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Abstract

The lunar poles are thought to contain vast ice deposits that could be beneficial to future space exploration efforts. However, it is not
well characterized how water ice content affects regolith and dust physical properties. In order to develop suitable technologies that can
operate safely in the cryogenic regolith, testing should be conducted in simulated regolith. We present a new production method for lunar
permanently shadowed regions (PSRs) icy regolith simulant. We build on an existing lunar highlands simulant, by adapting it for lunar
poles, where water ice might be present in PSRs. We have demonstrated a production concept using controllable simulant and water flow
rates to make granular icy simulant with variable water ice content. We found that with this production method, icy simulant has a
porosity of 0.6 to 0.7, that persists even after dehydration.
� 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Planetary science has gained a new wave of enthusiasm
with the NASA Artemis missions that will take humans
back to the lunar surface. The Artemis program plans to
take astronauts to the lunar south pole, where surface
properties might be very different from equatorial regions
previously visited by Apollo astronauts, for example, rego-
lith bearing capacity seems to be somewhat lower in perma-
nently shadowed regions (PSRs) (Sargeant et al., 2020).
Also, because of the Moon’s low inclination, some craters
near the poles never see sunlight, these are called PSRs.
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Although the Moon is the most studied airless body,
there are still many unknowns regarding the regolith prop-
erties and composition of the polar regions. One of the big-
gest unknowns is the amount of water ice available on the
Moon, how it is distributed, and its effect on regolith prop-
erties. On airless planetary bodies liquid water is not stable,
and the stability of water ice depends on the surface tem-
perature. Lunar PSRs are some of the coldest places in
the Solar System (Lawrence, 2017; Paige et al., 2010),
and if water molecules were delivered or formed there, they
would stabilize in the form of ice (Watson et al., 1961).
There are many pathways which would result in the pres-
ence of water ice in PSRs as summarized in Lawrence
(2017). Solar wind implanted hydrogen can form OH, that
can migrate to cold traps, where water molecules could be
deposited (Lawrence, 2017; Lucey, 2009). Water could also
be brought by cometary or volatile-rich asteroid impacts
(Lucey, 2009). Finally, water could also be primordial
org/licenses/by/4.0/).
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and come from the interior of the Moon (Crotts and
Hummels, 2009).

Water ice content in Cabeus crater (84.9�S 35.5�W) was
measured directly from the Lunar Crater Observation and
Sensing Satellite (LCROSS) impact plume to be
5:6� 2:9wt:%, in addition there were detected many other
volatile species (Colaprete et al., 2010). Near-infrared
reflectance data acquired by the Moon Mineralogy Mapper
(M3) instrument on Chandrayaan-1 spacecraft are indica-
tive of water ice values up to 30wt:%, but only in some
areas of PSRs (Li et al., 2018). Brown et al. (2022) did a
large study taking into account results from a total of 8
data sets from Diviner, LAMP, LOLA, M3, Mini-RF,
LEND and LPNS instruments. Averaging over entire
PSR areas water ice abundance seems to be clustering
below 2wt:% in PSRs (Brown et al., 2022).

High fidelity simulants are required for many space
related fields as a means of testing technologies and exper-
iments in analog environments before launch (e.g., Gaier,
2008). For example, rover wheel performance tests or soil
compaction experiments for lunar infrastructure can be
conducted in a full-scale regolith bin filled with a simulant
that exhibits the correct geophysical properties like particle
size, relative density, porosity, etc. It has been pointed out
that even minor components of simulants can cause major
physical property differences which are of vital importance
for certain applications (Gaier, 2008). Simulant character-
istics are generally controlled for particle size, shape, and
distribution. A key application of simulants is in in-situ
resource utilization (ISRU) testing. ISRU is used to har-
vest useful materials from the local environment. For
example, some ISRU techniques are designed to mine vola-
tiles from PSR regolith. Ice mining methods can be par-
tially tested using computer modeling, but these models
can only be relied on after they are calibrated with real
experimental data. Ice mining methods require regolith
simulants that have well simulated mineralogy, geotechni-
cal, and thermal properties (Purrington et al., 2022). Addi-
tionally, some properties of simulants are required to test
what effect our presence will leave on PSRs, for example,
if instruments or humans will heat up regolith enough to
release and drive off volatiles (Olthoff et al., 2023).

