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A b s t r a c t. The early stages of gaseous phase rehydration of 
the Mars global simulant (MGS-1) were studied using hydration 
kinetics, sorption isotherm, and proton nuclear magnetic reso-
nance (1H-NMR) spectroscopy, whereas initial plant growth tests 
in media containing MGS-1 were assessed by microbiotests and 
measurement of plant biometry – seedling root length and bio-
mass accumulation. MGS-1 is a Martian regolith analogue, whose 
hydration kinetics were described by a two-exponential function, 
and the sorption isotherm was fitted by the Dent (GAB) model. 
The number of empty binding sites (1/b1) for humidity h = 1 was 
1.59%, indicating the elevated hydrophobicity of the sample. The 
free induction decay signals (FID) were fitted by the superposi-
tion of a Gaussian component, and an exponentially decaying 
mobile proton signal component. The 1H-NMR spectra were fit-
ted by a Gaussian component and a narrow Lorentzian line. The 
NMR signal was attenuated by the presence of paramagnetic ions, 
particularly Fe2+. A microbiotest of the initial growth of six plant 
species in MGS-1 mixtures with an inert substrate, i.e. perlite, 
showed high toxicity of the regolith simulant. The volumetric 
ratio of 2:1 (MGS-1:perlite) caused plant death and a statistically 
significant decrease in biomass accumulation by the tested plants. 
Triticum aestivum best tolerated the MGS-1 substrate. 

K e y w o r d s: regolith, MGS-1, hydration kinetics, sorption 
isotherm, 1H-NMR, growth of plants

1. INTRODUCTION

Investigations of soil properties are especially import-
ant in the context of the effect of global warming, which has 
become more visible in recent decades, altering global pre-
cipitation patterns, contributing to extreme rainfall events, 
and long periods of drought (Ke et al., 2025; Konapala et 
al., 2020; Hugonnet et al., 2021). For these reasons, arid 
and semi-arid areas have been expanding, with estimation 
that one-third of the Earth’s land surface now falls into 
these categories (Tariq et al., 2024). Experts predict that, 
in 2100, these dry areas could increase by an additional 4.1 
and 10.6% (Liu et al., 2023). This fact is a serious challenge 
to ecosystems, biodiversity, and agricultural productivity, 
especially for the soil-plant-atmosphere continuum (SPAC) 
(Han et al., 2022; Ke et al. 2025).

Soil is important for producing food and raw materials 
for the growing world population. Hydrological processes 
in the soil, such as infiltration, evapotranspiration, runoff, 
or solute transport, affect crops. The key factor for plant 
growth and agricultural yields is the soil’s water-holding 
capacity. Non-wetting soils (NWS), also known as hydro-
phobic or water-repellent soils, are unable to retain or allow 
infiltration of water to varying degrees, thereby hindering 
plant vegetation. NWS lack the ability to spontaneously 
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absorb water when water is applied to their surface (Zhu 
et al., 2021; Majid et al., 2023; Li et al., 2018). Water 
accumulates on their surface, which limits its infiltration 
and significantly affects plant growth and causes soil ero-
sion. The presence of hydrophobic organic compounds on 
the soil surface causes non-wetting of soils. These com-
pounds bind to soil particles forming a coating, adhere 
to soil aggregates, and can occupy soil interstitial spaces 
(Smettem et al., 2021; Zhu et al., 2021). Non-wetting is a 
soil phenomenon occurring worldwide in various climatic 
conditions, in various regions, and on different soil types, 
except the Antarctic (Jordán et al., 2013). In addition to the 
presence of hydrophobic compounds, many other factors 
induce non-wetting in soils. These factors include vegeta-
tion diversity and intensity, quality and quantity of organic 
matter in soils (Franco et al., 1995), soil mineralogy and 
soil texture (Creamer et al., 2019), surface area (Harper 
et al., 2000), temperature variability associated with soil 
burning (Zavala et al., 2009), environmental conditions, 
soil drying and wetting phases, humidity, drying tempera-
ture (Franco et al., 1995), moisture content (Bodí et al., 
2013), and soil water-holding capacity. The hydrology of 
such soils is directly and negatively affected by reduced 
soil infiltration capacity and groundwater recharge. On the 
surface of NWS, water pools evaporate, which is especially 
strongly visible in dry climates, and unevenly wet the soil, 
often bypassing the roots of crops (Dekker et al., 2001). 
Increased drought stress in the global climate worsens soil 
water repellency (SWR) (Deurer et al., 2011), which con-
tributes to delayed emergence and reduce crop growth (Li 
et al., 2019).

In this context, our attention was focused on extra-
terrestrial substrates, i.e. the Martian regolith. The best 
characterised regolith on the surface of Mars is the 
Rocknest site within Gale Crater (Bish et al., 2013; Blake 
et al., 2013; Archer et al., 2014; Achilles et al., 2017; Sutter 
et al., 2017). It consists of atmospherically dispersed dust 
and is therefore expected to provide a global average of the 
Martian regolith composition (Long-Fox and Britt, 2023). 
The MGS-1 standard is modelled on the wind-blown soil of 
Rocknest in Gale Crater, with additional information from 
measurements by other landed and orbiting instruments 
(Cannon et al., 2019). 

