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* Mining Requirements
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Find resource location, geometry, guantity and properties
Identify physical property and geological setting to detect

Location (Earth, Moon, Mars, Asteroids, etc.)
* Remote (telescope)
e Orbital
e Aerial
e Ground
e Drill

Sensing Method
e Passive Imaging (varying wavelengths, radio to gamma)

* Active Imaging (varying wavelengths, radio to gamma)
e Absorption, reflection or diffraction
* Direct imaging or spectroscopy

Gravity (deep but low resolution)

Magnetism (shallow, but higher resolution than gravity)
Conductivity (electro magnetic)

Seismic (acoustic)
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Emission Spectra of the Elements

2/2/2017




Michigan
L Technclogical Moon, FeO

http://www.spudislunarresources.com/Images_Maps/global%20Fe%20EA.jpg
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http://www.spudislunarresources.com/Images_Maps/global%20map%20EA%20and%20key.jpg
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Gravity Methods
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miners.eu/earth_observation/eo_eof eom_geophysical.htm
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* Gravimeter
e Local or global level
e Depends on density

http://svs.gsfc.nasa.gov/vis/a000000/a004400/a004436/MarsGravityMapYouTube.jpg
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e Uses a magnetic dipole

* Induces a magnetic field, measure resultant, can deduce
remnant magnetic field present ~ AeroTEM Survey, 201]

‘"TYKO NORTH SHOWING®

DEHole THOG-05
B.2m of 1.05% Ml &
0.A47% Cu, 0.20g0 Ft,
0120 Pd

U-PLE In autrap

* 3 rock type identification
* Diamagnetic

——— DOHole THOG-03
41m of 1.07% Hi ,
s == s DUETTC, D240 P

= s = | 0120/t P,

 Paramagnetic

"TYRO SHOWING"

i ——! BEHole TH-01
T A4 of 1.09% Wi,
0.77% Cu, 0.42g1 P1,

0429/ Pd

* Ferromagnetic (has 3 types also)

P10 b slrike W host NW-5E ultramahc leeder syslem

e Stay within 10-15 km of base station

e Eliminate internal and external magnetic field, want
anomalies
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Electromagnetics

4 methods: spontaneous polarization, induced polarity, phase induced polarity, complex resistivity (spectral

induced polarity)

When using two electrodes connected to ground they give you a difference in potential

Requires good contact with ground
Uses 100-200 mV
Several methods (patterns) exist

a gradient array resistivity survey (GAR and a
spontaneous potential gradient survey (SPG) over an area
of approximately 1.75 by 1.75 miles. GAR is a well-
established method for detecting and delineating alteration
zones, in particular silicification, as well as high angle
fault zones. Effective search depth is 1,000 feet. SPG, on
the other hand, detects oxidizing, vertically extensive
sulphide mineralization. A summary of the GAR and SPG
data is shown in the figure to the right:

For shallow targets 3-50 m depth
Use 3-5-10m spacing

Can be used in boreholes also
Electric resistivity / conductivity can vary 20 orders of magnitude

Three ways
* Electric (Ohmic) — free electron movements (small amounts)
e Electrolytic (current carried by ions) — predominantly used
* Dielectric conductions — slight rotation of atoms (for radar)

Water, salinity, temperature, water distribution play large roles
Depth of discovery is prop. to distance between farthest active electrodes
Dipole-dipole method only for profiling

Schlumberger method for sounding & profiling
https://www.sec.gov/Archives/edgar/data/1346022/000113707006000009/ex105coalcanyon.htm

2/2/2017
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@%g“?”n“i"ﬂ Natural and uniform field
rams| UNLVersilty methOdS

e Telluric method
e Only works with highly resistive (insulating)
base layer
* Magneto telluric method

e Gives best results over uniform, isotropic,
horizontal beds in which resistivity only
varies with depth

* Base station can be setup to improve s/n ratio \ \ [ \ . Equipotential lines
Layer 2 ;

Lines of electric flow feld

* Artificial fields (loop loop fields, two loops oriented in
many ways)
* Typically 50-800 ft distance between loops
e Stations measure at /% the interval
 Max theoretical depth is /; the spacing
2-4 miles a day coverage, 2-3 min per measurement
Designed to detect dikes/conductors
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e Refraction and Reflection methods

* Body waves
e P-wave (particle motion // to wave propagation)
e S-wave (particle motion perpendicular to wave prop)

e Surface waves
e Love waves (particle motion perp to prop on surface)

e Rayleigh waves (particle motion elliptical retrodirection in the
vertical plane)

1 2 3 & 5 8 7 a

e Refraction Method eSS R e e e s
e Reflection Method

Figure 4, Undarwater explosions am se1 off to generate acoustic waves that refiect off
gaclogic layers gnd are recelved by a lingar aray of equally epaced hydrophonas

2/2/2017 https://str.linl.gov/str/Clark.html 11



A%t \ost often for large scale bodies

800 m

3D seismic survey at
Sudbury: vertical section == <33
and interpreted SIC/foot NS
- wall contact (top), 3D
view of the dip\oin
contact (lower left), red  ..|:
lines show the locations :
of the depth section and _
time slice (bottom right). ==-
Bright spots
corresponding to
possible sulfide deposits
can be seen on both
seismic sections.

Km scale

1200 m

1500 m

2100 m |

http://csegrecorder.com/articles/view/3d-
seismic-exploration-for-mineral-deposits-in-
hardrock-environments
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£, Techsiogical Resolution matters

e E.g. gravity (on Earth) typical field
procedure:
e Regional survey: 0.5-2 km spacing, square
grid
e Local survey: 10-100 m apart along roads

e Position (x,y,z) needs to be accurately known
within inches (regional within 1 ft)

e A good knowledge of rock densities in area
is required to find anomalies

e E.g. magnetometer (on Earth) typical
field procedure: # A
e Airborne: line spacing ~200m, tie lines >10x  RESOLVE field test Hawaii 2012
line spacing
e Fly draped (follow topography at constant
height) is good for mining targets

e Fly barometric (constant altitude) is good for
oil (deeper targets)

Glok

lmage

2/2/2017 14
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Four reference cases were chosen to represent the output of HLS?

' ' A lce B. Poly-hydrated C. Clay D. Typical
Essential Attribute Sulfate Regolith (Gale)
Depth to top of deposit (stripping ratio) variable (1-10m) om om om
Deposit geometry, size bulk bulk bulk bulk
Mechanical character of overburden sand NA NA NA
Concentration and state of water-bearing phase
within the minable volume
—Phase 1 90% ice 40% gypsum? 40% smectite? 23'53)612?6““(:
—Phase 2 - 3.0% allophane* | 3.0% allophane* | 3.0% allophane*
—Phase 3 - 3.0% akaganeite® | 3.0% akaganeite® | 3.0% akaganeite®
—Phase 4 - 3.0% smectite? 3.0% bassanite® | 3.0% bassanite®
—Phase 5 -- -- - 3.0% smectite?

Geotechnical properties

—large-scale properties (“minability”), e.g.
competence, hardness

competent--hard

sand--easy

sand--easy

sand--easy

—fine-scale properties (“processability”) , e.g.
competence, mineralogy

no crushing needed

no crushing needed

no crushing neede

d

no crushing needed

The nature and scale of hetemgeneity %?nnpat?r(i)t:]elsn corfgr:/tor;rt]ion co:csgr:/tor;?ion co:c?gr:/tor;':ion
Distance to power source 1km 1 km 1km 100 m
Distance to processing plant 1km 1 km 1km 100 m
IAmenability of the terrain for transportation flat terrain flat terrain flat terrain flat terrain
Presence/absence of deleterious impurities dissolved salts none none perchlorate?
First order power requirements TBD TBD TBD TBD
Not Considered

Planetary Protection implications TBD TBD TBD TBD

ZIZT UL T

A A WN

Definition of Reference Reserve Cases

. ~20 wt% water, 100-150°C
. ~4 wt% water, 300°C

. ~1 wt% water, >500°C

. ~20 wt% water, 90°C

. ~12 wt% water, 250°C

. ~6 wt% water, 150°C

15
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Basis for Case A

Map of Mars Glacial Features

180° -120° -60° o° 60° 120° 180°

Mot included in survey

Mot included in survey @ Lineated Valley Fill

. Lobate Debris Aprons
(O concentric Crater Fill

180°

-120°

-60° 0°

60° 120°

With many of these glacier-related geomorphic features, we have no
information about whether residual ice remains, and if so, at what depth. Note
that some lobate debris aprons have been confirmed to contain ice by radar
Investigations.