There are high fidelity dry simulants available for lunar
mare and lunar highlands (e.g., Exolith Lab (Long-Fox
et al., 2023)), because we have samples returned from the
lunar equatorial regions to provide a baseline comparison.
It is much more difficult to simulate regolith for lunar PSRs
as we have yet to collect and analyze material from these
locations to help define the parameters. However, we do
know that water ice and other volatiles exist in PSRs
(e.g., Colaprete et al., 2010) and that material could have
different mechanical and geophysical properties to those
found in the equatorial regions (e.g., Sargeant et al.,
2020). Although the parameters for PSR regolith are not
well-defined, we can use what we do know to help us pre-
pare for initial operations in PSRs where will obtain more
crucial information. Currently when a researcher or an
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engineer requires a PSR simulant to test technologies that
are to be used in PSRs, they have to manufacture their
own simulant as it is not a readily available product. Indi-
vidualized production methods lead to differences in prop-
erties, and it is therefore challenging to compare and
validate results between research teams.

Current PSR simulant production methods can be
divided into three types (Fig. 1), see (Ricardo et al., 2023)
for an in-depth review of current methods. The first and
the simplest approach is the ‘‘mud-pie” technique. In this
method dry lunar simulant is mixed with water in ambient
conditions making a consistency similar to mud. Then this
mixture is frozen in a conventional freezer. Liquid water
fills the simulant pore space and works as a cement between
fine particles, the resulting frozen product has a consistency
of concrete with minimal porosity as shown in Fig. 1 A
(Gertsch et al., 2006; Metzger et al., 2011; Wasilewski
et al., 2021). Compared to dry simulant and other icy sim-
ulants produced with alternative techniques, this material
exhibits increased mechanical strength (Atkinson and
Zacny, 2018; Gertsch et al., 2006; Metzger et al., 2011)
and is not a good representation of regolith properties that
we expect to find in lunar PSRs. Instead, lunar polar rego-
lith is expected to have high porosity and low cohesion
(Gladstone et al., 2012), and potentially decreased bearing
capacity (Sargeant et al., 2020).

The second method that has been used to make PSR
simulant is to crush ice particles down to fine particle size
(10 s to 100 s of microns) and then mechanically mix it
with dry lunar simulant (Fig. 1 B) (Dreyer, 2021;
Purrington et al., 2022). With this method ice spheres are
separate from the mineral grains that make up dry lunar
simulant. While there could be granular ice inter-mixed
with regolith grains in lunar PSRs, it is predicted that
H2O vapor could collect on the grain surfaces of the cryo-
genic regolith via vapor deposition in the local vacuum
environment. In this scenario, the water ice should be in
intimate contact with the other minerals, in other words
minerals should be coated with water ice or frost
(Cannon and Britt, 2020).

The third method of icy regolith production is designed
to replicate H2O vapor trapping by deposition in a vacuum
chamber (Fig. 1 C) (Siegler et al., 2012). A similar method
was used in creating high fidelity cometary simulant with
amorphous ice and CO2 inclusions (Bar-Nun and Laufer,
2003). Such a method requires expensive equipment and
significant complexity that makes it prohibitive for general
users of PSR simulants. There are also challenges with con-
trolling water ice content with this method because the
water is deposited in the chamber, and not necessarily on
simulant grains. There are more methods for icy simulant
production that are not reviewed here, for example,
KOmeten SImulation (KOSI) experiments (Grün et al.,
1991), that sprayed water – dust mixture into liquid nitro-
gen. These methods are used when small amounts of simu-
lant are necessary for spectroscopy and to simulate ice
phase and volatile or dust inclusions.



Fig. 1. Three production methods of icy simulants. Image A represents mud-pie method when wet simulant is simply frozen. B is a method where ice
spheres are mixed with other mineral grains. C represents vapor deposition where frost is in intimate contact with the other mineral grains.
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There are no published techniques that would enable the
production of lunar PSR simulant in large batches and
with high fidelity, the method reported here will do exactly
this. We want our PSR simulant to have high porosity
(Gladstone et al., 2012) and low cohesion (mixture has to
be granular) (Sargeant et al., 2020; Schultz et al., 2010),
and ice should be in intimate contact with other minerals
(Cannon and Britt, 2020). It has been hypothesized that
regolith in PSRs consists of homogeneous distribution of
crystalline ice (Hurley et al., 2012; Metzger et al., 2020).
We want to also simulate this homogeneous distribution,
so it should be well mixed. It is likely that there are other
species of ice present in lunar PSRs, and there could be
inclusions of other elements inside the amorphous part of
the ices. We are not trying to simulate the trace elemental
composition of the ice which likely include small amounts
of toxic volatile species, so only deionized water is consid-
ered in this work.