The surface of Mars is characterised by a loose and 
unconsolidated regolith that has been shaped by a com-
plex interplay of processes, including impact comminution, 
mechanical erosion by wind, water and lava, chemical 
weathering by fluids and oxidants, and meteoritic impacts 
(Malin and Edgett, 2000; Murchie et al., 2009). These pro-
cesses are thought to have occurred predominantly during 
the early stages of Mars’ history, as evidenced by the results 
of several studies, including those by Goetz et al. (2005), 
Yen et al. (2005), and Murchie et al. (2009). A global 
basaltic crust is processed into basaltic regolith, which is 
confirmed by remote sensing observations (McSween et al., 

2009; Yen et al., 2005). The smallest particles, termed dust, 
are likely to be derived from regolith-forming processes, 
and represent a more “processed” and oxidised version of 
the subsurface. The soil composition is basaltic, as reported 
by Ming and Morris (2017), and is derived from a glob-
ally basaltic crust (McSween et al., 2009). The Martian 
soil has been studied, in situ, at seven locations by landers 
and rovers, with additional data provided by orbital remote 
sensing (Cannon et al., 2019). The major element chemis-
try and mineralogy of the soils at the Spirit, Opportunity, 
and Curiosity landing sites are similar (Yen et al., 2013; 
Ming and Morris, 2017). This supports the hypothesis of 
a global basaltic soil composition (Ming and Morris, 2017), 
which may be locally enriched in rarer evolved volcanic 
compositions (e.g. Christensen et al., 2005) or alteration 
phases (e.g. Squyres et al., 2008). The Martian crust is a vol- 
canic environment that has resulted in an igneous surface 
due to historic lava flows (Bridges and Warren, 2006; 
Hauber et al., 2011). The surface consists mainly of basaltic 
minerals, including plagioclase feldspar, pyroxene, and sil-
ica glass (Bandfield et al., 2000; Christensen et al., 2000). 
Mars contains significant amounts of water, mainly trapped 
in polar ice caps (Bibring et al., 2004; Lunine et al., 2003). 
In addition, evidence for hydrated water bound to clay mi- 
nerals has been found in the Martian regolith.

Actual planetary samples are often rare and expensive, 
making simulants a valuable alternative for research pur-
poses. For this reason, various groups of scientists have 
produced ‘simulants’ to replicate one or more characteris-
tics of a reference sample. These characteristics typically 
include the geomechanical and compositional properties 
of the regolith. Simulants have been used for a variety 
of applications, including testing engineering hardware 
(Bernold, 1991), conducting astrobiological studies (de 
Vera et al., 2004), and performing plant growth experi-
ments (Wamelink et al., 2014). Scientists investigating the 
suitability of regolith simulants for plant growth (Wamelink 
et al., 2014) suggest that, in addition to the chemical prop-
erties of this substrate, its water holding capacity may 
also be of great importance. From the point of view of 
substrate water management, including the possibility of 
plant cultivation, it has been shown that the hydrophilicity/
hydrophobicity of the substrate has a clear and significant 
effect on the desorption/adsorption of water in the substrate 
and retention as well as drainage (Liu et al., 2012; Zhang 
et al., 2023). Increased soil hydrophobicity, as demon-
strated by numerous studies, directly affects the reduction 
of water available to plants, increases surface runoff, and 
facilitates soil erosion. Hydrophobicity causes preferential 
flow, thereby increasing and contributing to groundwater 
pollution. It is therefore considered a highly unfavourable 
property of the substrate used for crops (Doerr et al., 2006; 
Heidary et al., 2018; Mielnik et al., 2021).
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The present paper provides a better understanding of 
the water binding process in the Martian regolith simulant. 
The hydration process of the MGS-1 simulant has been 
studied using hydration kinetics and sorption isotherm, 
which provide information on the mass of water saturating 
the primary water-binding sites and the hydrophilicity of 
the studied surface. Nuclear magnetic resonance spectros-
copy was also used to differentiate the proton groups in the 
regolith, which differ in mobility, resulting in different val-
ues of nuclear magnetic relaxation times. The possibility 
of selected plants growing in the MGS-1 regolith simulant 
and in its mixtures with inert hydrophilic material was also 
initially investigated.

2. MATERIALS AND METHODS
2.1. Materials

The Mars Global Simulant (MGS-1) was purchased 
from Exolith Lab (USA), which provides the regolith 
for preliminary studies related to the concept of In-Situ 
Resource Utilisation (ISRU) of Mars. The MGS-1 is a third 
generation simulant – a mineralogical analogue of the 
global basaltic regolith of the Rocknest deposit from the 
Martian Gale crater. The basic chemical and physical pro- 
perties of the simulant are presented in the publication by 
Cannon et al. (2019). 

Crystalline MGS-1 phases account for 65% while the 
amorphous form represents the remaining 35% (wt.%).The 
crystalline phases include such components as plagioclase, 
pyroxene, olivine, magnetite, anhydrite, hematite, ilmenite, 
and quartz (Bish et al., 2013; Achilles et al., 2017), where-
as the amorphous phase includes basaltic glass, hydrated 
silica (opal), Mg sulphate, ferrihydrate, and Fe carbonate 
(Cannon et al., 2019). The major oxides present in the 
MGS-1 sample are SiO2, FeOT, MgO, SO3, Al2O3, and CaO. 
The density of the MGS-1 simulant is 1.29 g cm-3, which 
is lower than that of the original Martian basalts, for which 
ρ > 3 g cm-3. This density is reduced during the physical 
and chemical weathering processes that form the regolith. 
Hydrated mineral clays have been observed on Mars as 
a result of the reaction of anhydrous igneous rocks with 
water (Ehlmann et al.,  2011, 2013).

