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In order to support humans for long-duration missions to Mars, bioregenerative Advanced Life Support (ALS)
systems have been proposed that would use higher plants as the primary candidates for photosynthesis. Hydroponic
technologies have been suggested as the primary method of plant production in ALS systems, but the use of Mars
regolith as a plant growth medium may have several advantages over hydroponic systems. The advantages for using
Mars regolith include the likely bioavailability of plant-essential ions, mechanical support for plants, and easy
access of the material once on the surface. We propose that plant biology experiments must be included in near-term
Mars lander missions in order to begin defining the optimum approach for growing plants on Mars. Second, we
discuss a range of soil chemistry and soil physics tests that must be conducted prior to, or in concert with, a plant
biology experiment in order to properly interpret the results of plant growth studies in Mars regolith. The recom-
mended chemical tests include measurements on soil pH, electrical conductivity and soluble salts, redox potential,
bioavailability of essential plant nutrients, and bioavailability of phytotoxic elements. In addition, a future plant
growth experiment should include procedures for determining the buffering and leaching requirements of Mars
regolith prior to planting. Soil physical tests useful for plant biology studies in Mars regolith include bulk density,
particle size distribution, porosity, water retention, and hydraulic conductivity.
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INTRODUCTION bases to regenerate oxygen, water, and food from hu-

man and industrial wastes (35,52). Biological processes

Advanced Life Support (ALS) systems based on will be combined with physical and chemical technolo-
bioregenerative processes have been proposed for space gies to provide life support systems that will reduce
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requirerents for the resupply of materials from Earth.
Higher plants (e.g., wheat, rice, potatoes, peanuts, veg-
etables, and herbs) are considered the primary candi-
dates for photosynthesis in ALS systems (27,52,61).

Various methods of plant production in ALS mod-
ules have been proposed (12,52), but the precise method
to be used will depend on specific mission objectives.
For example, a plant production system in a
microgravity environment may require more stringent
controls for the containment of nutrient solution than a
plant production system might require on a planetary
surface like Mars. Aeroponic nutrient delivery systems,
nutrient film technique (NFT), porous ceramic tubes
or plates, and substrate-based nutriculture systems have
been proposed for plant production in ALS
(12,19,52,63). In addition, in situ regolith or syntheti-
cally manufactured zeolites have been proposed as solid
substrates for plant production on Mars (37,40). Al-
though hydroponic systems have several advantages
over substrate-based materials (12,55), the complexity
of hydroponic systems (e.g., use of purified salts, acid
and base buffers, nutrient delivery and monitoring sys-
tems, etc.) might make their use less attractive for mis-
sions in which in situ materials are readily accessible.
In addition, the use of Mars regolith for ALS plant
growth media may have several advantages over hy-
droponic systems including the immediate
bioavailability of plant essential ions, low-tech mechani-
cal support for plants, and easy access of in situ mate-
rials once on the surface.

Based on Viking, Pathfinder, and terrestrial-based
spectroscopic studies (17,54,57,60), the Martian re-
golith appears to have undergone oxidative weathering
and aqueous alteration. These processes would likely
produce Martian fines that are similar to weathered ter-
restrial soils. Furthermore, most of the essential plant
nutrients appear to be present in Martian regolith
(37,39,40). The composition of the atmosphere of Mars
(53) clearly indicates that CO, is abundant, and that O,
and H,0 are present in trace amounts and may be col-
lected and concentrated for use in an ALS module.
However, other studies have suggested the presence of
potentially phytotoxic materials in Martian regolith in-
cluding peroxides (13) and heavy metals (25). If high
levels of peroxides, heavy metals, or other phytotoxic
factors are confirmed for Martian regolith, then the use
of local resources for ALS systems on Mars might not
be possible. Thus, a key question in the design of an
ALS system for human exploration of Mars will be

whether the Martian regolith is capable of supporting
plant growth in a robust and long-term manner. It is
the objective of the current discussion to address prac-
tical horticultural considerations required for growing
plants in Mars regolith with emphasis on soil chemis-
try and physical factors.

