages the rearrangement of the regolith particles changing
the total contact area between the particles. This study will help us better understand the
abundance and distribution of molecular water on the lunar surface, lunar surface
processes, and regolith utilizations.
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Highlights

e Water permeability (WP) of lunar highland soils is estimated using simulant LHS-1

e WP before the freeze-thaw is 1.6x107'3 m? with a packing fraction (PF) of 60%

e WP-depth curve was estimated; e.g., WP can be 7x1071%-3x107!3 m? at 5 m depth

e The change in WP before and after one freeze-thaw cycle was greater with lower PFs
e The tortuosity with a PF of 49% decreased by about 60% with the freeze-thaw



1. Introduction

The surfaces of the Earth’s moon and Mars are covered by an unconsolidated and
fragmented layer of debris known as the regolith [1]. The regolith on the Earth’s moon and
Mars has been attracting attention from the perspective of understanding the
extraterrestrial surface processes and procuring in-situ resources. Also, a better
understanding of regolith is vital for successful safe landings on the Moon and Mars. On the
Earth’s moon, the regolith is present throughout almost the entire lunar surface, accounting
for approximately 4x10° km?3 of regolith on the entire lunar surface. An estimated average
thickness of regolith on the lunar surface is expected to be ~10 m based on 70-cm
wavelength Arecibo radar data, with generally hosting thicker regolith columns in the lunar
highlands than the lunar lowlands and Mares [2,3,4]. Such thick regolith columns should
play a profound role in various lunar surface processes, including the sediment and erosion
dynamics, the water and gas exchanges at the regolith-overlying “atmosphere” interface,
and possible life existence (e.g., [5]). The abundance of regolith has encouraged us to utilize
it for the extraction of oxygen [6], cement materials [7], and plant growths aiming at stable
food production [8] for the development of the lunar resources and establishing a base on
the Moon.

The existence of water on the Moon has been of utmost interest in the recent
decade. The presence of water in the lunar body has a considerable influence on the
geological evolution of the body. Also, many studies found evidence of not only water ice in
polar regions [9] but also molecular water in polar and even sunlit lunar surfaces (e.g.,
[10,11,12]). Although the surficial water abundance is likely very low, the water flow plays a
crucial role in mass and heat transfer, water-regolith reactions, and possible subsurface
microbial communities within the regolith column. The soil permeability within the regolith
layer is among the most crucial parameters controlling fluid flow. Moreover, the regolith
layer on the sunlit lunar highland surfaces is very likely exposed to freeze-thaw cycles,
altering geotechnical properties and microstructure that should lead to a change in soil
permeability as found on the Earth [13,14].

Soil permeability depends on the physical properties, porosity, and grain
microstructure of soil. A few previous studies reported gas permeability of lunar and
Martian soil and found that the gas permeability increases with lower porosity and larger
particle size [15,16,17]. However, the gas permeability of terrestrial soil is several times to
one order of magnitude larger than water permeability [18], suggesting that the water
permeability of lunar regolith can be much lower than the reported gas permeability. To
date, no studies to our best knowledge have reported water permeability of lunar regolith.
Molecular water is unlikely enriched on the moon, yet its presence and abundance should
relate to the water permeability of the lunar surface’s sediment column. Also,
understanding the permeability of the lunar regolith is essential to tailor appropriate
strategies for future lunar explorations and utilizing the regolith to plant cultivations and
concrete strength improvement for sustainable human habitability on the Moon
[8,19,20,21]. Thus, the water permeability of lunar regolith is among the essential physical
properties for a better understanding of the lunar surface processes and broad areas of the
engineering and agricultural applications of regolith utilizations. Among the regolith layers
in the upper crust, divided into the uppermost surficial regolith layer with a thickness of up
to 20 m and the underlying Upper and Lower Megaregolith layers down to 20-25 km [22],
the water permeability of the surficial regolith layer is most significant for investigating the
lunar surface processes and the regolith utilization. In this study, we aim to estimate the



water permeability of the surficial regolith layer in the lunar highlands using lunar highland
regolith simulant LHS-1. We further investigate the influences of freeze-thaw on the water
permeability of lunar highland regolith.



