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ABSTRACT   
With   long-term   lunar   missions   taking   place,   there   is   a   burgeoning   need   for   a   method   by   

which   food   can   be   grown   in   space   and   extraterrestrial   regolith,   as   it   becomes   increasingly   
unreasonable   to   carry   enough   food   to   last   for   these   long-term   missions.   With   several   manned   
lunar   missions   planned   for   NASA’s   Artemis   program   that   seeks   to   return   astronauts   to   the   Moon   
by   2024,   paving   the   way   for   future   human   colonization,   developing   lunar   agriculture   is   more   
relevant   than   ever.   To   successfully   do   so,   it   is   most   practical   to   grow   crops   within   established   
lunar   colonies,   as   shipment   from   Earth   requires   a   high   expense   in   time,   materials,   fuel,   and   
funding.   This   paper   is   focused   on   developing   a   procedure   by   which   lunar   regolith,   nutrient   
additives,   and   regolith   amendment   additives   may   be   used   to   grow   cherry   tomatoes.   Regolith   is   
the   basic-pH   powdered   rock   material   that   dusts   the   lunar   surface.   It   contains   few   nutrients   
available   for   plant   growth,   has   an   unfavorable   and   dense   clay-silt   consistency,   root-damaging   
Aluminum   Oxide   and   Silicon   Dioxide,   and   an   overly   basic   pH   of   about   8.0.   In   adding   gypsum   to   
lunar   regolith,   an   additive   known   to   reduce   quantities   of   damaging   elemental   aluminum   in   Earth   
soils,   we   explore   a   method   of   removing   the   plant-damaging   heavy   metal   from   lunar   regolith,   
increasing   soil   aeration   and   percolation,   lowering   pH,   and   increasing   
Nitrogen-Phosphorus-Potassium   and   micronutrient   levels,   thus   turning   lunar   regolith   into   a   
relatively   suitable   plant   growth   medium.   

   

  
  

  



  

1.   INTRODUCTION   

As   advancements   continue   to   be   made   in   lunar   space   travel,   the   need   for   an   efficient   and   
reliable   source   of   food   has   become   increasingly   important.   Our   research   focuses   on   solving   the   
problems   involved   with   growing   plants   in   lunar   regolith.   Experimenting   with   plants   and   their   
potential   for   growth   outside   of   Earth   has   been   crucial,   as   plants   provide   both   nutrients   and   
oxygen   gas,   fulfilling   two   of   the   human   necessities   for   survival.   The   project   aimed   to   experiment   
with   soil   additives   and   their   effect   on   plant   growth   in   lunar   regolith.   Our   project   focuses   on   the   
addition   of   gypsum   to   these   plants   and   the   effect   this   would   have   on   plant   growth   in   lunar   
regolith.     

Other   studies   focused   on   tackling   a   similar   problem   to   ours   have   been   done   before   such   
as   Wamelink,   et.al’s   project   on   growing   wild   plants,   crops,   and   nitrogen   fixers   in   both   Martian   
and   lunar   regolith.   Wamelink   focused   on   whether   or   not   the   plants   would   germinate   and   live   long   
enough   to   reach   the   beginning   stages   of   plant   development.   In   the   results,   it   was   noted   that   in   
general,   the   germination   percentages   and   the   biomass   production   were   lower   in   lunar   soil   
simulant   compared   to   Martian   soil   simulant,   showing   that   growing   plants   on   the   Moon   is   a   
significant   issue.   The   germinated   plants   on   the   moon   soil   simulant   either   died   or   stayed   very   
small.   The   researchers   speculated   that   several   properties   of   the   lunar   regolith   were   responsible   
for   its   poor   ability   as   a   growth   medium:   water   holding   capacity,   the   availability   of   reactive   
nitrogen,   creating   a   balanced   nutrient   availability,   and   the   influence   of   gravity,   light,   and   other   
conditions. 1    However,   the   project   showed   that   it   was   possible   for   plants   to   grow   in   the   soil   
simulants   regardless,   as   most   seeds   were   able   to   germinate.    Another   study   conducted   by   Fatma   
Yamk   and   Filiz   Vardar   focused   on   the   effect   of   Aluminum   Oxide   (Al 2 O 3 )   on   the   growth   and   
development   of   plant   roots 2 .   From   the   experiment,   Yamk   and   Vardar   concluded   that   Al 2 O 3   
impaired   root   growth   due   to   accumulation   of   Al 2 O 3    nanoparticles.   Although   their   experiment   was   
performed   on   wheat   plants   and   ours   was   conducted   on   cherry   tomatoes,   their   results   still   
provided   good   insight   as   to   how   we   could   conduct   our   experiment.   The   study   of   Aluminum   
Oxide‘s   effect   on   root   growth   and   development   pertained   to   our   experiment   since   lunar   regolith   
is   composed   of   25.8%   (by   weight)   of   Al 2 O 3 .   By   gaining   a   better   understanding   of   how   Al 2 O 3   

affects   plant   roots,   we   were   able   to   apply   the   results   of   their   studies   to   our   research   and   eliminate   
any   of   the   negative   effects   the   lunar   regolith   may   have   on   our   plants.    

By   observing   the   results   of   other   experiments   similar   to   ours,   we’re   able   to   take   what   has   
been   researched   before   into   consideration   and   take   on   a   different   potential   solution   to   more   
effectively   and   efficiently   grow   plants   in   lunar   regolith.   As   a   result,   our   research   helps   to   build  
upon   the   research   others   have   conducted   and   contributes   to   resolving   the   main   issue   of   food   in   
space.     