The lunar surface can be roughly divided into the lunar
highlands and mare. Lunar polar regions are dominated by
lunar highlands type regolith (e.g., Lemelin,Lucey,and
Camon, 2022). In this project, we use Lunar Highlands
Simulant (LHS-1) (Long-Fox et al., 2023) as the base for
the PSR simulant. The simulant is made by Exolith Lab,
which is a part of the Center for Lunar and Asteroid Sur-
face Science (CLASS).
2. Methods

This section describes our final optimized production
setup as sketched in Fig. 2. The general design concept is:
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Dry regolith simulant falls through a chamber as water is
sprayed from the sides of the chamber. At the base of the
chamber is a tray filled with liquid nitrogen (LN2) where
wet simulant grains fall inside and are instantly frozen.
After LN2 evaporates ice-rich simulant grains remain.
2.1. Production setup

The production setup is a prototype and is built using
commercial off-the-shelf (COTS) or 3D printed parts. The
assembled production setup is shown in Fig. 3. There are
no significant reasons why this production device could
not be scaled to increase the production rate of the icy sim-
ulant. Some of the practicalities for scaling are outlined in
the discussion section. Other regolith simulants could be
used, and this setup could be repurposed for any other
icy simulant production.

The production setup (Fig. 3) is built within a wooden
frame of height 790 mm and width 420 mm. The entire
setup consists of several separate systems. At the top of
the frame is a simulant flow dispenser and control system,
and a vibration and sieving system. A misting system is
attached to a transparent plastic tube and is essentially in
the middle of the production chamber. A collection system
is at the bottom.
2.1.1. Flow dispenser and control system

Simulant flow into the chamber is controlled by deposit-
ing consistent quantities of simulant into a vibrating sieve.
Simulant is manually placed into a funnel with a base
diameter of 24 mm, and a capacity for � 500 g of simulant.



Fig. 2. Simplified icy simulant production scheme. Dry regolith simulant falls through a chamber as water is sprayed from the sides of the chamber. At the
base of the chamber is a tray filled with liquid nitrogen (LN2) where wet simulant grains fall inside and are instantly frozen. After LN2 evaporates icy
simulant remains.
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A DC motor is used to rotate a 3D printed component
made from polylactic acid (PLA) which has 2 evenly spaced
holes (diameter 23 mm) which intermittently release simu-
lant through the base of the funnel. Motor power (which
controls rotational speed) is provided by a DC voltage con-
troller and AC-DC converter.
3225
2.1.2. Vibration and sieving system

Once through the funnel, the simulant reaches the sieve
(diameter 200 mm, 1 mm mesh). The sieve mesh size is lar-
ger than all the simulant particles, and is used to provide a
controlled flow of simulant while also maintaining the
grain size distribution of the simulant. To further slow



Fig. 3. Production setup. Flow dispenser and control system in green. Vibration and sieving system in blue. Misting system in orange. Collection system in
grey.
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the simulant flow rate, a ‘mask’ was added to the sieve
(Fig. 4). The mask is 3D printed from PLA and includes
33 holes of 10.5 mm diameter that can be opened or sealed
to increase or decrease flow rate respectively. An eccentric
electric motor is connected to the sieve with 3D printed
holds and wooden supports to agitate the simulant so that
it moves through the sieve. The sieve is attached to a 3D
printed sieve hold and is held in place to the wooden frame
via vibration dampening rubber tubing of 11 mm diameter.
The eccentric motor is positioned on supports, so that
vibration would not transfer to other systems.

2.1.3. Misting system

Simulant passes through the sieve and falls under grav-
ity through the transparent plastic tube (diameter 241 mm,
height 711 mm). The transparent plastic tube was made by
rolling an acrylic sheet with the dimensions
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711 x 757 x 5 mm. Heating was required to bend this mate-
rial to the desired shape. The tube has 4 drilled holes where
T-connectors with brass misters attach (nozzle diameter
0.5 mm). The misting system is connected with a hose to
a deionized water source. Simulant particles falling through
the mist become wet and wet grains fall into the collection
trays.

2.1.4. Collection system

Wet simulant grains fall into the collection trays (Fig. 5)
that are filled with liquid nitrogen (LN2) and freezes
instantly. The stainless steel collection trays both are
75 mm in height with diameters of 152 mm and 241 mm
for the small and large trays respectively. A foam (poly-
ethylene) box with inside dimensions 254 x 254 x 108 mm
and 19 mm wall thickness is used for thermal insulation
and is also filled with LN2.



Fig. 4. The sieve with 1 mm mesh and the mask with 17 holes open and 16 holes sealed. When the mask is inserted in the sieve, the simulant flow rate can
be controlled better by opening or sealing the holes.