2.2. Preparation of sample

The sample was stored at room temperature with a hy- 
dration level of Δm/m0 = 0.01340 ± 0.00048, where m0 is 
the dry mass of the sample and Δm is the mass of water 
taken up from the gaseous phase. Prior to the hydration 
experiment, the air-dried sample was incubated for 168 h 
over silica gel (p/p0 = 0%) and dehydrated down to Δm/m0 
= 0.00743±0.00013.

The gaseous phase hydration kinetics were measured 
at room temperature (t = 22°C) over the surfaces of sat-
urated solutions: LiCl (p/p0 = 11%), CH3COOK (p/p0 = 
23%), K2CO3 (p/p0 = 43%), NH4NO3 (p/p0 = 63%), Na2S2O3 

(p/p0 = 76%), Na2SO4 (p/p0 = 93%), K2SO4 (p/p0 = 97%) 
and over the surface of water (p/p0 = 100%) for 166 h. The 
dry mass of the sample was determined after heating up to 
70°C for 72 h. 

2.3. Statistical analysis

Before the measurements, each sample was transferred 
to an aluminium plate. The mass of the soil samples were 
determined to the nearest 0.1 mg using a WAS 220/X lab-
oratory weighing scale. The mathematical models were 
analysed using OriginPro 2019 software. A chi-squared 
goodness of fit test was conducted for each of the tested 
models. The most appropriate fit was determined, and the 
calculations were performed to determine the values of the 
relevant coefficients. The significance level for all of the 
tests was p<0.05 (F-test).

2.4. Hydration kinetics

The gaseous phase hydration courses for the regolith 
simulant sample were fitted using the following two-expo-
nential function:

(1)

where: t is the hydration time of the soil, ∆m/m0 is the rela-
tive mass increase, A0 is the saturation hydration level for 
the fraction of tightly bound water not removed by incuba-
tion over silica gel (p/p0 = 0%), A1 is the saturation hydration 
level for the fraction of loosely bound water, t1 is its hydra-
tion time, A2 is the saturation hydration level for the free 
water fraction, and t2 is the corresponding hydration time. 
The saturation hydration level for the water fraction A2 
increased gradually with increasing relative humidity.

2.5. Sorption isotherm

The total saturation hydration  level, Ch, was  calculated 
as the sum of all saturation hydration components:

(2)

where: Ai are the saturation hydration levels for subsequent 
water fractions.

The Dent (GAB) model, as a multilayer sorption mo- 
del, distinguishes between two types of water binding sites, 
namely: (i) ‘primary’, directly bound to the adsorbent sur-
face, and (ii) ‘secondary’, bound to primary and further 
bound water molecules.

The sorption isotherm for the Dent model is described 
by the equation:

(3)

where: h is the relative humidity (p/p0) expressed in abso-
lute units and ΔM/m0 is the mass of water saturating the 
primary water binding sites. If the number of primary water 
binding sites occupied by i water molecules is Si and the 
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contribution of empty primary water binding sites is equal 
to S0, then S0/S1 = 1/b1. In the Dent model, the parameter 
b varies between 0 and 1, somehow simulating the effect 
of clustering. Equation (3) can be rewritten in a parabolic 
form Eq. (4). Both forms give the values of the parameters:    

, b1, b (Harańczyk et al., 2008, 2009):

(4)

2.6.  1H-NMR experimental parameters

The 1H-NMR free induction decay (FID) measurements 
were performed using a high power WNS HB-65 NMR 
relaxometer, Waterloo NMR Spectrometers (Waterloo, 
Ontario, Canada). The resonance frequency was 30 MHz, 
the main static magnetic field was B0 = 0.7 T, the transmit-
ter power was 400 W, the π/2 pulse length was 1.25 µs, and 
the repetition time was 2 s. The data were averaged over 
1 000 accumulations and analysed using the CracSpin pro-
gram (Węglarz and Harańczyk, 2000).

The 1H-NMR spectra were recorded on a Bruker Avance 
III spectrometer (Bruker Biospin) operating at a resonance 
frequency of 300.13 MHz (at B0 = 7 T). The transmitter 
power was 400 W, the pulse length π/2 = 2.2 µs, the band 
width was 300 kHz, and the death time was equal to 6.5 µs.

2.6.1. Measurements of 1H-NMR Free Induction Decays (FIDs) 
1H-NMR FIDs were recorded at room temperature for 

the Mars Global Simulant hydrated to Δm/m0 = 0.02, 0.03, 
0.04, 0.055, 0.06, 0.08, and 0.11.

The fitted model was a superposition of the Gaussian 
component S and an exponentially decaying component L1:

(5)

where:  is the proton spin-spin relaxation time for a sol-
id component S, taken as the time required for the Gaussian 
function to decay to 1/e of its initial amplitude, whereas  

 is the effective spin-spin relaxation time of a tightly 
bound water fraction (L). The values of the spin-spin relax-
ation times have been shortened by B0 inhomogeneities 
(Chavhan et al., 2009).

2.6.2. Measurements of 1H-NMR spectra 

For the Mars Global Simulant, 1H-NMR spectra were 
recorded at hydration levels Δm/m0 equal to 0.02, 0.03, 
0.04, 0.055, 0.06, 0.08, and 0.11.

The 1H-NMR spectrum is a superposition of the 
Gaussian line component with the area under the line AG 
coming from the solid matrix of the sample and the narrow 
Lorentzian line component with the area under the line AL 
coming from mobile protons of the sample, most probably 
from the averaged fraction of bound water:

(6)

where: ΔνS and ΔνL are the line half-widths of the Gaussian 
and Lorentzian components of the NMR line, νS and νL are 
the Gaussian and Lorentzian peak positions, and y0 is the 
constant signal (equipment effect).