1  Refer   to   item   9   in   References.   
2  Refer   to   item   13   in   References.   
  

  
  



  

2.   THEORY   

2.1   Lunar   Regolith   and   Analog   Overview   
Lunar   regolith   refers   to   the   loose,   fragmented   material   that   covers   solid   rock   on   the   

moon’s   surface.   This   dust   was   formed   by   billions   of   years   of   micrometeorite   impacts   that   
shattered   the   surface   rock   into   a   thin   layer   of   dust.   There   are   two   kinds   of   regolith   on   the   moon:   
mare   and   highland.   Mare   refers   to   lava   rock.   The   lunar   highlands   are   the   region   NASA   is   
focusing   on,   as   it   has   been   recently   discovered   that   there   is   water-ice   mixed   into   the   rock   there.   
Thus,   our   regolith   analog   simulated   the   grain   size,   shape,   chemical   compositions,   and   structures   
of   the   lunar   highland   regolith.   As   noted   in    Figure   1 ,   the   Highlands   regolith   simulant   is   about   
75%   to   80%   anorthosite   and   20%   to   25%   basalt.   Our   lunar   regolith   analog   contained   the   
following   components   by   mass:   74.4%   anorthosite,   24.7%   glass-rich   basalt,   0.4%   ilmenite,   0.3%   
olivine,   and   0.2%   pyroxene.   Together,   these   minerals   contain   several   oxide   compounds,   notably   
Al 2 O 3 .   Notable   features   of   the   regolith   is   that   it   has   very   fine   grains,   which   means   compaction   
occurs.   It   is   a   clay-silt   soil:   it   absorbs   and   retains   water   like   clay,   but   it   has   a   silt-like   texture.   
Additionally,   the   regolith   is   exceedingly   nutrient-poor,   though   it   contains   small   quantities   of   
ammonium   and   nitrates.   It   also   has   a   slightly   basic   pH,   8.   These   last   two   qualities,   the   lack   of   
nutrients   and   high   pH,   are   the   primary   reason   why   growing   plants   in   this   soil   is   a   challenge.     

  
Figure   1 3   

  

3  Refer   to   item   15   in   References.   
  

  
  



  

2.2   Requisite   Conditions   for   Plant   Growth   
To   discuss   growing   plants   on   the   moon,   the   conditions   that   are   necessary   to   grow   plants   

on   Earth   must   be   established.   The   twenty   elements   that   are   considered   essential   for   plant   growth   
are   carbon,   oxygen,   hydrogen,   nitrogen,   phosphorus,   potassium,   sulfur,   calcium,   iron,   
magnesium,   manganese,   zinc,   copper,   boron,   molybdenum,   chlorine,   sodium,   cobalt,   nickel,   and   
silicon.   From   these,   the   most   that   are   considered   to   be   needed   are   nitrogen,   phosphorus,   
potassium,   and   sulfur 4 .   The   percentages   next   to   the   following   elements   represent   the   quantities   of   
each   that   are   needed   for   optimal   plant   growth.   Nitrogen   (1   -   5%)   is   one   of,   if   not,   the   most   
significant   element   for   plant   growth   as   it   is   found   in   all   plant   cells,   proteins   and   hormones,   and   in   
chlorophyll.   Phosphorus   (0.1   -   0.4%)   supports   energy   storage   and   transfer,   root   growth,   disease   
resistance,   early   maturation,   and   quality.    Potassium   (1   -   4%)   influences   enzyme   activity,   
transpiration,   translocation,   along   with   nitrogen   uptake   and   protein   synthesis.   Sulfur   (0.1   -   0.4%)   
is   widely   important   for   proper   plant   amino   acid   functioning   and   deficiency   in   sulfur   has   resulted   
in   stunted,   thin-stemmed,   and   spindly   plants 5 .   Since   these   four   elements   have   been   declared   to   be   
those   that   should   be   heavily   focused   on   during   the   plant   growing   period,   as   they   carry   out   
important   functions,   the   nitrogen-phosphorus-potassium   (NPK)   ratios   of   the   fertilizer   utilized   for   
the   plants   is   a   crucial   component   in   ensuring   their   growth.   In   addition   to   nutrients,   plants   require   
a   stable   pH   of   around   6.0   to   7.0. 6    It’s   also   crucial   that   there   is   adequate   drainage   in   the   soil   
material.     
  

2.3   Impact   of   Regolith   Components   on   Plant   Growth   
The   main   considerations   we   have   identified   when   understanding   how   feasible   it   is   to   turn   

regolith   into   a   growth   material   for   plants   are   its   drainage   capability,   nutrient   content,   and   pH.   
Beginning   with   soil   drainage:   lunar   regolith,   as   mentioned   before,   is   fine-grained   and   therefore   
compact.   The   clay-silt   nature   of   this   material   could   induce   waterlogging   of   the   soil,   which   might   
result   in   roots   rotting.   Research   by   Wamelink,   et.   al   suggests   otherwise,   claiming   that   the   lunar   
regolith   dried   more   quickly   than   a   pot   of   Earth   soil,   when   a   plant   was   grown   in   both   under   the   
same   conditions. 7    In   regards   to   the   nutrient   consideration,   regolith   is   very   nutrient   poor.   Reactive   
nitrogen,   present   as   NO 3    and   NH 4 ,   is   essential   to   plant   growth.   These   compounds   actually   do   
occur   on   the   moon,   brought   by   the   solar   wind. 8    However,   whether   this   produces   sufficient   
quantities   of   reactive   nitrogen   to   support   plant   life   remains   uncertain   and   unlikely.   Another   
consideration   is   the   fact   that   lunar   regolith   contains   free   aluminum,   which   is   damaging   to   plant   

4  Refer   to   item   10   in   References.     
5  Refer   to   item   7   in   References.     
6  Refer   to   item   11   in   References.     
7  Refer   to   item   9   in   References.   
8  Refer   to   item   12   in   References.   
  
  

  
  



  

roots.   This   will   only   become   a   concern   if   lunar   regolith   is   used   as   a   potting   medium   in   the   
long-term:   research   by   Wamelink   et.   al   showed   it   has   no   effect   on   plant   growth   in   the   
short-term. 9    Finally,   we   must   take   into   account   the   soil   pH.   Most   plants   require   a   pH   of   around   
6.0   to   7.0   to   grow   well.   Lunar   regolith   has   a   pH   of   around   8.0,   which   is   too   basic.   The   regolith   
will   have   to   be   altered   to   decrease   the   pH   if   it   is   to   be   used   to   grow   plants.     
  