Fig. 5. Insulating foam box and two stainless steel containers. During
production all containers are filled with liquid nitrogen (LN2). The plastic
tube inserts in the largest stainless steel tray making a production
chamber. Largest tray also collects the waste water and residual simulant,
that is discarded. Icy simulant is collected in the smallest stainless steel
tray.
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2.2. Experimental procedure

The first step is to assemble the production setup in the
fume hood in ambient conditions as shown in Fig. 3. Setup
is built in the fume hood to limit nitrogen build up and for
dust mitigation. The production chamber, which includes
the transparent tube with misting system, and the collec-
tion system, slides under the wooden frame with flow dis-
penser and control system and vibration and sieving
system. The sliding functionality of the production cham-
ber enables convenient LN2 filling. The foam box and
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largest stainless steel container should be filled to 50 %
and smallest collection tray to 80 % with LN2.

The funnel (with the simulant release mechanism closed)
can be filled with desired regolith simulant without disman-
tling the system, in this work 500 g LHS-1 is used for each
experiment.

To initiate the simulant flow into the chamber, both
motors are started and the hose for water misters is opened.
To build up water pressure in the system, the hose is
opened a few seconds before the motors are started. Time
of the experiment is recorded manually with a stopwatch.
When the funnel has been almost emptied of simulant,
both motors and water flow are stopped.

The production chamber can be removed from the woo-
den frame and the transparent plastic tube removed from
the collection trays. This requires thermal gloves suitable
for LN2 temperatures. Icy simulant will collect mostly in
the smallest collection tray together with leftovers of
LN2. The smallest container with icy simulant is removed
from the larger containers. When the remainder of the
LN2 evaporates, the resultant icy simulant collected in
the small tray is sieved with a mesh size approximately
equivalent to the largest particles of the dry simulant, in
this case 1 mm. This is done to make sure that particles
are not forming clusters and to have a homogeneous mix-
ture. The sieved icy regolith therefore has a grain size
of < 1 mm, and does not account for potential icy regolith
containing larger ice grains. The final product can be used
for a range of experiments. To avoid further condensation
of atmospheric water, the icy simulant should be stored in a
dry atmosphere well below the freezing temperature of
water, which will also minimize any changes to the ice mor-
phology. The largest collection tray collects waste water
and residual simulant, all of this can be discarded.
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After production is finished, everything can be disassem-
bled, cleaned, and production can be started again. The
leftover LN2 in the foam box and the simulant in the funnel
can be reused. One production round for 500 g of simulant
takes � 20 min. This process can be repeated immediately
to make several kilograms of icy simulant per day and can
be scaled-up to much larger production volumes.

2.3. Calibration

Calibration of the production process is necessary to
make repeatable icy simulants with consistent water ice
concentrations. Two parameters that need to be calibrated
are water flow rate and simulant flow rate. If these two are
adequately calibrated and all other variables remain con-
stant, then product water ice content can be estimated
and repeated.

2.3.1. Running water flow rate

Water flow rate depends on water supply pressure, hose
diameter, nozzle diameters and number of nozzles. For this
experimental setup only the number of nozzles is variable,
and this provides some freedom in changing water flow
rate. Here, we measured the flow rate for two nozzles
and four nozzles supplying water to the apparatus.

Water pressure from the tap is considered to be con-
stant. Water flow rate was tested in the experimental setup
without any simulant present by measuring the mass of
water collected in 120 s, equivalent to the timescale for a
simulant production run. The average flow rate is calcu-
lated by dividing mass of water collected in the smallest
container by time the hose was open.

Uncertainty is calculated as one standard deviation (r)
from 3 measurements with this setup. It can be noted from
Table 1, that uncertainty is quite significant providing an
uncertainty of � 20 % of the average value. The most sig-
nificant factor that influences uncertainty is the location of
the collection container in the setup, as the water droplets
do not fall with an even distribution in the containers. This
experimental setup could be improved so that smallest col-
lection tray would always be located at exactly the same
location, to maintain the distribution of water into the
container.

2.3.2. Simulant flow rate

Simulant flow rate can be varied by changing the rota-
tional speed of the electric motor that opens and closes
the funnel using a rotating disk with a variable number
and size of holes. We calibrated the simulant flow rate in
the experimental setup without any water flow by compar-
Table 1
Water flow rate in smallest container calibration example.

Number of nozzles Water flow rate, g/s r, g/s

4 0.422 0.083
2 0.133 0.022
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ing the simulant flow rate using two disks with the only dif-
ference being that one of the disks has 2 holes and the other
has 1 hole, and the hole sizes are equivalent to the funnel
base diameter. Simulant flows faster if there are more holes
in the disk, increasing the simulant to water ratio, thus
decreasing water ice content of the product. Simulant flow
rate is mass of simulant that fell through the system in a
given time (Table 2). Simulant flow rate experiments were
run until most of the simulant had passed through the fun-
nel, while flow rate would be constant.