2. Materials and Methods

2.1. Studied materials and porous media samples

We used the Exolith Lab’s high-fidelity Lunar Highlands Simulant LHS-1 (e.g.,
[8,23,24,25,26,27]) for measuring the water permeability of lunar regolith and its change
due to freezing and thawing. The highland simulant LHS-1 is compositionally and physically
similar to the actual highland regolith because LHS-1 is well characterized by lunar highlands
regolith samples delivered by Apollo 16 [23,24]. We also measured water permeabilities of
other granular materials, including fine silica sands K-6, K-7 (Kumamoto-Silica Mining Co.,
Ltd., Japan), T-7, T-8 (TOHOKU KEISYA Co., Ltd., Japan) and fine monodisperse nearly-
spherical glass beads BZ-01 and BZ-02 (AS ONE Corporation, Japan), to compare with that of
lunar highlands regolith. The physical properties of the studied granular materials are
summarized in Table 1. Our Scanning Electron Microscope (SEM) imaging highlights that the
surface microstructure of lunar highlands regolith simulant has an irregular and angular
shape with sharp edges and micron-sized chunks (Figure 1). The silica sands and glass beds
have a relatively smooth surface.

To measure the water permeability of the studied granular materials (see Section
2.2), we prepared the porous media column samples using 10-mm inner diameter and 200-
mm long acryl pipes filled with the given studied granular material. To prevent water
leakage, we reinforced the inlet and outlet of the given porous media sample using rubber
plugs, nylon meshes, sealing tapes, and pressure-sensitive tapes, like the methods
measured for glass beads and terrestrial soils in the previous studies [28,29]. The packing
fraction of lunar highland regolith simulant within the porous media sample ranged from
49% to 60%, resulting in 40% to 51% porosity. The resulting porosities fall within the depths
between ~0.1 m and ~5 m of the uppermost regolith column [30,31,32].

Table 1
Averaged grain density and median diameter of the studied granular materials.
Granular Grain density Mean diameter
material (g/cm?3) (um)
LHS-1 3.22 90
K-6 2.57 350
K-7 2.58 180
T-7 2.75 170
T-8 2.78 120
BZ-01 2.50 115

BZ-02 2.50 200



Figure 1
Scanning Electron Microscope (SEM) images of (a) lunar highlands regolith simulant LHS-1,
(b) silica sand K-6, (c) silica sand T-8, and (d) glass beads BZ-02 used in this study. The SEM

images were taken using JSM-IT700HR (JEOL, Ltd., Tokyo, Japan) at the Center of Advanced
Instrumental Analysis, Kyushu University.

2.2. Water permeability measurement

Our water permeability measurement of the respective granular material (Table 1
and Figure 1) is similar to classic Darcy’s experiment. The apparatus of our water
permeability measurement includes plastic containers A and B, a water pump, a
thermometer, a digital manometer, and the porous media sample column filled with the
given studied granular materials (Figure 2). The clean tap water in plastic container A was
pumped up to plastic container B which levels water at a certain height to control a slow
water flow from plastic container B. The water is then fed into the porous media sample
column [33]. The water flow is continuous and steady. The digital manometer measured the
pressure difference between the outlet and inlet of the given sample column. When water
(incompressible fluid) is used for permeability estimations, the permeability (intrinsic
permeability) of the given sample k (m?) was estimated by Darcy’s law expressed by (e.g.,
[18]):

_ou
- AAp’ (1)

where Q (m3/s) is the volumetric flow rate, u (Pa-s) is the dynamic viscosity of water, L (m) is
the length of sample column (0.2 m), 4 (m?) is the cross-sectional area of sample column
(7.85x107° m?), and Ap (Pa) is the pressure difference between outlet and inlet of the given
sample column. The volumetric flow rate Q was measured over 3 min of water flowing out
from the outlet of the given sample column. The dynamic viscosity of water u, which
depends on temperature, was calculated using the IAPWS Formulation 2008 [34]. Water
temperature was constantly monitored with the thermometer equipped in the plastic
container. The pressure difference Ap was continuously measured using the digital



manometer FUSO-82153 (FUSO Co. Ltd., Japan). The pressure difference Ap fell within 2.92
—10.08 kPa in our measurements, varying with the type of granular materials, packing
fractions, simulated gravity fields, and the presence of freeze-thaw (see below). For the
studied flow in porous media, the Reynolds number Re is defined by [35]:
pw@D — PWQD’ (2)
Ap(1-¢) Aun .
where p,, is the density of water (kg/m?3), D is the mean diameter of granular bed (m), ¢ is
the porosity of the porous media sample, and 7 is the packing fraction of the porous media
sample. The Reynolds number in our permeability measurement ranged from 0.001 to 0.2
for all the tested granular materials. This indicated that the flow regime in our measurement
was laminar, ensuring that Darcy’s law was valid in our measurement [36]. The water
permeability of the given granular material was calculated when the pressure difference Ap
and the volumetric flow rate Q were kept constant. In reporting the measurement results,
we present the measured values of water permeability as k + k, (m?), where k and k, are
the mean and one standard deviation of the multiple measurements of the given sample.

