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Abstract: Future space missions to Mars will depend on the development of bioregenerative life
support systems. Mars regolith contains most of the nutrients needed for plant growth, but not organic
matter (OM). Although Mars simulants have been deeply characterized and tested as growing media,
no data are available about their possible modification occurring during terraforming, including the
interaction of exogeneous OM with iron (Fe) oxides, particularly abundant in Mars regolith. The aim
of this study was to investigate the mineral transformation and the OM evolution occurring in the
early stages of the terraforming process. Potato was grown for 99 days on Mojave Mars Simulant
MMS-1, alone (R100) and mixed with a compost 70:30 v:v (R70C30), and on a fluvial sand, alone
(S100) and mixed with compost (S70C30), for comparison. Bulk (BK) and potato tubero/rhizo-sphere
(RH) soils were fractionated to obtain particulate OM (POM) and mineral-associated OM (MAOM).
Bulk samples and corresponding fractions were characterized for total nitrogen and organic carbon
(C) and analyzed by Fe K-edge X-ray absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectroscopy. Organic C increased by 10 and 25 times in S70C30
and R70C30, respectively, compared to S100 and R100. Most of the organic C accumulated in the POM
fraction of both growing substrates, while its content in the MAOM was 3 times higher in R70C30
than in S70C30. No significant differences between BK and RH were found. Finally, ferrihydrite
mediated exogenous OM stabilization in regolith-based substrates, while Fe(III)-OM complexes were
detected exclusively in sand-based growing media. Understanding mechanisms and testing potential
sustainable practices for creating Mars regolith similar to terrestrial soil will be fundamental to sustain
food crop production on Mars.

Keywords: Solanum tuberosum; regolith; MMS-1; compost; MAOM; Fe EXAFS; Fe XANES

1. Introduction

Space scientists indifferently used the terms soil and regolith to refer to loose extrater-
restrial surfaces. However, it has been lately established that the altered Mars surface
deserves the name of soil [1,2]. A major challenge faced by space research studies relates
to the possibility to establish a fertile and biologically active substrate to grow edible
plants. Long-term manned missions beyond low Earth orbit are dependent on external
food supplies and inputs, but making them periodically available is unfeasible, both from
the economic and operative point of view. As a consequence, the development of bioregen-
erative life support systems (BLSS) that are based on the utilization of in situ resources and
on recycling organic wastes becomes an imperative [3].

Martian regolith can be described as a fine-grained and cohesionless rocky matrix
mixed with dust [4]. It contains plagioclases in mixture with amorphous materials (ca.
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20–50%; [5]), zeolite, hematite, and smectite, thus having most of the essential plant nutri-
ents, such as Ca, K, Mg, and Fe [6], but lacking N and organic C [7,8]. Among the strategies
possibly applied to overcome the nutrient deficiency of Mars simulants, amendment with
compost would allow to offset the lack of organic matter (OM) [9] and represents a valid
strategy for recycling inedible crop waste and crew sewage. However, studies based on
Mars simulants amendment with compost are quite rare [6,10]. The Mojave Mars Simulant
MMS-1 has been applied as a cultivation substrate for different crops (e.g., potato) in BLSS,
providing promising results especially when mixed with green compost at the rate of 30%
in volume [7,8,11]. At the same time, the potential application of those simulants for agri-
cultural applications needs to be better reveled [12]; in fact, the mineralogical and physical
accuracy of these simulants as proxies for Martian sites being under debate, and considering
that experiments are carried out on Earth, any conclusion drawn from studies with these
simulants has to be considered with some degree of caution [13]. In any case, sustainable
and long-term fertility of these regolith simulant-based substrates can only be achieved
through an adequate crop rotation (which should include Fabaceae/Leguminosae species)
and a constant supply of biomass composted in situ over time, in an almost ‘closed-loop
system’.

Stabilization mechanisms and turnover of soil organic C under different amendments
are dependent on both the amendment rate and quality [14], as well as on their interaction
with the mineral matrix, which provides physical and chemical protection against microbial
decomposition [15]. A more detailed evaluation of the mechanisms involved in C accrual
can be revealed by separating functionally defined OM fractions, i.e., particulate OM (POM)
and mineral-associated OM (MAOM) [16].

Identifying sustainable strategies for creating a regolith-based matrix similar to ter-
restrial soil, where microorganisms and OM interact with mineral surfaces, is the key to
sustain food productivity on Mars. In order to test the potential of Mars regolith simulants
as a plant growth substrate, they have been characterized for mineralogical, physical,
chemical, and hydraulic properties [7,17–20], while no data are available on the potential
stabilization of exogeneous OM by minerals, including iron (Fe) (oxyhydr)oxides, over
time. Accruing OM in such a mineral matrix is of paramount importance for the survival
of crops. The Martian regolith contains phyllosilicates (smectite and saponite), sulphate
salts, and Fe oxides (including ferrihydrite, hematite, and magnetite) that make Mars “the
red planet” [21]. Organic C stabilization in soils is often promoted by Fe (oxyhydr)oxides,
and the interaction between poorly crystalline mineral species and organic C is widely
considered as one of the most important mechanisms for C preservation [22–25].