The proton spin-spin relaxation time of the solid com-
ponent AS can be calculated from:

(7)

where Δνs is an average value of the line half-widths of the 
Gaussian component for all hydration ranges.

The value  of  can  be calculated from Eq. (8):

(8)

where: ΔνL is an average value of the line half-widths of 
the Lorentzian component for all hydration ranges.
2.7. Assessment of plant growth

The next aspect of the study was to assess plant 
growth in the Martian regolith simulant MGS-1 using the 
standardised PHYTOTOXKIT microbiotest in a modi-
fied form. Expanded perlite was chosen as the reference 
material. Perlite is a natural inert rock of volcanic origin, 
which is subjected to high temperature treatment after 
extraction, making it a homogeneous hydrophilic sub-
strate for plant cultivation, especially in the early stages of 
their development. The substrate variants used in the study 
were the MGS-1 simulant and perlite and their volumet-
ric mixtures in dry material proportions of 1:2 and 2:1 v:v 
regolith:perlite, respectively. The prepared substrates were 
used according to the manufacturer’s instructions for the 
PHYTOTOXKIT microbiotest (https://www.microbiotests.
com/wp-content/uploads/2019/07/phytotoxicity-test_phy-
totoxkit-solid-samples_standard-operating procedure.pdf), 
including the determination of the total water capacity, 
which was calculated by performing the procedure inde-
pendently for all variants. Six cultivated plant species 
were used in the study: from the Poaceae family, the spe-
cies Triticum aestivum (spring, cv. Tybalt, Malopolska 
HR) and Avena sativa (spring cv. Bingo, HR Strzelce); 
from the Fabaceae family, Medicago sativa (cv. Pomposa, 
Malopolska HR) and Vigna radiate (cv. Samrat); from the 
Brassicaceae family, Lepidium sativum and Synapsis alba 
(both from Phytotoxkit Package). 

The direct effect of the substrates used on plant biom-
etry and their biomass was examined in accordance with 
the manufacturer’s procedure: filling the test plates with 
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substrates moistened with tap water (3 plates for each sub-
strate variant and each plant species), placing seeds of the 
tested plant species, taking photos of the plates after 48 and 
144 h of plant growth with a resolution of 4032x3024 pixels 
(72 dpi), and computer analysis of root length using the 
ImageJ program. The prepared plates were incubated in 
a phytotron in a horizontal position at 25°C for 48 h in the 
dark and then in a vertical position under a 12-h photo- 
period with a light intensity of 220 μmol photons m−2 
s−1 PPFD, and 60% RH. After 144 h of growth, the 
PHYTOTOXKIT plates were opened, and the plants were 
removed individually onto filter paper to remove excess 
water. The dried plants were weighed on a Radwag AS 
220.R2 analytical balance with an accuracy of 0.001 mg. 
The obtained biometric results were statistically processed 
using ANOVA, and differences between the means were 
estimated using Tukey’s HSD test at a significance level 
= 0.05. The results were the means of 6 replicates for each 
regolith:perlite combination. Data were statistically anal-
ysed using OriginPro 2020 software.

3. RESULTS AND DISCUSSION
3.1. Hydration kinetics

The air-dry sample from MGS-1 was highly dehydrat-
ed, with a hydration level of Δm/m0 = 0.01340(48), which 
is a significantly lower value compared to samples from 
extremophilic organisms. For example, for the Antarctic 
lichen Turgidosculum complicatutulum, the value of the 
hydration level of the air-dry sample was equal to Δm/m0 

= 0.08, while for the Antarctic alga Prasiola crispa Δm/
m0 = 0.066 (Bacior et al., 2017). The comparison between 
the MGS-1 and living organisms, such as the Antarctic 
lichen Turgidosculum complicatulum and the alga Prasiola 
crispa, highlights the significant differences in hydration 
levels. The Martian simulant exhibits a hydration level of 
Δm/m0 = 0.01340, which is markedly lower than the valu-
es observed in these extremophiles, indicating a contrast 
in water retention capabilities. MGS-1 lacks biological 
mechanisms for hydration retention. In contrast, living 
organisms have evolved complex adaptations that enable 
them to survive in extreme conditions, e.g. transfer of the 
“freezing” loosely bound water fraction to the “non-freez-

ing” tightly bound water fraction during the cooling down 
of the thallus (Bacior, 2019), as well as the presence of 
a “glassy state” in lichens (Carniel et al., 2021). 

Figure 1 shows the gaseous phase hydration courses car-
ried out at different relative humidities (p/p0) between 11% 
and 100% for MGS-1, with the recorded data expressed as 
the relative mass increase (∆m/m0). The hydration kine-
tics were described by a two-exponential function over the 
whole range of humidities tested (from 11% up to 100%). 
Three fractions of bound water were observed, namely: 
(i) a fraction of tightly bound water, Δm/m0 = 0.00527(63), 
and two fractions of water less bound to the surfaces of the 
sample, namely: (ii) a fraction of loosely bound water, Δm/m0 

= 0.00359(12), with a hydration constant of t1
h = 0.330(83) h, 

and (iii) a free water fraction, with a hydration constant 
of t2

h = 36.5(8.9) h, the amount of which increases with 
increasing relative humidity.