Uncertainty is calculated as one standard deviation (r)
from 3 measurements with this setup. It can be noted from
Table 2, that uncertainty is quite significant at �15 % of the
average value. There are several factors that influence the
flow rate consistency. There is a gap between the 3D
printed disk and the funnel which can affect the amount
of simulant lost to the flow dispenser system. This gap
should stay constant, but it does change with wear. This
gap may vary and should be reevaluated after changing
the disk.
3. Analysis

3.1. Water ice content

With the current setup, both simulant flow rate and
water flow rate can be varied to control the water/simulant
ratio, i.e. the water ice content of a PSR simulant. Each can
be set so that the water/simulant ratio can be predicted and
targeted for specific simulant requests. With the current
setup, one production batch can be up to 500 g in weight.
This mass includes both simulant and ice. Water ice con-
tent is measured as weight percentage.

To determine how controllable the water ice content of a
batch is, a series of experiments were performed. Icy simu-
lants were produced following the procedure in section 2.2,
varying the water and simulant flow rates as defined by
Proc 1 and Proc 2. For Proc 1, water flows from two noz-
zles that are set at right angle (90�) and simulant flows
through a disk with one hole. For Proc 2, water flows from
two opposing nozzles (180�) and simulant flows through a
disk with two holes. From the calibration, we predicted
that Proc 1 will have 1:3� 0:4 times higher water ice con-
tent as compared to Proc 2, assuming the water flow rate
is unaffected by the direction of the nozzles.

Five samples from each batch were collected in 60 mL
glass vials. Mass of the sample was measured for the frozen
and then dehydrated sample. To remove non-bound water
the samples were heated to 110 ℃ for at least 12 h (NASA-
STD-1008, 2021). Icy simulant mass m0 was recorded for
Table 2
Simulant flow rate calibration example.

Simulant Number of disk holes Flow rate, g/s r, g/s

New LHS-1 1 1.675 0.205
New LHS-1 2 2.244 0.345
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each sample vial immediately after icy simulant produc-
tion. Dry simulant mass md was recorded after the dehy-
dration. The mass of water ice removed from the sample
during the dehydration stage is calculated as
mH2O ¼ m0 � md . Water ice/simulant ratio, R, can be calcu-
lated by Eq. (1) dividing lost mass of water mH2O by the dry
simulant mass md .

R ¼ mH2O

md
ð1Þ

Water ice weight percentage W is more informative than
ratio and is calculated by Eq. (2), dividing evaporated mass
by total mass of the icy simulant, and then multiplying by
100 %.

W ¼ mH2O

m0
� 100% ð2Þ

The uncertainty in the mass measurements is derived
from the precision of the mass balance, which is
Dm ¼ Dm0 ¼ DmH2O ¼ 0:02g:

Weight percentage uncertainty is calculated using both
partial differentiation for each measurement and statistical
uncertainty for all measurements of the same batch. Mea-
surement uncertainties by partial differentiation methods
are calculated using Eq. (3), where DW m0

and DW mH2O
are

partial weight percentage uncertainties originating from
mass measurement uncertainty for icy simulant mass and
water ice mass respectively, they are calculated by Eqs.
(4) and (5).

DW measurement ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DW 2

m0
þ DW 2

mH2O

q
ð3Þ

DWm0
¼ @W

@m0
Dm0 ¼

@
mH2O
m0

@m0
Dm0 ¼ 2

mH2O

m2
0

Dm0 ð4Þ

DW mH2O ¼ @W
@mH2O

DmH2O ¼ @
mH2O
m0

@mH2O
DmH2O ¼ 1

m0
DmH2O

ð5Þ

Statistical uncertainty is calculated using standard devi-
ation using Eq. (6), where n is the number of samples from

the same batch (n = 5), and W
�

is average weight
percentage.

DW STD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

W�Wð Þ2
n�1

r
ð6Þ

Total weight percentage uncertainty is calculated with

Eq. (7) where the DW measurement term is the average value
of measurement uncertainties.

DW total ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DW 2

STD þ DW measurement
2

q
ð7Þ

Measurement uncertainty is typically
0:04wt:% < DW measurement < 0:1wt:% in units of water ice
weight percent. Statistical uncertainty describes the
homogeneity of the samples from the batch and is typically
in the range 0:2wt:% < DW STD < 1:0wt:%. Uncertainty
from measurements is negligible compared to statistical
uncertainties.
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3.2. Volume

Volume is measured both before, V 0, and after dehy-
drating the simulant, V d by directly reading volume from
60mL containers with a resolution of 5mL (Fig. 6). When
icy simulant is filled in these sample containers it is not
always level, but this does not influence readability of the
volume significantly. While it would be possible to level
the surface by shaking the samples, we are not doing this
to retain the original porosity. Uncertainty for each volume
measurement is 5mL:
3.3. Density and porosity

Porosity, /, is the ratio of empty space inside the mate-
rial with respect to total volume. Empty space V empty could
be air or vacuum. Porosity is calculated in Eq. (8) where
mbulk ¼ mgrain þ mempty ¼ mgrain, (assuming mempty � 0 in the
case of air), and Eq. (8) can be simplified to Eq. (9).

