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Bioregenerative life support systems (BLSS) are conceived of and developed so as to provide food sources for crewed missions to the Moon or Mars. The in situ resource utilization (ISRU) approach aims to reduce terrestrial input into a BLSS by using native regoliths and recycled organic waste as primary resources. The combination of BLSS and ISRU may allow sustainable food production on Moon and Mars. This task poses several challenges, including the effects of partial gravity, the limited availability of oxygen and water, and the self-sustaining management of resources. Lunar and Martian regoliths are not available on Earth; therefore, space research studies are conducted on regolith simulants that replicate the physicochemical properties of extra-terrestrial regoliths (as assessed in situ by previous missions). This review provides an overview of the physicochemical properties and mineralogical composition of commercially available Lunar and Martian regolith simulants. Subsequently, it describes potential strategies and sustainable practices for creating regolith simulants akin to terrestrial soil, which is a highly dynamic environment where microbiota and humified organic matter interact with the mineral moiety. These strategies include the amendment of simulants with composted organic wastes, which can turn nutrient-poor and alkaline crushed rocks into efficient life-sustaining substrates equipped with enhanced physical, hydraulic, and chemical properties. In this regard, we provide a comprehensive analysis of recent scientific works focusing on the exploitation of regolith simulant-based substrates as plant growth media. The literature discussion helps identify the main critical aspects and future challenges related to sustainable space farming by the in situ use and enhancement of Lunar and Martian resources.
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1 INTRODUCTION
Current scientific inventions and technological advancements may allow space travel and, in the far future, the development of bioregenerative life support systems (BLSS) on other celestial bodies (Zubrin and Wagner, 2011; NASA, 2018). From this perspective, the colonization of the Moon or Mars is closer to reality than it is to science fiction.
Studies focusing on various aspects of life on other celestial bodies have helped make it possible to contemplate extra-terrestrial colonization. These include studies on celestial bodies with a gravitational pull different from that on Earth (Hoson et al., 2000), the recycling of oxygen and water (Primm et al., 2018), and other issues related to sustainable food production in controlled environments or BLSS. The provision of terrestrial resources to permanent extra-terrestrial human settlements is not economically sustainable (Verseux et al., 2016), not only because of the high cost and resource/energy requirements, but also due to the difficulty and time needed to plan and execute launches (Llorente et al., 2018). Given the long-term nature of space missions and future space settlements, BLSS also need to be self-sustaining so as to reduce inputs from Earth and to deal with any challenges threatening the success of the missions. An efficient BLSS must be capable of purifying water, revitalizing the atmosphere, and producing food in a closed loop system (Menezes et al., 2015; Foing et al., 2018; Llorente et al., 2018). This can also be accomplished through in situ resource utilization (ISRU), which requires the use of native materials (Karl et al., 2018) and waste as primary resources (Menezes et al., 2015). Instead of relying on a closed loop, new materials found on site could be brought into the life support systems, thus making them sustainable and expandable.
Numerous studies have evaluated the feasibility of life on other planets. Some have conducted hydraulic and engineering tests to assess the practicality of building (Gertsch et al., 2008) and manufacturing (Chow et al., 2017; Karl et al., 2018), whereas others have experimented with microbial (Verseux et al., 2016; Kölbl et al., 2017) and plant growth (Gilrain et al., 1999; Kozyrovska et al., 2006; Wamelink et al., 2014) in an extra-terrestrial environment. Space farming based on local resource exploitation (Maggi and Pallud, 2010; Ramírez et al., 2019) is a promising strategy for food production (Ming and Henninger, 1989) on extra-terrestrial habitats, as it can allow water recycling, organic waste composting, and oxygen production or CO2 consumption (Verseux et al., 2016; Llorente et al., 2018). This would also reduce the launch mass from Earth and the waste generated by human settlement (food cost-cutting). Another important aspect is the psychological comfort plants can provide for astronauts during their long period of isolation (Nechitailo and Mashinsky, 1993; Ivanova et al., 2005; Marquit et al., 2008; Bates et al., 2009).
An ISRU approach for fresh food production is crucial to guarantee sustainability in extra-terrestrial BLSS. Using the local regolith as “soil” for plant growth would be a viable way to grow food, even though “extra-terrestrial soil” is very different from vital and fertile “terrestrial soil” (Certini et al., 2009; Juilleret et al., 2016; Certini et al., 2020). The appropriate term for the surficial unconsolidated fine mineral material on other planetary bodies is regolith, as it lacks living matter and is still very similar to the underlying parent rock. Soil taxonomy defines soil as “a natural body that comprised solids (minerals and organic matter), liquid, and gases that occur on the land surface, occupies space, and is characterized by one or both of the following: horizons, or layers, that are distinguishable from the initial material as a result of additions, losses, transfers, and transformations of energy and matter or the ability to support rooted plants in a natural environment” (Soil Survey Staff, 2014). Regolith does not have associated organic matter or a microbiome. In theory, regolith can be classified as soil if it has undergone the same processes that the Earth-based regolith undergoes to become soil (e.g., the presence of oxygen, the influences of wind and water, and activity by living organisms). Likewise, regolith can be defined as soil if it has undergone organic processes. Due to the lack of a standardized method for evaluating regolith efficacy, many published studies claiming to have assessed regolith for plant growth have used microbiome-contaminated regolith, which is in effect a soil.
The Lunar science community uses the word “soil” in an engineering geology sense, identifying “Lunar soil” with the finer-grained fraction of the unconsolidated material (regolith) on the Lunar surface (Heiken et al., 1991). A more complex and informative definition of extra-terrestrial soils (along with attempts of classification) has been provided (Certini et al., 2009; Certini et al., 2020). These native soils can be defined as the (bio)geochemically/physically altered material on the surface of a planetary body that encompasses surficial extra-terrestrial telluric deposits. According to this definition, the soil is a material that retains information about its environmental history, and whose formation does not require the presence of life. In this context, and considering the known geochemical features of extra-terrestrial regoliths, the surface deposits on planetary and other celestial bodies—such as Venus, Mars and Earth-Moon—should be considered soils in a pedological sense (Certini et al., 2009). Moreover, the chemical diversity across in situ and regional soils on Mars suggests the existence of many different soil types and processes (Certini et al., 2020). In this review, we frequently use the term “soil” when referring to the surface of the Moon and Mars as a potential crop substrate, and adopt this term when discussing the literature.