The terms “regolith” and “dust” are used here to re-
fer to the unconsolidated and fine-textured surficial
materials on Mars prior to any interactions with plants.
The term “soil” will be used to refer to the Martian
fine-textured surface materials placed in contact with
water, nutrients, buffers, or plants. The distinction is
similar to that used for describing “lunar regolith” and
“lunar-derived soils” (41). For the discussions below,
itis assumed that environmental and nutritional factors
required for plant growth will be provided within small,
automated plant growth systems on robotic missions
or larger ALS modules during piloted Mars surface
missions. We do not discuss the possibilities of grow-
ing terrestrial plants out on the open surface of Mars.

SIGNIFICANCE OF PLANT BIOLOGY
EXPERIMENTS ON MARS TO
NASA STRATEGIC PLANS

The growth of plants in space and on planetary bod-
ies remains a priority for the development of NASA’s
strategic plans, especially for long-term exploration
of space and Mars. However, even though plants will
be an integral part of long-term bioregenerative ALS
systems, the exact timing of initial plant biology ex-
periments on near-term Mars lander missions is still
under debate. We suggest that there are at least three
key reasons to accelerate the planning of near-term
plant biology experiments for Mars surface missions.
First, the primary justification for sending plant biol-
ogy experiments to Mars in the near-term is to con-
firm that plants can grow in Mars regolith, and to ob-
tain the necessary baseline data for modeling plant
growth on Mars. Near-term plant growth experiments
in Mars regolith will drive many of the design criteria
for ALS research and development over the next 20
years. Second, plant growth experiments are essential
on near-term Mars landers because there will not be
adequate amounts of Mars regolith returned in any
near-term sample-return mission that will provide
enough material to conduct comprehensive plant bi-
ology experiments with Mars regolith. At best, plant
biologists are likely to receive no more than a few
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milligrams of Martian regolith to screen for the
“biosafety” of the soil. Plant biology experiments
aimed at defining how plants might grow in Mars soils
require that the plants are actually grown in Mars soils.
In other words, plant biology experiments in which
trace amounts of Mars regolith are added to root sys-
tems act only to test whether there is a catastrophic
biocidal effect on plants from small amounts of Mars
materials. These experiments cannot be easily extrapo-
lated to modeling the overall effects of Mars soil on
plant growth and development. Furthermore, consider
that 382 kg of rock and soil samples were returned to
Earth during the six Apollo landings (4), and yet, dur-
ing the intervening 33 years, no plant experiments have
been conducted in which plants were grown in 100%
lunar regolith. And lastly, a plant biology experiment
on a near-term Mars surface mission can be used to
confirm the biosafety of the Mars regolith prior to the
return of samples to Earth. This is critical for building
confidence that nothing unexpected is present in Mars
regolith that might be of concern for back contamina-
tion of Earth. The scientific community is in general
agreement that the biological hazards from any ex-
tant Mars microbiota are extremely unlikely (47,48).
And, we propose that the greatest challenge for the
success of any plant biology experiment on a Mars
lander will be managing the chemistry of Martian soils.

REQUIREMENTS FOR PLANT
GROWTH ON MARS

On Earth, plants have adapted to diverse environ-
ments with wide extremes of temperature, moisture, and
nutrition including Arctic and alpine tundra, temperate
zones, and lush tropical ecosystems. However, most
plants that have been proposed for ALS systems (e.g.,
wheat, soybearn, rice, potatoes, vegetables, and herbs;
sensu) (27,61) require a more moderate set of environ-
mental and nutritional conditions. In general, higher
plants proposed for ALS systems require temperatures
between 25 and 18°C (day/night cycle), soil moisture
adequate for mobilizing essential plant nutrients and
hydrating plant roots, a soil pH between 5.5 and 7.0,
ambient humidity above 50% at 20°C, and adequate
photosynthetically active radiation (PAR) (defined as
the photon flux between 400 and 700 nm). In general,
PAR levels of between 300 and 500 pmol m s (65—
110 W m™) are required for reasonable plant produc-
tivity, but low-light-adapted plants can grow effectively