2.4    Significance   of   Humus   and   pH   

Some   of   the   main   issues   presented   by   using   regolith   as   a   plant-growth   medium   include   
high   soil   pH   and   a   low   water   percolation   ability.   The   slightly   acidic   nature   of   sphagnum   moss,   its   
composition   of   organic   material   and   humus,   and   low   density   and   high   water-absorbing   properties   
make   it   an   ideal   solution   to   the   problems   presented   with   the   lunar   regolith.   By   assisting   in   water   
absorption   from   waterlogged   layers   of   the   silty-clay   soil,   the   moss   increases   aeration   of   the   soil,   
and   thus   aids   percolation.   The   slight   acidity   of   the   added   sphagnum   moss   balances   out   the   high   
pH   of   the   lunar   regolith   to   an   optimal   6.4-6.7   range.   The   low   density   and   compactability   of   
sphagnum   peat   moss   likewise   makes   it   a   plausible   option   to   transport   to   the   moon   as   a   
supplement   for   lunar   regolith   in   agricultural   settings.   Sphagnum,   along   with   many   other   organic   
materials   such   as   Gypsum,   is   also   widely   used   to   remove   pollutants,   including   a   range   of   metals:   
Cu,   Ni,   Al,   etc. 10    Aside   from   removing   metallic   pollutants,   the   organic   material   aspects   of   the   
moss   are   also   crucial   in   plant   growth   due   to   their   ability   to   allow   the   soil   to   retain   nutrients   and   
moisture.   This   prevents   the   soil   from   drying   out   and   requires   less   irrigation,   essentially   forming   a   
reservoir   for   plant   nutrients   available   in   the   soil   for   balanced   plant   growth.   On   Earth,   humus   also   
aids   in   creating   a   microbial   ecosystem   to   cyclically   replenish   and   maintain   soil.   However,   in   
sterile   lunar   conditions,   this   observation   would   not   apply. 11   

2.5   Accounting   for   Lunar   Gravity   
Although   the   growing   aspect   of   the   Plant   the   Moon   project   occurred   on   Earth,   accounting   

for   microgravity   is   also   a   subject   that   needs   to   be   reviewed.   The   Moon   has   a   gravitational   
acceleration   about   ⅙   the   Earth’s.   Plants   themselves   aren’t   heavily   impacted   by   the   microgravity,   
as   they   are   able   to   adapt   and   utilize   other   environmental   factors,   such   as   light,   to   facilitate   the  
direction   of   growth. 12    Additionally,   to   account   for   the   minimal   gravity   present   in   lunar   
environments,   our   project   design   includes   the   usage   of   syringes   to   water   the   soil.   Syringes   are   
being   used   to   carry   out   this   task   as   the   minimal   gravity   would   prevent   the   water   from   simply   
flowing   through   the   soil   as   it   does   on   Earth,   so   applying   a   force   to   the   water   would   be   necessary   

9  Refer   to   item   9   in   References.     
10  Refer   to   item   1   in   References.   
11  Refer   to   item   4   in   References.   
12  Refer   to   item   2   in   References.     
  

  
  



  

to   ensure   that   the   water   diffuses   throughout   the   soil   and   reaches   the   plant’s   roots.     Root   system   
growth   direction   is   also   impacted   by   the   reduced   gravity.   Gravitropism,   where   roots   grow   
downward   and   stems   grow   upward,   is   a   bending   response,   accomplished   by   differential   growth   
of   plant   organs   in   response   to   gravity.   On   the   space   shuttle   flight   STS-95,   which   included   
Astronaut   Chiaki   Mukai,   experiments   were   conducted   to   compare   ground-grown   and   
space-grown   Arabidopsis   and   rice   (Figure   2).   The   experiments   showed   that   in   a   microgravity   
(0G)   environment,   the   growth   direction   is   unregulated,   and   some   roots   even   extend   in   the   same   
direction   as   the   aerial   stems.   This   is   due   to   the   gravity-adapted   structure   of   columella   or   root   cap   
cells.   Within   the   columella   cells,   starch-filled   amyloplasts   settle   due   to   gravity,   causing   a   change   
in   the   flow   of   the   plant   hormone   auxin   that   helps   induce   root   system   and   plant   growth.   However,   
in   a   lunar   habitat,   amyloplasts   can   be   expected   to   settle   minimally   within   the   root   cap   cells,   
because   gravity   is   not   perceived   as   it   normally   might,   nor   is   sufficient   auxin   distribution   
induced. 13    In   order   to   regulate   root   growth,   it   may   be   beneficial   to   put   a   compacting   soil-cover   
material   (such   as   plastic)   over   the   soil:   this   would   regulate   soil   temperature   as   well   as   help   solve   
the   issue   of   unregulated   root   tips   growing   out   from   the   top   of   the   soil.   

Figure   2   

2.6   Effects   of   Gypsum     
The   effect   of   gypsum   on   the   plants   was   the   primary   factor   our   project   focused   on,   as   

gypsum   is   commonly   used   as   an   agricultural   additive   on   Earth.   Gypsum   provides   several   
benefits   to   plants:   it’s   small   and   uniform   in   size,   safe   for   agricultural   use,   and,   more   significantly,   
the   resource   is   high   in   both   calcium   and   sulfur. 14    Calcium   and   sulfur,   present   in   the   form   Calcium   
Sulfate,   are   two   elements   that   were   previously   established   to   be   beneficial   for   the   plants.   By   
adding   gypsum   to   the   lunar   growth   medium,   both   are   now   easily   accessible   for   plants.   Taking   
into   consideration   the   fact   that   unaltered   lunar   soil   essentially   provides   no   nutrients,   having   this   

13  Refer   to   item   3   in   References.   
14  Refer   to   item   5   in   References.   
  

  
  



  

added   resource   could   improve   plant   growth.   Gypsum   also   promotes   better   root   development   in   
acidic   soil,   as   gypsum   counters   the   toxic   effect   of   free   aluminum   ions   in   the   soil,   an   element   that   
was   present   in   lunar   regolith. 15     

Research   performed   by   Dr.   Malcolm   Summer,   et.al.   at   the   University   of   Georgia   focused   
on   the   effect   of   gypsum   as   an   ameliorant.   This   research   compared   corn   and   alfalfa   crops   that   
received   gypsum   treatment   versus   those   that   received   no   treatment.   The   gypsum-treated   groups   
had   more   bushels   per   acre   compared   to   those   who   didn’t,   suggesting   that   gypsum   was   beneficial   
to   a   plant’s   growth.   The   plants   were   in   low-pH   soil   with   high   levels   of   exchangeable   aluminum,   
where   the   gypsum   could   play   a   significant   role   in   countering   aluminum’s   toxicity.   Additionally,   
even   16   years   after   his   initial   project,   the   plants   that   received   gypsum   treatment   grew   taller   than   
the   control. 16    To   protect   our   plants   from   the   root   damage   that   would   be   incurred   by   the   Al 2 O 3    and   
free   aluminum   from   the   lunar   regolith,   we   decided   to   test   the   additive   of   gypsum.      
  