The Lunar regolith has been studied on the Moon, and has also been analyzed on Earth using samples brought back by the Apollo missions. The regolith on Mars has been analyzed by rovers and robotic spacecrafts. These studies have elucidated the physical and chemical properties of Lunar and Martian native soils. Nevertheless, there is only a minimal quantity of Lunar material on Earth that is closely guarded, and no samples have been brought back from Mars to date. Therefore, most commercial regolith simulants have been produced by closely replicating the specific physicochemical properties of extra-terrestrial surfaces. Most existing simulants were developed to address specific application fields, and although their chemical interactions or properties related to mechanical abrasion have been assessed to mitigate potential risks (Rickman et al., 2013), their agricultural properties have rarely been evaluated. Naturally, plant growth, morphology, and physiology on the Moon or other planets are expected to be greatly affected by the sterile and nutrient-poor nature of extra-terrestrial soil and the different gravitational and climatic conditions. However, these regolith simulants, although not sterile, may play an essential role in improving our understanding of the environmental phenomena on the Moon and Mars. They may also help solve potential problems related to the exploitation of Lunar and Martian regolith as plant growth substrates.
This review aims to provide a comprehensive overview of the potential for existing Martian and Lunar simulants to serve as substrates for growing crops in BLSS. First, we assess selected Lunar and Martian regolith simulants on the basis of their physicochemical and mineralogical properties. Second, we describe previously tested strategies and sustainable practices for using these simulants as plant growth media, with emphasis on the main critical aspects and challenges in deploying these systems. In this review, we consulted 74 scientific papers and 10 technical reports on Lunar and Martian regolith simulants published between 1970 and 2021. The main critical aspects of space agriculture are presumed to be related to nutrient availability, air and fluid movements in different gravitational conditions, and potentially toxic elements in the substrates. Potential future challenges include a lack of adequate knowledge about the extra-terrestrial environment and the development of best agronomic practices for the first space colony.
2 AN OVERVIEW OF THE PROPERTIES OF REGOLITH SIMULANTS
This review provides an overview of the petrographic/mineralogical compositions and bulk chemistry of Lunar and Martian regolith simulants developed over the last 3–4 decades, which are mostly available for research purposes. We included simulants listed in the Planetary Simulant Database (https://simulantdb.com/) of the Colorado School of Mines. Of these, we selected 30 simulants whose petrographic/mineralogical and chemical characteristics had been described in 27 scientific papers and included in the Planetary Simulant Database (Table 1). According to the Planetary Simulant Database classification scheme, the included simulants were divided into four categories: 11 Lunar Mare simulants (McKay et al., 1994; Kanamori et al., 1998; Sibille et al., 2006; Sueyoshi et al., 2008; Matsushima et al., 2009; Zheng et al., 2009; Stoeser et al., 2010b; He et al., 2010; Rahmatian and Metzger, 2010; van Susante and Dreyer, 2010; Suescun-Florez et al., 2015); 6 Lunar Highlands simulants (McKay et al., 1994; Battler and Spray, 2009; Li et al., 2009; Stoeser et al., 2010a; Zeng et al., 2010); 4 Lunar Dust simulants (Sueyoshi et al., 2008; Sun et al., 2017; Tang et al., 2017; Britt and Cannon, 2019; Cannon and Britt, 2019); and 9 Martian simulants (Zeng et al., 2015; Lee, 2017; Archer et al., 2018; Stevens et al., 2018; Cannon et al., 2019; Caporale et al., 2020; Clark et al., 2020).
TABLE 1 | List of the simulants considered in the present work, divided by reference category. In detail the availability on the market and the reference analysis for chemical and mineralogical characteristics.
[image: Table 1]2.1 Mineralogy of the Lunar and Martian Simulants
There is no universal simulant that comprehensively represents the mineralogy of the Lunar and Martian surfaces. Similar to the Earth’s crust, the surficial layers of the Moon and other planets show high heterogeneity and spatial variability. Therefore, it is difficult to create a simulant for every mineralogical combination or potential application. To develop a simulant, it is crucial to find terrestrial rocks with compositions and qualitative and quantitative mineralogical patterns similar to those of Lunar and Martian regoliths. Mineralogical assemblages can be modified to reproduce the general variability on the Moon and Mars. However, simulants comprised of the majority of minerals found in Lunar and Martian surficial regoliths often lack some minor or rare phases (including phosphates, sulfides, and phyllosilicates) that affect ISRU and plant growth. This limitation can be overcome by the exogenous addition of minerals that are deficient in the selected rocks. However, even with this addition, it is difficult to replicate all regolith characteristics in a single simulant (Seiferlin et al., 2008). As a result, many research teams have produced their own simulants over the years (Cannon et al., 2019). In any case, no existing simulants contain moisture or biological components (Gertsch et al., 2008).
The surface morphology of the Moon is dotted with meteorite and micrometeorite impact sites (Gertsch et al., 2008). Samples brought back to Earth by the Apollo missions at the end of the 1970s revealed that the Lunar regolith was a mixture of varying amounts of two primary rocks: 1) the Lunar Mare dark basalt and 2) the lighter-colored, feldspar-rich anorthosite of the Lunar Highlands. These are mixed with an approximately constant proportion of impact melt glass (McKay et al., 1994). Based on the mineralogical composition of this regolith, Earth & Space 2006 and the 2nd NASA/ARO/ASCE Workshop on Granular Materials in Lunar and Martian Exploration (Malla et al., 2006) proposed two compositional end-members of Lunar simulants to be used as an ideal set of root simulants: 1) low-Ti basalt for Lunar Mare and 2) high-Ca anorthosite for Lunar Highlands. Indeed, the Lunar Mare simulants FJS-3, Oshima simulant, FJS-2, OPRL2N, and FJS-1 are 81–100% basaltic (Supplementary Table S1), whereas the anorthositic rocks in the Lunar Highland simulants NU-LHT/1M/2M/3M/1D/2C, OPRH2N/H2W, and OPRH3N/H3W are 43–80% basaltic (Supplementary Table S1). As shown analytically (Supplementary Table S1) and synthetically (Figure 1; Supplementary Table S2), the mineralogical compositions of only 11 Lunar simulants have been characterized.