From Dickson et al., 2012; discussion with Jim Head acknowledged



Qaﬁgg;ggwalGlacial Deposits on Mars: More Detall

s » Mars glaciers are covered with a combination of sublimation till
(the residue left as a result of ice sublimation) and rubble from
\ nearby exposed outcrops.
« SHARAD data show a single, discrete surface echo over
1 (glaciers, implying that the thickness of the protective
debris/dust cover is on order of the SHARAD vertical
resolution (~10m) or less.
» Could be between 1-10 m thick
. GIaC|aI ice 5 1003 of meters thick.

f
I

Inrfqge credrt }\II?S.A/ N#SSMO‘ZT

B
L

| SHARAD data showmg the dlscontlnuous nature of th|ck
subsurface ice in the middle latitudes. White line segments
indicate ice detections.

Image credit: NASA/JPL/UA HiRISE :
2/2/2017 Rummel et al. (2014) and Plaut (2016, Pers. Comm.) 17




A e Basis for Cases B, C

Map of aqueous mineral detections

Note: footprint size is from 3x6km spots to 18-2000m/pixel
depending on instrument used for detection.

@ Phyllosilicates @ Silica [ Chlorides @ Carbonates 4 Sulfates
A master compilation of all mineral detections for Mars. Of relevance to this study are the
phyllosilicate and sulfate detections.

From Ehlmann and Edwards (2014)
2/2/2017
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Michigan Basis for Case C

iaks] University Phyllosilicate Water Content

» For the purpose of this analysis, we assume a deposit consisting of smectite with an
average of 4 wt% water content — note that this is lower than would be expected for
terrestrial samples. It is also possible that phyllosilicate deposits with higher water
contents could be identified.

Wt. 9 H20

0.40
- P{H,0) = 1.6x10" bars = = 3.0 4.0 5.0 6.0 7.0 =8.0
g 0.35 Mars g
3 Mars night, subsurface i %
E 0.30 | squalor =~ M i 05N B

equator o

=] r’f =
= O0.Z5
S g i
fn a0 5 24°N
pry 108

0.18
g 2 22°N
= 3
3 .10 Al Na-ciinoptiiolite | , - E_
O o.0s Vi 5 20°N
™ Ha-smectite % Ca-smeclite -

0.0 0.0 L et Tt |

100 150 200 250 300 150 400 R @) Mawrth Vallis RS
Temperature (K) 336°E 340°E 344°E 348°E

Equilibrium hydration state of Na- and Ca-smectites ~ Modéled hydration maps for phyllosilicates in the
(left axis) and of Na-clinoptilolite (right axis) as a Mawrth Vallis r_eglon._These regions exhl_blt water
function of T at a P (H,0) of 1.5x10° bars. Note that ~CONtents 2-3 times higher than surrounding

at Mars surface conditions, Na-smectite has ~2 wit% terrains with similar albedo values, approaching
water, and Ca-smectite has ~7 wt% water. values of 6-9 wt.% H,0.

From Bish et al (2003) (left), Milliken et al (2007) (right), and discussion

2/2/2017 with Dave Bish and Ron Peterson



Mg e Basis for Case D (1 of 3)
faaa] University Introduction to the Martian Regolith

* The broadest definition of “regolith”, as it is used in a planetary sense, is: “The
entire layer or mantle of fragmental and loose, incoherent, or unconsolidated
rock material, of whatever origin (residual or transported) that nearly
everywhere forms the surface, and that overlies more coherent bedrock.” As

such, this term as applied to Mars encompasses “soil”, dunes, talus, ejecta,
rubble, airfall dust, etc.

= Bagnold, MSL
= -ﬂ.‘\ '—‘1-—'-—-&”"\'._ —a

—

g = 4 4
: - L:ﬂ_’ e if_:,_\h
JPL/NASA A J £ _ =

= g 7
Endurance, Opportunity — j Ares Valles, Pathfinder

Paso Robles, Spirit o

Although regolith, in the strictest sense, is present essentially everywhere on Mars, it is not all
equallyamenable to ISRU operations. Note significant differences in mechanical properties.



michigen Basis for Case D (2 of 3)
Laas] University What is the Regolith Made of? (Data from MSL)

 Mineralogy and total weight percent water used for reference Case D are based on data from MSL
instruments: CheMin, SAM, and DAN.

e Case D mineralogy was based primarily on Rocknest, with additional minor components from John Klein and
Cumberland to match the 1.5 wt% water indicated by the more conservative DAN results.

Mineral Rockne st John Klein Cumberland
Plagioclase 298 22.4 22.2
Fa-forsterite 16.4 2.8 0.9
Augite 10.7 3.8 41
Pigeonite 101 5.6 4.0
Orthopyraoxens 3.0 4.1
Magnetite 1.5 3.8 4.4
Anhydrite 11 2.6 0.8
Bassanite 1.0 07
Quartz 1.0 0.4* 0.1+
Samiding 0.59* 1.2 L&
Hematite 0.8* 0.6% 0.7
Ilmenite 0. 0.5+
Akaganeite 1.1 17
Halite 0.1 0.1
Pyrite 0.3*

Pyrrhotite 1.0 10
Smectite 22 18
Amorphous 28 3l —

Crystalline and amorphous components (wt%) of the John Klein and Cumberland
drill powders, compared with the Rocknest scooped eolian deposit. From
plagioclase to pyrrhotite the estimated errors are ~6% of the amount shown for

o B/
_ The Rocknest ‘J/

abundances of >20%, ~15% for abundances of 10 to 20%, ~25% for abundances of / Sample (M SL) ‘ 2
2 to 10%, and ~50% for abundances of <2% but above detection limit. Phases .
marked with an asterisk are at or near detection limit. Relative 20 errors are ~50% This material was analyzed in
of the amount shown for smectite and ~60% for the amorphous component. [Data detail by MSL.

primarily from CheMin, with smectite information from SAM.]

2/2/2017  From Vaniman et al. (2014) 1


http://photojournal.jpl.nasa.gov/jpeg/PIA16225.jpg

Tass| University

meere  Basis for Case D (3 of 3)

DAN Measurements of Water Equivalent Hydrogen

 DAN measures total hydrogen over a footprint 3m wide and down to a depth of ~60 cm.

 Data from DAN are best modeled by a 2-layer structure

 Upper layer has less H (average 1.5-1.7% WEH) than the lower layer (average 2.2-3.3%

WEH).

 Local anomalies as high as 6% WEH were measured in the first 361 martian sols; in later sols

contents up to 10% WEH were measured.

SRk T::é"f"lk" S
“Chlorife .

- Content

Cont&ntofwatermhnttam!ayar 3 ) ey,

wi ] B s L

Data from MSL's DAN
instrument are best
modelled using a two-

layer subsurface

structure. The top layer
ranges between 10-30

cm thick. Water

concentrations are in

table below.

water. The H could be present in hydrous Odometry Ranges 0-455m  455-63Bm  G38-M6m  876-1900m
minerals or as OH—it is almost certainly not (1) 2 (3) (4) (s)
present as liquid water. The “water-equivalent Top water Imm - }_‘S?Eﬁ ﬂ :iz;: lﬁiﬁi ;ﬂigﬂg

” H Bottomn water +0 + + +
hydrogen” or WEH m_easured by D‘:AN, |s”used to Verticak-average water (wt %) 507+ 0.05 1474003 231 40,04 265004
calculated _the potential amount of “water Thickness of thetop layer (cm) 1341 6+2 16+1 2241
present using the models. Content of absorption equivalent chlorine (wt %) 1.07 +002 1144002 1,19+ 0.01 1174001

2/2/2017  From Litvak et al. (2014) (top) and Mitrofanov et al. (2014) (bottom).



E wighigen s Other Options Considered and Ruled Out:
s e Extraction of Water from the Atmosphere

Some general facts and calculations:

1. At Mars surface pressure = ~6 mbar; atm density averages ~0.020 kg/m3, water ~210 ppm =
0.0042 g(water)/m3

2. 1 kg water is contained in 250,000 m? of atmosphere

3. To produce 5 mt water per yr, 0.57 kg would have to be produced per hour, which means 2400
m?3 (~1 Olympic sized swimming pool) of atmosphere would have to be handled per minute,
assuming 100% recovery. This is equivalent to 84,000 CFM.

4. Martian atmosphere is at 1% of the pressure of the inlet pressure for compressors on Earth,
thus an additional compression factor of 10?2 would have to be applied to get the same
throughpuit.

- We have not seen a credible method proposed for : r
separating the water from an airstream of this scale, L2 3 ;53"-; p—
sSo we cannot estimate recovery efficiency.

—> The air-handling system implied by these calculations

AR140 MAN1 —the
largest axial flow
compressor for use in
industrial applications
(on Earth)

would be on the same order of magnitude as the
largest air compressors known on Earth: ~600,000
CFM, requiring 65 megawatts to run, and roughly
5x5x10m in size.

CONCLUSION: The mass, power, volume, and mechanical complexity of the system
needed for this approach are far outside of what is practical for deployment to Mars.