3.2. Sorption isotherm

The total saturation hydration level (Eq. (3)) at which 
the relative humidity Ch was calculated is the sum of all 
detected water fractions. The sorption isotherm for MGS-1 
was sigmoidal in form (Fig. 2a) and was well fitted by the 
Dent (GAB) model. The parabolic form of the sorption iso-
therm is shown in Fig. 2b.

Fig. 1. Gaseous phase hydration kinetics of the MGS-1 sample 
recorded as a relative mass increase expressed in units of dry mass, 
Δm/m0. The hydration course was performed from the gaseous 
phase at different values of relative humidity p/p0. Target humi- 
dity: p/p0: 11% – open triangles, 23% – closed diamonds, 43%  – 
open squares, 63% – closed stars, 76% – open pentagons, 93% 
– stars, 97% – closed circles, 100% – open squares. The errors are 
within the plot symbols.

Fig. 2. a) Sorption isotherm for MGS-1 sample, b) parabolic form of the sorption isotherm.

a) b)
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The sorption isotherm distinguished the primary water 
binding sites, saturated with ΔM/m0 = 0.00837, and the 
secondary binding sites on the sample surface. The water 
mass of the monolayer is consistent with the values of 
the GAB model presented by Arthur et al. (2015). These 
values ranged from ΔM/m0 = 0.0014 to 0.063 for soil sam-
ples from Europe, the United States, Asia, Greenland, 
Africa, and South America. The mass of water saturating 
the primary water binding sites was much smaller than in 
other biological systems. For example, for extremophilic 
organisms from King George Island (Oceanic Antarctica), 
such as the Antarctic lichen Turgidosculum complicatulum 
and the alga Prasiola crispa, these values were equal to 
ΔM/m0 = 0.055 and ΔM/m0 = 0.131, respectively (Bacior et 
al., 2017). 

In the lichen Niebla tigrina from the Atacama Desert, 
this parameter was equal to 0.07 (Harańczyk, 2021). The 
mass of water saturating the primary binding sites was 
0.086 for native starch and 0.096 for copper-modified starch 
(Witek, 2006). The Martian regolith simulant MGS-1 has 
a smaller fraction of water-binding sites than the biologi-
cal systems. This means that it absorbs less water. The sum 
of the fractions of the tightly bound water and the loose-
ly bound water was  equal to = 0.0089,  which is 
slightly higher than the fraction of water saturating the pri-
mary binding sites (ΔM/m0 = 0.00837) obtained from the 
Dent model. 

During the hydration process, successive layers of water 
are attached to the surface of the tested system. If b is less 
than one, the Dent model is successfully applied, while the 
BET model is sufficient if b is equal to one (Brunauer et al., 
1938). The value of the parameter b from the Dent model 
was close to one and was equal to 0.893. This shows that 
the water molecules in the (n+1)-th layer cover a similar 
area as in the n-th layer. The obtained b value is typical for 
the Earth’s soil samples (where b ranges from 0.53 to 0.93), 
while c = 70.31 for the tested MGS-1 (for Earth’s soil, 
this value ranges from 6 to 115) (Arthur et al., 2015). The 
number of empty water-binding sites at h = 1 was equal to 
1/b1 = 1.59%, which means that the MGS-1 sample is more 
hydrophobic than native or copper-modified starch (for 
which 1/b1 = 0.1% and 1/b1 = 0.64%, respectively) (Witek, 
2006) and comparable to extremophilic organisms. For 
example, for the Antarctic lichen Cetraria aculeata and for 
Umbilicaria aprina, this value was equal to 1/b1 = 0.925% 
and 1/b1 = 0.02%, respectively (Harańczyk, 2016, 2008). 
Higher values of empty water binding sites were observed 
for lyophilised DNA samples (1/b1 = 2.95%) (Harańczyk, 
2010) and for lyophilised dipalmitoylphosphatidylcholine 
(DPPC) samples, where 1/b1 = 11.2% (Harańczyk, 2016).

The MGS-1 regolith has a lower value of the mass of 
water-saturated primary water-binding sites, meaning that 
its surface has a lower amount of water-binding sites, i.e. its 
surface is hydrophobic. The approximate monolayer water 
content for 321 soil samples from different geographical 

origins (Arthur et al., 2018) ranged from 0.0014 to 0.1002 
g g-1 for adsorption, as calculated using the GAB model. On 
the other hand, the ΔM/m0 measured for 207 soil samples 
had values from 0.0014 to 0.063 (Arthur, 2015). The value 
obtained for MGS-1 samples was in the lower range of 
values obtained for soil samples.

Water adsorption is influenced by structural differen- 
ces in various materials and organisms. The ability of 
extremophiles to store water is also determined by their 
biomolecular structure. A higher mass of water saturating 
primary water binding sites on the surface of Antarctic 
lichens plays a role in their drought and cold resistance, 
allowing them to maintain metabolic activity in extreme 
conditions. Some extremophiles contain solutes in their 
structure that lower the freezing point of water and enhance 
its retention in their cells. These adaptations are critical 
for survival in extreme environments with limited water 
availability (Harańczyk, 2003). The structural differences 
between extremophiles and Martian regolith simulants sig-
nificantly influence their water adsorption and are crucial 
for understanding their potential applications in fields rang-
ing from food science to astrobiology. Further research is 
needed to explore how these structural properties can be 
optimised for plant growth.