In this study, we would like to address the following research questions: (i) what is
the Fe speciation characterizing POM and MAOM fractions during terraforming? (ii) Do
Fe mineral species significantly contribute to the stabilization of OM into the different
fractions over time? (iii) Do organo-mineral interactions vary in bulk vs. tubero/rhizo-
sphere soil? We hypothesize that the exogenous OM, added in the form of compost, would
preferentially occur in the POM fraction during the first months of incubation, while we
expect that Fe phases could vary over time in both fractions, promoting the formation of
Fe–OM complexes. Providing an answer to these questions will help to identify the main
critical aspects and future challenges related to sustainable space farming, which involves
the in situ use of Martian resources.

2. Materials and Methods
2.1. Plant Growth Experiment

The experiment was conducted in a cold glasshouse where potato (Solanum tuberosum
L.) was grown from pre-sprouted mini-tuber seeds. The cultivar ‘Colomba’ (HZPC Holland
B.V.) was selected for cultivation in BLSS due to its small size, short growing cycle, and
high productivity; moreover, it was previously tested in controlled environment under
different artificial light sources and in microgravity [26,27]. Four substrates were included
in this study: the Mojave Mars regolith Simulant (MMS-1), alone (R100) and combined
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with a green compost in a ratio 70:30 v:v (R70C30), and a fluvial quartz sand, alone (S100)
or mixed with compost at the same ratio (S70C30). Each treatment consisted of 3 replicates
(pots), randomly distributed. More details about the compost used and the experimental
design are reported elsewhere [7,11].

2.2. Sampling and Measurements

At the end of the experiment (i.e., 99 days after mini-tubers sowing) and at the
sampling of the aboveground biomass (stems and leaves; [11]), the differently filled pots
were gently handled to harvest potato tubers and separate root biomass from the growth
media (i.e., R100, R70C30, S100, S70C30). During this phase, soil adhering to potato tubers
and plant roots (tubero/rhizo-sphere soil—RH) was collected separately from the bulk soil
(BK). Both RH and BK samples were dried at room temperature, gently ground, and then
sieved at 2 mm for further analyses.

2.3. Physical Fractionation of OM

All substrates (WHOLE) were size-fractionated after aggregate dispersion, following
the method described by Cambardella and Elliott [28]. Briefly, 10.5 g of 2 mm sieved soil
were shaken for 18 h in 5 g L−1 sodium hexametaphosphate. After dispersion, samples were
sieved using a vibratory sieve shaker (AS 200, Retsch, Haan, Germany). POM represented
the fraction remaining on the sieve (>53 µm), while MAOM the fraction that passed through
it (<53 µm). All fractions were oven-dried at 60 ◦C, and ground with a zirconium ball mill
(MM 400, Retsch) for analyses.

2.4. Organic C, Total N, and Major and Trace Elements Determination

Total C and N contents of bulk substrates and corresponding fractions were determined
by dry combustion using an elemental analyzer (CHNS vario MACRO cube, Elementar,
Langenselbold, Germany). To determine organic C, all samples underwent acid (HCl)
fumigation before analysis to remove carbonates [29].

The total concentration of major (Si, Ca, Fe, Al, K, Na, Mg, P, Mn; g kg−1) and trace (Zn
and Cu; mg kg−1) elements was determined in acid-digested bulk samples and fractions by
Inductively Coupled Plasma—Optical Emission Spectrometry (ICP-OES, Thermo Scientific
iCAP 7400, Waltham, MA, USA). The quality of analyses was monitored using the European
Reference Material CRM 141R (calcareous loam soil, Institute for Reference Materials and
Measurements, European Commission Joint Research Centre, Geel, Belgium); element
recoveries were around ±10% of the certified values. The digestion of samples (100 mg
each) was performed in a microwave digestion system (Milestone Start D, Sorisole, Italy),
with a blend of HCl 37% (3 mL), HNO3 65% (1 mL), and HF 39.5% (0.3 mL).