E Michigan Other Options Considered and Ruled Out:
Loas] University RSL, Permafrost, High Latitude Ice

Recurring Slope Lineae (RSL)
* Only occur on steep slopes — very difficult for mining/transport operations.
» By definition, RSL are transient (seasonal). If liquid water is present, it may be only temporary.

» Hydrated minerals likely present, but are not necessarily more concentrated than in our other
cases.

Image of a set of RSL
(dark streaks) on a
crater wall. Image credit
JPL/NASA/Univ. Arizona

e L ‘.* i [ |
Permafrost: Although thls eX|sts (at hlgh Iatltudes) on Mars, permafrost represents the

existence of ice in the pore space of rock or soil, which is a Iow-grade variant of Case A
(glacial ice). Since this will be less productive than glacial ice, we evaluate the latter here.

High Latitude Ice: Although large deposits of ice exist on Mars above 60° latitude, these
exceed the latitudes set by our ground rules and assumptions.

2/2/2017 24
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E Michigan Other Options Considered and Ruled Out:
B University Deep Groundwater (1 of 2)

* MARSIS and SHARAD (radars) would be able  vagsis  sHaRAD-

to detect Mars groundwater (liquid water or
brine in Mars bedrock) if it were present within

the depths cited. Spatial res. ~10km  ~0.5 km
Depthres. ~100m  ~10m

~1 km ~300m

0 H Map of Mars
il showing MARSIS
HMLER A data coverage as of
ki o Iey Nov. 2015.

il Bl » Yellow: Survey
completed and no
water detected
(evidence of

iyl absence).
Jililtii| » Red: No data or
LY SNR too low
(absence of
evidence)

Coverage ~69% ~31%

* No such groundwater has been detected.

Latitude [Deg]
L)

40 it

60 fi il

-80F

-150 -100 -50 0 a0 100 150
Longitude [Deqg]

2/2/2017 Contribution from Jeff Plaut; discussion with Rich Zurek, Serina Diniega



Michigan Other Options Considered and Ruled Out:
fans] Universiy Deep Groundwater (2 of 2)

Radar energy from orbit
Atmosphere

‘ Ground surface

e — | —

I 5 Lis™1km  The absence of radar reflections from below
ground surface indicates no water table Subsurface

* Confident about lack of liquid water within upper 200-300m,
where signal is strongest.

 Below this depth, signal strength is too weak to determine
presence or absence of water.

VERTICAL POSITION

MARSIS 5-MHz, radargram of the Athabasca region of Mars (4-7N, 149E). Images are taken along
the track of the orbiter, using radar to detect subsurface features like water, which would show up
as a reflective surface.

* Given the absence of detections, and the fact that the coverage map is rapidly filling in = unlikely
that there is groundwater at a depth shallower than ~200-300 m anywhere on the planet.

2/2/2017 Contributions from Jeff Plaut; Rummel et al. 2014 ¢
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Use ISRU to generate consumables / propellant (source: HLS?)

Equator Mid\Latitude (45 - 55 Deg) Polar
\\ |
Use Atmosphere Use Mineral Deposits O 0
| Use Water Ice Deposits
D: ‘Common’ Regolith A: Buried Glacial Ice
C: Phyllosilicates Recurr ineae
Accessibility and minimal volume
B: Poly-hydrated Dee .
Sulfates : :
No Evidence of Existence
Per
Hi i Ice
Outside of Acceptable

Human Landing Sites

Abbud-Madrid, A., D.W. Beaty, D. Boucher, B. Bussey, R. Davis, L. Gertsch, L.E. Hays, J. Kleinhenz, M.A. Meyer, M. Moats, R.P. Mueller, A. Paz,
N. Suzuki,(PL wan Susante, C. Whetsel, E.A. Zbinden, 2016, Report of the Mars Water In-Situ Resource Utilization (ISRU) Pfanning (M-WIP) 27
Study; 90 p, posted April, 2016 at http://mepag.nasa.gov/reports/Mars Water ISRU Study.pptx



http://mepag.nasa.gov/reports/Mars_Water_ISRU_Study.pptx
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Atmosphere
Processing

Atmosphere

= Pressure: 6 to 10 torr
(~0.08 to 0.1 psi);

= >95% Carbon Dioxide

= Temperature: +35C
to -125C

= Everywhere on Mars;
Lower altitude the
better

= Chemical processing
similar to life support
and regenerative
power

Mars ISRU: Atmosphere & Water Resource Attributes

Granular Regolith
Processing for Water

Mars Garden Variety Soil

Low water concentration
1-3%

At surface

Granular; Easy to
excavate

300 to 400 C heating for
water removal

Excavate and transfer to
centralized soil processing
plant

Most places on Mars; 0 to
+50 Deg. latitude

Increasing C

Gypsum/Sulfate
Processing for Water

Gypsum or Sulfates

Hydrated minerals 5-10%
At Surface

Harder material: rock
excavation and crushing
may be required

150 to 250 C heating for
water removal

Localized concentration in
equatorial and mid
latitudes

Icy Regolith Processing
for Water

Subsurface Ice

90%+ concentration
Subsurface glacier or crater:
1 to 3 m from surface
possible

Hard material

100 to 150 C heating for
water removal

Downhole or on-rover
processing for water removal
Highly selective landing site
for near surface ice or
exposed crater; >40to
+55 Deg. latitude




Al ISRU Resource Trade Tree

University

Use ISRU to generate consumables / propellant (source: HLS?)

Equator Mid\Latitude (45 - 55 Deg) Polar
\\ |
Use Atmosphere Use Mineral Deposits N e

I Use Water Ice Deposits

More technology
development

needed, but More data needed from Mars — Understanding the
Mars 2020 / planet AND technology demonstrations (both in the

MOXIE should lab AND in the relevant conditions)
answer many

environmental st
guestions

| h_Latitude Ice

Outside of Acceptable
Human Landing Sites

Abbud-Madrid, A., D.W. Beaty, D. Boucher, B. Bussey, R. Davis, L. Gertsch, L.E. Hays, J. Kleinhenz, M.A. Meyer, M. Moats, R.P. Mueller, A. Paz,
N. Suzukd,(PL ¥an Susante, C. Whetsel, E.A. Zbinden, 2016, Report of the Mars Water In-Situ Resource Utilization (ISRU) Pfanning (M-WIP)
Study; 90 p, posted April, 2016 at http://mepag.nasa.gov/reports/Mars Water ISRU Study.pptx



http://mepag.nasa.gov/reports/Mars_Water_ISRU_Study.pptx

University

A ¥t Key Properties of Resources (M-WIP)

M-WIP Study from 2016 Identified key material properties impacting design and operations
of Martian ISRU systems:

* For Water-bearing Granular Material:
— Geometry, Composition, Size of Deposits
— Heterogeneity, particle size for MECHANICAL properties AND WATER CONTENT
— ”Processability” of ore, including chemical properties
* For Subsurface Ice:
— Thickness of overburden
— Mechanical Properties and composition/particle sizes of Overburden
— ”Processability” of subsurface ice, including thickness, hardness, and contaminants
— Stability of exposed ice (rate of sublimation)
* For Both:

— Distance / trafficability between resource deposit and ”point of use”

@' Dependency of Engineering
Conclusions on Variations in Geology

Mars Water In-5itu Resource Utilization
(ISRU) Planning (M-WIP) Study

Relalive mportarce of Knoafscps

Agpril 22, 2018
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Agaren Paz, Reniel Suaukd, Paul ven Susente, Shisis Whites, Sheabath Senden
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A5 Drilling & Surface Methods

* Presence (heterogeneity spatially)

* Minerology (Processing)

 Rock Quality Deteremination

e Soil Mechanical Properties (Excavation & Processing)
* Water Table
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 Example Potential Gold Deposit
e Phase |: 10 drill holes (3,000 feet)
e Phase Il: 12,000 feet (if Phase | |

successful)

* Note Scale

Drilling
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& =g Copper (sulfite) Example

Figure 7.7: Amygdaloidal Flow Top with Calcite and Epidote Filling Amygdules (Drill Core) Figure 7.8: Fragmental Flow Top with Predominantly Calcite-Epidots Matrix (Drill Core

Figure 7.10: Ophitic Basalt in Flow Interior (Drill Core)

Figure 7.9: Scoriaceous Flow Top with Amygdular Clasts and Thick Interstitial Laminated
Tuffaceous Sediment (Drill core)

LEGEND

Figure 7.6: Project 5435 Subcrop Geology
ROCK STRUCTURE
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oo ! http://www.highlandcopper.com/i/pdf/reports/2014-10-09_43-
Project 5435 Subcrop Geology 101_543S%20Resource_FINAL.pdf
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A i Total Drill Holes and Length

Table 12.1: Content of Diamond Drill Holes Available for the Resource Estimate for 5435