Thermo S Rma A S R e S S NS SR SRS A e M S SRR S SR SRS S e S e e
meter . :

Re =

Container B
' %.\"\\
Digital Manometer 4e :
o i H
- : e
11 3 :
pump (| Aw T A8, : 0

Porous Media Column

Container A

Figure 2
Apparatus of water permeability measurement. The angle 8 represents the head-up tilt
angle of the given sample to simulate the given gravity field g.

The water permeability of soil can be lower on the lunar surface than on Earth’s
surface due to the lower gravity. We thus further attempted to experimentally investigate
the influence of lunar gravity on the water permeability of the tested granular materials,
although only a few publications reported the geomechanical properties of extraterrestrial
soil. The available methods simulating lunar gravity environments include the parabolic
flight aircraft, drop tower, microgravity rocket, hydraulic gradient similitude method, and
tilting method [37]. The parabolic flight aircraft and drop tower are limited to 0-30 s
duration [38,39,40,41]. The microgravity rocket can provide a longer duration of up to 10
min, but it is relatively unstable and costly [42]. Therefore, we adopted the tilting method,
in which the gravitational acceleration can be adjusted by controlling the weight and tilting
angle of the sample [43,44]. The tilting method is the only method to produce very long-
duration (longer than 10 min), continuous and steady water flow, and stable and
controllable low gravitational fields, which are essential to the water permeability
measurement. When the sample column was placed on the level, we simply measured the
horizontal water permeability k,,, using Eq. (1), which can be zero-gravity “vertical” water



permeability because gravity played no role in the water inlet-outlet direction [36]. On the
other hand, we quantified the vertical water permeability k,(g) of the given gravity field g
depending on the tilting angle of the sample column when it was not placed horizontally
(Figure 2). We simulated several gravity fields g, including lunar gravity (0.17G), Martian
gravity (0.38G), and Earth’s gravity fields (g, = 1G) by adjusting the head-up tilt angle () of
the given sample with 9.62+0.2°, 22.3+0.2°, and 90.0£0.2° using a digital inclinometer GLM
500 Professional (Robert Bosch GmbH, Germany). The tilting method is the only method
currently available to measure the water permeability of the given gravity field other than
the in-situ measurements on the lunar and Martian surfaces; however, our tilting method
might generate additional undesirable stresses to the “actual” water flow by friction and
lateral stresses on the water-regolith, water-pipe, and regolith-pipe interfaces because they
were still subject to Earth’s gravity [43]. We cannot thus perfectly discriminate the actual
effects of low-gravity fields from the redundant effects due to the additional stresses in our
study.

To investigate the influence of freeze-thawing on the water permeability of lunar
highlands soil, we also measured the water permeability of the lunar highlands regolith
simulant LHS-1 after one freeze-thaw cycle. We measured the horizontal water permeability
k,, after defrosting as a reference measurement rather than the vertical water permeability
at the simulated lunar gravity. This is because we primarily aim to investigate the influence
of unique materials and angularity of lunar regolith particles on freeze-thaw and compare
them with reported terrestrial soils while avoiding the influence of anisotropy on
permeability. The porous media sample packed with the lunar regolith simulant, after its
water permeability measurement prior to freeze, was cooled down to —20.0+0.3°C using a
temperature-controlling freezer JCMC-310D (JCM Co., Ltd., Japan). The temperature of the
given sample during freezing was continuously measured using a Pt100 temperature sensor
and a data logger TR45 (T&D, Japan). The cooling rate between 18°C and the freezing point
of water was approximately —40°C/h. The average cooling rate between the freezing point
and —20°C was —4°C/h, roughly consistent with the observed variations in surface
temperature at high lunar latitudes [45,46]. We kept the temperature of the given porous
media sample constant at —20.04+0.3°C for 24 h, and after that, we defrosted it at room
temperature of 18°C. We then measured the water permeability of the thawed sample by
the following the same procedure we measured the water permeability of the sample
before freezing.