2.5. Fe EXAFS and XANES

X-ray absorption spectroscopic analyses of POM and MAOM fractions were conducted
at the XAFS beamline at Elettra Sincrotrone (Trieste, Italy). For each treatment, the 3 repli-
cates were pooled and homogenized to obtain the final samples. Aliquots of ca. 15 mg
were powdered, pressed into pellets, fixed with Kapton® tape, and then mounted in a
chamber at room temperature. Fe spectra were collected in transmission mode by a Si (111)
monochromator and calibrated to the first-derivative maximum of the K-edge absorption
spectrum of a metallic Fe foil (7112 eV). The energy used for their acquisition was in the
range 6812–7660 eV, with a variable step size and integration time of 2 s per point. Each
pellet was measured at least 3 times to check for beam damage on the samples.

The analysis of the XANES pre-edge peak at the Fe K-edge is mainly applied to
identify differences in the relative oxidation state among samples. The intensity, shape,
and energy position of the XANES relate to the bonding environment of the irradiated Fe
atoms (bonding symmetry, coordination type, length to neighboring atoms) [30] and to the
oxidation state.
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Ferrihydrite, goethite, hematite, maghemite, siderite, purpurite, illite, smectite, non-
tronite, and chlorite were selected and used as inorganic Fe-bearing standards, whereas
Fe(III)-citrate was chosen as an analogue model compound for Fe–OM complexes [31].
Linear combination fitting (LCF) was carried out on the entire XANES spectrum. Moreover,
LCF of both k2 and k3-weighted Fe EXAFS spectra was completed over a 2–10 Å−1 k range.
The software Athena was used to process EXAFS data [32]. We paired both EXAFS and
XANES LCF analyses assuming that Fe EXAFS is better suited for the quantification of both
Fe complexes with OM and Fe oxyhydroxides. Complementary to this information, Fe
K-edge XANES reveals the relative contribution of mineral classes and organic compounds
with different Fe oxidation states (e.g., Fe oxyhydroxides, Fe sulphides, organic complexes
with Fe(II) or Fe(III)) in soils and sediments.

2.6. Data Analysis

Data shown in Tables 1 and 2 were analyzed according to a factorial combination
of four substrates (PS) × three different OM fractions (OMF) × two soil types (RB). The
analysis of variance was carried out as three-way analysis of variance (ANOVA) using the
software package IBM SPSS Statistics v27 (SPSS Inc., Chicago, IL, USA). When needed,
the separation of means was performed through Duncan’s multiple range test (DMRT) at
p < 0.05. Data shown in Figures 1–3 were instead analyzed by one-way ANOVA, post hoc
test: Fisher’s LSD; statistical differences were assumed at p < 0.05.

Table 1. Total, organic, and inorganic C, total N concentrations (g kg−1), and C/N ratio in particulate
(POM) and mineral-associated organic matter (MAOM) fractions obtained from Mojave Mars regolith
Simulant MMS-1, alone (R100) and mixed with a commercial green compost (70:30 v:v; R70C30),
and fluvial sand, alone (S100) and mixed with compost (70:30 v:v; S70C30). Tubero/rhizo-sphere
(RH) and bulk (BK) soils were also separated after the potato plant growth experiment. WHOLE
indicates the bulk substrate. Data are expressed as mean values of three replicates (n = 3). Substrate
(S), OM fraction (OMF), RH vs. BK (RB), and their interactions were compared by three-way ANOVA,
Duncan’s multiple-range test (* p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant). Different
lowercase letters within each column indicate significant differences (p < 0.05).

Experimental
Factors

Total C Organic C Inorganic
C Total N C/N

g kg−1

R100 1.78 c 0.51 c 1.27 b <0.03 c
S100 14.81 b 0.96 c 13.85 a <0.03 c
R70C30 14.30 b 12.13 b 2.20 b 0.83 a 13.76
S70C30 23.59 a 10.45 a 13.16 a 0.60 b 16.71
Substrate (S) *** *** *** *** **

WHOLE 22.31 a 11.19 a 11.12 a 0.76 a 14.87 b
POM 17.96 b 6.33 b 11.63 a 0.34 b 18.60 a
MAOM 0.58 c 0.52 c 0.11 b 0.09 c 10.89 c
OM fraction (OMF) *** *** *** *** ***
RH 13.42 5.98 7.45 0.39 14.53
BK 13.82 6.05 7.79 0.38 15.49
RHvs. BK (RB) ns ns ns ns ns
S × OMF *** ns *** * **
S × RB ns ns ns ns ns
OMF × RB ns ns ns ns ns
S × OMF × RB ns ns ns ns ns
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Table 2. Average concentrations of total Si, Ca, Fe, Al, K, Na, Mg, P, Mn (g kg−1), Zn, and Cu
(mg kg−1) in particulate (POM) and mineral-associated organic matter (MAOM) fractions obtained
from Mojave Mars regolith Simulant MMS-1, alone (R100) and mixed with a commercial green
compost (70:30 v:v; R70C30), and fluvial sand, alone (S100) and mixed with compost (70:30 v:v;
S70C30). Tubero/rhizo-sphere (RH) and bulk (BK) soils were also separated after the potato plant
growth experiment. WHOLE indicates the bulk substrate. Data are expressed as mean values of three
replicates (n = 3). Substrate (S), OM fraction (OMF), RH vs. BK (RB), and their interactions were
compared by three-way ANOVA, Duncan’s multiple-range test (* p < 0.05; ** p < 0.01; *** p < 0.001;
ns = not significant). Different lowercase letters within each column indicate significant differences
(p < 0.05).