/ ¼ V empty

V bulk
¼ V bulk�V grain

V bulk
¼ 1� V grain

V bulk
¼ 1�

mgrain
qgrain
mbulk
qbulk

¼ 1� qbulk
qgrain

ð8Þ

/ ¼ 1� qbulk
qgrain ð9Þ

In our case for a mixture of regolith and ice, average
density values must be used. Bulk density qbulk can be cal-
culated by dividing mass and volume of the sample with
Eq. (10), for icy simulant with Eq. (11) and for dehydrated
simulant with Eq. (12).

qbulk ¼ m
V ð10Þ

qbulk; 0 ¼ m0

V 0
ð11Þ

qbulk; d ¼ md
V d

ð12Þ
Grain density qgrain is known both for LHS-1 simulant

and for water ice, so the average value can be calculated
for a known composition. Simulant grain density is defined
as qgrain;LHS�1 ¼ 2:75 g

cm3, as taken from (‘‘Exolith LHS-1

fact sheet,” 2022). Water ice density is taken as
qgrain;H2Oice ¼ 0:917 g

cm3. Average grain density is calculated

for a known water ice content of the mixture with Eq.
(13), where W is water ice weight percent.

qgrain;0 ¼ W
100%

� qgrain; H2O ice þ 1� W
100%

� � � qgrain; LHS�1 ð13Þ
Porosity of the icy simulant is calculated with Eq. (14)

and for the dehydrated simulant with Eq. (15).

/0 ¼ 1� qbulk; 0
qgrain; 0

ð14Þ
/d ¼ 1� qbulk; d

qgrain; LHS�1
ð15Þ

The uncertainty calculation for both density and poros-
ity consider measurement and statistical uncertainties.
Measurement uncertainty for bulk density of icy simulant
is calculated with Eq. (16), where Dqbulk;0;m0

and Dqbulk;0;V 0

are partial bulk density uncertainties originating from mass



Fig. 6. Volume is measured directly reading volume from 60mL containers with a resolution of 5mL.
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measurement uncertainty and from volume measurement
uncertainty respectively, they are calculated by Eqs. (17)
and (18).

Dqbulk; 0; measurement ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dq2

bulk; 0; m0
þ Dq2

bulk; 0; V 0

q
ð16Þ

Dqbulk; 0; m0
¼ @qbulk; 0

@m0
Dm0 ¼

@
m0
V 0

@m0
Dm0 ¼ 1

V 0
Dm0

ð17Þ

Dqbulk; 0; V 0
¼ @qbulk; 0

@V 0
DV 0 ¼ 2 m0

V 2
0

DV 0 ð18Þ
Statistical uncertainty is calculated using standard devi-

ation using Eq. (19), where n is the number of samples from
the same batch (n = 5), and qbulk;0 is average bulk density of

the icy simulant.

Dqbulk; 0; STD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

qbulk; 0�qbulk; 0ð Þ2
n�1

r
ð19Þ

Total bulk density uncertainty of the icy simulant is cal-

culated with Eq. (20) where the Dqbulk;0;measurement term is the

average value of measurement uncertainties.

Dqbulk; 0; Total ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dq2

bulk;0;STD þ Dqbulk;0;measurement
2

q
ð20Þ

Bulk density uncertainty for redried simulant can be cal-
culated in the same way, just using values after redrying.

Porosity measurement uncertainty for icy simulant can
be calculated by Eq. (21) and for dehydrated simulant this
would be similar, just using values after dehydration.