Hole Type HF.I|E Number of Average Total Length Number of
Size Holes Length (m) (m) Assays
HKV (1970's) BQ 81 199 16,722 1,654
GLM (1990) NX 10 151 1,507 425
HCC (2012-2013) NQ 129 162 20,963 16,794
HCC (2012-2013) HQ 42 129 5,438 4,405

http://www.highlandcopper.com/i/pdf/reports/2014-10-09_43-101_5435%20Resource_FINAL.pdf

2/2/2017 34
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4 =masical — |nterpretation of Drill Hole Data

UTM Coordinates North (WWGS 04)

Figure 7.15: Contoured Cu% x Thickness {m) Diagram for the Main Mineralized Zone at the 543S Deposit

Highland Copper Company Inc
543S Deposit
S o Vertical Projection of Main Mineralized Zone
120 Cu% (at 0.2% cut-off) x Thickness (m) Values

Midpoint of Mineralization Projected to Surface fFon

® Highland Drill Holes
4 Historic Drill Holes

28388

r
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]

5245600
1

Cu%xThickiness

Az3

5245500 |

5245400

4163

L2w L2E L4E L6E L8E L10E L12E L14E L16E L18E
411150 411200 411250 £11300 411350 411400 411450 411500 411550 411€00 411650 411700 411750
UTM Coordinates East (WGS 84)
2/2/2017 http://www.highlandcopper.com/i/pdf/reports/2014-10- 09 43-101_5435%20Resource_FINAL.pdf 35
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L Techoclogical Contour Interpretation

Figure 14.3: Section View of the Dike Contour Interpretation — Section 50200E Looking East
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£ Tectntiogical 3D-Interpretation

Figure 14.5: 3D View of the Drill Holes and the Domains (in various colors)
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A =miesea | NJicated & Inferred Resource

Figure 14.6: Resource Categories

Indicated Resources

. Inferred Resources

2/2/2017 http://www.highlandcopper.com/i/pdf/reports/2014-10-09_43-101_5435%20Resource_FINAL.pdf 38



Al ramioical Qe Body Analysis — Cut-Off Grade

Figure 14.10: Constrained Mineral Resources Distribution by Zone — Cut-Off Grade of 1.9% Cu Eq.

http://www.highlandcopper.com/i/pdf/reports/2014-10-09_43-101_5435%20Resource_FINAL.pdf Zone 27
2/272017 ' 39




£ Tochobiogica Effect of Cut-Off Grade

Figure 14.11: Grade-Tonnage Curves of Unconstrained Indicated Resource Estimate for Selected
% Cu Eq. Cut-Offs (1.9% Cu Eq. Shown in Red Dashed Line)
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http://www.highlandcopper.com/i/pdf/reports/2014-10-09_43-101_5435S%20Resource_FINAL.pdf
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2/2/2017

Open Pit and/or Underground

Figure 14.14: Hybrid Option Constrained Mineral Resource — (A) Open Pit Constrained Resource
and (B) Underground Constrained Resources

Cut-Off A

0.9% Cu Eq.

[] 0.9-1.5% CuEq.

B 15-3.0%CuEq. e o

Bl >3.0% CuEa.

http://www.h|ghIandcoppeT.comll/pdf/reports/2014—10—09_43—101_5435%20Resource_FI NAL.de

Cut-Off
1.9% Cu Eq.

— —

B e Ag/ap,@f 41



Michigan .
L Technclogical Conveying

e Conveying technologies:
e Augers (screw conveyors)
* Pneumatic conveying,
* Magnetic conveying pumping,
* Vibratory conveying,
* Belt coveyors
e Bucket Elevators
e Cable cars & Slurry Lines
e Loaders/Haulers
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 Drill vs. auger
e Usually a combination: drill bit followed by auger flute

e Function of drill is to break/loosen material and lead it to the
auger

e Function of the auger is to transport material

e Can transport
e Liquids
e Particles / fragments
e Vertically, incline
 Small and large scales
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SCREW CONVEYOR

» Advantages:

Compact

Modular design: easy installation
Simple supports

High temperatures

Easily hermetically sealed

Extremely versatile:
e “Dose”
o Mixer

Distance up to 50 m

Several loading and unloading
points possible
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SCREW CONVEYOR

e Drawbacks:
— Does not allow transport of large sizes of material
— No fragile or delicate materials
— Mostly for non abrasive materials
— Bigger power requirements due to friction
— Material pollution
— Low material volume

2/2/2017

45



Augers used for ....
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http://falconindustries.com/indu http://falconindustries.com/indu
stries/plastics stries/mining

L bt

WWW. brockgraln com
= '"ﬂﬂ]lﬂﬁ%

B i * h,
-.s o
http://www.outdoorblog.net/out

inmichigan/2012/09/05/ion-
electric-ice-auger-2/

https://en.wikipedia.org/wi
ki/Archimedes'_screw

www.directindustry.com 46

36 inch auger
www.boxeruk.com

;‘ﬂ g
FoE e

WWW. spartaneqmpment com

3

www.vanwalt.com
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g A\ yoers for space applications

Bucketwheel & Auger testing at CSM Mauna Kea field test setup: PILOT (Precursor In-situ Lunar Oxygen Testbed) (LMA /NASA)
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A =i Drilling in Space Applications
* Low power

* Low material volumes
 Modest depths (10’s of meters)

Cxil Siie
Honnp dil
Gealogin Maypmints

Sover Travers=

botics Asteroid Hopper concept (Honeybee Robotics) Curiosity Drill Sites at Gale Crater (NASA JP

Honeybee Ro



L Techoclogical Pneumatic Conveyance

* Foundries - Eliminating screw conveyors and dense phase
systems handling foundry dust and sand

e Power - Conveying sorbents ( limestone, CaCO3, Mg0), coal,
ash

* Building Materials - Fiberglass, gypsum, sand, roofing tiles

e Ceramics/Tiles - Conveying sand, grout components,
aggregate

e Cement - Reclaim from dust collectors, aggregate, additives.

* Plastic Compounding - Conveying pellets filled with as much
as 50% fiberglass

* Mining - Handling hot product from calciners, dust

e Glass - Handling silica, glass frit

Prod_uﬁr._t Inlet

Mafiiﬂﬁnm Blower

http://www.foxvalve.com/It_solid_ce.aspx
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e Pneumatic Conveyance

http://news.nationalgeographic.com/energy/2015/06/150602-Musk-sonic-hyperloop-gets-California-
stretch/#/3_hyperloop_hyperloop_concept_nature_02_transparent_copyright_2014_omegabyte3d_c.jpg

p://www.nydailynews.com/life-style/eats/restaurant- http://www.sbs-ky.com/portfolio-item/pneumatic-tube-systems/
installs-pneumatic-tubes-deliver-dishes-article-1.1562480
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E%mﬁ%m Pneumatic Conveyance in Space
Applications

e Material Transport

e Requires very little gas

| Popgan Tagely Ve

Fogapdm Ag
hoepalalow

| Proes: Rt Vaive |
I Toastapn! Aw Supply | Valve ]u

Hon e%%{ezF?olgot ics

IEEEAC paper#1082, Version 5, Updated 2009:11:01



waeen  PNEUMatic Conveyance for Space
Applications

lams| University
e, e Cyclonic Separation

regolith travel
p between ,
the outer and gscaping gas
nner tubes
(Primary path) .
s« ¢ Loading of Samples
Some gas escapes
escapes thraugh through the
the regalith . .
utsida the r;golnh olutsuzllge °
sample tube the sample tube G -
which is the which is the a S re u Se

secondary and
least preferred
ath

secondary and
least preferred
path

Plunge Method Traverse Method

2/2/2017
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Stephen Covey, Deep Space Industries

Nasa KSC

Non-magnetic

Magnetic Conveyance

Powdered ore

Moving belt

Magnetic

http://www.mstworkbooks.co.za/natural-sciences/gr7/gr7-mm-02.html

VIERATORY
FEEDER

PFER BELT STATIONARY FERMANENT
UPPER BEL -E — MAGNET ASSEMELY

; &
e

SEE3. MAGHETIC MATERIAL
ADJUETABLE DMVIDER

CLEANKED NON-MAGHETIC
M TERLAL

http://www.jupitermagnetics.com/ 53
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http://performancefeeders.com/custom-applications/vibratory-
feeder-bowl-system-with-center-discharge

'i | . [ =

http://www.progressindustries.com/products/vibcon.html

* Few Moving Parts
* Energy Intensive
e Used in various industries

https://www.generalkinematics.com/product/syncro-coil-vibrating-conveyors/

2/2/2017 54



L Technsiogica Belt Conveyors

A belt conveyor is a rubber or textile structure with a belt shape closed ring, with
a vulcanized or metallic joint, used for material transportation.

» Belt conveyors are the most used for transporting solid objects and bulk
materials at great speeds, covering great distances (up to 30 km)

Phoenix Conveyor Belts



A it
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feet] University U-cleats and V-cleats profiles

 Designed for transport of all type of bulk material such as rock, sand and
gravel. It is also suitable for material in sacks or bags. They allow transport up
to 45° from horizontal.