Experimental
Factors

Si Ca Fe Al K Na Mg P Mn Zn Cu

g kg−1 mg kg−1

R100 234 a 29.0 c 49.9 a 14.6 a 10.3 b 11.4 a 5.0 d 7.5 b 0.96 a 111 a 41.6 b
S100 215 b 64.3 a 18.7 c 7.6 b 10.4 ab 11.6 a 14.4 a 19.7 a 0.73 c 73 c 30.4 c
R70C30 214 b 30.5 c 44.7 b 14.5 a 9.8 b 10.9 ab 5.8 c 7.4 b 0.87 b 113 a 47.7 a
S70C30 186 c 58.9 b 16.8 d 6.5 b 11.4 a 10.2 b 12.5 b 19.0 a 0.65 d 99 b 49.1 a
Substrate (S) *** *** *** *** * *** *** *** *** * **

WHOLE 248 a 42.6 b 33.4 a 9.2 c 10.2 b 7.5 c 9.4 0.99 b 0.78 b 78 b 28.6 b
POM 206 b 48.6 a 33.9 a 11.1 b 9.8 b 8.7 b 9.7 0.96 b 0.83 a 72 b 27.7 b

MAOM 176 c 42.2 b 32.5 b 13.1 a 11.6 a 18.0 a 8.2 41.9 a 0.81
ab 162 a 78.3 a

OM fraction (OMF) *** ** *** *** * *** ns *** * *** ***

RH 210 43.7 33 10.9 10.5 10.9 9.0 13.0 0.80 97 41.4
BK 214 45.5 33.6 11.2 10.5 11.2 9.3 13.0 0.81 104 44.4
RH vs. BK (RB) ns ns ns ns ns ns * ns ns *** ns

S × OMF *** *** *** *** ns *** *** *** *** *** ***
S × RB ns ns ns ns ns ns ns ns ns ** ns
OMF × RB ns ns ns ns ns ns ns ns ns *** ns
S × OMF × RB ns ns ns ns ns ns ns ns ns * ns
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mercial green compost (70:30 v:v; R70C30), and of fluvial sand, alone (S100) and mixed with compost 
(70:30 v:v; S70C30). Tubero/rhizo-sphere (RH) and bulk (BK) soils were also separated after a potato 
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tion (n = 3). Different lowercase letters indicate statistically significant differences according to 
Fisher’s LSD test at the p = 0.05 level. 

Figure 1. Average concentration (g kg−1) of total (a), organic (b), and inorganic C (c) in WHOLE sam-
ples consisting of Mojave Mars regolith Simulant MMS-1, alone (R100) and mixed with a commercial
green compost (70:30 v:v; R70C30), and of fluvial sand, alone (S100) and mixed with compost (70:30
v:v; S70C30). Tubero/rhizo-sphere (RH) and bulk (BK) soils were also separated after a potato plant
growth experiment. WHOLE indicates the bulk substrate. Error bars indicate standard deviation
(n = 3). Different lowercase letters indicate statistically significant differences according to Fisher’s
LSD test at the p = 0.05 level.
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Figure 2. Average concentration (g kg−1) of total, organic, and inorganic C in particulate (POM)
(a–c) and mineral-associated organic matter (MAOM) (d–f) fractions obtained from Mojave Mars
regolith Simulant MMS-1, alone (R100) and mixed with a commercial green compost (70:30 v:v;
R70C30), and fluvial sand, alone (S100) and mixed with compost (70:30 v:v; S70C30). Tubero/rhizo-
sphere (RH) and bulk (BK) soils were also separated after the potato plant growth experiment. Error
bars indicate standard deviation (n = 3). Different lowercase letters indicate statistically significant
differences according to Fisher’s LSD test at the p = 0.05 level.
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Figure 3. Average concentration (g kg−1) of total Fe in the bulk substrate (WHOLE) (a) and in
corresponding particulate (POM) (b) and mineral-associated organic matter (MAOM) (c) fractions.
Mojave Mars regolith Simulant MMS-1, alone (R100) and mixed with a commercial green compost
(70:30 v:v; R70C30), and fluvial sand, alone (S100) and mixed with compost (70:30 v:v; S70C30), were
tested. Tubero/rhizo-sphere (RH) and bulk (BK) soils were also separated after the potato plant
growth experiment. Error bars indicate standard deviation (n = 3). Different lowercase letters indicate
statistically significant differences according to Fisher’s LSD test at the p = 0.05 level.
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3. Results and Discussion
3.1. Influence of Amendment on C and n Distribution

The total C content (avg ± st.dev.) in the WHOLE substrate ranged from 2.9 ± 0.7 g kg−1

in R100 to 40.1 ± 1.4 g kg−1 in S70C30 (Figure 1). The amendment with green compost caused
a total C increase of ca. 10 times in R70C30 vs. R100, and of ca. 2 times in S70C30 vs. S100
(Table 1; Figure 1).