2.7   Why   We   Used   Red   and   Blue   Growth   Lights   
On   the   Moon,   light   is   only   present   in   14   day   intervals.   However,   plant   growth   

necessitates   consistent   lighting   in   something   closer   to   12-hour   cycles.   Going   14   days   devoid   of   
light   is   not   a   plausible   survivable   condition   for   most   plants.    Thus,   to   provide   conditions   in   
which   lunar   agriculture   will   be   successful,   artificial   light   is   required.   This   is   reflected   in   our   
experimental   design:   we   opted   to   use   red   and   blue   LED   growth   lights,   as   they   emit   photons   with   
wavelengths   that   fall   in   the   photosynthetically   active   range   (PAR).   Red   lights   emit   wavelengths   
ranging   from   600-850   nm,   while   blue   lights   can   emit   wavelengths   ranging   from   400-500   nm.   
The   lighting   used   in   this   procedure   includes   a   40W   dual   head   fixture   with   18   blue   and   18   red   
LED   activated   for   12   hours   at   a   time.     
Figure   3   

  
As   shown   in   Figure   3,   Chlorophyll    a    and    b    as   
well   as   carotenoids   all   have   intense   
blue-wavelength   absorbance.   Chlorophyll    a    and   
b    also   absorb   orange   and   red   wavelengths.   
Therefore   in   order   to   maximize   growth   and   
optimize   energy   usage,   using   blue   and   red   
wavelength   light   is   most   optimal   in   this   
procedure. 17   

15  Refer   to   item   5   in   References.   
16  Refer   to   item   6   in   References.   
17  Refer   to   item   8   in   References.   
  

  
  



  

  3.   MEASUREMENT   METHODS   

3.1   Experimental   Design   
We   wanted   to   know   how   varying   gypsum   percentages   in   the   soil   by   mass   of   the   lunar   

regolith   affect   plant   growth.   
  

If   gypsum   does   improve   soil   aeration   and   prevent   aluminum   damage   to   the   plant   root   
system,   we   expect   that   the   addition   of   gypsum   will   increase   the   tomato   growth   rate,   improve   root   
system   growth,   improve   NPK   uptake,   and   increase   percolation   of   the   regolith.   We   predict   that   
the   3%   gypsum   mixture   will   have   optimal   plant   growth.   1.6%   is   the   optimal   amount   of   gypsum   
for   clay   soils   on   Earth,   so   we   expect   the   lunar   regolith   to   need   more   gypsum   to   account   for   the   
higher   amount   of   damaging   aluminum   and   less   usable   Calcium   and   Sulfur   compounds   present.     
  

Safety   Precautions   
Wear   two   N95   masks,   gloves,   and   foot   coverings   when   handling   the   lunar   regolith   (and,   thus,   
any   time   you’re   working   with   the   plants)   to   prevent   powder   contamination   to   the   rest   of   the   
house   and   to   the   person.   Use   gloves   and   goggles   when   handling   the   simulant.   Wash   hands   before   
and   after   working   with   plants.   Ventilate   the   room   with   the   regolith   as   much   as   possible.   Maintain   
the   simulant   in   closed   containers   when   not   in   use   to   avoid   spillage.     
  

Variables   
Independent:     

- Volume   of   Gypsum   added   per   percent   of   total   soil   mass   prior   to   added   Gypsum.   
  

Dependent:  
- Growth   of   the   plants,   percent   clay   degradation   in   soil,   root   growth,   plant   deformities   

  
Control:   

- 70   degrees   F   
- 255g   of   245:500   moss:sim   mix   
- 35-40   g   water   every   3   days   
- pH   6.3-6.6   
- 0.8   Liter   pots  
- 5:2000   mL   water   to   fertilizer   dilute   NPK   15-15-15   solution   (every   2   weeks)   for   lunar   

regolith   (70mL   initial   to   increase   NPK   ratio   to   “Adequate”   level.   
- Sea   level   1   atm*   
- 5-6   seeds   

  
  

  



  

Figure    4   
  

Materials   
- 12   clear   plastic   standard   pots   (about   4   inch   radius   and   5   inch   height)   with   one   inch   

drainage   hole   
- 2”x2”   cheese   cloth   square   to   put   over   drainage   hole   
- 455   mL   of   Earth   soil   (jiffy   seed   starting   mix,   peat   moss,   coconut   coir,   vermiculite)   

(control   group)   
- 175mL   Sphagnum   peat   moss   (38%   total   soil   volume)   (lunar   regolith   groups)   
- 280mL   Lunar   Regolith   (62%   total   soil   volume)   (lunar   regolith   groups)   
- 15-15-15   Complete   micronutrient   Geranium   liquid   fertilizer   (5:2000   mL   fertilizer   to   

water)   
- Filtered   water   
- Gypsum   (CaSO4   powdered)   (volume   varies)   
- 55   tomato   seeds   
- 100%   Pure   Garden   Lime   (CaCO3)   

  
Material   Preparation   

Mix   each   cup   of   soil   2   days   before   planting   seeds.   Add   75   mL   of   fertilizer   solution   to   
prepare   soil   for   seedling   growth.   Add   75   mL   to   the   Earth   soil   control   group.   Soak   tomato   seeds   
in   purified   water   for   24   hours   for   maximum   germination.   
  

Experimental   Set-up   
Place   11   0.8   liter   pots   in   a   reflective   tent   with   a   dual   head   red   and   blue   growth   light   (40W).   
Each   plastic   cup/pot   will   have   a   dish   underneath   to   collect   water   drainage.   
Multiple   treatment   groups   with   varying   amounts   of   Gypsum   added.   
  