Corrugated edge belt

e Designed for longitudinal transport with a great
Inclination and vertical, of a wide range of materials,
from fine, free flowing grain to coarse-grained
limestone. Capacity from 1 m3/h to 5.000 t/h.

2/2/2017
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Bucket Elevators

e Bucket elevators are the most common systems used for
vertical transport of bulk, dry, wet and even liquid

materials.
— Chain
— Belt

2/2/2017

I
Pendulum tluclcé%- convervér
means transper’c
Without, .. breakage,
drust,
segregation
compression!

LW T P

owder coffee  stone  glass splinters
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» Advantages:

— Higher heights

— Heavier loads

— Higher temperatures
 Drawbacks:

— Speeds up to 1.25 m/s

» Advantages:
— Less wear.
— Silence operation.
— High specific transport capacity.
— Lower energy consumption.
— The most appropriate to manipulate flour, coal, etc.
— High travel speeds (up to 2.5 m/s).

2/2/2017 58



A% Cable Cars & Slurry Lines

e Cable cars

I —

e Slurry lines

http://www.aggbusiness.com/sections/quarry-profiles-
reports/features/talc-quarry-focusses-on-product-quality/

2/2/2017 http://www.dredgingtoday.com/2012/04/13/a ustr5ﬁa—s|urry—
pipes-launch-new-uhmwpe-pipe-for-dredging-applications/
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Loaders and Trucks

60



) Hetticga Mining Requirements

* Mining requirements:

e How much mining must occur per day or year to meet the
outpost needs

* Water
* Rocket propellant

» Feedstock for 3D printing and other manufacturing processes
e Civil engineering tasks for infrastructure

e Determining robot size and design for environment

e Determining how many mining cycles per day/week.
* Energy needs for mining, etc.
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Surface Mobility

Berm .
Carrier

T{Ench . o “"'.L
MPU A |

SPUB

SPU A Emdﬁ"“ﬂt

MPU B : 6o\
SPUD ACAVAIOor

MPU D 2 N\\L /2019 Lander

ISRU Production 7

Module N 2020-A

Logistics "st:_Excava’ror o Lander

mlelelifel

MPU C
SPU.C" '\

Storage Area

Criteria for Lunar Outpost Excavation, R. P. Mueller and R. H. King, Space Resources Roundtable, 2007



Michigan

remaiogical P|gnetary Surface Construction Tasks

e Launch/Landing Pads

e Beacon/Navigation Aids

e Lighting Systems

e Communications Antenna Towers

» Blast Protection Berms

e Perimeter Pad Access & Utility Roads
e Spacecraft Refueling Infrastructure

* Power Systems

e Radiation, Thermal & Micro Meteorite
Shielding

Electrical Cable/ Utilities Trenches
Foundations / Leveling

Trenches for Habitat & Element Burial
Regolith Shielding on Roof over Trenches
Equipment Shelters

Maintenance Hangars

Dust free zones

Thermal Wadi’s for night time

Regolith Mining for O2 Production

H20 Ice/Regolith Mining from Shadowed
Craters
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2/1

200

100

Lunar Surface Construction Tasks

Criteria for Lunar Outpost Excavation

R. P. Mueller and R. H. King

Space Resources Roundtable —SRR IX

October 26, 2007
Golden, Colorado

Excavation Requirements by Task

Cable Trenches

M Roads/Obstacle Removal

Landing Pad

Berms/Mitigation*
B Foundations/Leveling
Habitat Trench

W Habitat Shielding Roof

13

2019

2020a

2020b

|

2021a

2021b 2022a 2022b

Mission

2023a%*

SUMMARY
Task %
Trenching 4
Clearing and Compacting 48
Building Berms 18
Habitat Shielding 31
100
Ice Mining 17
Regolith Mining 83
Construction 84
Mining 16

ay gy =y v oy g

64




E Mo Evolvable MarsvCampaign (EMC)

JRVEISIY T The potential Benefit of Acquiring Local Water (1 of 2)

ISRU system These comparisons consider ISRU Landed Mass Comparison
Landed Mass Comparison end-to-end systems encompassing
(ISRU Hardware + Propellant from Earth) excavation, resourpe processing and
propellant production, cleanup, and
The ISRU system leverages the power and Ilquefactlon.
radiator systems that are pre-positioned by the
lander for human systems. So these are not For the LOX—onIy ISRU case, methane
explicitly part of the ISRU system. would have to be delivered to Mars
Ratio: Propellant from Earth.
Total Mass, mt produced per kg of )
landed mass <:| These calculations only account for the
ISRU for LOX & mass of the propellant that is needed in
LCH.- Sulfates 1.6 22.1 the MAV. They do not account for the
K v :
additional propellant mass which would
ISRU for LOX & be required to deliver that MAV -
LCH,: Regolith 1.7 205 propellant to Mars from LEO. Thus the IOX& LOXonly NolISRU
advantage of a combined ISRU LCH4: (propellant
ISRU for LOX only 8.0 31 LOX/Methane production system would Regolith only)
(no water) (1mt hardware + 7mt Methane) b t th H d t d
€ greater than Indicated. T Radiators * I5RU Plant total
Propellant only (no 31.6
ISRU) (24mt Oxygen + 7mt Methane) na B LCHA W Lox

Harnessing even the lowest yield Mars regolith water resource for ISRU
would offer a 6x improvement over an LOX-only ISRU in the terms of the
mass of propellant generated for each kg of total ISRU system mass.

For every kg of total ISRU system mass delivered to Mars:
 ALox/LCH, ISRU system can produce 20 kg of propellant
* A Lox-only ISRU system can produce 3 kg of propellant




e o EMC
LEBS niversity
The Potential Benefit of Acquiring Local Water (2 of 2)

* The graph below compares ISRU systems for two different water resources and an
ISRU LOX-only (no water) system (which is the current architecture baseline).
* The masses are for the ISRU hardware only. While the water processing system masses are

~60% greater than the LOX-only case, consider that the latter still requires 7mt of terrestrial
Methane each trip

» The benefit of a higher yield granular resource is a power savings. The power required for case B
is comparable to the lox-only ISRU system.

MASS (Kg) POWER REQUIRED (kW)

>

42% >

Percentages
on the graphs
represent
comparison to
LOX-only
ISRU
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remdegce. Hyman Landing Site Selection

Human Landing Site Selection (HLS?): October 2015 workshop on Mars Exploration
Zones.

In addition to science regions of interest, all site proposers were asked to identify
one or more candidate water resource deposits within their Exploration Zone that
have the potential to produce 5 metric tons of water per year.

47 candidate sites proposed by the world’s leading experts in ISRU and Mars
geology. The four most common candidate water resource deposits mPLOPQSE
include (not in priority o).

=

3.

4.

Mid-latitude ice Science ROIs R
Concentrations of poly-
hydrated sulfate minerals
Concentrations of
phyllosilicate minerals
Regolith. Sclence ROIs |8

Resource ROI

Exploration Zone

Sclence ROis

See also ICE-WG (2015;
Hoffman and Mueller, co-chairs)

Resource ROI

http://www.nasa.gov/journeytomars/ Possible configuration of an Exploration
mars-exploration-zones Zone. Note hypothetical “Resource ROIs” in

2/2/2017 Water ISRU Planning) 8)til 2016 67
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Is this time different?
At no time in the last 200 years have commodity prices risen as == fﬁﬁhﬁ%{ﬂmﬁwﬂ%m
fast and as high as in the last decade withour a sharp decline
: CHpm Y e e R B o < B v
i
m
[
"
b
"
-
a5
o o . . :
E 5 EZE £ & E & § £E E E E B E £ B E E E B
Available
Land ~
Resources ? Excavate
Reclamation Load
M;ﬁiiﬁriig Exploration
_ Syears - 8-10+ years Store
&% Mineral ‘, '[I;ransport
Wer Environmental um
{58 Resources Assessmont P
& Approval Store
DEVEIopment Ongeing stakeholder ..
c I consultations Benef|C|ate
ycle l Store
Closure
12 yoars @ Process
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Construction U
Operation S€
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D)
D)
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D)
) Transfer
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)
D)
D)

Transfer
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|
: Excavate ) Transfer
Load J-Iransfer.
I ['store Y
I ) Transfer
Transport T :
) ) ransfer
_ | Dump E
Store
Beneficiate > Transfer
Store ) Transfer
Process ) TranSfer
Store ) Transfer
Use ) Transfer

Need System Engineering
Approach!

2/2/2017

Cycles

ipment combines different

e Different ec‘1
these. The question is what is

|

I aspects of
! the best choice for equipment design for
I space mining?
|
Jd

e Determining the correct function per device
e Determining the correct size of the rover

e How many trips are needed per day to meet
the outpost needs.

e |s it better to have a larger rover and do one
trip or (several) smaller ones with multiple
trips?