Thus, compost application significantly affected organic C in both sand and regolith
simulant mixtures, although to a different extent (Figure 1b). In fact, an adequate input
of composted OM (e.g., 20–30% in volume) in these mineral-based media is crucial to
provide energy and nutrients to soil microbiota, promote biological activities, regulate
the bioavailability and biogeochemistry of nutrients in the rhizosphere, foster particle
interaction and aggregation, and, consequently, enhance soil structure [9]. Inorganic C
content was significantly lower in the Martian regolith compared to the fluvial sand, which
held a high content of carbonates (Figure 1c; Table 1).

After the fractionation, most of the total and organic C was associated to the POM
fraction. In particular, organic C in the POM ranged from 0.8 ± 0.1 g kg−1 in R100 to
12.9 ± 3.8 g kg−1 in R70C30, and from 1.0 ± 0.2 g kg−1 in S100 to 10.7 ± 1.7 g kg−1 in
S70C30 (Figure 2a–c). In the MAOM fraction, C was present mainly as organic C and
exclusively revealed in both the amended substrates (Figure 2d–f), with concentrations
ca. 3 times higher in the amended regolith compared to the sand. This implies that, even
after only 99 days, the amended regolith can foster the stabilization of exogenous OM
by minerals, thus leading to the formation of the MAOM fraction, whose content ranged
from 0.9 to 7.5% of the total organic C, in the unamended (R100) and amended regolith
simulant (R70C30), respectively. At the same time, the investigated regolith simulant being
characterized by a clay plus silt size fraction < 10% [7], the upper limit to the capacity to
store organic C could be low; thus, the possibility of a saturation of adsorption sites in the
medium to long term needs to be considered.

All fractions were significantly different in terms of total, organic, and inorganic C
concentrations (p < 0.001); a similar pattern was observed also among the substrates (total
and inorganic C, p < 0.001; organic C, p < 0.01). In contrast, no significant differences
were observed for organic C in BK vs. RH soils (Table 1). Total N was quantifiable
only in the amended regolith and sand substrates. Overall, the type of substrate (fluvial
sand vs. regolith simulant), OM fractions, and their interaction positively affected total
N content (Table 1). Following the amendment, the C/N ratio was higher in the POM
(20.0 ± 5.3) rather than the MAOM fraction (10.9 ± 2.8); moreover, while both MAOM
fractions showed a similar C/N ratio, that of the POM was significantly higher in S70C30
(24.0 ± 1.8) compared to R70C30 (15.8 ± 4.2). No significant differences were observed for
the C/N ratio in BK vs. RH soils (Table 1).

3.2. Major and Trace Elements Concentration

Table 2 summarizes the concentrations of major (g kg−1) and trace (mg kg−1) elements
in the WHOLE substrate and in both POM and MAOM fractions.

Overall, the MMS-1, alone or combined with compost, was particularly enriched Fe
(2.5×) and Al (2×) compared to the fluvial sand, revealing significant differences between
substrates and between fractions. Iron concentration was higher in the R100 compared to
R70C30, and ca. 2.8 times lower in both S100 and S70C30 (Table 2; Figure 3). The differences
between the Fe concentration in the POM fraction of S100 and S70C30 were not significant,
whereas the Fe concentration was lower in the POM fraction of the amended simulant
(R70C30) and in the MAOM fraction from both amended sand and regolith simulant
(Table 2; Figure 3).

Conversely, compared to R100, S100 contained 2× and 3× higher Ca and Mg concen-
trations, respectively. Both elements were mainly found in the POM fraction.

As expected, the P concentration was lower in the regolith simulant (7.5 g kg−1)
compared to the fluvial sand (19 g kg−1). Zn was always higher in the MMS-1, either alone
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or amended with compost, while Cu increased after compost addition in both fluvial sand
and regolith simulant. Compared to the POM, the MAOM was particularly enriched in
Na (18 vs. 8.7 g kg−1), P (41.9 vs. 0.96 g kg−1), Zn (162 vs. 72.3 mg kg−1), and Cu (78.3 vs.
27.7 mg kg−1).