D/ 0; qgrain;0; measurement
¼ @/0

@qbulk; 0
Dqbulk; 0; measurement ¼

¼
@ 1� qbulk; 0

qgrain; 0

� �
@qbulk; 0

Dqbulk; 0; measurement ¼ Dqbulk; 0; measurement

qgrain;0

ð21Þ

Statistical uncertainty is calculated using standard devi-
ation in the same way as for weight percentage and density.
Total uncertainty is also calculated in the same way as for
weight percentage and density.
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4. Results

The samples produced from the Proc 1 and Proc 2
experimental procedures were analyzed, and the results
are shown in Table 3 and Fig. 7. Proc 1 resulted in simulant
with a water ice content of 14:0� 1:3wt:%, meanwhile Proc
2 resulted in a simulant with a water ice content of
22:6� 1:3wt:%: This demonstrates that water ice content
can be somewhat controlled with this technique by varying
the simulant flow rate. As a comparison to the possible
water ice content of actual lunar PSR regolith, water ice
content in lunar PSRs could be up to 30wt:% (Li et al.,
2018). Meanwhile, the LCROSS impact in a Cabeus crater
and its dust plume spectra was consistent with
5:6� 2:9wt:% (Colaprete et al., 2010).

The icy simulants have increased porosities compared to
standard LHS-1 with values over 0:60 as can be seen in
Table 3 and Fig. 7. Dry LHS-1 has porosity of
0:52� 0:05. Porosity in the PSRs were inferred from
LCROSS impact to be around 0:70 (Schultz et al., 2010).
While there is a difference between dry and icy simulant,
there is no significant porosity difference between samples
with various water ice contents, suggesting porosity here
is an intrinsic product of the production method. Porosity
uncertainties for Proc 1 are larger, because samples were
smaller, this raised the importance of uncertainty that is
coming from volume measurements. While porosity in
our simulants increased compared to the dry simulant, it
could be even higher in PSRs.

High porosity is responsible for the low bulk density of
the icy simulant, which is 0:87� 0:33g=mL and
0:90� 0:12g=mL for Proc 1 and Proc 2 respectively. Dry
LHS-1 had bulk density of 1:40� 0:12g=mL, which is sig-
nificantly higher than for icy simulant. The low density of
icy simulant is in good agreement with the minimum den-
sities of the lunar regolith as measured from Apollo and
Luna samples (Carrier et al., 1991). Minimum densities
were measured for samples that were only couple of grams
in weight and values in the range between 0:87� 0:03 and
1:30g=mL were found (Carrier et al., 1991). Relative



Table 3
Water ice weight percentage, density and porosity of icy simulant made following Proc 1 and Proc 2.

No W, wt.% DW, wt.% q, g/mL Dq, g/mL Porosity (/) D/

Proc 1 (1) 15.13 % 1.08 % 0.78 0.31 0.68 0.13
Proc 1 (2) 12.57 % 0.77 % 0.97 0.34 0.61 0.14
Proc 1 (3) 14.21 % 0.60 % 0.86 0.32 0.65 0.13
Proc 2 (1) 21.58 % 0.77 % 0.92 0.14 0.60 0.06
Proc 2 (2) 22.21 % 0.23 % 0.89 0.12 0.62 0.05
Proc 2 (3) 24.15 % 0.95 % 0.89 0.11 0.61 0.05

Fig. 7. Porosity and water ice weight percentage of icy simulant from Proc
1 and Proc 2, and from dry LHS-1 for comparison. The icy simulants have
increased porosities compared to dry LHS-1.
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densities of the icy simulant should be measured for a
better comparison.

There is a disagreement between Proc 1 and Proc 2 pre-
dictions and results. Proc 1 used only one hole to let simu-
lant fall through, while Proc 2 had two holes. Based on the
relative flow rates of water and simulant, we expect Proc 1
to have 1:3� 0:4 as much water ice content compared to
Proc2. However, Proc 1 has an H2O content that is
0:62� 0:07 times that of Proc 2. The unexpected result
may be due to the direction of the nozzles used to supply
the water to the system. The two nozzles were located dif-
ferently, so that they were at 90� in Proc 1 and 180� for
Proc 2. This result could be explained by a hydrodynamic
anomaly – when water is sprayed from opposite sides
10� 2% of the water ends up in the collection tray, while
for a setup when water is sprayed from one side, only
6� 1% of the water is collected. It is assumed that the
direction of the nozzles, and therefore the amount of water
that reaches the collection tray, is responsible for the dis-
crepancies between the predicted and estimated water ice
content for the two procedures. Increased number of mis-
ters with smaller nozzles could solve this issue.

Dehydrated simulants maintain higher porosities like
the initial icy simulants. However, after handling, shaking
or somehow disturbing this ‘fairy-castle’ structure (Hapke
and van Horn, 1963), it collapses to similar porosities as
fresh LHS-1 (Fig. 8 and Fig. 9). This could suggest that
undisturbed icy regolith that undergoes volatile extraction
3231
could exhibit reduced mechanical strength compared to a
regolith which never contained volatiles.