[image: Figure 1]FIGURE 1 | Data of the figure are relative only to simulants (19/30) whose mineralogical composition is reported for more than 73% of the total mass in the literature (Supplementary Table S1). The mineralogical classes are split as follow: Oxides (Ilmenite; Magnetite; Ti-magnetite; Hematite; Ferrihydrite; Cr-spinel); Carbonates (Calcite; Fe-carbonate; Mg-carbonate); Phosphates (Apatite); Sulphates (Gypsum; Selenite; Mg-sulfate; Anhydrite); Sulfides (Pyrrhotite; Sulfide); Nesosilicates—inosilicates (Olivine + pyroxene + ilmenite; Olivine; Clinopyroxene; Augite; Enstatite; Pyroxene + Hornblende; Pyroxene; Diopside; Hypersthene); Tectosilicates—Quartz, Zeolite; Tectosilicates—Plagioclases (Plagioclase; Anorthite; Albite; Labradorite); Tectosilicates—K-feldspars (Sanidine; K-feldspar; Orthoclase); Phyllosilicates (Smectite; Saponite; Chlorite); Other minerals (undifferentiated). Glass + opaque (Plagioclase glass, basaltic glass, hydrated silica, Volcanic glass; Glass; Opaque + Glass).
The mineralogy of the Lunar Mare and Highlands simulants primarily consists of plagioclases, mafic minerals (nesosilicates and inosilicates such as olivine and pyroxene), and glass plus opaque (with a prevalence of glass) (Figure 1; Supplementary Table S2). On average, compared to Lunar Highland simulants, Lunar Mare simulants are more enriched with mafic minerals (7 vs. 35%, respectively) and oxides (0.2 vs. 2.9%, respectively). However, Lunar Highland simulants contain higher levels of anorthite plagioclases than Lunar Mare simulants (59 vs. 34%, respectively).
During the period of the Apollo missions, exploration activities on the Lunar surface were seriously hampered by dust. Consequently, an additional type of simulant was proposed, called Lunar Dust. This simulant was created based on the data on Lunar dust collected by the Lunar Soil Characterization Consortium (Taylor et al., 2001; Wallace et al., 2009). Available data on the petrographic characteristics of this simulant indicate a wide range of rock types, ranging from gabbro to anorthosite (Supplementary Table S1). In accordance with the mineralogy of the Lunar dust regolith, the Lunar Dust simulant is enriched by glass and opaque than the Lunar Mare and Lunar Highland simulants (53 vs. 25% and 33%, respectively), and exhibits lower levels of nesosilicates, inosilicates, and tectosilicates (Figure 1; Supplementary Table S2).
The Martian surface was shaped by the combined action of the wind (physical erosion) and water (chemical weathering) and lava flows (Zeng et al., 2015; Cannon et al., 2019), all of which contributed to the formation of the Martian “soil” (Bandfield et al., 2011). The data collected by the Curiosity rover over the last decade have shed light on the composition and physical properties of the Martian regolith. Peters et al. (2008) reported that the Martian regolith is classified as a fine-grained and cohesionless rocky soil that is mixed with dust due to planet storms. The surface is covered by a basaltic sand that is mainly composed of plagioclases and mafic minerals (including nesosilicates and inosilicates such as olivine and pyroxene) (Peters et al., 2008; Zeng et al., 2015; Filiberto, 2017). The Martian regolith also contains relatively lower levels of phyllosilicates (smectite and saponite), sulphate salts (such as gypsum, anhydrite, and alunite-jarosite) (McSween and Keil, 2000; Gaillard et al., 2013; McCollom et al., 2013), and the iron oxides (such as magnetite, hematite, and ferrihydrite) (Benison et al., 2008; Peters et al., 2008; Zeng et al., 2015; Cannon et al., 2019) that make Mars “the red planet” (Grotzinger et al., 2014; Hurowitz et al., 2017).
2.2 Bulk Chemistry and Physicochemical Properties
The bulk chemistry and physicochemical properties of Lunar and Martian regolith simulants have been analyzed to assess their ability to support extra-terrestrial farming in the future. Studies are primarily focused on the essential nutrients required by plants to complete their life cycle. Plants can obtain large quantities of macronutrients (including N, P, K, S, Ca, and Mg) from the growth media. These, along with C, H, and O (derived from the atmosphere) contribute to over 95% of a plant’s entire biomass (when measured as dry matter). Because micronutrients are required in lower quantities, their levels in plant tissues are measured in parts per million. These include Cl, B, Zn, Fe, Mo, Mn, Cu, and Ni.
In the absence of any organic matter, the main chemical compositions and mineralogy of Lunar and Martian simulants are very similar to those of their respective reference samples from the Lunar and Martian surfaces (Mortley et al., 2000; Beegle et al., 2007; Peters et al., 2008; Zeng et al., 2015; Kölbl et al., 2017). The data from rovers show low variability in bulk chemical composition of regolith in the areas where measurements have been acquired (Zeng et al., 2015). Nevertheless, we need to assume that the unexplored areas of the Lunar and Martian surfaces may exhibit different mineralogy and chemical compositions. NASA’s Perseverance rover has successfully cored Martian rocks, and data received from this rover will certainly broaden our knowledge of Martian geochemistry. Figure 2 shows the mean chemical compositions (as oxide percentages) of the 30 simulants listed in Table 1. The oxides of manganese (MnO), titanium (TiO), chromium (Cr2O3), phosphorus (P2O5), and sulfur (SO3) occur at very low concentrations in each simulant category. Therefore, for the sake of clarity, these are all collated in the “others” category (Figure 2). SiO2 is the principal constituent in all the simulants. SiO2 levels are consistently ∼45% in the Lunar simulants, and ∼41% in the Martian ones. This difference is likely due to the higher occurrence of amorphous materials in Lunar simulants (Figure 1). Likewise, Lunar simulants show higher Al2O3 and CaO levels than Martian simulants, whereas the opposite is true for Fe (FeO and Fe2O3) and MgO (Figure 2). These trends are explained by higher levels of Ca-plagioclases in Lunar simulants and of Fe-(hydr)oxides (magnetite, hematite, ferrihydrite), nesosilicates (olivine), and inosilicates (pyroxene) in Martian ones. Lunar and Martian simulants also contain significant levels of other nutrients essential for plant growth. These include potassium (average, 0.9%; 0.7% of K2O), phosphorus (0.3%; 0.3% of P2O5), sulfur (0.1%; 4.4% of SO3), and manganese (0.1%; 0.1% of MnO), which are derived from K-feldspars, phosphates, sulfates, and Mn oxides, respectively (Figure 1). The simulants also contain inorganic carbon in the form of carbonates, and their levels are higher in Martian simulants than in Lunar ones. Simulants also contain non-negligible amounts of sodium (Lunar: 2.8% of Na2O; Martian: 2.4% from Na-plagioclases) and potentially toxic elements (e.g., Cr as Cr2O3), which may induce salt or other abiotic stresses in rhizosphere-competent microorganisms and plants (Caporale et al., 2020). Simulants lack key nutrients for plants such as N, which is frequently absent in minerals and occurs in biomolecules. Micronutrients such as Mo, Ni, B, Cu, and Zn are generally occluded in accessory minerals in trace concentrations (i.e., in the order of parts per million).
