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WHY & WHAT

• Why LHT simulants?  If we put a base at the 
poles, the base will be on a highlands type 
regolith and therefore highlands regolith 
simulants are needed.

• We used an average Apollo 16 regolith target 
composition.

• The bulk of our material came from the Stillwater 
Complex in Montana which has long been 
proposed as a source of materials for highland 
simulants.





LHT-SOURCE MATERIALS
• The Stillwater Mining Company is actively supporting the simulant 

effort.  The SMC is mining platinum and palladium from the Complex 
in the basal norite zone (from the “J-M Reef”, 6-9 ft wide & 28 miles 
long).

• Both the highlands and the Stillwater are composed of the same 
major minerals: plagioclase (Na-Ca-Al-Silicate), pyroxenes and olivine 
(Fe-Mg silicates).  

• The lunar highlands regolith has the overall composition of a 
anorthositic gabbro-norite (~75-83% calcic-plagioclase, ave. ~ An94).

• The Stillwater Complex is a mafic layered intrusion consisting of 
hartzburgite, orthopyroxenite, norite, gabbro-norite, gabbro, and 
anorthosite.  

• LHT-1M is completely composed of rock materials from the Stillwater 
Complex, except for ilmenite obtained courtesy of Iluka Resources.

• LHT-1M glasses were made from Stillwater Mill waste.



























Simulant requirements
• Proper Mineralogy

Appropriate chemical composition
Absence of alteration minerals

• Optimal particle size distribution
• Appropriate shape distribution
• Major glass content

High quality (HQ) glass
Agglutinate (LQ) glass



Development approach

• Target average Apollo 16 lunar soil composition
NASA conference pub 2255 (1982)

• Chemical analysis of starting constituents
• USGS blending program optimizes mixture
• Mixture is modified to include best

mineralogical composition



Chemical composition starting materials

Sample ID SiO2 Al2O3 FeTO3 MgO CaO Na2O
Norite 49.4      23.72   4.07     8.17   13.6    0.84
Anorth. 48.6 30.9     1.54     1.47   15.9     1.7
Harz. 43.7        2.1    13.1 38.3 1.87   <0.2
Sand 47.7      22.1     6.2     10.5     12.5     0.9 
Apollo 16 44.9 25.0     9.3 5.8 15.7    0.47 



Components used
Material Amount % of total
Norite 38 lbs 30.0
Anorthosite 55 43.4
Hartzburgite 7.7 6.1
Ilmenite 0.92 0.73
Glass 25 19.7

HQ glass 5 (20)
LQ glass 20 (80)



Simulant preparation
• Starting material crushed  <4 mm

Norite, Anorthosite, Hartzburgite,
• Grinding time experiments (ball mill)

Consistent size reduction
• Develop appropriate mixture of starting material
• Grind for specific time period (15, 45 min.)
• Blend as one batch
• Split using spinning riffler (200g aliquots)



LHT-1M composition

Oxide Apollo 16 LHT-1M
SiO2 44.9 47.6
Al2O3 25.0 24.4
FeO 8.4 4.3
MgO 5.8 8.5
CaO 15.7 13.1
Na2O 0.47 1.4



Glass production

• Need to develop technology for glass production
HQ glass
Agglutinate (LQ) glass

• High throughput  100’s kg per day
• Excellent temperature control
• Able to handle geologic source material (powder)
• High temperature plasma



Plasma Technology
• Remotely-coupled transferred arcs

– Non-conductive material rapidly heated / cooled
– Extreme thermal gradient
– Power density - 140 MW/m3

• Glass exit temperatures 1,300–1,925 °C.  Up to 150 kg/hr
• Plasma temperatures 13,000˚K to 21,000˚K

– Typically run at 600 to 1,200 amps

LHT glass 
manufacturing



Agglutinate production

• Partially melted material
• Irregular internal structure, vesicles
• Very friable
• Production rates at 50+ kg (110+ lbs) per day





Movie clip





Morphology is right on for these 
bigger blobs – lots of melt, little 
bits sticking to bigger bits, 
spherules sticking to everything





Glass spherules are rare to isolated. This one is 
firmly attached to larger vesicular glass.
Glass has Mg-rich highlands composition
regardless of shape, and is homogeneous.
No inclusions have been identified in glass.
Nothing found in sample that looks like agglutinate.
Found isolated ilmenite(?), a Zr-rich grain, and a grain
consisting of Si, Al, C, and O. 

typical plagioclase
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Glass constituents (in order of
decreasing peak height, which qualitatively correlates to 
abundance ): O, Si, Al, Mg, Ca, Na, Fe.

Composition is excellent approximation to those of many 
lunar highland impact glasses .
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System overview
Carl Zeiss custom SEM

Bruker AXS X-ray 
detectors

Intellection iDiscover™ analytic 
software suite

Intellection QEM*SEM®
integrated control 
hardware

QEMSCAN® uses advanced e-beam 
technology from Carl Zeiss and 
combines this with high resolution 
BSE and SE imaging, and state-of-
the-art Energy Dispersive 
Spectrometers. It integrates these 
using iDiscover software to provide 
a solution capable of identifying 
most rock-forming minerals in just 
milliseconds  



QEMSCAN® Results

Digital photograph of a 30mm diameter 
polished block

QEMSCAN® false-coloured, digital 
particle mineral map montage of a 

polished block 



Modal Composition and Repeatability
N U -L H T -1 M : C N U -L H T -1 M : B

C a M g Fe  G la ss 2 6 .0 2 6 .8
M g FeA l S il ica te 0 .5 0 .5
C a  A l S il ica te  G la ss 1 .7 2 .2
M g  S il ic a te s 1 .3 1 .4
O liv in e 3 .5 3 .6
O rth op y roxen e 7 .6 6 .8
C lin op y roxen e 8 .3 8 .2
K  F e ld sp a r 0 .1 0 .1
P la g io c la se  (A n 6 0 -A n 1 0 0 ) 4 5 .6 4 4 .6
P la g io c la se  (A b -A n 6 0 ) 4 .1 4 .1
Q u a rtz 0 .2 0 .2
Ilm en ite 0 .6 0 .4
C h rom ite 0 .1 0 .1
M a g n e t ite 0 .1 0 .3
Iron 0 .0 0 .5
O th e rs 0 .3 0 .4
T o ta l 1 0 0 1 0 0



Simulant Particle Shape - Quantified

NU-LHT-1M: C NU-LHT-1M: B
Very Angular 3.5 2.5
Angular 5.8 4.8
Sub Angular 17.2 15.9
Sub Rounded 44.3 44.0
Rounded 29.1 32.6
Well Rounded 0.2 0.2
Total 100 100

NU-LHT-1M: C

NU-LHT-1M: B
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Production plans

• Create a prototype material NU-LHT-2M
Improvements from LHT-1M effort
Addition of minor minerals - fidelity
Nanophase iron in agglutinate?
More spheroids

• 900 – 1000 pounds
• Expected completion date 1-1-08
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