3.3. Measurements of 1H-NMR Free Induction Decays (FIDs) 

Free Induction Decay (FID) proton signals were record-
ed for the MGS-1 samples at hydration levels ranging from 
Δm/m0 = 0.02 to 0.11 (Fig. 3). The spectra were fitted by the 
superposition of a Gaussian component S, originating from 
the solid matrix of the sample, and an exponentially relax-
ing mobile proton signal component L (Eq. (5)).

The spin-spin relaxation time recorded for the solid 
component of the MGS-1 sample (Fig. 4a) was equal to  
≈ 17 µs, while the relaxation time for the mobile proton 
fraction L also did not change much during the hydration 
process and was equal to  ≈ 142 µs. The MGS-1 1H-NMR 
FID did not distinguish between the different bound water 
fractions. Even in the most hydrated samples of MGS-1, 
the hydration level was only about 11% (Fig. 1). This was 
most likely due to their strong hydrophobicity. This means 

Fig. 3. FID signal recorded at room temperature for MGS-1, for 
the hydration level of the sample Δm/m0 = 0.055.
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that only tightly bound water was present, unlike in biolo- 
gical systems, such as Antarctic lichen thalli (Bacior, 2017; 
Harańczyk, 2003; Harańczyk et al., 2008, 2012).

Figure 4b shows the hydration dependence of the liq-
uid signal amplitude expressed in units of the solid signal 
amplitude, L/S. It cannot be sufficiently fitted by a linear or 
rational function, as has been observed in biological sys-
tems. For example, a linear dependence was observed in 
the Antarctic alga P. crispa, while a rational function fitted 
well the hydration of Antarctic T. complicatulum or wheat 

seeds, suggesting the presence of a water-soluble solid frac-
tion in these systems (Bacior et al., 2017; Harańczyk et al., 
1996).

3.4. 1H-NMR spectra

The 1H NMR spectra for MGS-1 were recorded for sam-
ples hydrated in the range Δm/m0 = 0.02 to Δm/m0 = 0.11 
(Fig. 5). The 1H NMR spectra were fitted by the superpo-
sition of a Gaussian component (As) from the immobilised 
protons of the sample and a narrow Lorentzian line compo-
nent (AL) from the mobile protons of the sample. The values 
of the NMR signal were short, suggesting that paramagne- 
tic ions, mainly Fe2+, influence the NMR signal. 

Figure 6a shows how the AL/AS signal changes with the 
hydration level of the sample. This relationship cannot be 
approximated by a linear or rational function, as has been 
observed in Antarctic organisms, such as lichens or algae. 
The half-widths of the broad line component for the sol-
id matrix of MGS-1 ranged from Δνs = 90.4 kHz to Δνs = 
159.7 kHz for the hydration range, increasing from Δm/
m0 = 0.02 to 0.11 (Fig. 6b). The proton spin-spin relax-
ation time of the solid component AS was calculated using 
Eq. (7) and was equal to  ≈ 3.4 µs.  This value is short-
er than that observed by NMR relaxometry, for which 

 ≈ 17 µs for the same hydration levels of the sample. 
This difference is due to an additional line broadening 
caused by the electron paramagnetic effect and the appa-
ratus effect.

Fig. 4. a) Hydration dependence of the proton FID relaxation times for MGS-1. Solid Gaussian component S – black circles, bound 
water fraction L – red circles, b) L/S hydration dependence.

a) b)

Fig. 5. Stacked plots of the 1H NMR spectra measured as a func-
tion of hydration level of the  MGS-1 sample hydrated to Δm/m0 = 
0.02, 0.03, 0.04, 0.055, 0.06, 0.08, and 0.11.

Fig. 6. a) AL/AS hydration dependence for MGS-1 sample (open circles)  registered at room temperature; b) half-width of bound water  
(open circles) and solid Gaussian component (closed circles).

a) b)
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These values were smaller than those found for Antarctic 
organisms. For example, the spin-spin relaxation time for 
Turgidosculum complicatulum was about 19 µs from re- 
laxometry and 12 µs from 1H-NMR spectroscopy. For 
Prasiola crispa thallus, these values were 18 and 11 µs, 
respectively (Bacior et al., 2017). The spin-spin relaxation 
time of the solid component was generally shorter than that 
of biological samples such as seeds, DNA complexes, and 
other lichen genera (Nizioł et al., 2013; Harańczyk et al., 
2006).

An averaged bound water signal spectrum component 
was detected in the MGS-1 sample at all water contents. 
The half-widths (HWHM) of the solid and liquid line com-
ponents did not change with water uptake (Fig. 6b). The 
half-widths of the Lorentzian function ranged from ΔνL ≈ 
38.39 kHz to ΔνL ≈ 46.55 kHz for hydration levels from 
Δm/m0 = 0.02 to 0.11.

The value of  was calculated from Eq. (8). The cal-
culated spin-spin relaxation time was equal to ≈ 7.9 µs. 
This value was shorter than the average value ≈ 80 µs 
registered in the time domain experiment for the tightly 
bound water fraction, which could be the apparatus effect 
caused by the presence of the paramagnetic centres in the 
sample.

The relaxation time obtained from NMR relaxometry 
( ≈ 80 µs) is similar to that of tightly bound water in 
biological systems such as Antarctic lichens, photosynthet-
ic membranes, or DNA-DDCA complexes (Harańczyk et 
al., 2006, 2009, 2012, 2013). The fraction of loosely bound 
water was not detected. The position of the Gaussian and 
Lorentzian peaks did not change with the sample hydration 
level (Fig. 7).