Overall, the differences between the fractions in terms of element concentrations were
always significant, with the only exception of Mg. Conversely, no significant differences
were found between bulk and tubero/rhizo-sphere soil, with the only exceptions being Mg
(p < 0.05) and Zn (p < 0.001), showing slightly higher concentrations in BK compared to RH.

3.3. Fe EXAFS and XANES LCF

LCF was applied to the normalized Fe K-edge XANES spectra (Table 3), with Fe phases
adequately described using four components.

Table 3. Results of LCF performed on the Fe K-edge XANES data of particulate (POM) and mineral-
associated organic matter (MAOM) fractions obtained from Mojave Mars regolith Simulant MMS-1,
alone (R100) and mixed with a commercial green compost (70:30 v:v; R70C30), and fluvial sand, alone
(S100) and mixed with compost (70:30 v:v; S70C30). Tubero/rhizo-sphere (RH) and bulk (BK) soils
were also separated after the potato plant growth experiment.

Component 1 (%) Component 2 (%) Component 3 (%) Component 4 (%)

R100 BK POM Smectite 38 Maghemite 20 Hematite 19 Ferrihydrite 23
R100 RH POM Smectite 44 Maghemite 15 Hematite 17 Ferrihydrite 24
R100 BK MAOM Smectite 45 Maghemite 22 Nontronite 3 Ferrihydrite 30
R100 RH MAOM Smectite 35 Maghemite 20 Nontronite 9 Ferrihydrite 36
R70C30 BK POM Smectite 31 Maghemite 17 Hematite 20 Ferrihydrite 32
R70C30 RH POM Smectite 33 Maghemite 19 Hematite 21 Ferrihydrite 27
R70C30 BK MAOM Smectite 51 Maghemite 21 - Ferrihydrite 28
R70C30 RH MAOM Smectite 34 Maghemite 26 Nontronite 10 Ferrihydrite 30

S100 BK POM Chlorite 58 Smectite 23 Goethite 6 Siderite 13
S100 RH POM Chlorite 81 - Goethite 16 Siderite 3
S100 BK MAOM Chlorite 57 Smectite 7 Goethite 36 -
S100 RH MAOM Chlorite 55 Smectite 7 Goethite 38 -
S70C30 BK POM Chlorite 74 Siderite 4 Goethite 13 Fe(III)-OM 9
S70C30 RH POM Chlorite 74 Siderite 4 Goethite 14 Fe(III)-OM 8
S70C30 BK MAOM Chlorite 33 Smectite 41 Goethite 24 Fe(III)-OM 2
S70C30 RH MAOM Chlorite 32 Smectite 41 Goethite 15 Fe(III)-OM 12

According to the LCF results, MMS-1 Simulant was characterized mainly by the pres-
ence of smectite (31–51%), confirming the X-ray diffraction data of fine particles reported in
Caporale et al. [7].

Actually, the presence of smectite deposits on parts of ancient Mars surfaces was also
revealed by remotely sensed data [33]. Hematite was found in the POM fraction of both
unamended and amended regolith simulants, whereas nontronite was only found in the
MAOM fractions. Clay minerals were identified on Mars by orbiter-based spectroscopic
analyses, and the presence of smectites (nontronite and montmorillonite) was detected by
the OMEGA instrument onboard the European Space Agency (ESA) Mars Express [34].
Fe-rich smectites, including nontronites, are characteristic of the alteration in mafic material
such as gabbro or basalt, which are common on Mars [33]. Maghemite (from 15 to 26%)
and ferrihydrite (from 23 to 36%) occurred in all fractions and independently from the
amendment. Ferrihydrite, a common precursor of hematite and goethite, is the most fre-
quent crystalline Fe(III) oxide occurring in soils. Ferrihydrite precipitated in the presence of
phosphate or other ligands can partly transform upon aging into maghemite at 150 ◦C. This
maghemite represents a transient phase in the transformation of ferrihydrite to hematite,
and this pathway could partly explain its occurrence in different Earth soils and on the
surface of Mars [35,36].

Unlike regolith simulant, all fluvial sand fractions were mainly characterized by the
presence of chlorite (from 32 to 81%), goethite (from 6 to 38%), and smectite. Siderite was
only occurring in the POM fraction of the fluvial sand, alone or mixed with green compost,
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whereas Fe(III) complexed with OM (Fe(III)-OM; 2-12%) was found exclusively in both
POM and MAOM from the amended sands.