* When best to recharge batteries

e Other uses for the rovers at the outpost

<4 Need to be worked in schedule

69
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* To generate MAV
propellants, total of 16 mt of
water would need to be o
delivered/processed in 480 N

Methane
7 mt

9 mt
sols available (33 kg/sol) v
O O
40 kg/sol 0 o 15 kg/sol
A
_ _ @ T
e Combines with 19 mt of [ \i\ga:netr ] m = [ zé?:t* ]
atmospheric CO, to generate — .
Methane & LOX 33 kg/sol 58 kg/s0l

M OC~

|

|

|
Local Power Source 1
(e.g. Fission Reactors)

*Note: only 23 mt required for MAV propellant.
Balance available for crew or other uses

2/2/2017 70



waneen . Granular Materials Cases:
e Ty Pre-deployed ISRU ”“Enterprise”

Power Source _
(e.g. 4x 10 kW fission reactors) Remote Gypsum-rich

e

Methane Tank o / 2P /
LOX Tank
Fuel Plant & ole Smecy
. rich deposits
Water Plant

/ Excavators deliver ore,

Local regolith fields | Remove spent tailings
(larger or smaller depending on

Processing temperature)

2/2/2017 71
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Gypsum-rich Smectite-rich Typical Martian Regolith
Characteristic Assumed Case B Case B Case B Case C Case C Case C Case D Case D Case D
Dehydration Water Assumed | Potentially | Cumulative Assumed | Potentially | Cumulative Assumed Potentially | Cumulative
Temperature (K) Content Abundance | Available Available Abundance | Available Available Abundance Available Available
Water Water Water Water Water Water
Phase
363 K 20% 3%| 0.60% | 0.60% 3% 0.60% | 0.60% 3% 0.60% 0.60%
Allophane
423 K 6% 0%| 0.00% | 0.60% 3% 0.18% | 0.78% 3% 0.18% 0.78%
Bassinite
423 K 20% 40%| 8.00% | 8.60% 0% 0.00% | 0.78% 0% 0.00% 0.78%
Gypsum
523K 12% 3%| 0.36% | 8.96% 3% 0.36% | 1.14% 3% 0.36% 1.14%
Akaganeite
573K 4% 3%| 0.12% | 9.08% 40% 1.60% | 2.74% 3% 0.12% 1.26%
Smectite
>750 K 1% 0%| 0.00% | 9.08% 0% 0.00% | 2.74% 23.50% | 0.24% 1.50%
Basaltic Glass
"Refractory" (no effective N/A 0% 51%| 0.00% | 9.08% 51% | 0.00% | 2.74% 65% | 0.00% | 1.50%
water released)




University

A ¥ Key Characteristics by Feedstock

2500 — — 10
@ Total_regolith_needed, mt
@ Total_processing_power, kW _g
Assumptions: 480day processing time, 16MT water
required (MAV propellants),Continuous soil reactor at 100%
heating efficency.
2000 — 8
£ 3
o <
o 1500 — — & %
o =
2 ]
£ —5 g
_0 =
g 3
© 1000 42
g o=
= 2
—3
500 — — 2
— 1
0 - — 0

D1, Typical @ 150C

» Gypsum deposits would have the lowest mass AND power requirements of the granular
deposits. Ice mining power not established due to less experience and available data.

D2, Typical @300C B, Gypsum @ 150C C, Smectite @ 300C

» Typical martian regolith processed at low temperatures doesn’t result in lower power
(due to production rates) AND requires more mass -> NO ADVANTAGE
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£, Techsiogical End-to-end Process Flow

CaseDl: . ___ Ore Processing
Typical Martian Regolith Ore->\Water
(2,000 mt)
~4150 kg/sol HOR* (@425 K)
Case D2:
Typical Martian Regolith Ore->Water
(1,250 mt) 575 K
~2600 kg/sol (@ )
Case C: O
Smectite Clay-enriched Ore->Water @) Methane
Regolith (583 mt) (@ 575 K) N [ ]
~1200 kg/sol 19 mt 7 mt
Case B: T g .
Gypsum-enriched Ore->Water LQ/SOL § =1 | 15kg/sol
Regolith (186 mt) @425 K ®
)
~390 kg/sol ( ) Water 0 = LOX
T 16mt )| == 28 mt
2l —f
1l : = : 33 kg/sol 33 kg/sol 58 kg/sol
1| !
L Local Power Source I'5
11 | .. | =
I : : (e.g. Fission _——==
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Ao RASSOR Key Characteristics

Key Characteristics Assumed:

« Excavator capacity: 2 x 40 kg drums
of granular material

 Traverse speed: 25 cm/s

-« Battery powered — recharge in
proximity to power source

X . - ) ¥ -
- & A - - ! - =
% i ¥ Thm Ty e

Baseline hardware design of NASA KSC-developed _ 0
RASSOR Prototype Excavator - key characteristics ¢ Duty Cycle / Recharge: 60% on-

of this reference model have been used for duty, 40% off-duty [Battery powered
preliminary sizing analysis. For additional _ recharge at plant site]

information about this prototype, contact Rob

Mueller.
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A %8 |ntro to Excavation/Travel Analysis

Integrated timeline analysis

Period 3
Orefor Excavation Zone conducted based on amount of
16 mt of H,0"s ore required, time required for
s . excavator loading/unloading,
. Period 2 traverse distancegs / rates &g
\¢ .
Orefor “N\a_ Excavation Zone :
16 mt of H,0 s | time available
N & | Period 1
Ore for ~ S Excavation Zone
16 mt of H, O O

\
Repeated Excavator Trips

[Variable distance: 100 m
(local) up to ~several km from
processing plant ]

BN

Each trip excavates and dumps twice (ore & spent feedstock)
24.5 hours operational time / Mars day (Sol)

16 mt of H,O needed in 480 sol excavation Period

Material is granular uncemented material
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Summary of Excavation/Travel Analvsis

Case Mass of Ore # RASSOR- class Distance from # RASSOR — class Duration Required
Required (metric loads (@80 Ore to Plant, Excavators used (@ (sols, <480
tons) kg/load) typical 60% On-Duty) available)

D1 — Regolith ~2,050 mt >25,000 ~100 m 3 excavators 382 sols
@425K

D2 —Regolith@  ~1,270 mt >15,800 ~100 m 2 excavators 350 sols
575K

C — Smectite ~580 mt >7,000 ~100 m 1 excavator 318 sols
(proximity)

B - Gypsum ~185 mt >2,000 ~100 m 1 excavator 88 sols
B - Gypsum (same) (same) ~1,200 m 1 excavator 480 sols
B - Gypsum (same) (same) ~3,000 m 2 excavators 453 sols

» Multiple excavators would be required for typical martian regolith cases (three for D1/two for D2)

* D1/ D2 assumed to be feasible at “any” location (i.e. transportation always ~100m)

* Single excavator could handle hydrated minerals in local proximity

» Smectite would be feasible <100m from lander (318 sols), distances >100m would require >1 excavator
* Pair of rovers could handle gypsum at distances of up to 3 km (same as D2 in local proximity to plant)
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Case

D1 — Regolith
@425K

D2 — Regolith @
575K

C — Smectite
(proximity)

B - Gypsum
B - Gypsum

B - Gypsum

OFPORTUNITY'S MARATHON JOUENEY : B S

# RASSOR-
class loads
(@80 kg/load)

>25,000

>15,800

>7,000

>2,000
(same)

(same)