at lower PAR levels. The light regime on Mars is likely
to be sufficient in both intensity and spectral quality
for the nominal growth of most plant species, as long
as UV irradiation below 340 nm is attenuated within
ALS plant growth modules. Plants generally do not re-
quire short UV photons, and irradiation below 340 nm
can be detrimental to leaf tissues (26). All of these en-
vironmental factors must be provided or mitigated by
the use of artificial life support systems within small
lander payloads or full-scale ALS modules on Mars.

In addition, plants require 13 essential ions from soils
or nutrient solutions (e.g., N, P, K, Mg, Ca, S, Fe, Mn,
Cu, B, Cl, Zn, and Mo) (Tables 1 and 2); hydrogen
from water; and the atmospheric gases O, and CO, for
normal growth and development. Although N, gas is
utilized by some bacterial species alone or in symbio-
sis with plants to fix nitrogen into a form that can be
utilized by plants (i.e., NH,), N, gas is not an absolute
requirement for plant growth. As will be discussed be-
low, many of the plant-essential elements have been
identified on Mars (Table 1) (10,16,21,50).

Table 1. Plant Essential and Potentially Phytotoxic Elements
Identified in the Shergotty Meteorite, at the Viking Lander 1
Site, and Pathfinder Landing Site

Element Shergotty Meteorite*  Viking Lander 1*  Pathfindert

Plant-essential elements

N 132~794 ppb

P 0.24-0.35% 0.4%

K 0.11-0.16% <0.4% 0.4%

Ca 6.80~7.15% 4.1% 42%

Mg 5.40-5.7% 3.6% 5.8%

S 0.13-0.16% 2.7% 2.4%

Fe 15.1-15.6% 12.2% 14.5%

Cu 26-54 ppm

Mn 0.40-0.42% 0.4%

B ND ND ND

Zn 62-83 ppm

Mo 0.37 ppm

Cl 108 ppm 0.8% 0.7%
Potentially phytotoxic elements

Al 3.60-4.02% 3.9% 52%

Na 0.95-1.09% 3.0%

Cr 0.12-0.16 0.2%

Co 27.2-45 ppm

Ni 56-88 ppm

As 0.025 ppm

Cd 0.014-0.34 ppm

ND, not detected.
*From Stoker et al. (58).
fFrom Foley et al. (22).
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Table 2. Plant Essential and Potential Phytotoxic Elements, Effect of Soil pH on Bioavailability, and Recommended Soil Test to
Determine Bioavailability of the Mars Regolith

Plant Nutrient

Effect of Soil pH on Bioavailability

Recommended Soil Test

Reference for Soil Test

Primary
Nitrogen

Phosphorus
Potassium

Secondary
Calcium &
magnesium
Sulfur

Micronutrients
Iron, manganese,
copper, & zinc
Boron
Molybdenum
Chlorine

Biological oxidation/reduction are
affected by pH, inorganic
NH,-N, and NO,-N; mostly
unaffected by pH.

Increases with decreasing pH.

Mostly unaffected by pH.

Mostly unaffected by pH.

Mostly unaffected by pH.

Increase with decreasing pH.

Mostly unaffected by pH.
Increases with increasing pH.
Mostly unaffected by pH.

Potential phytotoxic heavy metals

Lead, mercury,

Increases with decreasing pH.

Potassium chloride extraction method
for inorganic NH,-N and NO,-N.

Mehlich I method, Olsen method.
Ammonium acetate and
Mehlich III method.

Ammonium acetate and
Mehlich III method.
Mehlich III method.

AB-DTPA method for alkaline soils;

Mehlich III for alkaline and acid soils.

Mehlich III method.
Ammonium oxalate method.
Potentiometric titration method.