[image: Figure 2]FIGURE 2 | Bulk chemistry of 30 lunar and martian simulants listed in Table 1 (the source of the information used to build the graph and the analytical techniques used to produce chemical data are reported in Table 1 and in the text).
The total amount of the most essential elements may be more than adequate to satisfy the requirements for plant growth in simulants. However, plants generally take up only the bioavailable forms of elements (such as the readily soluble and exchangeable forms), and not the elements occluded in mineral structures that are released only after mineral weathering. For plants, nutrient availability in soil is governed by the pseudo-equilibrium between aqueous and solid phases, rather than by the total nutrient content. Factors such as pH, redox potential, electrical conductivity (EC), texture, type and relative abundance of fine solid particles play a key role in regulating nutrient availability in a plant growth medium (Adamo et al., 2018). Thus, these factors should be assessed when growing plants in regolith simulant-based substrates. Unfortunately, the pH and EC of simulants are not provided in the Planetary Simulant Database. Studies report that the Martian and Lunar simulants have a pH above 6, and have alkaline properties in some cases (Gilrain et al., 1999; Zaets et al., 2011; Wamelink et al., 2014; Caporale et al., 2020; Eichler et al., 2021), suggesting low rates of mineral weathering and cation release. The only data regarding EC in Martian simulants indicate low values of 0.2–0.3 dS m−1 (Gilrain et al., 1999; Caporale et al., 2020), suggesting no adverse effect of salinity on plant growth.
Agronomic techniques and crop management also affects nutrient availability and dynamics in a growth substrate. Thus, the addition of sustainable amounts of organic amendments (e.g., compost or manure) or mineral fertilizers to Lunar and Martian simulants may enhance the bioavailability of essential nutrients and provide missing vital nutrients such as N and organic C. These practices can also aid in pH adjustment and have positive effects on microbial rhizosphere activity and nutrient biogeochemical cycles.
Potentially toxic elements such as Al and Cr usually precipitate and are poorly available in alkaline environments (Brautigan et al., 2012); therefore, their presence in non-negligible amounts should not hinder plant growth in simulants. However, analyzing the bioavailability of these elements in the substrates and their levels in plant tissues may help evaluate the potential risk they pose to space crews. Due to the phytochemistry of the cold and oxidizing environment, toxic perchlorate salts occur commonly on the Martian surface in concentrations of 0.5–1% (Oze et al., 2021); however, they were not present in any of the 30 simulants. Perchlorates can be taken up by plants and make their edible parts unsafe to eat. To remediate Martian soils rendered toxic by perchlorates, several papers have proposed a biochemical approach that involves transforming perchlorates into chloride and oxygen (Rikken et al., 1996; Davila et al., 2013).
2.3 Physical and Hydrological Properties
Reduced gravity (e.g., in a spacecraft in orbit) causes changes in crucial hydrological variables and alters some fundamental characteristics of water flow and liquid distribution inside a porous medium. The characteristic retention curve of a porous medium is of paramount importance for water movement and plant growth. In the terrestrial environment, water movement towards root hairs is determined by both gravity, which decreases with water depletion, and capillary forces, which increase as water content decreases. In microgravity, capillary forces exert complete control over liquid distribution in a plant growth medium. By simulating a wetting and drying cycle using conventional unsaturated flow models adapted to microgravity, Jones and Or (1999) showed that the retention curve has narrower pore-size distributions in microgravity. This may be due to particle rearrangement, increased air entrapment, and enhanced hysteresis. The authors also reported a decrease in unsaturated hydraulic conductivities, which can be explained by the modified hydrodynamics in microgravity. Chamindu Deepagoda et al. (2014) used equations to quantify the water retention of substrates in terrestrial conditions and under different gravity conditions. Their analysis concluded that the Lunar simulant was the worst in terms of water retention capacity, likely because of its large pore space (0.52 cm3 cm−3) and particle size (0.25–1.0 mm).
Maggi and Pallud (2010) evaluated the effect of Martian gravity on soil processes by using a highly mechanistic model. This model had been previously tested for terrestrial crops, and couples soil hydraulics and nutrient biogeochemistry. The net leaching of NO3− solutes, gaseous fluxes of NH3, CO2, N2O, NO, and N2, the depth concentrations of O2, CO2, and dissolved organic carbon (DOC), and pH in the root zone were measured in two cropping units under a simulation of the gravitational conditions on Earth and Mars (9.81 and 0.38 g, respectively). These units were similarly fertilized and irrigated, but had different initial soil moisture content. The water and nutrient leaching of soil was reduced by 90% under Martian gravity. This enhanced the microbial metabolism, promoted faster decomposition of DOC, and much higher emission of NO, N2O, N2, and CO2. The authors concluded that cultivation on Mars would require less water for irrigation and lower external nutrient supply than on Earth. Unless the soil bulk density is very high, it is expected to have small influences on plant growth. Based on data from the Pathfinder lander, the potential bulk density of Martian soil has been estimated at 1.07–1.64 g cm−3 (Moore et al., 1999). The data from the Viking 1 lander suggests a bulk density of 1.15 g cm−3 for Martian soil (Moore and Jakosky, 1989), with a volatile loss of 0.1–1.0% by weight at 500°C (Peters et al., 2008). The bulk density of Lunar soil varies between 1.5 and 1.7 g cm−3 (Taylor, 2007).