All   Groups   (refer   to   chart   in   Figure   4):   
Add   fertilizer   (lunar   regolith   simulant   groups   only)     
Add   water   (every   3   days)   
Same   initial   pH   (approximately   the   same   amount   of   peat   moss   to   lower   pH   from   8   to   6.5)   
Same   temp   70deg,   light   distribution   (blue   and   red   for   12   hours   each   day)   +   some   daylight   
Same   total   volume   of   simulant/soil     
  

  
  

  



  

Earth   Soil   Control   
Earth   (2   pots):   
  

Initial:    455   mL   of   Earth   soil.     
Plant:    5   tomato   seeds   
Description:    This   group   is   to   serve   as   a   comparison   of   the   “optimal   tomato   growth   on   Earth.”   
No   fertilizer,   extra   sphagnum   peat   moss,   or   lime   is   added   to   this   group.   Water,   if   possible,   should   
be   added   in   the   same   amount   and   at   the   same   time   that   we   add   it   for   all   the   other   groups,   in   order   
to   make   the   percolation   number   a   meaningful   one   that   we   can   compare   to   the   lunar   groups.   
However,   if   there   is   something   that   needs   to   be   dramatically   different   between   the   Earth   and   
lunar   watering   schedules,   that’s   fine:   the   primary   purpose   of   this   group   is   to   provide   a   model   of   
plant/root   growth   on   Earth;   the   water   and   NPK   data   is   secondary.     
  

Group   1   
Lunar   Negative   Control   (1   pot):   
  

Initial :   Fill   38.5%   of   total   volume   or   175mL   with   peat   moss   to   lower   the   pH   from   8   to   6.5.   Add   
280   mL   of   lunar   regolith   to   fill   the   other   61.5%   of   the   total   volume.   Homogeneously   mix.     
Plant :   5   tomato   seeds   after   they   have   been   soaked   for   24   hours.   
Description :   This   group   is   the   lunar   negative   control,   which   may   prove   that   Gypsum   is   a   
necessary   additive   for   plants   to   grow   in   the   lunar   soil,   serving   as   a   comparison   for   other   lunar   
regolith   groups   and   the   Earth   Soil   control   groups   that   are   hypothesized   to   have   better   growth   
rates   and   more   clay   degradation.   Fertilizer   and   water   will   be   added   in   the   same   quantities   and   at   
the   same   time   as   the   other   lunar   groups.     
  

Group   2   
2   pots   
0.615%   gypsum   (2.8mL)    by   volume   of   initial   soil   mixture,   0.612%   by   volume   of   current   soil   
mixture   with   gypsum   added:   
  

Initial :   Fill   38.23%   of   total   volume   or   175mL   with   peat   moss   to   lower   the   pH   from   8   to   6.5.   Add   
280   mL   of   lunar   regolith   to   fill   the   other   61.16%   of   the   total   volume.   Add   Gypsum.   
Homogeneously   mix.     
Plant :   5   tomato   seeds   after   they   have   been   soaked   for   24   hours.   
Description :   This   group   has   the   recommended   addition   of   gypsum   per   square   cm   for   Silty   Clay   
earth   soils.   Fertilizer   and   water   will   be   added   in   the   same   quantities   and   at   the   same   time   as   the   
other   lunar   groups.     
  

Group   3   

  
  

  



  

2   pots   
5.6mL   Gypsum,   1.23%   by   volume   of   initial   soil   mixture,   1.22%   by   volume   of   current   soil   
mixture   with   gypsum   added:   

  
Initial :   Fill   38%   of   total   volume   or   175mL   with   peat   moss   to   lower   the   pH   from   8   to   6.5.   Add   
280   mL   of   lunar   regolith   to   fill   the   other   60.79%   of   the   total   volume.   Add   Gypsum.   
Homogeneously   mix.     
Plant :   5   tomato   seeds   after   they   have   been   soaked   for   24   hours.   
Description :   This   group   has    twice    the   recommended   addition   of   gypsum   per   square   cm   for   Silty   
Clay   earth   soils.   Fertilizer   and   water   will   be   added   in   the   same   quantities   and   at   the   same   time   as   
the   other   lunar   groups.     
  

Group   4   
2   pots   
8.4mL   Gypsum,   1.845%   by   volume   of   initial   soil   mixture,   1.813%   by   volume   of   current   soil   
mixture   with   gypsum   added:   

  
Initial :   Fill   37.76%   of   total   volume   or   175mL   with   peat   moss   to   lower   the   pH   from   8   to   6.5.   Add   
280   mL   of   lunar   regolith   to   fill   the   other   60.42%   of   the   total   volume.   Add   Gypsum.   
Homogeneously   mix.     
Plant :   5   tomato   seeds   after   they   have   been   soaked   for   24   hours.   
Description :   This   group   has     three   times     the   recommended   addition   of   gypsum   per   square   
centimeter   for   Silty   Clay   earth   soils.   Fertilizer   and   water   will   be   added   in   the   same   quantities   and   
at   the   same   time   as   the   other   lunar   groups.     
  

Group   5   
2   pots   
11.2mL   Gypsum,   2.46%   by   volume   of   initial   soil   mixture,   2.40%   by   volume   of   current   soil   
mixture   with   gypsum   added:   

  
Initial :   Fill   37.54%   of   total   volume   or   175mL   with   peat   moss   to   lower   the   pH   from   8   to   6.5.   Add   
280   mL   of   lunar   regolith   to   fill   the   other   60.06%   of   the   total   volume.   Add   Gypsum.   
Homogeneously   mix.     
Plant :   5   tomato   seeds   after   they   have   been   soaked   for   24   hours.   
Description :   This   group   has    four   times    the   recommended   addition   of   gypsum   per   square   cm   for   
Silty   Clay   earth   soils.   Fertilizer   and   water   will   be   added   in   the   same   quantities   and   at   the   same   
time   as   the   other   lunar   groups.     

  
Procedure:   

  
  

  



  

1. Collect   data   from   set-up   of   experiment:   
i. Record   mL   of   peat   moss   added.   175:280mL   moss:reg   

ii. Record   mL   of   lunar   regolith   added.     
iii. Record   mL   of   gypsum   added.   
iv. Record   #   of   seeds   planted.     
v. Initial   pH.   

vi. mL   Water   added.   
vii. Initial   mL   of   complete   micronutrient   NPK   fertilizer   added.  