AB-DTPA method for alkaline soils;

Keeney & Nelson (30)

Mehlich (38), Olsen et al. (51)
Haby et al. (24), Mehlich (38)

Haby et al. (24), Mehlich (38)

Mehlich (38)

Soltanpour & Schwab (58), Mehlich (38)
Mehlich (38)

Griggs (23)
Adriano & Doner (1)

Soltanpour & Schwab (58), Mehlich (38)

nickel, cadmium, Mehlich I for alkaline and acid soils.

chromium, etc.

NATURE AND ORIGIN OF
THE MARTIAN REGOLITH

Chemical information about the major and minor
clemental composition of Martian regolith was provided
by the X-ray fluorescence (XRF) analyses on the two
Viking landers in widely separated locations (17) and
by the Alpha Proton X-ray Spectrometer (APXS) analy-
ses on the Pathfinder’s Sojourner rover at a third sur-
face location (11,22,54) (Table 1). Although minor dif-
ferences occur between the different landing sites, the
results suggest that the regolith is a globally mixed
aeolian deposit consisting of a basaltic silicate compo-
nent similar to the basaltic Martian meteorites, but en-
riched in a “salt” component containing S, Cl, K, and
probably Br (6,11,15-17,54). The silicate or “basaltic”
component of the regolith probably consists mainly of
amorphous silicates (6). Although Bishop et al. (9) have
shown that the reflectance spectra of ferrihydrite and
ferric sulfate-bearing montmorillonite resemble Mar-
tian bright regions, the mineralogy of the Martian re-
golith is generally characterized by the lack of spectral
evidence for well-crystallized clay minerals. Further-
more, the absence of evidence for abundant clay min-

erals has led to alteration models for Martian fines in-
volving palagonitization (36,43,44,56), the formation
of amorphous alteration material due to an “acid-fog”
mechanism (7), and/or alteration under different kinds
of transient conditions involving impact cratering with
very low water/rock ratios (31,50). In addition, the pe-
riod of time over which the present Martian regolith
has accumulated is unknown. The present low erosion
rates could indicate that the regolith has been accumu-
lating over several billion years (20,21).

Substantial efforts have been made to constrain the
iron mineralogy of the regolith. The presence of poorly
crystalline or nanophase ferric oxides that may include
goethite, akaganeite, schwertmanite, and maghemite
have been inferred from spectroscopic and surface
measurements (8,14,43,45). From the Fe content of the
regolith (approximately 18 wt% Fe,O,), Hviid et al. (28)
suggested that approximately 6 wt% of the Fe is in the
form of maghemite. Recently, Morris et al. (44) have
suggested that magnetite/titanomagnetite derived from
glass altered by palagonitization could explain the mag-
netic component of the regolith.

The Viking experiments showed that the regolith
contains oxidants, possibly hydrogen peroxide (H,0,)
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or superoxide radical ions (O, or O7) (29,32,34), which
for the peroxide hypothesis could amount to a few parts
per billion to a few parts per million H,0, equivalents
of peroxides in the most active samples (5,64,65). These
oxidants may be formed by the interactions of UV pho-
tons and atmospheric gases (64). If oxidizing com-
pounds are present in the regolith at moderate or high
levels, they will efficiently oxidize any hydrocarbons

in the regolith (29,32,34,64). This is consistent with"

the results from Viking and Pathfinder missions in which
the carbon content of Mars regolith was below the de-
tection limits of the Pathfinder APXS of 0.3 wt%, and
below the detection limits of the gas chromatograph-
mass spectrometer (GCMS) on the Viking landers (33).
Therefore, significant quantities of hydrocarbons are
not expected in the regolith. Furthermore, an excess of
oxygen is present in the regolith after accounting for
the stoichiometric oxygen for the other elements de-
tected, with an abundance much greater than can be
explained by the regolith oxidant alone, as described
above. This excess oxygen may suggest the presence
of a small amount of bound water ranging from 0.2 to
3.3 wt% (22). This result is consistent with the Viking
GCMS experiment that semiquantitatively determined
a water abundance of about 1-2 wt% after pyrolysis to
500°C (5).