The EXAFS LCF data were conducted at both k3 (Table 4; Figure S1) and k2 (Table 5).
In the MAOM fraction of both R100 and R70C30, the presence of nontronite (22–29%) was
revealed. EXAFS LCF allowed a better discrimination of the Fe (oxyhydr)oxides. Hematite
represented an important mineral phase of both POM and MAOM fractions (29–42%),
and, if considering the pure and amended POM fractions, its percentage reached double
values compared to the XANES LCF data. Meanwhile, ferrihydrite presence was also
revealed using XANES LCF (23–36%); its content detected by EXAFS k3 LCF was much
higher (34–51%), thus confirming that Fe EXAFS can be more suitable to quantify specific
Fe oxyhydroxides rather than XANES [37,38]. Traces of siderite were only found in the
MAOM fraction. Confirming the XANES data, chlorite represented the main phase of
the sand substrate and corresponding fractions. Here, considering the Fe oxide phases,
ferrihydrite was found in addition to hematite, only in the POM fraction, and goethite, in
the MAOM. Fe(III)-OM percentage was double in both S100 and S70C30 MAOM compared
to the POM. In addition, the MAOM fractions of S70C30 contained Fe(III)-OM percentages
almost double compared to S100 (Table 4).

Table 4. Results of LCF performed on the Fe K-edge EXAFS (k3) data of particulate (POM) and
mineral-associated organic matter (MAOM) fractions obtained from Mojave Mars regolith Simulant
MMS-1, alone (R100) and mixed with a commercial green compost (70:30 v:v; R70C30), and fluvial
sand, alone (S100) and mixed with compost (70:30 v:v; S70C30). Tubero/rhizo-sphere (RH) and bulk
(BK) soils were also separated after the potato plant growth experiment.

Component 1 (%) Component 2 (%) Component 3 (%) Component 4 (%)

R100 BK POM Illite 9 Hematite 40 Maghemite 7 Ferrihydrite 44
R100 RH POM Illite 11 Hematite 40 Maghemite 8 Ferrihydrite 41
R100 BK MAOM Nontronite 29 Hematite 30 Siderite 7 Ferrihydrite 34
R100 RH MAOM Illite 29 Hematite 25 Siderite 6 Ferrihydrite 40
R70C30 BK POM Illite 7 Hematite 42 - Ferrihydrite 51
R70C30 RH POM Illite 10 Hematite 42 - Ferrihydrite 48
R70C30 BK MAOM Nontronite 22 Hematite 30 Siderite 6 Ferrihydrite 42
R70C30 RH MAOM Nontronite 23 Hematite 29 Siderite 6 Ferrihydrite 42

S100 BK POM Chlorite 55 Hematite 9 Ferrihydrite 22 Fe(III)-OM 14
S100 RH POM Chlorite 56 Hematite 10 Ferrihydrite 24 Fe(III)-OM 10
S100 BK MAOM Chlorite 52 Goethite 20 Siderite 4 Fe(III)-OM 24
S100 RH MAOM Chlorite 50 Goethite 22 Siderite 3 Fe(III)-OM 25
S70C30 BK POM Chlorite 54 Hematite 7 Ferrihydrite 23 Fe(III)-OM 16
S70C30 RH POM Chlorite 53 Hematite 6 Ferrihydrite 20 Fe(III)-OM 21
S70C30 BK MAOM Chlorite 36 Goethite 11 Ferrihydrite 11 Fe(III)-OM 42
S70C30 RH MAOM Chlorite 40 Goethite 10 Ferrihydrite 16 Fe(III)-OM 34

Therefore, after 99 days, the addition of OM increased the capability of the fluvial
sand to stabilize organic C, mainly through the formation of Fe(III)-OM complexes. Adding
exogenous OM might increase the specific surface area (SSA) of sand particles by newly
formed Fe surface coatings [23,39]. In fact, Scheidegger et al. [40] reported increased SSA in
silica sand after reaction with Fe(III) oxides, while Penn et al. [41] provided evidence about
the sorption of Fe(III) onto quartz surfaces and the formation of Fe oxide minerals, where
coatings dominated the reactive SSA.

Conversely, in the regolith simulant mixture, the interaction with freshly added amend-
ments can lead to surface site blockage and to the formation of aggregates and thus to
a lower dissolution of ferrihydrite [23]. Consequently, ferrihydrite could represent the
next potential stabilizing agent of exogenous OM in regolith simulant, although coating
processes, like those observed for the fluvial sand, could not be excluded in the medium to
long term.

Few differences were revealed only in the regolith substrate comparing the LCF of k3

and the k2-weighted Fe K-edge EXAFS spectra. Aside from traces of siderite found in the
MAOM fraction, in the POM, purpurite was also detected (Table 5).
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Table 5. Results of LCF performed on the Fe K-edge EXAFS (k2) data of particulate (POM) and
mineral-associated organic matter (MAOM) fractions obtained from Mojave Mars regolith Simulant
MMS-1, alone (R100) and mixed with a commercial green compost (70:30 v:v; R70C30), and fluvial
sand, alone (S100) and mixed with compost (70:30 v:v; S70C30). Tubero/rhizo-sphere (RH) and bulk
(BK) soils were also separated after the potato plant growth experiment.