3. Results

3.1. Water permeability k,,, of the studied granular materials

We measured the horizontal water permeability k,,, of the studied granular
materials. The packing fraction n of the lunar highland regolith simulant LHS-1 we measured
the water permeability was between 0.49 (49%) and 0.60 (60%), which ensured to
appropriately measure the water permeability. The packing fraction of n < 0.48 was not
successful in measuring the water permeability because we recognized particle movement
within the sample column during the water permeability measurement. The sample column
of lunar regolith simulant with packing fraction of 1 = 0.61 was not possible to make due to
difficulties in packing the studied regolith simulant materials at such high packing fractions.
The water permeability k,,, of lunar highland regolith simulant at packing fraction n = 0.49-
0.60 ranged from 1.77x10713 (+ 0.36x107*3) m? to 5.53x1073 (+ 0.22x107*%) m? and
generally decreased with higher packing fraction (Table 2 and Figure 3). In contrast, other
fine silica sands and monodisperse spherical glass beads showed much higher water
permeability (Figure 3). For example, the water permeabilities k., of fine silica sands T-7 at
1 =0.58-0.62 and T-8 at = 0.55-0.57 ranged from 1.02x107!! (+ 0.18x107%!) m? to
1.41x107* (£ 0.05x107*) m? and 3.73x1071? (+ 0.06x1071?) m? to 4.32x10712 (£ 0.23x1071?)
m?, respectively, indicating one to two orders of magnitudes higher than that of lunar
highlands regolith simulant. The water permeability k,,, of monodisperse spherical glass
beads BZ-01, having a median diameter similar to that of lunar highlands regolith, ranged
from 1.09x107? (£ 0.01x1071!) m? to 1.38x107! (+ 0.65x107?) m? at packing fraction n =
0.65-0.67, revealing two orders of magnitudes higher than that of lunar highlands regolith
simulant even at higher packing fractions (Figure 3). These results emphasize the
considerably low water permeability of the lunar highland regolith simulant.

Table 2
Water permeability k,,, of lunar highlands regolith simulant LHS-1.
Packing fraction Water Permeability k,,, (m?)
0.488 5.53x10713 (+ 0.22x10°13)
0.500 3.93x1073 (+ 0.12x10°13)
0.538 4.18x107" (£ 0.70x107%3)
0.550 3.23x107*% (£ 0.13x1075)
0.587 1.77x107*3 (£ 0.36x1075)

0.600 2.00x10733 (+ 0.22x1073)
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Water permeability k,,, of the studied granular materials without freeze-thaw.

3.2. Vertical water permeability k, with different gravity fields

We estimated the vertical water permeability k,(g) of the given gravity field g by
the tilting method (Figure 4). Our vertical water permeabilities of the glass beads BZ-01 and
silica sands K-7 in the Earth’s gravity field k,(g.) were very close to the published data with
the exact mean diameters [47]. The vertical water permeability of all the studied granular
materials, including lunar highland regolith simulant LHS-1, was the lowest at simulated
lunar gravity (0.17G) and increased with larger simulated gravity fields (Figure 4). The
vertical water permeabilities of lunar highland regolith at the simulated lunar gravity field
k,(0.17G) were 2.99x107 3 (£ 0.01x1073) m? and 1.57x107%3 (£ 0.01x107*3) m? at packing
fractions of n =0.54 and 1 = 0.59, respectively, resulting in 83—97% and 49-61% of those at
simulated Martian gravity field k,(0.38G) and Earth’s gravity field k,(1G), respectively. In
contrast, the difference between vertical water permeability at the simulated lunar gravity
and larger gravity fields was more significant for silica sands and monodispersed spherical
glass beads. The vertical water permeabilities at the simulated lunar gravity field k,(0.17G)
of silica sands K-7 and monodispersed spherical glass beads BZ-01 were respectively 63%
and 49% of those at the Martian gravity field k,(0.38G) and 36% and 28% of those at
Earth’s gravity field k,(1G). These results indicate that the vertical water permeability of
lunar highland regolith may be less variable with different gravity fields than that of silica
sands and spherical glass beads.
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Vertical water permeability with different gravity fields k,(g). The vertical water
permeability k,(0G) is identical to the horizontal water permeability kyy .