RECOMMENDED SOIL TESTING FOR
NEAR-TERM MARS LANDER MISSIONS

There are at least four primary functions of arooting
medium or soil that should be evaluated for plant
growth, including: nutrient retention, aeration, water
retention, and mechanical support. No doubt, Mars re-
golith will provide mechanical support and likely be
adequately aerated; however, it is more difficult to pre-
dict what the capabilities of the regolith are for nutrient
composition and water retention. Several experiments
on Viking and Pathfinder landers have determined the
elemental compositions of the regolith (Table 1). In
contrast, little is known about the mineralogy of the
Martian regolith, although we can surmise certain
phases from the Viking and Pathfinder chemical data,
analyses of SNC meteorites, and spectral reflectance
data. In the following sections, we discuss what is gen-
erally known about the chemical and physical proper-
ties of Mars regolith with respect to plant production
and what soil tests should be conducted on regolith
materials prior to implementation of plant growth ex-

periments on Mars. The recommended chemical tests
include measurements on soil pH, electrical conduc-
tivity and soluble salts, redox potential, bioavailability
of essential plant nutrients, and bioavailability of phy-
totoxic elements. Soil physical tests useful for plant
biology studies in Mars regolith include bulk density,
particle size distribution, porosity, water retention, and
hydraulic conductivity.

Soil pH

The hydrogen ion concentration (pH) of soil is prob-
ably the most important chemical property of any plant
growth medium. Chemical processes that will affect the
soil pH are precipitation and dissolution reactions, ion
mobility (e.g., ion exchange), and oxidation-reduction
reactions. The soil pH will provide information on min-
eralogy, chemistry, and reactivity of Martian regolith
materials as they come in contact with water. Whether
a regolith material is acidic, neutral, or basic depends
on the reactivity of components in the regolith. For
example, a soil pH of 4 may indicate the presence of
free acids, generally from oxidation of sulfides; a pH
of <5.5 may enhance the exchangeable AI** in soils and
thus may increase the phytotoxicity of the soil; a pH of
7.8-8.2 may indicate the presence of calcium carbon-
ate; and a pH of 10 may indicate an alkaline metal car-
bonate system (e.g., evaporite-type materials). In addi-
tion, knowledge about the pH of Martian soil is required
to understand nutrient bioavailability and potential el-
emental toxicities for plant growth. Soil pH has a sig-
nificant effect on several of the plant-essential nutri-
ents. Trends in bioavailabilities of essential plant
nutrients versus pH are listed in Table 2.

The pH of the Martian soil is not known, but it is
likely buffered by either the dissolution of basaltic
materials or slightly soluble Fe sulfates. Most basalt-
rich materials, such as those on Mauna Kea Volcano in
Hawaii, have soil pH values around 7, although non-
sulfur-rich basaltic materials range from pH 5.9 to 7.8
on Mauna Kea (Ming et al., 2000, unpublished data).
The basalt-rich materials from Mauna Kea have been
proposed as Mars simulants for plant biology and soil
chemistry studies (2,3,46). If Fe-rich sulfates, such as
jarosite, exist in the regolith, it will likely buffer the pH
of the soil solution around 4.5 to 5.0 (39). Another pos-
sibility is that regolith materials have undergone acidic
volatile weathering by interaction with sulfuric, hydro-
chloric, and possibly nitric acids produced by volcanic
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emissions (7). Although much of the acidity is “neu-
tralized” by reacting with basaltic materials, some sul-
furic and/or hydrochloric acid may be present and re-
sult in acidic soil pH values. Ming et al. (2000,
unpublished data) found acidic pH values of 3.1 to 4.8
for basaltic materials from the Southwestern Rift Zone
near the Kilauea Volcano that had been exposed to acidic
volatiles from the volcano. As might be expected, ba-
saltic materials immediately next to gas fissures on the
caldera’s rim were extremely acidic with soil pH val-
ues near 2.