Pore size distribution is potentially associated with the percolation process, such that an increase in particle size enhances the percolation process. The percolation threshold changes under reduced gravity, resulting in improved aeration conditions in the early stages of simulations. Although reduced gravity can influence gas and fluid movement, it does not necessarily lead to better rhizospheric conditions. This is because the root zone is primarily influenced by air in pore spaces (Chamindu Deepagoda et al., 2014). Therefore, if the small pore space is filled with air and the substrate is almost water-saturated, conditions could become critical for plant growth and would need to be managed carefully.
Particle size distribution is another critical aspect that influences the potential of a regolith to be a growth medium. On Earth, soils are made of particles (namely clay, silt, and sand particles) of different sizes. The optimal assemblage (loam texture) of certain proportions of sand, silt, and clay-sized particles can maximize the ability of the soil to sustain plant growth. The particle size distributions of Lunar and Martian simulants must be modified to create an optimal particle assemblage (Cannon et al., 2019) that promotes air permeability (to avoid anoxia stress) and geochemical and mechanical interactions to enhance element bioavailability (Beegle et al., 2007; Zeng et al., 2015; Cannon et al., 2019).
Caporale et al. (2020) conducted an interesting study on the mixing of organic compost with the MMS-1 Martian simulant. This study showed how the addition of green compost to the MMS-1 simulant affects the physical and hydrological properties of the mixture. As expected, the bulk density progressively decreased with increasing rates of compost in the mixture, ranging from 1.39 g cm−3 (pure simulant) to 0.60 g cm−3 (pure compost). The addition of compost to pure simulant proportionally increased the maximum amount of water retained. The retention curves of the pure simulant and a 70:30 (v/v) simulant:compost mixture tended to converge when the matrix suction was approximately 60 cm. In contrast, the retention curve of a 30:70 simulant:compost mixture was always higher than those of the other two substrates. However, the suitability of a substrate for the cultivation of a candidate crop cannot be established solely through analysis of the retention curve. In other words, higher values of the saturated water content do not necessarily translate to better performance. The authors also showed that compost addition to the pure simulant exerted a more significant effect on the macropore region than on the micropore domain. Water held in macropores exceeding 120 μm in diameter was not directly beneficial for root water uptake in lettuce (the plant considered in the study), and even caused root asphyxia. Moreover, the three mixtures considered had a similar distribution of pore sizes with diameters below 50 μm. Based on its hydraulic properties, the 70:30 mixture was best substrate, as the percentage increase in large pores (diameter, 50–120 μm) was more significant in this mixture than in the 30:70 one. In terms of water and nutrient transport processes, all the mixtures were acceptable as growth media in a hydroponic cultivation system, where a timely water supply is guaranteed. However, if the objective is to manage lettuce irrigation to minimize irrigation frequency, the 70:30 mixture was the most promising substrate due to its hydraulic properties. Thus, the concerns change if the aim is to have an optimized collection system with more efficient energy consumption and system usage.
3 KEY STUDIES ON PLANT CULTIVATION ON REGOLITH SIMULANTS: CRITICAL ASPECTS OF - AND SOLUTIONS FOR - GROWING CROPS ON OTHER PLANETS
A good knowledge of the physicochemical and hydraulic properties of Lunar and Martian regolith simulants is of paramount importance in developing and building off-world BLSS based on an ISRU approach, in which native substrates are exploited as plant growth media. Evaluating how simulant properties can influence plant growth, physiology, and health can help overcome deficiencies and critical concerns in a sustainable and effective way. The macro- and micronutrient levels, porosity, and water availability are fundamental parameters in assessing the capability of a substrate to sustain plant growth. Many studies have evaluated substrate efficiency (Ming et al., 1993; Ming and Henninger, 1994; Aglan et al., 1998; Mortley et al., 2000) and water management (Ramírez et al., 2019; Wamelink et al., 2019) over the years. To be integrated with crop production, a good regolith simulant should have certain physical characteristics, including the following: 1) optimal water holding capacity to maintain an effective level of humidity after irrigation; and 2) optimal air circulation in the porous medium to allow efficient gas exchange and root and microbial respiration. Plants commonly take up nutrients from the soil solution, either in a dissolved form, through exchange, or through easy release at the solid-water interface. The fluxes of water, air, and nutrients in a growth substrate are closely linked to its physicochemical properties (McFee and VanScoyoc, 1975). Therefore, particle interactions or aggregation and the consequent formation of a structured substrate are critical for better plant growth. For extra-terrestrial farming, it is well-established that several simulant properties—such as an alkaline pH, a high availability of sodium, the predominance of macro-vs. micropores, and a scant water holding capacity—can influence plant growth, health, and vigor (Wamelink et al., 2014; Caporale et al., 2020). Thus, it is essential to evaluate whether these soil simulants can be exploited to support future colonies.
As reported in Section 2.2, plants need macro and micronutrients for optimal growth, and these can be found in both inorganic and organic forms in soil on Earth (Hopkins and Huner, 2008; Fageria, 2009). Terrestrial soil minerals (mainly feldspars and micas) are the main source of K. Calcium, Mg, S, and Fe, are usually abundant in soil, and microelements such as Zn, Cu, Mn, B, Mo, Cl, and Ni originate from both minerals and organic matter. Carbon is absorbed from the atmosphere through photosynthesis (Hopkins and Huner, 2008), and organic matter is the primary source of both N and P. Lunar and Martian soils lack organic matter and biotic activity (Seiferlin et al., 2008), although there is some evidence of a biofilm (Thomas-Keprta et al., 2014; Eigenbrode et al., 2018). It is also worth noting that the Curiosity rover investigations at Gale crater on Mars discovered indigenous N in sedimentary and aeolian deposits (Stern et al., 2015), although its exact concentration and potential use for plant growth is debatable. Thus, Lunar and Martian soils (and, therefore, regolith simulant-based substrates) are potentially deficient in all macro- and micronutrients, which are derived exclusively (N), mostly (P, S), or partly (K, Ca, Mg, Fe, Zn, Cu, Mn, B, Cl, and Ni) from the degradation of organic components. Thus, regolith simulants cannot support sustainable ISRU for crop production without exogenous inputs of inorganic fertilizers or organic matter.