Component 1 (%) Component 2 (%) Component 3 (%) Component 4 (%)

R100 BK POM Illite 2 Hematite 41 Purpurite 10 Ferrihydrite 47
R100 RH POM Nontronite 9 Hematite 44 - Ferrihydrite 47
R100 BK MAOM Nontronite 29 Hematite 30 Siderite 7 Ferrihydrite 34
R100 RH MAOM Nontronite 25 Hematite 32 Siderite 5 Ferrihydrite 38
R70C30 BK POM Illite 6 Hematite 41 Purpurite 4 Ferrihydrite 45
R70C30 RH POM Illite 10 Hematite 38 Maghemite 13 Ferrihydrite 40
R70C30 BK MAOM Nontronite 25 Hematite 31 Siderite 5 Ferrihydrite 39
R70C30 RH MAOM Nontronite 24 Hematite 31 Siderite 5 Ferrihydrite 40

S100 BK POM Chlorite 53 Hematite 8 Ferrihydrite 22 Fe(III)-OM 17
S100 RH POM Chlorite 54 Hematite 10 Ferrihydrite 24 Fe(III)-OM 12
S100 BK MAOM Chlorite 50 Goethite 16 Siderite 13 Fe(III)-OM 21
S100 RH MAOM Chlorite 52 Goethite 20 Siderite 4 Fe(III)-OM 24
S70C30 BK POM Chlorite 52 Hematite 8 Ferrihydrite 25 Fe(III)-OM 15
S70C30 RH POM Chlorite 50 Maghemite 21 Ferrihydrite 5 Fe(III)-OM 24
S70C30 BK MAOM Chlorite 40 Goethite 13 Ferrihydrite 16 Fe(III)-OM 31
S70C30 RH MAOM Chlorite 40 Goethite 13 Ferrihydrite 16 Fe(III)-OM 31

4. Conclusions

While Mars regolith simulants have been widely characterized to test their potential
as plant growth substrates, the stabilization of exogeneous OM by minerals, including Fe
oxides, over time still needs to be unraveled. This aspect is of paramount importance as it
regulates the accrual of OM in this mineral matrix, thus allowing the optimal cultivation
and the survival of crops in long-term space missions.

Particulate organic C ranged from 0.8 in R100 to 12.9 g kg−1 in R70C30, and from 1
in S100 to 10.7 g kg−1 in S70C30. Most of the total C in the MAOM fraction was organic
and exclusively revealed in both the amended substrates, with the organic C content ca.
3 times higher in the amended regolith compared to the fluvial sand. This implies that, even
after 99 days, the amended regolith simulant can sustain stabilization of exogenous OM by
minerals, promoting the formation of the MAOM fraction. No significant differences were
observed in terms of organic C content in BK vs. RH soil.

Fe EXAFS data revealed the presence of different Fe oxides; in detail, ferrihydrite
content was double in the EXAFS, compared to XANES, for the regolith, whereas Fe(III)
complexed with OM was only found in the amended sands, in both POM and MAOM. In
the MAOM fraction, the amended sand contained Fe(III)-OM percentages almost double the
pure one. Therefore, in the short term, ferrihydrite mediates exogenous OM stabilization in
MMS-1, while Fe(III)-OM complexes in sand.

This study represents the first knowledge on the formation of organo-mineral com-
plexes in Martian regolith-based substrates able to sustain food crop production. Further
studies with other candidate crop species, including Fabaceae species (likely a complete
crop rotation), grown on the substrates retrieved after potato cultivation, are currently
ongoing to investigate processes, mechanisms, possible limitations (e.g., saturation of ad-
sorption sites for C), and potential sustainable practices for creating Mars regolith akin to
terrestrial soil, allowing to stabilize OM in the medium to long term.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/soilsystems7040092/s1. Figure S1: Fe K-edge EXAFS k3-weighted
spectra of particulate (POM) and mineral-associated organic matter (MAOM) fractions obtained from
Mojave Mars regolith Simulant MMS-1, alone (R100) and mixed with a commercial green compost
(70:30 v:v; R70C30) (a), and fluvial sand, alone (S100) and mixed with compost (70:30 v:v; S70C30)
(b). Tubero/rhizo-sphere (RH) and bulk (BK) soils were also separated after the potato plant growth
experiment. Empty circles indicate the sample data, whereas red lines represent the fit. R-factors are
also displayed in parenthesis.

https://www.mdpi.com/article/10.3390/soilsystems7040092/s1
https://www.mdpi.com/article/10.3390/soilsystems7040092/s1
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