2. Every   three   days,   add   30-50   mL   of   water   at   planter’s   discretion.   
i. Record   water   added.   

3. Data   collection   every   three   days   (evening):   
i. Take   pictures.   

ii. Note   any   qualitative   observations   (any   visible   roots,   sprouting,   anything   
notable).   

iii. Measure   volume   of   water   percolated   through   (amount   in   plate   below   pot)   
for   observations.   

iv. Record   pH   of   soil.   
v. Measure   percent   of   NPK   in   soil   to   make   sure   its   adequate.   

vi. Record   plant   height.   
vii. Record   soil   composition   as   necessary   

4. At   end   of   55   days   (and   whenever   the   plants   die):   
i. Take   pictures.   

ii. Note   any   qualitative   observations   (any   visible   roots,   sprouting,   anything   
notable).   

iii. Measure   soil   composition   data.   
iv. Measure   volume   of   water   percolated   through   (amount   in   plate   below   pot).   
v. pH   of   soil.   

vi. %   of   NPK   in   soil.   
vii. Measure   plant   height.   

viii. Measure   root   system.   (after   drying)   
ix. Measure   the   entire   plant.   (after   drying)   
x. Examine   roots   with   a   microscope   to   find   evidence   of   aluminum   damage.   

   

  
  

  



  

4.   ANALYSIS   AND   RESULTS   

  
  
  
  
  
  
  
  
  
  
  
  
  

Figure   5   
The   graph   above   displays   the   Cherry   Tomato   Stem   Height   (in   centimeters)   throughout   the   

days   of   the   planting   period.   The   height   of   the   plant   generally   increased   as   the   days   went   by,   
which   is   seen   as,   generally,   the   lines   have   a   positive   incline.   There   was   also   a   significant   growth   
on   day   5,   as   all   the   lines   almost   seem   as   if   they   have   exponentially   increased   in   terms   of   height   
(germination   has   occurred).   By   the   end   of   the   growing   period,   the   purple   line   is   above   the   rest   of   
the   lines,   showing   that   the   group   that   received   the   most   gypsum   treatment   grew   the   best.   In   
addition,   the   following   groups   from   tallest   height   to   shortest   are   Control,   G4,   G3,   G1,   G2.   It   can   
be   inferred   that   there   is   a   positive   correlation   between   gypsum   and   plant   growth.     

  
  

  



  

Figure   6   
The   graph   above   displays   the   cherry   tomato   stem   height   (in   cm)   over   time   (days).   During   

the   first   3-5   days,   little   to   no   change   was   observed   in   stem   height.   This   can   be   accounted   for   by   
the   time   it   takes   the   seeds   to   germinate.   It   appears   G4A   and   G5B   were   the   first   to   germinate   at   
about   3   days   while   the   other   groups   germinated   at   around   day   5.   After   germination,   all   groups   
appear   to   be   growing   at   a   steady   rate   as   the   stem   height   is   steadily   increasing   until   around   day   9.   
After   day   9,   G2A   begins   decreasing   in   stem   height,   suggesting   the   plant   is   beginning   to   weaken.   
Several   days   after,   some   of   the   other   groups   also   began   decreasing   in   stem   height.   By   the   end   of   
the   growth   period,   G5B   had   the   tallest   stem   height   followed   by   G4A   and   GCA.   Since   G5B   and   
G4A   were   part   of   the   groups   with   higher   gypsum   treatment,   it   can   be   determined   that   increased   
gypsum   leads   to   better   plant   growth.     

  
  

  
  



  

Figure   7   
The   figure   above   shows   the   stem   height   of   the   cherry   tomato   plants   (in   cm)   as   a   function   

of   time   (in   days).   There   is   a   general   increase   in   length   until   a   certain   point   in   which   they   die,   
with   some   exceptions.   According   to   the   graph,   the   control   group   had   grown   the   most,   followed   
by   2A   until   growth   rate   declined   due   to   ammonia   build   up.   Group   1A   and   2Bfollowed   each   
other’s   growth   patterns   closely.   Overall,   there   was   not   much   of   a   difference   between   those   
plants’   growth   rates   in   groups   1   and   2,   although   the   growth   rate   was   lacking   in   comparison   to   the   
controls   (Y1   and   Y2).     

  
Figure   8   

The   graph   above   shows   the   height   of   the   cherry   tomato   plant   stems   as   a   function   of   
height.   Although   there   seems   to   be   a   general   trend   of   increasing   height,   plants   from   group   5B   are   
generally   higher   than   the   rest.   All   groups   decrease   in   height   after   a   general   peak   at   day   18.   This   
suggests   that   all   plants   from   the   groups   have   a   general   growing   period   before   they   start   to   die.   It   
is   important   to   note   that   it   seems   to   be   that   there   is   some   variation   between   each   group,   
suggesting   that   independent   variables   do   affect   plant   growth   slightly.     

  

  
  

  



  

Figure   9   
The   graph   above   displays   the   cherry   tomato   stem   height   (in   cm)   over   time   (days)   for   the   

two   control   groups   grown   in   our   experiment.   Throughout   the   entire   growth   period,   both   lines   
remained   consistent   with   each   other   meaning   the   conditions   they   were   grown   in   were   similar   and   
no   outside   factors   influenced   the   growth   of   plants.   Both   graphs   didn’t   show   any   increasing   trends   
until   day   3,   which   can   be   accounted   for   by   germination   of   the   seeds.   After   day   6,   both   graphs   
begin   increasing   at   a   faster   rate,   suggesting   faster   growth   as   plant   stem   height   increases.   Over   
time,   the   rate   of   plant   growth   steadies   before   eventually   decreasing   suggesting   the   presence   of   
something   in   the   environment   was   weakening   the   plants   and   impairing   their   ability   to   grow.   
Since   the   control   groups   were   grown   in   earth   soil   and   not   in   the   presence   of   lunar   regolith,   the   
premature   death   of   the   plants   may   be   accounted   for   by   poor   conditions   in   the   environment   as   
opposed   to   the   poor   conditions   of   the   lunar   regolith.   

  
Figure   10   

The   graph   above   shows   the   number   of   imperfections   seen   in   each   plant   group   throughout   
the   growing   period.   There   were   5   plants   per   group   and   the   data   value   reflects   the   amount   of  
  

  
  



  

plants   per   group   that   had   imperfections   (ex.   In   1A,   ⅕   of   the   plants   showed   signs   of   being   
deformed)   If   a   group’s   plant   had   one   or   more   leaves   with   the   imperfection   trait,   the   plant   was   
recognized   to   have   the   trait.   Having   a   deformed   imperfection   meant   that   there   were   crumpled,   
shriveled   leaves   present;   the   leaves   were   in   a   curled-up   manner.   The   kinked   plants   are   plants   that   
have   a   natural   slit   (in   a   small   angle)   in   their   leaves.   Lastly,   the   plants   with   discoloration   were   
plants   that   usually   had   yellowing   or   speckled   leaves.     