3.3. Changes in water permeability after one freeze-thaw cycle
We also measured the water permeability k,,, of the lunar highlands regolith
simulant LHS-1 after one freeze-thaw cycle. Likewise the water permeability before freezing

k;‘;}f identical to the water permeability k,,, (Table 2 and Figure 3), the water permeability
after one freeze-thaw cycle k,th‘,W decreased with a higher packing fraction n (Figure 5a).
However, the water permeability after one freeze-thaw cycle of lunar highlands regolith

kY, ranging from 2.25x107*3 (£ 0.19x107*%) m? to 3.54x107*? (+ 0.96x107'2) m? at packing
fractions 1 = 0.49-0.59, was higher than that before freezing k}g,lf at the given packing

fraction n (Figure 5a). The ratio of water permeability kfcgl,w/k:;fresulted in relatively

exponential decreases from 6.4 to 1.1 with packing fraction n, whereas the ratio was close
to 1 at packing fractions of n = 0.54-0.59 (Figure 5b).
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(a) Changes in water permeability of lunar highlands regolith before the freeze kfg,lf [m?]

and water permeability after one freeze-thaw cycle kfc’;,w [m?] with packing fraction 7. Data
of the water permeability k;g,lf [m?] are identical to the water permeability ky, (Table 2 and

Figure 3). (b) Changes in the ratio kfcgl,w/k:;f with packing fraction 7.



4, Discussion

4.1. Low water permeability of lunar highland regolith and its implication

Our results revealed that the water permeability k., of lunar highland regolith
simulant LHS-1 without freeze-thaw at packing fraction n = 0.49-0.60 was one to two orders
of magnitude lower than that of fine silica sands and monodispersed spherical glass beads
(Figure 3). Choate et al. [15] and LaMarche et al. [17] reported that the gas permeability of
the top 25 cm of lunar soil from Surveyor 5 data and regolith simulant JSC-1A [17] is
between 1x107'? m? and 7x1071> m? with a porosity ¢ = 0.3-0.5. Thus, our water
permeability of lunar highland regolith is about 15-20 times lower than the reported gas
permeability, which is consistent with the fact that the gas permeability is generally several
times to one order of magnitude higher than water permeability for Earth’s soils [18].
Nevertheless, the low water permeability could be attributed to the small particle sizes of
the lunar regolith. To assess whether the effect of particle size on the water permeability is
significant, we describe the permeability in a more general form:

k < ¢p™D? (3)
where D (m) is the average particle size and n is the exponent varying with porosities or
packing fractions [48]. For example, from our measurements, the water permeability k., at
a packing fraction n = 0.55 was 3.23x10713 (+ 0.13x107*%) m?2 for lunar highland regolith
(Table 2). From Eq. (3), the water permeability of fine silica sands K-7 and T-8 at a packing
fraction n = 0.55 could be 3.23x107*® x (180/90)% = 1.3x107*2 m? and 3.23x107*3 x (120/90)?
=5.7x10713 m?, respectively, if the water permeability was predominantly dependent on
porosity and grain size. However, our measured water permeabilities of fine silica sands K-7
and T-8 are respectively 6.7 and 70 times higher than these estimates (Figure 3). We would
thus suggest that the water permeability of the surficial regolith layer in the lunar highlands,
much lower than expected from particle size, is attributed to the morphology of regolith
particles that comprises irregular and angular shape with sharp edges and micron-sized
chunks due to the least weathering unlike Earth’s soil particles (Figure 1). Furthermore, the
lunar regolith comprises agglutinates, mostly glassy aggregates produced during the impact
of micrometeorites into lunar soils [1]. The agglutinates are often very small with complex
morphologies, which could make the water permeability lower than expected from our
measurements.

It is thought that the water on the lunar surface is trapped within the interior of tiny
lunar glasses in the soil that form out of the high heat generated by micrometeorite impacts
[11,49,50]. The molecular water could also be hidden between regolith grains and within
void spaces shielded from the harsh lunar environment [11]. However, due to the airless
body, most water is subject to evaporation into space or redistribution to permanently
shadowed regions. The abundance of molecular water per grain mass at the mid- to high-
latitude of sunlit lunar surfaces results in 100—-1000 pg/g (e.g., [11,12]), possessing
significantly less than that retained in Earth’s harsh deserts. We thus suggest that low water
permeability of surficial regolith layer discourages water retention and drainage, perhaps
somewhat encouraging to the low water abundance reported throughout the sunlit side of
the Moon. The low water permeability is also essential to control mass wasting events on
the lunar surface [51,52,53] because it can be one of the significant factors involving surface
water and changing the mobility of regolith granular materials.