Travel
Perspective

# RASSOR - class
Excavators used (@
60% On-Duty)

Distance from
Ore to Plant,
typical

3 excavators

2 excavators

1 excavator

1 excavator

1 excavator

2 excavators

e
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Cycle Analysis

Rassor 2.0 excavator use Threshold 480 days ©
Case B Case C Case D Case B Number of days (of 24.5 hours) to gather required feedstock
Feedstock per 480 days for 16 MT water| 186,047| 583,942(2,051,282| kg |
Number of excavators 1 1 1 integer |Distance (m) 100 200 300 400 500 600 700 800 900 1000 2000 3000 4000 5000
Effective dutycycle| 40% 40% 40% |percent| Period1 88.2 116.6 145.0 173.4 201.8 230.2 258.6 287.0 315.4 343.8 627.8 911.7 1,195.7 | 1,479.6
Excavation rate| 1,000 | 1,000 | 1,000 |kg/hr| Period 2 105.6 134.0 162.4 190.7 219.1 247.5 275.9 304.3 332.7 361.1 645.1 929.0 1,213.0 | 1,496.9
travel speed| 0.26 0.26 026 [m/s Period 3 122.9 151.3 179.7 208.1 236.5 264.9 293.3 321.7 350.0 378.4 662.4 946.4 | 1,230.3 | 1,514.3
hoppersize| 80 80 80 |keg Period 4 140.2 168.6 197.0 225.4 253.8 282.2 310.6 339.0 367.4 395.8 679.7 963.7 1,247.6 | 1,531.6
excavation depth| 0.05 0.05 0.05 [m
Bulk density| 2 2 2 g/cm3  Case C Number of days (of 24.5 hours) to gather required feedstock
Total Excavator Mass| 240 240 240 kg Distance (m) 100 200 300 400 500 600 700 800 900 1000 2000 3000 4000 5000
Return trips per excavator to acquire| 2,326 | 7,300 | 25,642 |trips/480 Period 1 318.9 408.0 497.2 586.3 675.4 764.5 853.7 942.8 1,031.9 | 1,121.0 | 2,012.3 | 2,903.5 | 3,794.8 | 4,686.0
feedstock Period 2 415.2 504.4 593.5 682.6 771.7 860.8 950.0 | 1,039.1 | 1,128.2 | 1,217.3 | 2,108.6 | 2,999.8 | 3,891.1 | 4,782.3
size of square for 1time period| 43.1 76.4 143.2 |m Period 3 511.5 600.7 689.8 778.9 868.0 957.2 1,046.3 | 1,135.4 | 1,224.5 | 1,313.7 | 2,204.9 | 3,096.1 | 3,987.4 | 4,878.6
production volume Period 4 607.9 697.0 786.1 875.2 964.4 | 1,053.5 | 1,142.6 | 1,231.7 | 1,320.9 | 1,410.0 | 2,301.2 | 3,192.5 | 4,083.7 | 4,974.9
Case D Number of days (of 24.5 hours) to gather required feedstock
4.8458 15.208 53.42083
Distance (m) 100 200 300 400 500 600 700 800 900 1000 2000 3000 4000 5000
Period 1 1,416.1 | 1,729.2 | 2,042.2 | 2,355.3 | 2,668.4 | 2,981.5 | 3,294.5 | 3,607.6 | 3,920.7 | 4,233.8 | 7,364.5 | 10,495.3 | 13,626.1 | 16,756.9
Period 2 2,050.2 | 2,363.3 | 2,676.4 | 2,989.4 | 3,302.5 | 3,615.6 | 3,928.7 | 4,241.7 | 4,554.8 | 4,867.9 | 7,998.7 | 11,129.4 | 14,260.2 | 17,391.0
Period 3 2,684.3 | 2,997.4 | 3,310.5 | 3,623.6 | 3,936.6 | 4,249.7 | 4,562.8 | 4,875.9 | 5,189.0 | 5502.0 | 8,632.8 | 11,763.6 | 14,894.3 | 18,025.1
Period 4 3,318.5 | 3,631.5 | 3,944.6 | 4,257.7 | 4,570.8 | 4,883.9 | 5196.9 | 5,510.0 | 5,823.1 | 6,136.2 | 9,266.9 | 12,397.7 | 15,528.5 | 18,659.3
Cutoff 10 Percent excavation time of trip
Case B Percent Excavation vs Total return trip time
e 80 kg batches
Distance 100 200 300 400 500 600 700 800 900 1000 2000 3000 4000 5000
e year 1 12.0 9.1 7.3 6.1 5.3 4.6 4.1 3.7 3.4 3.1 1.7 1.2 0.9 0.7
fo r p ro C e S S I n g year 2 10.1 7.9 6.5 5.6 4.9 4.3 3.9 3.5 3.2 2.9 1.6 1.1 0.9 0.7
year 3 8.7 7.0 5.9 5.1 4.5 4.0 3.6 3.3 3.0 2.8 1.6 1.1 0.9 0.7
year 4 7.6 6.3 5.4 4.7 4.2 3.8 3.4 3.1 2.9 2.7 1.6 1.1 0.9 0.7
* Transfer spent - R
Case C Percent Excavation vs Total return trip time
fe e d St O C k Distance| 100 200 300 400 500 600 700 800 900 1000 2000 3000 4000 5000
year 1 10.5 8.2 6.7 5.7 4.9 4.4 3.9 3.5 3.2 3.0 1.7 1.1 0.9 0.7
year 2 8.0 6.6 5.6 4.9 4.3 3.9 3.5 3.2 3.0 2.7 1.6 1.1 0.9 0.7
year 3 6.5 5.6 4.8 4.3 3.8 3.5 3.2 2.9 2.7 2.5 1.5 1.1 0.8 0.7
. Sto re p ro d u Ct S year4 5.5 4.8 4.2 3.8 3.5 3.2 2.9 2.7 2.5 2.4 1.5 1.0 0.8 0.7
Case D  Percent Excavation vs Total return trip time
Distance 100 200 300 400 500 600 700 800 900 1000 2000 3000 4000 5000
year1l 8.3 6.8 5.7 5.0 4.4 B 3.6 g 3.0 2.8 1.6 1.1 0.9 0.7
year 2 5.7 5.0 4.4 3.9 3.5 3.2 3.0 2.8 2.6 2.4 1.5 1.1 0.8 0.7
year 3 4.4 3.9 3.5 3.2 3.0 2.8 2.6 2.4 2.3 2.1 1.4 1.0 0.8 0.7
year 4 3.5 3.2 3.0 2.8 2.6 2.4 2.3 2.1 2.0 1.9 1.3 0.9 0.8 0.6
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“Conveying technologies, Mining Cycles and Mining Requirements”

Several topics will be discussed in this seminar. A crucial first step in any mining operation is exploration of
an area or planetary body for resources. This involves orbital, aerial and surface exploration techniques.
Design of the mine, engineering, processing and equipment design and system trade-offs are enormously
dependent on what the resource and waste mix are as well as the location and chemical and mechanical
form it occurs in. More knowledge (risk reduction) is better, but it comes at a price.

The location of the resource is fixed but the location of the mine, processing facilities, utilities and end
Broduct users is not. Conveyance between these places is necessary since it is unlikely these facilities will

e in the same place for reasons such as dust production, minimizing transportation energy use, etc. Within
a processing facility conveyance is also required from one system to another. Traditional conveyance
technigues such as conveyor belts, augers, vibratory conveyance, rail and loaders and trucks will be
discussed as well as more specialized methods such as hydraulic, magnetic, gravitic, pneumatic methods.

Sizing of the components, equipment and processing facilities as well as a batch or continuous process is
determined by the conveyance between the different steps. Mining cycles and their efficiency are the
driving factor in any Earth mine design in both underground and surface mining. The entire supply chain has
several cycles in it that all have to be sized together so there is no over or under capacity along the chain.
This includes conveyance time, anticipated break downs, scheduled maintenance, communication delays,
recharge time, throughput, buffer supplies, etc. Automation (and the level of autonomy) is of interest to
many Earth companies and is a driving requirement for space mining. Typically when equipment stands still,
it is losing money, and the maximization of utilization is crucial for profits in Earth’s mining industry. In
space mining, instead of pure economy, custom equipment needs to be sized properly to maximize
efficiency and minimize mass and power requirements.

Exploration, Conveyance and Mining Cycles are all determined fundamentally by the mining requirements,
or how much feedstock/ore is required per day. Different options may exist to produce the same amount of
end-product (e.g. water to produce Oxygen and hydrogen). In addition, other outpost needs require mining
/ material excavation and transport (roads, berms, landing pads, etc. civil engineering). The total outpost
growth and needs over time determine the size, type and number of the mining equipment needed.
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e Controlled Source Audio Frequency Magnetotelluric
(CSAMT) (sometimes called complex resistivity)
e Good for contaminants

e Application for
* Vein type ore bodies
e Geothermal prospecting
e Geologic mapping

* Very Low Frequency EM
e Source of VLF should be located in direction of target
 Measure the tilt of the magnetic field
 Mapping of faults, veins, geologic mapping



A R Refraction method

e Shoot both directions to identify dip of layers
e Rule of thumb — 50 ft deep, offset min 5x depth = 250 ft

* Wave changes direction due to change in wavespeed due
to change in density or strength of rock it travels through

SEISMIC REFRACTION METHOD

http://www.geologicresources.com/seismic_refraction_method.html



A R Reflection method

e All about secondary arrivals

e A portion of the energy gets reflected of boundaries
between layers

SEISMIC REFLECTION METHOD

http://www.geologicresources.com/seismic_reflection_method.html
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A ¥ |ntroduction: Reference Cases

1. Since both sides of the “reserves” interface are incompletely defined
(see Slides #11-13), the best way to proceed is by defining a set of
reference cases, and using them to evaluate the relationships
between “discoverability” and “producibility”.

2. The reference cases are all hypothetical—the question we are
asking is “if discovered, would these be useful™?

. The hypothetical cases are based on our current incomplete knowledge of Mars:
We perceive there to be reasonable potential that deposits as good as these
exist (but discovering and defining them would take work!).

