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SEMSEM
TEM + TEM + microtomymicrotomy

Vapor-depositedVapor-deposited
Rims Rims (Keller & McKay, 1993)(Keller & McKay, 1993)

Solar ion radiation-Solar ion radiation-
amorphizedamorphized grain  grain ““rimsrims””

““NanophaseNanophase”” Fe metal ( Fe metal (FeFeoo))

Space WeatheringSpace Weathering

Micrometeorite impact
(melting and vaporization)

UVUV

Space Radiation Processing
(amorphization, sputtering,
ion implantation, desorption)



• Imaging spatial resolution (<1 nm)
• Analytical sensitivity (~0.5 wt %)
• Surface “depth” resolution  (~10 nm)

From the MoonFrom the Moon………………to the Earth (ambient)to the Earth (ambient)…….and back (via the lab)?.and back (via the lab)?

HH
O + C + ?O + C + ?

50 nm

50 nm50 nm

1 - 5 nm

TEM - ilmenite grain rim XPS

• 1 cm2 analysis area
• Analytical  sensitivity (0.1-0.3 atom %)
• Surface “depth” resolution (1 – 5 nm)

UVUV Solar Energetic IonsSolar Energetic Ions
(SW, SCR)(SW, SCR)

+Lunar Vacuum+Lunar Vacuum
+Impact vapors+Impact vapors

+Ultra-High Vacuum+Ultra-High Vacuum
(10(10-9-9  torrtorr))

Ion beams with SWIon beams with SW
ions/energiesions/energies

FeFeoo  
FeFeoo  



• Selected lunar soils well-characterized by SEM/TEM in previous
research (e.g., LSCC publications)

• 10084 mature mare soil, (a) “bulk” < 1 mm size fraction, (b) < 20 µm
dry-sieved size fraction

• Acquire baseline XPS spectroscopic data for “as-is”
and “ion-cleaned” sample (3.2 eV analyzer resolution)

• Quantify surface element abundances using
sensitivity factors.

• “Sprinkle” coat  1 x 1 cm area
of freshly cleaved oriented
graphite surface (10-20 mg
total sample)

e- (photoelectron, 0-1200
keV binding energy)1.5  keV Al K

α X-ray

• Progressive ion irradiation with 4 keV
He+ or Ar+ w/XPS high resolution
scans (0.8 eV resolution) for selected
elements



Element XPS
This Study

10084 < 20 µm
(ion cleaned)*

XPS “ESCA”
Housley &

Grant (1976)
10084 < 20 µm

10084 bulk soil
(Lucey et al.,

2006)

O 65.1 (at.%) 61.8 (at.%) 60.6 (at.%
Si 18.3 19.8 16.1
Al 4.8 5.4 6.1
Fe 4.2 5.0 5.1
Ca 3.4 3.8 4.9
Mg 2.8 3.0 4.5
Ti 1.5 1.2 2.2

• tttttt

< 1 mm (“bulk”) size fraction
Fe 2p photoelectron peak

Fe
2p1/2 Fe

2p3/2

Fe+3 / Tot Fe  > 0.9 713 eV

• Si surface enrichment relative to bulk – consistant with
TEM grain rim studies and Housley & Grant XPS results.

• Enrichment / depletion pattern  for other elements similar
to Housley and Grant (1976)

• Except for Oxygen!

*low dose (1.3 x 1015 Ar+/cm2) to
removed adventitious C  (hydrocarbon)

10084“bulk” <1 mm
size fraction

10084 < 20 µm
size fraction



• Sample: < 1 mm “bulk” size fraction 10084 soil
• In-situ ion irradiation with 4 keV He+ ions (following baseline scans)
• Fe 2p high-resolution scans at  fluence (dose) = 2 x 1017 He+ ions/cm2

• Remove from XPS chamber, expose to room atmosphere – 5 minutes
• Re-scan Fe 2p peak

• Fe 2p peak at 707 eV following
irradiation

• Predominantly metallic-state Fe
(Feo) on surface

• Reduction “mechanism”?
• Fe 2p peak very close to original

Fe3+ energy after 5 minute
exposure to room air

• Rapid surface oxidation at the
monolayer level



Exposing

Early stage adsorbed
monolayer removal

+ uniform target sputter
erosion (higher dose?)

Making

Preferential sputtering
produces additional Feo

from Fe 2+

•“Making” has precedence
- Surface metallic-state Fe produced on
olivine (Fe,Mg)2SiO4 under 4 keV Ar ion
irradiation (Loeffler et al., 2009)
- Metallic-state Fe appears in XPS Fe 2p
scan at ~ 1 x 1016 Ar ions/cm2

Loeffler et al. (2009): 4 keV Ar+ on olivine powder

4 keV He+/Ar+ ions



• Sample: < 20 µm dry-sieved size fraction 10084 soil
• In-situ ion irradiation with 4 keV Ar+ ions (following baseline scans)
• Fe 2p high-resolution scans at incremental Ar+ fluence (dose) levels

• Metallic-state Fe appears 4.4 x 1014

Ar+/cm2
• Estimate sputtering depth at only 1-2

atomic monolayers
• 100 times lower dose than olivine (~ 1 x

1016 Ar+/cm2)
• Likely insufficient dose to “evolve” surface

to strongly altered O/Fe ratio by
preferential sputtering

• Supports “Exposure” hypothesis



• Currently following up XPS experiments with
detailed SEM / TEM characterization of in-situ
irradiated XPS samples

• Challenge: Correlating XPS data integrated over
bulk soil sample with grain-by-grain SEM / TEM
observations (use of non-soil lunar mineral
“standards” and other approaches)

• Preliminary field-emission SEM
examination of Ar+ ion irradiated
grain surfaces in <20 µm sample
shows clear evidence for surface
roughening / modification

2.3 x 1016 Ar+/cm2



• Prior TEM-scale findings of ubiquitous nanophase metallic
Fe on outer margins / “surfaces” of lunar soil remain
established

100 nm• BUT..on the XPS-scale the majority of Fe (metallic or Fe2+) on
surfaces is oxidized to the 3+ state, likely by reaction with
atmospheric species (“passivated”; “non-lunar” surface
oxidation state)

• Ion irradiation at solar-wind energies produces outer
monolayers dominated by metallic-state Fe (“back to the
Moon”; “lunar” surface oxidation state?)

• Metallic-state Fe appears at ion doses consistent with
“exposure” of previously-existing, passivated, Fe metal on
grain outer margins; ions likely “make” little additional
metallic  Fe

• TEM / SEM characterization work on XPS
samples is proceeding