4.2. Water permeability at depths of the surficial regolith layer



Our results show that the water permeability k,,, of lunar highland regolith simulant
decreases with higher packing fraction n and lower porosity ¢ (Figure 3). We thus expect
that the water permeability of lunar regolith decreases with depth, leading to considerably
lower values at deep depths within the surficial highland regolith layer than within the
Earth’s sediment column. Below, we estimate the water permeability-depth relationship
within the surficial regolith layer. We obtain the possible water permeability-depth curve by
using depth-porosity relationships reported in previous studies and the water permeability-
porosity relationship that can be obtained from our results. The bulk density profile with
depths of the surficial regolith layer is available from a few studies, including direct core
sample measurements at the Apollo 15, 16, and 17 landing sites (e.g., [30]), Diviner
radiometer observations [31], and Lunar Penetrating Radar at Chang’E-3 landing site [32].
The bulk density profile and grain density allow us to estimate the porosity-depth profile
with depths (Figure 6a), although the profile can be variable with the locations of lunar
highlands, lowlands, and Mare, and even landing sites and estimation methods. The porosity
is estimated to be ¢ =0.61-0.75 at the lunar surface and ¢ =0.32-0.46 at a depth of 5 m
within the surficial lunar regolith layer. The permeability k is expressed as a function of
porosity or packing fraction:

p™ a-pm

k = ch = C. — (4)
where C, (m?) is the Kozeny-coefficient like factor and m is the Archie exponent [54]. For
example, the coefficients of water permeability k,,, of lunar regolith simulant were (C;, m)

=(1.91x1071?, 3.02) from nonlinear square estimates. The Kozeny-coefficient like factor C,
of the lunar highlands regolith simulant LHS-1 was among the lowest in the studied granular
materials (Figure 3). Using Eq. (4) and the vertical water permeability k,(g) of the lunar
gravity field (Figure 4), we derive the water permeability-porosity relationships of the lunar
highland regolith:

m
klunar(d)) = kxy(1 - exp(_arl)) = Cci_(p (1 - exp(_a(l - ¢))) (5)
where a is the positive coefficient that can be computed from the nonlinear least-square
estimates of the vertical water permeability k,(g) of the lunar gravity field. We can finally

obtain the water permeability-porosity curves of the lunar highlands regolith k.4 (2) by
substituting the depth-porosity relationship to Eq. (5):

m
kunar () = Co 2o (1= exp (—a(1 - 0(2)))) (6)
where z (m) is the depth below the lunar surface.

Using Eq. (6), the water permeability of the surficial regolith layer in the lunar
highlands k;,, 4 (2) results in a relatively rapid drop at the upper ~1 m of regolith layer and
decreases with increasing depth below a depth of 2—4 m (Figure 6b). The water permeability
kiunar(z) is 6x10713-2x10712 m? at the lunar surface, whereas it declines to 7x1074-3x10713
m? at a depth of 5 m within the surficial lunar regolith layer. The influence of the lunar
gravity on the water permeability should be further investigated in future studies by
laboratory and lunar missions; however, the values of water permeability at 5 m depth of
lunar highland regolith are comparable to the permeabilities at much greater depths of 50 —
100 m and 300 — 600 m for Earth’s oceanic crust and continental crust, respectively [55,56],
highlighting the considerable low permeability of surficial lunar highland regolith. Although
we only estimate the water permeability-depth profile of lunar highland regolith, our study
will provide a wide range of further research with different lunar regions (e.g., highlands,
lowlands, Mare) and different properties of regolith particles.
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Figure 6

(a) Porosity of the lunar regolith as a function of depth. Red, blue, and black solid curves are
derived from the bulk density profiles reported by direct core sample measurements at the
Apollo 15, 16, 17 landing sites [30], Diviner radiometer observations [31], and Lunar
Penetrating Radar at Chang’E-3 landing site [32], respectively. (b) Water permeability of the
lunar regolith k4 (2) as a function of depth z. Red, blue, and black curves are computed
by using bulk density profiles reported in Carrier et al. [30], Hayne et al. [31], and Fa [32],
respectively, and our porosity-water permeability relationship in Eq. (6).