Soil Electrical Conductivity and Soluble Salts

Additional information on the mineralogy, chemis-
try, and reactivity of the regolith and dust can be pro-
vided by the measurement of the electrical conductiv-
ity (EC) (i.e., salinity) and soluble elemental species of
the soils. We expect that soluble or slightly soluble salts,
such as chlorides and sulfates, exist in the Mars regolith
and the EC measurements will provide a quantitative
value on the degree of soluble salts in the soil. The
measurement of specific species in solution, such as
SO, Cr, Fe**, and Fe*, will demarcate the possible
solid phases from which these ions may have been dis-
solved. Although cation exchange capacity (CEC) of
the Martian soil would be a challenging measurement
on a robotic mission, CEC would provide information
on the capacity ofthe soil to maintain various equilib-
ria with elemental species at specific pH levels over
long periods of time.

Mars regolith will likely have soluble salts, such as
Mg and Ca sulfates and/or halides, that will rapidly dis-
solve once exposed to water. If all of the S and Cl are
tied up as Mg and/or Ca sulfates and chlorides, then
there is a very good possibility that solutions, which
come in contact with Martian regolith, will have high
salinities. In fact, if the regolith is not adequately leached
with water, plants initially grown in Martian soil may
encounter a salinity hazard. Salinity is usually deter-
mined by measuring the specific EC of a saturated soil
extract, and soils that possess an EC of 4 dS m™ or
higher are classified as saline soils, although soils with
EC of 2 dS m™ and higher are toxic to some plants
(59). Volcanic tephra Mars analog materials from
Mauna Kea Volcano have an EC of 1.6 dS m™ or less
and most are below 1 dS m™ (Ming, 2000, unpublished).
However, specific tephra materials from Kilauea Vol-
cano that have been exposed to recent acidic aerosols

or “fog” have very high salinities, several as high as 20
dS m!, which is toxic to most plants. Here again, be-
cause we do not know the mineralogy of the Martian
regolith, we can only surmise the salinity effects of
Martian soil on plants.

Soil Redox Potential

The measurement of the redox potential (Eh) will
help identify and possibly quantify the component re-
sponsible for the highly oxidative nature of the Mars
soil. The Eh of a chemical system is the measure of the
potential rate of electron donation versus the rate of
electron acceptance. It is probable that several reactions
(i.e., electrochemical couples) are controlling the re-
dox potential in the regolith materials and, thereby, limit
the ability to quantitatively interpret the value. The oxi-
dizing species with the highest oxidation potential will
control the oxidation potential in a system. Sometimes,
kinetics of the redox reactions in natural waters is slow
and equilibrium is not achieved (i.e., disequilibriumy);
however, we expect that the oxidant in Martian “soils”
will react quickly, as indicated during the Viking mis-
sion. For example, if H,0, (or a metal peroxide) is
present in the Martian surface materials, we anticipate
that it will react quickly with water upon hydration of
the regolith. Initially, the H,0,/H,0 couple will control
the redox potential. As H202 breaks down into H,0,
oxygen will be generated. In this example, depending
on the quantity and intensity relationships, we antici-
pate that eventually the O,/H,O couple will control the
redox potential (e.g., see Fig. 1). However, as pointed
out by Zent and McKay (65), the concentration of the
oxidant in the regolith may be less than 1 ppm, and
thus may not contribute significantly to the Eh.

An important aspect of the redox measurement will
be the establishment of redox stability fields for Mar-
tian soils via Eh—pH diagrams. These diagrams can give
an excellent perspective on the relative stabilities of
several minerals in a single diagram. Again, we realize
that these materials will not be at equilibrium; how-
ever, these data will delineate the types of reactions
occurring when water is first introduced to the regolith
and dust. An Eh-pH diagram for possible phases in
Mars surface materials is shown in Figure 1. The range
for terrestrial soils is illustrated on the diagram for a
point of reference. Again, if we use the example of H,0,
as the oxidizing component in the regolith and dust,
we would expect the redox potential to initially fall
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Figure 1. Eh—pH diagram for possible phases in Mars surface ma-
terials. The diagram was constructed for the environmental condi-
tions at the surface of Mars (e.g., atmospheric partial pressures).
The closed-curve shape shows the ranges for terrestrial soils (39).
(Eh, redox potential; pH, hydrogen ion concentration; pe, ~log of
electron activity.)

somewhere on the H,0,/H,O couple line, depending
on the solution pH.