3. Once we understand the thresholds differentiating viable from non-
viable, and the parameters that most matter for optimizing the
engineered system, the priorities for a logical exploration program
can be defined.
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e R @farence Reserves Notes

Assume Case A consists of glacial ice underlying a sublimation lag, but is divided into
Al: an ice deposit mined by open pit methods, and A2: an ice deposit mined by
down-hole heating/recovery methods. The thickness of this lag is in the 1-10 m range
limited by SHARAD measurements (See Slide #20.) Future data sets and
instruments can improve this precision.

For Cases B and C, assume that in a location where bedrock containing high
concentrations of these minerals exists, locations can be found where weathering
has disaggregated the rock into granular material.

The 4 wt% water noted for smectite in Cases B, C and D is the average wt% water in a
combination of Na- and Ca- forms; the average water content may be higher for some other
types of phyllosilicates (see Slide #22).

The source data from Case D is explained in detail on Slides #23-25. Note that the
“water” is inferred to be contained in three phases, two of which dehydrate at 100C,
and one of which dehydrates at >500C. We make the assumption (to be reviewed)
that material of this quality can be found at most/all candidate landing sites without
exploration. Since this material occurs “everywhere”, transportation demands would
be minimized.

Whether deposits better than these reference cases can be discovered and defined is left as
an exploration question (see Slide #62).



Michigan
Technological
lams| University

COMPONENTS

Hanger

Covers and clamps Bearing
Shaft
Job rated components, Screw
jig-drilled couplings, Y Blades

Tem-U-Lac self locking
coupling bolts

-~ Conveyor housing

Supporting feet and saddles

Trough ends
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Michigan COMPONENTS

1885 UIlJ:UEfSiL}-"

Transition
_ Carrying Idlers .. Head
Garm_ng Belt Idlers Pulley
) Training .
Carrying Idler T
Idlers
Impact
Loading olers R:g;gi:,g
1
Transition Hopper \ o &
Steel : )
Idler .
e x o Spiral or Rubber Disc
Take-up f Return Idlers
Bend
R?‘:::ir?e" Pulleys Gravity Take-up
_L | dlerg (optional)
T Standard
_ Return
Tail Idlers
Pulley

Rex Converyor Idlers Catalog
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Belt conveyors for vertical or inclined transport

U-cleats and V-cleats profiles

 Designed for transport of all type of bulk material such as rock, sand and
gravel. It is also suitable for material in sacks or bags. They allow
transport up to 45° over the horizontal.
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Corrugated edge belt

 Designed for longitudinal transport with a great inclination and vertical, of a
wide range of materials, from fine, free flowing grain to coarse-grained
limestone. Capacity from 1 m3/h to 5.000 t/h.

e It has a:

— A bottom belt with a textile longitudinal
reinforcement and/or transversal of steel
cords.

— Ondulated lateral walls of reinforced
vulcanized rubber (20 — 400 mm).

— Transversal buckets that avoid material
sliding.
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BELT CONVEYOR STRUCTURE

 Designed to guarantee that the support of the belt is firm and aligned.

e Every component has to be perfectly joined to the structure taking into
account their level and angle.

* The joints must not have differences in height and horizontal levelling must
be kept.

Support structure in the ground Hanged support Hybrid support
with steel beams with U or structure in the ceiling structure
tubular cross section by means of steel

cables
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Tensioning
pulley
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BUCKET ELEVATORS

* Designed with several options to choose
height, speed and constructive details

depending on the type of material to be
transported.

» Are constructed by pieces or units to allow
definition of the suitable height.
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COMPONENTS

Head hood

Drive and pulley

: Discharge
Engine spout
Casing
Belt
Bucket

Clean

outdoors ~ Tensioning
device

Boot inlet hopper
Boot
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BUCKET ATTACHMENTS

e Classification:
— Belt
— Chain

» Advantages:
— Less wear.
— Silence operation.
— High specific transport capacity.
— Lower energy consumption.
— The most appropriate to manipulate flour, coal, etc.
— High travelling speeds (up to 2.5 m/s).
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BUCKET ATTACHMENTS

» Advantages:
— Higher heights
— Heavier loads
— Higher temperatures

e Drawbacks:
— Speeds up to 1.25 m/s

100
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DEPENDING ON THE CONSTRUCTION AND BUCKET PATH

» Designed for vertical or inclined (less than 20° with
respect to vertical) material transport.

» Designed for inclined material transport at 55° to 70°
angles with respect to the horizontal.

 Designed for transport of material between two points
located in the same vertical plane at different levels.
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DEPENDING ON THE CONSTRUCTION AND BUCKET PATH

Pendulurm I::-u-::l{é_t 'EZDr‘I".fer"{,."
means transpogt

Without,., breakage,
drust,

segregation
COMmpression
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p@wder -::u::mﬁ:ee stone  glass splinters
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DEPENDING ON THE LOAD

« Used for transport of abrasive and big size materials.
e Chain/belt travelling speed is low.

» Used for transport of materials that offer no resistance
to extraction, like fine grain and dusty materials.

2/2/2017 103
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DEPENDING ON THE TYPE OF DISCHARGE

e |t is the most common.

b
-
» Great travelling speeds (1.2 and 1.4 m/s). j{

 Loading is carried out by dredging the material at the
bottom of the elevator.

* The separation distance between the buckets is 2 to 3
times the bucket height.
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DEPENDING ON THE TYPE OF DISCHARGE

 Lower travelling speeds (0.5 and 1.0 m/s).
e It is taken advantage of self weight. L %
« Classification:

v
— Free gravity. It is necessary to change the free branch N
line or incline the bucket. v

— Forced. The buckets are situated one after the other
i without separation between them. The discharge takes

L

—

| ;"’ . ® . place due to gravity by means of the lower part of the

i' "“h preceding bucket that acts as a discharge spout. .
. S
R b - &

04 e

1€
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DEPENDING ON THE TYPE OF DISCHARGE

e Similar to the gravity elevator except that
buckets are fitted at the edges with two
cords.

* Bucket speed is low, which is appropriate
for light, aired, sticky materials.




A %38 Space Mining Equipment Prototypes
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A Eeanch / Landing Pad Construction

Construct a Launch/Landing Pad using In Situ
Regolith for rocket plume impingement
mitigation

2/2I20NASA Chariot Bull Dozer Hawaii PISCES Rover on Mauna Kea with Payloadsios



E %‘1 ; lbgtds the Best Lunabot Regolith Mining Design for the Moon??
tass] University The Most Popular Winning Design? (50-80 Kg)

2009: Paul’s
Robotics WPI

2010: Montana State U 2012 lowa State U

2/2/2017
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2012: FAMU/ Florida State U 2012: Montana State U

2/2/2017
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$ERoEntig Technology inc. Lunar Mining Concepts
N ASASBIR 2010-2012

ASTROBOTIC
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%‘E%?@Gwamp Works
egolith Advanced Surface Systems Operations Robot (RASSOR)

SWAMP '*.«\fc::@las”“}gi

——
Mass KEMMEDY SPACE CEMTER ._,péu'-"-'-'.l’_ﬁ
i - :

Ssaaligt

RASSOR 1.0
Prototype

RASSOR 2.0 Prototype
Dry Mass = 50 Kg
Regolith Payload = 80 Kg
Counter-Rotating Bucket Drums = Zero Net Reaction Force
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e Simulated Moon Rocks
e Sorting 99% efficient
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L Tecontlopca Rock Path through tool

Bucket Ladder
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e Water available from various feedstocks is a function of the temperature at
which ore is processed.

* For hypothesized deposits, processing temperatures would be selected
where “most” of water is extracted at lowest reasonable temperature /
power points.

e For typical martian regolith, two scenarios considered, based on two
dominant mineral phases (see following).

* Hypothesis: Lower temperature processing may require more feedstock, but
might result in less power required.

e [Note: Upon analysis, this hypothesis was subsequently proven false —
processing greater mass of ore in same amount of time resulted in roughly
equivalent power required.]

* Additionally, regolith processing temperatures above 450 C may release
corrosive contaminants which may be harmful to equipment for diminishing
returns of water.



4 % Energy Calculation Method

» Feedstock definition (specifically, water availability per processing
temperature) used to determined mass of each type of ore needed to

achieve water production target.
e Assumed 75% efficiency of water removal from ore.

e Calculated heat necessary to raise ore temperature to dehydration
temperature and added heat of dehydration.

AH=m Cp AT + AHdehydration

e Current analysis assumes heat loss to calcination reactor is negligible compared to
heat required to raise ore temperature (i.e. thin walled, well-insulated) [Assumption

may need to be revisited in future work].

e Power Required = AH / time
» Calculated for both continuous processing and “batch-mode” —essentially same
power required with either calculation.

e Batch mode assumed two hours to heat up each batch of ore.
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