To date, Lunar and Martian simulants have been primarily studied for applications other than agronomy (de Vera et al., 2004; Gertsch et al., 2008; Kölbl et al., 2017; Karl et al., 2018), although they have potential use as a substrate for crop growth (Mortley et al., 2000). Several strategies and treatments can be applied to ameliorate the nutrient deficiency of simulants and enhance their performance as plant growth substrates. The first solution involves the use of a stable organic amendment, not only as a supply of organic carbon, but also to improve the physical features of regolith (Gilrain et al., 1999). The use of this amendment and soil tillage can also help mitigate the effects of microgravity on water leaching (Maggi and Pallud, 2010). Furthermore, selected pioneer plants can be grown initially (Kozyrovska et al., 2006) to improve the root zone during cultivation and provide plant residues for humification at the end of their life cycle.
The selection of candidate pioneer plant species is a key aspect to consider (Gilrain et al., 1999; Mortley et al., 2000; Kozyrovska et al., 2006; Wamelink et al., 2014; Ramírez et al., 2019). Plants produce O2 and fix CO2, serve as food for space crews, have a role in water recycling (Maggi and Pallud, 2010; Llorente et al., 2018), and are actively involved in soil structure formation. To improve ISRU, several researchers have proposed the development of microbial consortia (Zaets et al., 2011; Verseux et al., 2016; Llorente et al., 2018) that could improve the mineral uptake of plants.
3.1 Apollo-Era Plant Experiments With Lunar Samples
The first studies of plant growth on Lunar regolith were conducted in the early 70s in the Lunar Receiving Laboratory, where small amounts of real Lunar materials (brought from the Moon by the Apollo missions) were mixed with growth media (such as wood pulp product) stabilized with acrylonitrile resin (Walkinshaw et al., 1970; Walkinshaw and Johnson, 1971; Weete et al., 1972; Weete and Walkinshaw, 1972). These studies were designed to determine whether Lunar materials contained any agents capable of generating an epiphytotic disease in representative species of the plant kingdom. The Lunar material was sterilized to avoid external contamination, and the entire laboratory was kept under quarantine conditions. The plant growth substrates containing extra-terrestrial materials were treated as inert media without considering their nutrient content and composition (Table 2). The main parameters monitored were seed germination capacity, growth alteration, phytotoxicity, and disease incidence. Walkinshaw et al. (1970) grew 35 representative plant species in aseptic conditions in different cultivation systems, including algae, seeds, spores, seedlings, gametophytes, and tissue cultures of higher plants. The authors noted the absence of disease agents in the plants tested under experimental conditions, and concluded that the Lunar material could potentially support the growth of a wide range of plant species. Specifically, ferns, liverworts, and tobacco were particularly effective in exploiting the Lunar material as a nutrient source. A year later, Walkinshaw and Johnson (1971) focused on the possible differences in chemical composition among plants grown on Lunar material. The results showed a direct interaction between plant species and Fe, Al, and Ti uptake from the Lunar substrate. Notably, cabbage and Brussels sprouts exhibited higher absorption of Mn.
TABLE 2 | Overview of soil-based space farming experiments.
[image: Table 2]Based on the findings of Walkinshaw et al. (1970), researchers further investigated the effect of the Lunar material on tobacco plants in terms of their constituent biomolecules and secondary metabolites. A tissue culture experiment over a period of 12 weeks used the Lunar material recovered from Walkinshaw’s experiment, which was washed and sterilized before the trial. Weete et al. (1972) found that tissue grown in contact with Lunar material had a higher concentration of total sterols than in the control. They also found differences in absolute and relative fatty acid concentrations. Moreover, the chlorophyll and carotenoid concentrations were higher in treated plants, with chlorophyll a being the major pigment present (Weete and Walkinshaw, 1972). According to the review by Ferl and Paul (2010), the Apollo-era plant experiments with Lunar samples provided many insights into the biological impact of the Lunar environment on terrestrial life forms, which were useful for future research in support of Lunar exploration. The modern molecular approaches (-omic sciences) were not available during the Apollo-era plant experiments. However, those studies provided useful preliminary information on how Lunar samples and Earth biota interacted with and affected each other.
3.2 Plant Growth Experiments on Lunar and Martian Simulants
As a part of NASA’s Advanced Life Support Program, Aglan et al. (1998) and Mortley et al. (2000), evaluated the response of sweet potato clones grown under microgravity in Lunar and Martian simulant media containing a buried microporous tube system for watering and fertigation. In these tests, the simulants mainly provided mechanical anchorage for the plant roots, and did not cause any adverse or toxic effects in the plants. Therefore, the authors concluded that both simulants showed potential for use as a substrate for crop production.
As a biotechnological approach to plant cultivation in an extreme environment (such as a Lunar base), Kozyrovska et al. (2006) proposed the growing of pioneer plants (Tagetes patula L.) in a Lunar rock anorthosite substrate. The simulants contained specific root-colonizing bacteria that could decompose the Lunar silicate rock and release the cations essential for plant growth. This strategy may prove to be a practical necessity in order to support plant growth in a substrate with low nutrient availability. The primary function of the pioneer plants with associated microorganisms is to form a soil with adequate fertility. This soil can then be used to grow plants of a second generation (such as wheat, rice, and soybean, among others) to provide Lunar explorers with fresh sources of vitamins, nutrients, and biomolecules. At the end of the growth cycle, the authors demonstrated that the first-generation plant residues could serve as a supply of green manure for humification and as a potential nutrient source.