Bioavailability of Plant-Essential Nutrients and
Potential Phytotoxic Elements

The bioavailability of plant-essential nutrients is con-
trolled by the chemical, physical, and biological prop-
erties of the soil. A simple measurement of water-
soluble species does not reflect the bioavailability of
nutrients; therefore, a variety of soil tests have been
developed to address bioavailability of these elements
in terrestrial soils. We recommend including a
multinutrient extracting solution, such as the Mehlich
III extracting solution (38), as a basic soil test to deter-
mine bioavailability of both plant essential nutrients and
potential phytotoxic elements in the Mars regolith.
There is essentially no information on the nutrient and
phytotoxic element bioavailability of Martian regolith
and dust.

The key elements that must be assayed include the
plant-essential nutrients N, P, K, Mg, Ca, S, Fe, Mn,

Cu, B, Cl, Zn, and Mo, and potential phytotoxic ele-
ments like Al, As, Cr, Cd, Na, Ni, and Pb. In Table 1,
the concentrations of these elements on Mars are pre-
sented from data from the Shergotty meteorite, Viking
Lander 1 site, and Pathfinder site (22,60). However, it
currently is not known which specific forms of these
elements would be available to plants in hydrated Mars
soils, but itis likely that soil solutions will contain fairly
high concentrations of K, Ca**, Mg®, SO **, CI-, Mn?*,
and, depending on the soil pH and Eh, Fe?* may be
fairly high. In contrast, it seems likely that forms of N
that can be utilized by plants (i.e., NO,™ or NH_*) likely
will not be present in hydrated Mars soils (Table 1).

Physical Properties

Physical properties of the Martian regolith including
bulk density, particle size distribution, porosity, water
retention, and hydraulic conductivity should be measured
in order to determine how plants might interact with Mars
regolith on purely a physical basis. For example, sandy
soils (i.e., 50-2000 um) have very little ability to retain
water, and water flow through sandy soils is usually un-
restricted. On the other hand, a clay soil (particle sizes
<2 pum) may be able to retain more water, but if the soil
is too fine O, diffusion may become limiting for normal
plant growth and development. The parameter to mea-
sure flow through soil is hydraulic conductivity, which
is dependent on the soil’s water retention function. Hy-
draulic conductivity can be measured for either saturated
flow (i.e., soil pores are entirely filled with water) or
unsaturated flow (i.e., flow through a soil when soil pores
are not entirely filled with water and the flow gradient is
usually vertical). The hydraulic conductivity and water
retention are dependent on soil texture and structure. The
parameters bulk density, particle size distribution, and
porosity likely will be readily measurable in robotic sur-
face missions. However, hydraulic conductivity and wa-
ter retention likely will be more difficult to directly mea-
sure on a robotic mission and, thus, may have to be
inferred from particle size and bulk density measure-
ments.

The “soil-like” surficial regolith materials on Mars
can be described as drift materials (i.e., acolian depos-
its), crusty to cloddy materials, and blocky materials
(5,42). These materials are thought to consist of fine-
grained particles in the size range of 0.1-10 um. Bulk
densities of the drift materials, crusty to cloddy materi-
als, and blocky materials have been estimated to be
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1.15 £ 0.15, 1.40 + 0.20, and 1.60 =+ 0.40 g/cm®, respec-
tively (5,42). Most terrestrial soils have bulk densities
between 1.1 and 1.8 g/cm?. Soils with bulk densities
around 1.1 generally have lower hydraulic conductivi-
ties and high aeration porosities. The Mars “soil” par-
ticles (e.g., drift materials) once placed inside a plant
growth chamber likely will exhibit good hydraulic con-
ductivity (i.e., water infiltration) and aeration. However,
it may be necessary to size the regolith materials to
achieve the optimum soil physical conditions for plant
growth.