Water ice content homogeneity was tested by taking five
samples from each batch and measuring the water ice con-
tent of each sample. It can be seen in Table 3 and Fig. 7,
that most measurements have small water ice content
uncertainties. The water ice content is shown to be homo-
geneous within each batch. Porosity homogeneity was
more difficult to quantify as uncertainties for porosity are
much larger in many cases. Porosity uncertainties are lar-
gest when samples were smaller and is not believed to be
caused by actual discrepancies in porosity between samples
from the same batch.
5. Discussion

This experimental setup causes a loss of the finest parti-
cles during the production phase. Firstly, finest particles
are easily lofted and blown into the dust mitigation system
– fume hood. Secondly, fines tend to stick to the wet walls
of the production chamber and are washed away. After
production the icy simulant is dehydrated in an oven and
can be used again as simulant. Such reusability and loss
of fines has an impact on the simulant’s geotechnical prop-
erties as it loses cohesiveness. It is recommended that fresh
simulant is used for each batch to ensure a consistent par-
ticle size distribution.

It is possible that water might separate from simulant
grains upon falling inside the LN2 tray. If the water sepa-
rates from simulant grains, then it would form ice spheres
like those made with the Setup of Preparation of Icy Plan-
etary Analogues (SPIPA) method, as described in (Yoldi
et al., 2015) and their supplementary info. Our hypothesis
is that water stays connected to the simulant even after
freezing, so that it makes a frost coating. In effect we have
water ice and simulant grains in intimate contact. Fresh icy
simulant should be observed under a microscope to find
out if frost really covers the surface of LHS-1. Observa-
tions of this simulant under the microscope were not per-
formed. Such measurement could not be performed
within given timeframe because of the nature of the simu-
lant makes such observation difficult without a cryogenic
mount in a vacuum chamber. Fresh icy simulant is at
LN2 temperature, approximately 80 K immediately after
production. This cold body works as a cold trap for atmo-
spheric water vapor that condenses on the simulant



Fig. 8. Left image: Dehydrated simulants. Right image: the same dehydrated simulants after handling. Note volume/porosity collapse.

Fig. 9. Diagram demonstrating how dried regolith, that once contained ice, may retain its porosity. Image A: icy simulant. B: Simulant after dehydrating.
C: Porosity reduces after handling to equivalent value as fresh LHS-1.
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instantly after the production. For a high fidelity analysis
such simulant must be produced in a dry atmosphere, but
our laboratory setup did not support that at the time of
experiment.

This work has demonstrated the concept of icy simulant
production with controllable simulant and water flow
rates. A second iteration of the design should be built to
minimize the highlighted issues and attempt the production
of targeted water ice content simulants. Once repeatable
batches of icy simulants of controllable water ice content
are produced, the simulant and/or the production setup
could be used widely by scientists and engineers developing
technologies destined for operation in PSR regolith. There
are no practical reasons that would limit this setup from
being used for production of other icy simulants. For
example, Mars and Mercury polar simulants, cometary
or Jupiter Trojan asteroid simulants, icy satellite simulants
or simulants for outer Solar System bodies. Scaling of the
experimental setup should also be possible. For our setup,
the fume hood size was the limiting factor of the system
size. Other solutions apart from fume hood are possible
3232
for simulant and nitrogen vapor mitigation. If experimen-
tal setup could be built in a dry atmosphere, this would
limit water condensation on cold surfaces and product.
Recommended storage options of the simulant should be
explored further, to make sure that simulant doesn’t expe-
rience any changes during the storage.

6. Conclusions

The goal of the project was to develop a production
design for a granular icy regolith simulant of the lunar per-
manently shadowed regions. This production method is
both a simple and low-cost method which still mimics high
porosities like those expected in lunar permanently shad-
owed regions. This setup allows one to make large amounts
of icy simulant with homogeneous water ice distribution.
This project was a successful proof of concept, and a device
for the icy simulant production can be easily replicated as
well as it can be upgraded.

The icy simulant with different water ice percentages
should be further used for testing water ice content and
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porosity effect on physical, thermal, and geotechnical prop-
erties of the regolith. While the product should be tested
more, the icy simulant already could be used in rudimental
experiments for volatile extraction and for robot testing in
dirty vacuum chambers.

Main findings:

� The icy simulant has higher porosity than dry simulant.
Porosity is between 0.6 and 0.7, similar to what is
expected in permanently shadowed regions on the
Moon.

� Porosity does not change significantly after dehydrating
the simulant, but this fairy castle structure collapses
when disturbed. This could suggest that undisturbed
icy regolith that undergoes volatile extraction could
exhibit reduced mechanical strength.

� The product is homogeneous within each batch, which is
up to 500 g with current setup.

� The setup is relatively reliable. Repeating production
with the same setup produced icy simulant with water
ice content precision of �1:3wt:%.
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