The first large-scale controlled experiment evaluating potential plant growth (germination, growth, flowering, and seed formation) on the JSC1-1A Lunar and JSC-1A Martian regolith simulants was conducted by Wamelink et al. (2014). Fourteen different species of wild plants, crops, and nitrogen fixers (see Table 2) were grown for 50 days in isolation under Earth-like light and atmospheric conditions, while only using demineralized water and no fertilizers or substrate amendments. The results indicated that neither simulant was an adequate source of plant nutrients. Nevertheless, the Martian simulant outperformed the Lunar simulant in biomass production, as it had trace levels of ammonium nitrate and carbon and no stressors that could cause a higher pH or low water holding capacity. Tomato and wheat crops performed particularly well on the artificial substrates. Three species flowered, but only two produced seeds. In conclusion, the authors raised several open questions regarding the representativeness of the simulants, their water holding capacity, the availability of N and other nutrients on Mars and the Moon, and the influences of gravity, light, and other extra-terrestrial environmental conditions.
Waste management and efficient resource use are critical aspects of BLSS for both the Moon and Mars. A possible solution for the problem of waste management is composting, which can be incorporated into the agronomic treatment of regoliths as an amendment in line with the ISRU approach. By mixing compost with various regolith simulants, several studies have evaluated the role and potential utility of organic waste in plant cultivation and the management of extra-terrestrial settlements. These investigations not only provide a better approach to the management of residues, but elucidate the effects of organic matter amendment on mineral-based substrates (Gilrain et al., 1999; Wamelink et al., 2019; Duri et al., 2020). To help overcome the chemical constraints on plant growth in pure simulants, Gilrain et al. (1999) conducted preliminary studies in an ALS plant growing system using a variety of proportional combinations of the JSC Mars-1 regolith simulant and a municipal leaf compost. The Swiss chard was used as a candidate crop, and half of the treatments received a modified half-strength Hoagland’s solution. Plants grown in compost:simulant ratios of 1:0, 3:1, and 1:1 showed yields that were greater than those in the 1:3 and 0:1 ratios, and control plants irrigated with only water produced similar trends. However, overall plant growth was significantly lower, indicating that nutrient supply by both the compost and regolith simulant was not enough to sustain the entire plant growth cycle. The authors concluded that the compost mainly promoted plant growth by improving the physical features of the regolith that regulate water and/or nutrient availability.
A study reported the growth of 14 different plant species on a Martian soil simulant and, to a lesser extent, on a Lunar soil simulant (Wamelink et al., 2014). As a follow-up experiment, Wamelink et al. (2019) grew 10 different crop species (see Table 2) on the JSC1-1A Lunar and JSC-1A Martian regolith simulants (provided by NASA) containing organic residues from first harvests (fresh mown grass of Lolium perennne L.). A nutrient solution was also added to mimic the addition of human feces and urine. The main goal was the production of edible crops and their seeds for a next generation. The authors harvested the edible parts of nine out of ten crops. The biomass production was highest in the Earth control and the Martian soil simulant, but was significantly lower in the Lunar simulant. Only three species (radish, rye, and cress) produced seeds. Radish germination rates were lower in the Lunar simulant than in the Earth control soil and Marian simulant. The authors defined their study as a small step towards the implementation of a sustainable agricultural ecosystem for a Lunar or Martian colony. They further encouraged the search for the optimal organic matter content and physical characteristics of the simulants in future studies.
Recently, two butterhead lettuce (Lactuca sativa L. var. capitata) cultivars (green and red Salanova®) have been cultivated in the MMS-1 Mojave Mars simulant mixed with green compost at different rates (simulant:compost ratios, 0:100, 30:70, 70:30, and 100:0; v:v) in a phytotron open gas exchange growth chamber (Caporale et al., 2020; Duri et al., 2020). A detailed characterization of the physicochemical, mineralogical, and hydrological properties of the simulant, compost, and their mixtures was provided. This was the first characterization of MMS-1 in terms of its mineralogical composition (x-ray diffraction) and spectroscopic features (by mid-infrared MIR spectroscopy). MMS-1 was found to be a coarse-textured alkaline substrate mostly composed of plagioclase, amorphous material, and (to a lesser degree) of zeolite, hematite, and smectites. Although it was a source of nutrients for lettuce, it did not supply organic matter, N, and S, and provided very scant amounts of P. As reported above in Section 2.3, organic amendment improved the physical properties of the simulant (such as bulk density and water holding capacity). It also lowered the pH of the alkaline simulant, enhanced its cation exchange capacity, organic C and N levels, and the availability of macro- and micronutrients. The red Salanova® lettuce grown in the 30:70 mixture showed the best crop performance, photosynthetic activity, intrinsic water use efficiency, and quality traits (mineral, carotenoid, and phenolic contents). The 70:30 mixture showed a slight decline in lettuce yield and quality; however, the authors concluded that it was a more sustainable choice for space farming, as it exhibited more efficient use of limited resources (e.g., compost). The study by Caporale et al. (2020) found discrepancies between the measured bulk chemistry of the MMS-1 simulant and that provided by the producer. This supported the observations by Cannon et al. (2019), who suggested that the MMS-1 simulant was derived from different source material than the original MMS. In the absence of rigorous documentation by producers of simulants, this shows the need for an adequate characterization of commercial simulants prior to the designing and planning of any scientific experiments.
Over the past 2 years, the new data collected by rovers has allowed the scientific community to broaden its knowledge of Martian environmental features. For instance, the Martian surface has been found to have a high salt concentration (Ramírez et al., 2019) and high levels of perchlorates (Eichler et al., 2021). To evaluate the impact of abiotic stressors on plant growth and health, Ramírez et al. (2019) tested the responses of 65 potato genotypes grown in Mars-like soil from the La Joya desert in Southern Peru (characterized by high EC, ranging from 19.3 to 52.6 dS m−1). Only 40% of the genotypes survived and yielded crops (0.3–5.2 g tuber plant−1). At the end of the study, the authors stated that the selection of tolerant genotypes, appropriate sowing methods, and soil management strategies were crucial for crops to withstand the extreme salinity and yield produce. More recently, Eichler et al. (2021) tested the growth rates of lettuce and Arabidopsis plants cultivated on three pure Martian regolith simulants—JSC-Mars-1A, Mars Mojave simulant (MMS), and Mars Global simulant (MGS-1)—enriched with calcium perchlorate (2% w/v). None of these simulants could support plant growth in the absence of nutrient supplementation. However, with the addition of nutrients, both plant species grew on JSC-Mars-1A and MMS, but did not grow on MGS-1. The authors linked this failure to the high alkalinity of MGS-1, and suggested acidifying the simulant to achieve plant growth. Calcium perchlorate-enriched simulants were unable to sustain plant growth, even with nutrient supply.