Potentially Phytotoxic Toxic
Chemical Factors in Martian Regolith

The most toxic materials on Mars are probably
present in the mobile-element component of the re-
golith. These materials are likely to be composed of
mainly sulfur and chlorine and are probably present as
(Mg-Na-Ca) sulfates and chlorides. Sulfates are likely
in the regolith based on new spectral data and the lack
of evidence for sulfides (62). Recently, the Thermal
Emission Spectrometer (TES) on the Mars Global Sur-
veyor has been used to determine the distribution of
sulfate (SO,) cemented regolith (18). The sulfate is not
located in topographic lows, arguing that the regolith
was cemented by an atmospherically driven process. A
number of other salts could be present at relatively low
abundances, including carbonates (e.g. calcite, sider-
ite), nitrates, and chlorides (e.g. halite) (6).

Because the abundances in the Martian regolith of
the mobile elements sulfur and chlorine (potentially
toxic themselves) have been measured (62), they can
be used to estimate the abundances of mobile elements
with potentially phytotoxic properties that should have
been enriched along with the S and Cl (49,50). For
example, the model abundances of some toxic ele-
ments are estimated to range up to 100 mg/kg for As,
and up to hundreds of mg/kg for Cd, Pb, Br, and Zn,
if the mobile-element component was contributed
largely by volcanic aerosols. The abundances of S,
Cl, and heavy metals are sufficiently high as to pose a
possible toxic threat to humans (25), and may pose a
significant threat to plants and microorganisms. There-
fore, it will be necessary to assess the potential
bioavailability of phytotoxic ions prior to any plant
growth experiments in Mars regolith (see Table 2 for
candidate soil tests for determining bioavailability of
phytotoxic elements).

CONCLUSIONS

Future near-term Mars landers will include experi-
ments that will examine various components of Mars
regolith including basic soil chemistry and mineralogy,
soil physics, organic detection, characterization of soil
oxidants, and life-detection experiments. All of these
experiments will produce information that will assist
in understanding the evolution and history of Mars in
general, and in Mars regolith in particular. In addition,
these experiments will provide the basic knowledge
required to grow plants in Mars soils. Although the
debate is not over on whether to use regolith or hydro-
ponic technologies to grow plants in a bioregenerative
ALS module on Mars, the knowledge that plants can
be grown in Mars soils will help determine the design
of any future bioregenerative ALS system.

The recommended chemical tests include measure-
ments on soil pH, electrical conductivity, redox poten-
tial, and bioavailability of essential plant nutrients and
phytotoxic elements. In addition, future plant growth
experiments should include procedures for determin-
ing the buffering and leaching requirements of Mars
regolith prior to plant growth studies. Soil physical tests
useful for plant biology studies in Mars regolith include
measuring particle size, bulk density, porosity, water
retention, and hydraulic conductivity.

Plant biology experiments on near-term Mars landers
are strongly recommended for three basic reasons. First,
the primary justification for sending plant biology ex-
periments to Mars in the near-term is to confirm that
plants can grow in Mars regolith, and to obtain the nec-
essary baseline data for modeling plant growth on Mars.
Such knowledge will directly impact the research
agenda and design of bioregenerative systems over the
next 20 years. Second, there will not be an adequate
amount of Mars regolith returned to Earth in currently
proposed sample-return missions that will provide
enough material to conduct reasonable plant biology
experiments. Thus, in order to accurately model plant
growth in Mars soils, it is important that plants are ac-
tually grown in Mars soils. And third, a plant biology
experiment on a near-term Mars surface mission can
be used to confirm the biosafety of the Mars regolith
prior to the return of samples to Earth.
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