Figure   11     
This   graph   shows   the   percentage   of   clay   composition   as   a   function   of   time,   in   days.   

Overall   there   is   no   drastic   difference   between   the   groups.   The   control   group   did   start   out   with   a   
smaller   percentage   of   clay   composition   to   begin   with,   however   each   ended   up   with   the   same   
amount   of   clay.   For   group   4A,   it   is   higher   by   10%,   and   there   is   no   other   group   with   a   percentage   
that   differed   as   much.   In   essence,   for   all   groups,   the   soil   had   lost   most   of   its   clay   and   returned   to   
less   than   5%.     

  
  

  



  

  
Figure   12   

The   graph   above   displays   the   percent   clay   composition   over   time   (in   days).   Over   time,   it   
appears   the   percent   clay   composition   in   all   the   groups   decreased   at   a   steady   rate.   However,   the   
control   group   appears   to   have   started   off   with   a   low   clay   composition   while   all   the   other   groups   
started   off   with   a   much   higher   clay   composition.   Overall,   by   the   end   of   the   growth   period,   G1A   
appears   to   have   the   highest   clay   composition   while   G4A,   G4B,   and   G5B   appears   to   have   the   
lowest   clay   composition,   suggesting   that   gypsum   doesn’t   help   the   soil   retain   as   much   of   its   clay   
composition.   

  

  
  

  



  

Figure   13   
The   graph   above   represents   the   average   clay   composition   per   plant   group   throughout   the   

days   of   the   planting   period.   Generally,   the   average   clay   composition   percentages   decreased   as   
more   time   went   by.   The   purple   line   is   above   the   other   lines   by   the   end,   showing   that   Group   1’s   
clay   composition   percentage   didn’t   decrease   as   much   compared   to   the   other   groups.   There   seems   
to   be   a   pattern   where   groups   that   received   more   gypsum   (Group   3,   4,   and   5)   dropped   
significantly   in   clay   composition   percentage   by   the   end   while   the   groups   that   didn’t   receive   
much/none   didn’t   drop   as   much.     

  
  

  
Figure   14   

The   data   chart   above   represents   the   clay   composition   of   the   different   plant   groups.   In   
Groups   3,   4,   and   5,   the   clay   composition   was   very   similar   (around   22).   These   groups   were   the   
groups   that   received   the   most   gypsum   treatment.   This   differed   greatly   from   the   earth   soil   group   
(control   group),   as   the   control   group’s   clay   composition   is   5.4.   Since   the   groups   that   received   
more   gypsum   treatment   tended   to   perform   better   in   terms   of   growth,   one   can   also   possibly   infer     
  

Soil,   pH,   Growth   Analysis   
In   terms   of   pH,   over   the   first   several   days,   the   acidity   of   the   soil   started   to   decrease,   this   

is   likely   due   to   a   decay   reaction   of   ammonium-based   nitrogen   fertilizer   into   corrosive   basic   
  

  
  



  

Ammonia   gas   and   acidic   hydrogen   ions   in   the   soil.   The   reason   this   was   such   a   significant   issue   
early   on   was   likely   due   to   the   sealed   environment   of   the   plant   pots   that   limited   air   flow.   As   soon   
as   the   pH   began   to   dip   to   6.0   on   average,   1mL   of   garden   lime   granules   were   added   to   each   lunar   
regolith   pot,   in   which   the   pH   promptly   increased   to   between   6.3   and   6.6   on   average.   

The   decrease   in   pH   that   warranted   use   of   lime   and   a   hypothesized   build   up   of   ammonia   
gas   and   hydrogen   ions   in   the   soil   were   likely   related   to   the   peak   and   decrease   in   plant   stem   
heights   in    Figures   3   -   7.    This   is   likely   because   of   the   corrosive   nature   and   high   pH   of   ammonia   
gas   that   caused   the   plant   cells   in   the   stem   and   leaves   to   deteriorate   and   die,   creating   a   shrivelled   
and   wilted   presentation   in   the   leaves   and   stem   of   the   plant   as   a   whole,   eventually   causing   the   
plants   to   die.   

As   for   soil   composition   and   observations   as   seen   in    Figures   1-14 ,   initially,   groups   with   
higher   concentrations   of   Gypsum   tended   to   have   more   liquid   drainage   in   a   shorter   amount   of   
time   compared   to   groups   whose   concentrations   were   lower.   Over   time,   the   rate   and   volume   of   
drainage   increased   for   all   groups   with   a   trend   of   evening   out   the   liquid   output,   however,   group   5   
generally   maintained   a   trend   of   having   the   most   and   fastest   liquid   drainage   of   the   6   groups.   Due   
to   the   large   quantity   of   humus   in   the   control   groups,   these   groups   did   not   have   drainage   over   the   
course   of   25   days.   Waterlogging   was   also   a   common   observation   within   groups   1-4.   While   it   was   
more   common   in   groups   1-3,   pot   4A   occasionally   had   water   logging   issues.   While   the   Gypsum   
generally   broke   down   the   clay   particles’   adhesion   to   prevent   water   logging,   it   simultaneously   
allowed   the   liquid   drainage   to   carry   out   clay   and   smaller   silt   particles   with   it.   This   occurred   in   
larger   quantities   and   with   more   frequency   in   groups   that   had   more   gypsum,   increasing   this   effect   
as   the   concentration   of   gypsum   also   increased.   This   increase   in   drainage,   percolation   of   water,   
and   ability   for   root   growth   rate   to   be   quicker   may   be   related   to   plant   growth.   Groups   with   higher   
Gypsum   tended   to   have   faster   growth   rates   initially.   Eventually,   as   clay   concentrations   in   soil   
began   to   decrease   to   more   ideal   levels   in   all   groups,   the   plant   stem   growth   rates   began   to   
relatively   even   out.     

It   should   also   be   noted   that   an   increase   in   Gypsum   seems   to   correlate   with   the   frequency   
of   plant   irregularities   as   cited   in    Figure   8.    Given   this   statistical   correlation,   either   the   increase   in   
Calcium   or   Sulfur   ions   from   the   Gypsum   may   have   impacted   the   formation   or   functions   of   
proteins   and   chlorophyll   within   the   plant   cells   and   resulted   in   leaf   kinking,   leaf   discoloration,   or   
general   deformation   of   the   leaves   or   stems.   
  