Fackrell et al. (2021) have developed and characterized five new Martian simulants—Global soil (MBas), Phyllosilicate-smectite (MPSmec), Phyllosilicate-illite/chlorite (MPChl), Sulfate-rich (MSul) and Carbonate-rich (MCarb)—for applications in space farming tests. These simulants have been found to be mineralogically, chemically, and spectrally comparable to Martian regolith and bedrock (according to available data), and are exploitable for plant growth in future studies on Martian surface analogues. In the conclusion to their work, the authors strongly advised that the fertility and feasibility of a simulant should be assessed not only on the basis of its mineralogical/chemical composition, but also on how physical and (bio)chemical weathering of the substrate affects its nutrient bioavailability over time.
4 CONCLUSION
This paper was intended to be a comprehensive review of the potential for Lunar and Martian simulants being used as substrates for plant growth. Given the costs associated with shipping to either of these off-world sites, as well as the need to establish sustainable off-world operations, more research in this area is essential. This review analyzed more than 70 articles on the Lunar and Martian regolith simulants used as analogues in terrestrial experiments. We identified their main properties, critical aspects, currently available solutions to enable the growth of higher plants, and the potential challenges in deploying them in life support systems.
The literature review showed that pure regolith simulants may be suitable media for plant growth (at least for limited periods) and function as a source of essential nutrients such as K, Ca, Mg, and Fe. However, they lack organic matter and key macronutrients such as N, P, and S. Furthermore, these simulants generally exhibit numerous features harmful for plant health, such as an alkaline pH, high availability of Na, low cohesion of mineral components, the predominance of macro-vs. micropores, and low water holding capacity. In addition, the Martian regolith sometimes contains toxic perchlorates. Hence, the configuration of a mineral-rich and fertile biological substrate for edible plant growth based on regolith simulants still presents a challenge in space biology research.
In many studies, nutrient deficiency in simulants was overcome by fertigation with nutrient-rich solutions (e.g., Hoagland). However, this agronomic technique is not feasible and sustainable in space agriculture, as the nutritional resources must be carried from the Earth and cannot be produced in BLSS. A promising strategy is the adding of in situ recycled organic matter to enrich regolith simulants. This is a sustainable and effective technique to enhance the chemical and biological fertility and physical and hydraulic properties of regolith-based substrates (e.g., permeability and water retention). The organic waste produced by BLSS crews can help recover compounds and allow their use as fertilizers or compost to support plant growth. Thus, future studies should evaluate the efficacy of these treatments. Moreover, consecutive cycles of plant cultivation on the same regolith-based substrate can allow prolonged root exudation and the release of organic acid molecules and CO2. This can lower the substrate pH, increase mineral weathering rates, enhance nutrient release/availability, promote the aggregation of particles of different sizes (to form a more efficient porous system), and overall contribute to soil improvement.
Many vital aspects of space farming have already been explored in the published experiments on plant growth in simulant-based substrates. Nevertheless, many other challenging factors still need to be considered to assess the true potential of extra-terrestrial farming based on the exploitation and development of in situ Lunar and Martian resources. For example, water management and recycling are paramount in sustainable BLSS modules developed and based on the ISRU strategy. Water is another limited resource in space, and we need a better understanding of water movement and fluxes in regolith-based substrate/plant systems under microgravity. In extra-terrestrial soil, water dynamics would regulate the extent of mineral weathering and the rate of organic matter decomposition, thus greatly affecting the biogeochemistry and bioavailability of nutrients and plant growth. Future studies simulating the potential environmental conditions of off-world bases are highly recommended.
Another aspect which needs further investigation is the effect of the space environment (such as different gravity and climatic conditions) on plant physiology (e.g., the biophysical limitations on gas exchange and transpiration), and how this affects plant growth and productivity and substrata properties. In sustainable scenarios of space farming, regolith-based substrates are required to sustain plant growth throughout the plant life cycle, including the complete seed maturation needed for reproduction. Although this may be feasible for microgreens or salad crops, it is more challenging for other candidate species such as potato (a source of carbohydrates) and soybean (a source of proteins), which require more nutrients and resources to produce a sufficiently edible yield than do salad crops.
The presence of—and interactions with—biota (including pathogens, cyanobacteria, plant growth-promoting bacteria, beneficial symbiotic fungi, and worms) and biostimulants will add further complexity to life support systems with extra-terrestrial soils. However, little is known about their effects on: 1) mineral weathering rates in the early stages of terraforming; 2) decomposition and recycling of organic plant residues and human excreta; 3) plant nutrition mediated by symbiotic fungi, compared with that mediated by entirely abiotic systems; and 4) protection of plants from environmental stresses. The occurrence of perchlorates in the Mars regolith provides a significant challenge to its use as an agricultural substrate. Thus, further steps—such as water rinses, phytoremediation, volatilization, and chemical reduction by using perchlorate-reducing bacteria—are necessary to make Mars regolith a viable growing substrate.
In conclusion, we encourage research that examines the effects of using in situ extra-terrestrial soils on several fundamental environmental functions (other than food security and biomass production) that constitute the primary functions of soil. On Earth, soils are the link between the air, water, rocks, and organisms. Soils are known to affect the climate, atmosphere composition, carbon and nutrient recycling, water quality and maintenance, biotic regulation, buffering, and the transformation of potentially harmful elements and compounds. In future, we should dedicate more attention to the development of pedogenesis on extra-terrestrial surface materials and explore the effects of regolith/simulant weathering on the soil-plant-atmosphere system. Providing ecosystem services by using a regolith-based substrate might be the key to a fruitful and sustainable Lunar or Martian BLSS.
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New seeds germination;
Total aboveground dry
biomass

Microbial activity

Chiorophyll and
carotenoid content

Leaf Gas Exchange;
Biometric parameters;
Plant mineral
ccomposition; Chiorophyil
and C vitamin content;
Carotenoids and
Polyphenols profile
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