The absence of loosely bound water in the regolith 
sample confirms its hydrophobic nature. Non-wetting 
soils have varying moisture content, which disturbs the 
normal growth pattern of agricultural plants (Dekker and 
Ritsema, 1995), particularly the germination of annual 
crops and pastures. A greenhouse experiment performed 

by Chinnannan et al. (2024) revealed that a 75% MGS-1 
concentration significantly inhibited sweet potato growth, 
storage root biomass, and chlorophyll content. Sweet pota-
to exhibited optimal growth, antioxidant properties, yield, 
and nutrient profiles at 25% MGS-1 exposure, compared to 
higher concentrations. 
3.5. Plant growth

Based on the characteristics specified by the rego-
lith producer and the hydration test, it was assumed that 
MGS-1 would be a highly stressful substrate. The first 
measurement of root growth in the tested substrate mix-
tures showed that the MGS-1 simulant is not a substrate 
that allows normal plant growth. Among the species used 
in the study, only the roots of V. radiata were not statistical-
ly significantly inhibited in growth. M. sativa, L. sativum, 
and T. aestivum responded with significantly reduced root 
growth in the mixture with a predominance of regolith (1:2 
perlite:regolith) and in regolith. The species S. alba and A. 
sativa were more sensitive and, even in the mixture with 
a lower proportion of regolith (2:1 perlite:regolith), they 
had significantly shorter roots compared to the growth 
of these plants in perlite. Figure 8 shows the results. The 
bioaccumulation of plant biomass assessed after 144 h of 
growth (Fig. 9) confirmed that MGS-1 is a substrate that 
inhibits the growth of the tested plants. Only M. sativa 
and V. radiata growing on the 1:2 mixture (regolith:per-
lite) produced biomass that was not statistically different 
from that found in the reference substrate (perlite). The 
remaining species already present in the substrate with such 
proportions showed a biomass significantly lower than that 
characteristic of plants growing in perlite. A very signifi-
cant growth limitation in all the plants tested occurred in 
the mixture with a predominance of regolith. Moreover, all 
the species tested, except T. aestivum, died after 144 h. Only 
T. aestivum showed growth, but the accumulated biomass 
of plants from the regolith variant was almost 3 times lower 
than that of plants from the perlite substrate.

Considering the obtained results of plant biometry in 
relation to botanical families (Fig. 10), it can be stated that 
the roots of plants from the Fabaceae family, characterised 
by slow growth, showed a lower sensitivity to stress. In 
mixtures with a lower proportion of regolith, the Fabaceae 
plants did not differ significantly from those growing in 
perlite. However, the increased amount of regolith, and 
especially the regolith alone, contributed to a significant 
reduction in root elongation and accumulation of plant 
biomass. The Brassicaceae and Poaceae representatives, 
which showed faster growth rates, were characterised by 
a similar sensitivity – the substrate with a lower propor-
tion of regolith to perlite (1:2) significantly inhibited root 
growth and biomass accumulation. In the substrates with 
the higher regolith to perlite ratio (2:1), the plant roots 
died and the plants were unable to accumulate biomass. 
Brassicaceae were more sensitive in this respect, as the 

a)

b)

Fig. 7. Peak position of the Lorentzian a) and Gaussian b) signal 
as a function of hydration level of the sample.
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plant biomass was minimal after 144 h of growth. The dif-
ferences obtained can be explained by the size of the seeds 
(surface area in contact with the substrate), the specifici-
ty of their structure (covering, ability to swell, amount of 
reserve materials in the seeds, etc.), and the rate of seedling 
growth, which makes the effect of the toxic substrate more 
or less intense. However, it can be stated that the regolith 
simulant MGS-1 is a substrate with physico-chemical prop-
erties that exclude plant growth and development, even at 
the germination and initial seedling growth stages. This 
requires the development of specific techniques to treat 
regoliths for plant growth when planning crop cultivation 
related in the context of the Mars ISRU concept. Research 
is being carried out in this area, but the main limitation is 
the nature and quality of the simulants used.

The characteristics of the Martian environment are 
now being systematically collected by rovers and transmit-
ted to Earth. This has allowed scientists to begin research 
into many aspects of ISRU, including Martian agriculture. 
Since the beginning of this research, it has been suggest-

ed that the correct term for the surface unconsolidated fine 
mineral material on planetary bodies, including Mars, is 
regolith, because it lacks the organic matter and microbi-
ome that provide the basis for plant cultivation (Duri et al., 
2022). In addition, recent in situ studies have shown that 
the regoliths of Mars have a high salt concentration and 
high levels of perchlorates, which are toxic to plants. This 
has allowed the development and production of third-gen-
eration simulants with properties more similar to authentic 
regoliths, which was not possible for previous generations 
(Duri et al., 2022).

Eichler et al. (2021) found that none of the composite 
regolith simulants available could support plant growth in 
the absence of nutrient supplementation, and in the case 
of MGS-1 (the simulant used in our study) the growth of 
lettuce and Arabidopsis was not possible even after the 
addition of nutrients, which the authors attributed to high 
alkalinity. This was confirmed by our studies of six other 
plant species, whose growth was limited and only possible 
after mixing MGS-1 with inert perlite, which alleviated the 

Fig. 8. Root length of  tested plants species after 48 h in PHYTOTOXKIT microbiotest growth for substrate mixtures used (R0/P3 = 
0:3 v:v Martian regolith simulant MGS-1:perlite; R1/P2 = 1:2 v:v Martian regolith simulant MGS-1:perlite; R2/P1 = 2:1 v:v Martian 
regolith simulant MGS-1:perlite; R3/P0 = 3:0 v:v Martian regolith simulant MGS-1:perlite).
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abiotic stress. Chinnannan et al. (2024) studied one species 
(sweet potato Ipomoea batatas) and used a method similar 
to ours, i.e. mixing MGS-1 with another substrate, garden 
soil rich in organic matter. The authors conclude that only 
a 75% garden soil admixture to MGS-1 results in optimal 
adaptation, strong stress tolerance, and increased yield of 
storage roots of the tested species.