Our studies undoubtedly indicated that the water permeability of lunar highland
regolith is at least one to two orders of magnitudes lower than fine silica sands and
monodisperse spherical glass beads at the given packing fraction (Figure 3). We further
investigated the vertical water permeability k,(g) at the given gravity field g using the
tilting method (Figure 4) to estimate the first-ever water permeability-depth relationship
within the surficial regolith layer (Figure 6), as discussed above. In this paper, we used the
tilting method because it is the only method currently available to produce very long-
duration, continuous, and steady water flow, and stable and controllable low gravitational
fields, all essential to the water permeability measurement (Section 2.2). Here, we recognize
that our results of the vertical water permeability k,(g) in the given gravity field g should
not be taken as definitive due to potential uncertainty in the tilting method used in our
measurements. For instance, our tilting method might generate unwanted additional
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stresses to the “actual” water flow by friction and lateral stresses on the interfaces of water-
regolith, water-pipe, and regolith-pipe because they were still subject to Earth’s gravity [43].
This makes our estimated permeability values challenging to completely differentiate
between the actual effects of low-gravity fields and the unwanted effects of the additional
stresses. However, the ratio of zero-gravity “vertical” water permeability to the vertical
permeability in the Earth’s gravity field k., /k,(g.) was lower than 1.0, yielding 0.70, 0.69,
and 0.63 for the lunar highland regolith (n = 0.54 and n = 0.59) and silica sand K-7 (n = 0.55),
respectively, most likely representing the actual changes in the connectivity of pore spaces
and the resulting water flow at the given fixed packing fraction [36] more than the effect
due to the additional stresses. Moreover, all the studied granular materials showed that the
ratio k,(0.17G) /k,(g.) is lower than k,(0.38G)/k,(g.), indicating the ratio k,(g) /k,(g.)
is lower with a lower gravity field g (Figure 4). These results of k., /k,(g.) and
k,(g)/k,(g.) could suggest that our method appropriately represents variable degrees of
interconnected pore spaces and/or water flow along with variable gravity fields g. Also, our
vertical water permeabilities of the glass beads BZ-01 and silica sands K-7 in the Earth’s
gravity field k,(g.) are close to the published data with the exact mean diameters [47]. All
these results could thus ensure the validation of our water permeability measurements. Our
first estimation of the water permeability-depth relationship within the surficial regolith
layer could be an alternative clue for the presence and abundance of the molecular water;
however, a more reliable water permeability-depth relationship can be provided when
alternative methods, in-situ measurements, and more porosity data are made available by
future studies.

4.3. Influences of freeze-thaw on water permeability of lunar highland regolith

The vertical water permeabilities k,(g) with any studied packing fractions showed
their minimum in the simulated lunar gravity environment (0.17G). The vertical permeability
of the lunar highland regolith simulant was 1.57x107%3 (+ 0.01x107'3) m? at a packing
fraction n = 0.59. In contrast, the vertical water permeability in the simulated gravity field
0.17G —1.00G increased as the simulated gravity field increased (Figure 4). This is likely
because the higher gravity field increases the contact surface area between regolith
particles and reduces the horizontal fluid paths when the porosity is unchanged. It
accommodates more spaces in a gravitational direction for water flow, leading to reducing
tortuosity. We also found that the water permeability after one freeze-thaw cycle of lunar

highlands regolith kfc’},w is higher than that before freezing k;g,lf at the given packing fraction

71 and that the ratio k,tcg‘,w/k;‘;f is more significant with lower packing fractions 7. Freezing

of water-bearing soils accompanies phase change, migration, and freezing expansion of
water, which significantly influence the homogeneity of porous media structure and water
distribution. The permeability of fine-grained glacial till and loess on the Earth generally
increases 1.1 to 1.2 times after one freeze-thaw cycle when packing fraction 7 > 0.58
[14,57], which is consistent with our results of lunar highland regolith. Therefore, we would
attribute our findings to the fact that the pore water in the solid phase due to freezing
allowed the rearrangement of the loosely packed regolith particles and changed the total
contact area between the regolith particles. The presence of agglutinates can also influence
the rearrangement of the packed regolith particles due to the freeze-thaw. Anyhow, the
amount of water that could be present within pore spaces of the given regolith column is
more significant when the packing fraction 7 is smaller, and water in the void spaces



determines the required energy to move the system toward the loosed packing
configuration after defrosting [58]. We would thus expect that the regolith on the sunlit
lunar surface may have higher permeability than that shown in this study, given that the
sunlit lunar surface should have been subject to multiple freeze-thaw cycles, although
further studies are necessary to examine the hypothesis.