Root   Analysis     
In    Figure   15,    it   was   observed   under   a   microscope   that   there   were   no   discernable   

differences   between   the   root   structures   and   lengths   from   different   groups    18 .   There   was   similarly   
no   observable   obstruction   in   the   root   structures   that   would   have   been   expected   in   high   
concentrations   of   Aluminum,   Aluminum   Oxide   (Al2O3),   or   Silica.   This   leads   us   to   the   

18  Refer   to   Figure   15   -   Root   Photos     
  

  
  



  

conclusion   that   Gypsum   did   not   affect   root   length   or   structure   at   this   specific   point,   although   root   
growth   rate   may   have   logically   been   faster   for   groups   with   more   gypsum   given   higher   stem   
growth   rates   initially.   
  

5. DISCUSSION   AND   CONCLUSIONS     
In   this   experiment,   equal   lighting   and   mechanisms   to   achieve   this   were   utilized.   These   

mechanisms   included   using   a   rectangular   prism-shaped   tent   with   full   reflective   material   covering   
each   surface,   this   helped   to   diffuse   the   artificial   lights   from   the   dual   head   rod-shaped   lights   
raised   far   enough   over   the   plants   to   have   even   distribution   of   light   and   enough   concentration   of   
light.     

After   an   interview   with   the   second-place   winners   of   Phase   1   of   NASA’s   Growing   Beyond   
Earth   (GBE)   Maker   Contest,   Grotech@Berkeley,   it   was   concluded   that   although   the   dual   heads   
provide   enough   light   to   stimulate   growth,   for   optimal   growth   rate   and   plant   health,   having   light   
strips   surrounding   the   plants   from   all   sides   ensures   all   plants   receive   equal   and   intense   lighting,   
rather   than   those   closer   to   the   bulbs   potentially   receiving   more   and   at   an   overall   lower   
concentration   due   to   presence   of   only   2   light   heads. 19     

Testing   whether   or   not   there   are   sufficient   nutrients   in   the   soil   is   crucial   as   there   needs   to   
be   some   indicator   that   the   soil   is   in   the   right   conditions   for   the   plants   to   thrive.   Applying   the   
right   treatments   to   the   soil,   fertilizers   and   amendments   all   before   the   seeds   are   planted   to   test   the   
soil   pH   and   nutrient   level   would   be   ideal   in   this   case.   The   raw   state   of   the   lunar   regolith   simulant   
has   very   minimal   nutrients   present,   so   adding   amendments   and   altering   the   powder   in   a   way   that   
the   plants   can   grow   from   it   is   a   key   part   of   the   experiment.   Another   issue   was   growing   the   plants   
in   a   sealed   environment.   While   this   ensured   other   factors   that   could   affect   plant   growth   were   
stable,   it   also   increased   likelihood   of   gas   build-up.   Having   ammonia   gas   potentially   being   one   of   
the   gases   that   contributed   to   the   build-up   in   the   plant’s   habitats   is   speculated   to   have   been   a   
detriment   to   their   growth.   The   ammonia   gas   can   potentially   destroy   structures   in   the   leaves   of   
these   cherry   tomato   seedlings,   so   having   a   ventilation   system   that   removes   the   gas   would   be   
recommended.   The   H+   ions   from   the   ammonium   will   lower   the   pH   in   the   soil,   however   this   can   
be   solved   by   utilizing   CaCO3   granules   (calcium   carbonate   or   garden   lime)   to   increase   pH   and   act   
as   a   pH   buffer.   Another   crucial   discussion   is   to   not   over   water   the   moss,   as   the   moss   retains   a   
significant   amount   of   moisture   and   doesn’t   drain   well.   It’s   better   to   water   lightly   and   make   sure   
that   the   moss   isn’t   soaked.   This   solves   the   issue   of   the   lack   of   drainage.   It’s   also   important   to   not   
utilize   un-fixed   urea   nitrogen   or   ammoniacal   nitrogen.   Typically,   in   natural   Earth   soil,   there   are   
nitrifying   bacteria   that   convert   nitrogen   compounds   from   ammonia,   ammonium,   urea,   or   other   
nitrogen   sources   to   a   usable   form   of   nitrate   (NO2   or   NO3),   all   other   forms   that   go   unfixed   

19  Refer   to   item   14   in   References.   
  

  
  



  

generally   are   released   back   into   the   atmosphere,   in   water   runoff,   or   follow   a   separate   path   of   the   
nitrogen   cycle.   A   solution   to   this   is   using   a   nitrate   fertilizer.   In   our   experiment   we   added   a   
fertilizer   that   was   15%   nitrogen   in   total   but   only   8%   of   this   was   directly   usable   nitrate.   The   rest   
of   the   nitrogen   in   the   fertilizer   was   sourced   from   urea   or   ammonia   which   was   left   un-fixed   in   the   
sterile   lunar   regolith,   breaking   down   into   its   ammonia   and   H+   ions.   Although   Lime   was   added   to   
maintain   pH   and   prevent   further   drops,   the   buildup   of   ammonia   gas   continued   in   the   sealed   tent   
environment.     

Although   we   hypothesized   that   the   metal   compounds   including   Al2O3,   Al,   and   
Silica/Silicon   Dioxide   (SiO2),   there   was   not   enough   evidence   to   conclude   that   there   is   a   
dependent   relationship   between   the   plant   root   system   health   and   these   compounds,   meaning   that   
absorption   of   water   and   other   nutrients,   root   growth   rate,   and   root   structure   was   likely   not   
affected   negatively   at   the   current   lunar   regolith   concentrations   at   this   stage   in   plant   development   
(0-25   days).     

Though,   we   can   conclude   that    Group   4    had   the   most   comparable   growth   rates   to   the   
controls   and   less   deformations    overall,   as   well   as   most   similar   clay   soil   composition   to   ideal   
circumstances.   Group   4   had   8.4mL   Gypsum,   1.845%   by   volume   of   initial   soil   mixture,   1.813%   
by   volume   of   current   soil   mixture   with   gypsum   added.   

In   the   future,   increased   air   circulation,   increased   lighting,   and   fixed   urea   nitrogen   (if   used   
in   space)   is   recommended.   
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