In turn, using desert, terrestrial, and saline soils, defined 
as similar to Martian regolith, Ramírez et al. (2019) 
obtained growth of some potato genotypes (40% of 65 
tested) and minimal yield (up to 5 g of tuber biomass per 
plant). The authors state that the selection of tolerant gen-
otypes, appropriate sowing methods, and soil management 
strategies are crucial for crop resistance to extreme salinity. 
However, it has to be admitted that the yield obtained does 
not meet the potential food demand and further intensive 
research is needed on the conditioning of regolith for crop 
cultivation.

Wamelink et al. (2014, 2019) also note that, in the case 
of extraterrestrial agriculture, several simulant properties 
(alkaline pH, high sodium availability, predominance of 
macro compared to micro pores, low water capacity) sig-
nificantly affect the possibility of plant cultivation.

The approach of mixing Martian regolith simulants with 
a substrate that allows plant growth provides preliminary 
results on the response of the studied species to the stress 
generated by the unfavourable properties. Our prelimi-
nary studies have shown that an important element of the 
planned research is the selection of the plants to be used. 
We have confirmed the strong toxicity of the third genera-
tion Martian regolith simulant MGS-1 for six species from 
three families, the need for stress mitigation to support the 
growth of the tested plants, and a moderate but occurring 
differentiation in sensitivity to the generated stress depend-
ing on the species of the tested plant.

As emphasised by Duri et al. (2022) in their multi- 
disciplinary review, the ISRU approach to food produc- 
tion is crucial to ensure sustainability in extraterrestrial 

Fig. 9. Fresh biomass of a single plant after 144 h in PHYTOTOXKIT microbiotest growth for substrate mixtures used (abbreviations 
as for Fig. 8).
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settlements, and using local regolith as ‘soil’ for plant 
growth would be a feasible way to obtain food, although 
‘extraterrestrial soil’ is very different from the vital and fer-
tile ‘terrestrial soil’. Intensive research is therefore needed 
to make regoliths suitable for agriculture.

4. CONCLUSIONS

The gaseous phase hydration kinetics of Martian regolith 
simulant MGS-1 samples were characterised by a two- 
exponential model. Three fractions of bound water were 
distinguished, namely: a tightly bound water fraction, ∆m/
m0 = 0.00527(63), which was not removed by dehydration 
over silica gel; a loosely bound water fraction, ∆m/m0  = 
0.00359(12), and a free water fraction, with hydration, the 
amount of which increased with increasing relative humi- 
dity. The MGS hydration values were shown to be lower 
compared even to extremophilic organisms.

The MGS-1 sorption isotherm was sigmoidal in form 
and was sufficiently fitted by the Dent (GAB) model. 
This model distinguished the primary water binding sites, 
which were saturated for the amount of water equal to 

ΔM/m0 = 0.00837. The number of empty water binding 
sites for humidity h = 1 was equal to 1/b1 = 1.59%, indicat-
ing increased hydrophobicity of the sample. The Martian 
regolith simulant MGS-1 has structural differences from 
biological systems, such as lichens or algae, which sig-
nificantly affect its water absorption and are critical for 
understanding their potential applications in extraterrestrial 
cultivation of plants.

Proton free induction decays (FIDs) were fitted by the 
superposition of a Gaussian component S from immo-
bilised protons of the solid matrix of the sample and an 
exponentially relaxing mobile proton signal component L. 
1H NMR spectra were fitted by the superposition of 
a Gaussian component (As) from immobilised protons and 
a narrow Lorentzian line component (AL) from mobile pro-
tons. The NMR signal was attenuated by the influence of 
paramagnetic ions (mainly Fe2+) from the MGS-1 sample. 
The low relaxation times confirm the absence of loose-
ly bound water in the MGS-1 as well as its hydrophobic 
nature. These hydrophobic properties can impact the abili- 
ty of plants to grow efficiently. The study evaluating the 

Fig. 10. Biometry (root length and fresh biomass of a single plant means) from given botanical families after 144 h in PHYTOTOXKIT 
microbiotest growth for substrate mixtures used (abbreviations as for Fig. 8).
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initial growth of plants in the MGS-1 regolith simulant 
confirmed that this is a substrate with properties that pre-
vent effective plant cultivation. In the case of initial plant 
growth in the MGS-1 regolith simulant, it should be noted 
that it is a substrate with physico-chemical properties that 
preclude plant growth and development. The species tested, 
i.e. T. aestivum, A. sativa (Poaceae); M. sativa, V. radiata 
(Fabaceae), and L. sativum, S. alba (Brassicaceae) were 
essentially dead after 144 h of growth in the microbiotest 
with the MGS-1 regolith simulant.

Mixing MGS-1 with inert perlite alleviated the stress 
but, in substrates with a higher ratio of regolith to perlite 
(2:1), the plant roots died and the plants were unable to 
accumulate biomass. The least sensitive species tested was 
T. aestivum. Potential planning of crops within the Mars 
ISRU concept requires the development of complex tech-
niques for treating extraterrestrial substrates.
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