Below, we estimate changes in the tortuosity of lunar highland regolith after one
freeze-thaw cycle. The Kozeny-Carman relationship is widely used to relate permeability,
porosity and tortuosity in the circular section pipes we studied. The Kozeny-Carman
equation is given by:

3

k= Cee gy @ 7
where 1 is the tortuosity of the porous media sample column filled with lunar highlands
regolith, d (m) is the diameter of regolith particles, and C is the Kozeny-Carman
coefficient. Here, the tortuosity 7 (e.g., [59]) is defined by the ratio of the total flow-path
length within packed regolith porous media to the length of the sample column (200 mm).
The Kozeny-Carman relation in Eq. (7) can be extended to the granular system with mixed
particle sizes by using an average particle size:

3 —

k= Ce mgyrm D° (8)
where D is the average particle size of the granular system [48]. To investigate changes in
tortuosity due to freeze-thaw, we compute the tortuosity ratio k¢, /kyn s using Eq. (8),
where k,,,,r and k.y,, are the horizontal water permeability before and after one freeze-
thaw cycle, respectively. The tortuosity ratio Ty /Tyns Of lunar highland regolith due to
freeze-thaw, where 7, and 74, are the tortuosity before and after one freeze-thaw cycle,
increases exponentially with higher packing fraction. The ratio yields T¢p, /Tynf =
0.40(+0.08/-0.05) and T¢py, /Tyns = 0.89(+0.13/-0.12) at packing fraction of n =0.49 and 7
=0.59, respectively (Figure 7). This indicates that the tortuosity of the loosely packed lunar
highland regolith particles with a packing fraction of 1 = 0.49 (porosity of ¢ =0.51)
decreases by about 60% due to one freeze-thaw cycle, suggesting that freeze-thaw at the
upper ~1 m of surficial regolith layer with low porosity (Figure 6a) can contribute to a
significant reduction in the total flow path within the porous regolith media column.

Water-rich permafrost is thought to exist in the cold subsurface of the Moon [60,61].
Increasing subsurface permeability due to tortuosity reduction may alter possible
subsurface water recharge mediated by permafrost thawing, leading to an increase in
dissolved minerals and materials transportation as on the Earth [62]. Also, the permafrost
active layer [63,64,65], the upper meter(s)-thick layer of the underground undergoing a
freeze-thaw cycle perhaps shorter than Earth’s cycle, could be present in the lunar
subsurface due to considerable variations in surface temperature between lunar day and
night time [45,46]. Thus, the changes in the water permeability of the surficial regolith layer
due to freeze-thaw cycles could also alter the sensitivity to temperature changes and shift
the thawing front and the frost table within possible permafrost and active layers, as seen
on the Earth [63,66,67].
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5. Conclusions

We investigated the water permeability of lunar highland regolith and its change due
to freeze-thaw using the high-fidelity Lunar highlands regolith simulant LHS-1. We measured
the water permeability by applying Darcy’s law to the porous media sample column filled
with the regolith simulant LHS-1 at various packing fractions and the tilting method to
simulate the lunar gravitational field. Our results indicated that the water permeability of
lunar highland regolith is at least one to two orders of magnitudes lower than that of fine
silica sands and monodisperse spherical glass beads at the given packing fraction. We
concluded that such low water permeability of lunar highland regolith is attributed to the
morphology of regolith particles comprising irregular and angular shapes with sharp edges
and micron-sized chunks due to the least weathering, unlike soil grains on the Earth. The
vertical water permeability k,(g) of lunar highland regolith simulant is 1.57x107%3 (+
0.01x10713) m? at a packing fraction n = 0.59. It should be noted that our estimated
permeability values might be subject to the redundant effects of the additional stresses due
to Earth’s gravity other than the actual effects of low-gravity fields, and further studies are
thus necessary to investigate the influence of low-gravity on water permeability. However,
the vertical water permeabilities with any studied packing fractions show their minimum in
the simulated lunar gravity environment (0.17G). This is because the higher gravity increases
the total contact area between regolith particles and decreases tortuosity. Using the
porosity-depth relationship estimated from earlier studies, we obtained the water
permeability-depth relationship within the surficial lunar regolith layer. The vertical water
permeability is 6x10713-2x10712 m? at the lunar surface and it declines to 7x107*4-3x10713
m? at a depth of 5 m within the surficial regolith layer, although more porosity data and
further measurements are necessary. We also found that the water permeability of lunar
highland regolith simulant increased after one freeze-thaw cycle, achieving 6.4 times higher
than the permeability before the freeze, and the increase was more significant with lower
packing fractions. We attribute this finding to the fact that the pore water in the solid phase
due to freezing encouraged the rearrangement of the regolith particles and changed the
total contact area between the particles. Our results of the water permeability of lunar
highland regolith simulant will advance a better understanding of the abundance and
distribution of molecular water on the lunar surface, lunar surface processes, and broad
areas of the engineering and agricultural applications of regolith utilizations.
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