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Conclusions
• Spectra of sodium and calcium carbonates at 250 – 850 nm undergo significant darkening with X-ray

irradiations at temperatures at 90 – 300 K, together with the formation new absorption features; while
only minor (< 3%) spectral darkening occurs for dolomite under similar irradiation conditions.

• The X-ray induced optical absorption features are attributed to the formation of color centers within the
carbonate material.

• Based on the rate of X-ray-induced darkening near 500 nm in Na2CO3 laboratory samples, natrite deposits
on the slopes of Cerealia facula are expected to be < 100,000 years of age.

• Definitive confirmation of the presence of natrite in Cerealia Facula and the Vinalia faculae can be done
by identifying the strong color center feature at ~500 nm in VIR or other V-visible spectra with sufficient
spatial resolution.

Introduction
Soft X-rays produced in the solar corona during quiescence and solar flares are a small but
important portion of the total solar irradiance, due to their high energy and penetration
depth, which is significantly deeper (~1-10 µm) than for solar-wind ions (~50 nm) and
electrons (~500 nm @ 5 keV). The X-rays interact with regolith materials on the surface of
airless planetary bodies, potentially producing physical and optical changes that can be
allow precise identification of surface mineralogy.

We perform systematic measurements at cryogenic temperatures to investigate the effects
of X-ray irradiations on the optical spectra of carbonates detected on Ceres, particularly in
bright regions (faculae) associated with impact craters. The effects of X-rays can be
significantly different than for solar ions, with a greater penetration depth and deeper
energy deposition, providing a better match to vis-IR spectral information from remote or
orbiting spectrometers. Here, we investigate the stability of carbonates under soft-X-ray
irradiation and investigate whether the measured irradiation-induced optical changes can
be used as a potential geologic chronometer for Ceres’ bright deposits.

What is the mineralogy of Ceres’ bright faculae?

PHI Versaprobe III Scanning XPS Microprobe
• ultra-high vacuum (base < 10-10 Torr)
• In-situ preparation chamber (~ 3 x 10-9 Torr)
• Hot-cold stage (110 K– 850 K)
• XPS (resolution < 10µm; sensitivity < 0.001; FWHM

< 0.6 eV)
• Ion gun for He irradiation and depth profiling (E =

0.05 – 5 keV)
• Ion and electron flood guns for charge

compensation

X-ray photoelectron spectroscopy (XPS)
provides quantitative compositional
information within a surface layers of 5
-10 nm, and can track chemical change
as a function of X-ray (or ion)
irradiation.

XPS surveys: Al-Kα (E = 1489.6 eV); spot
size: 200 μm; 50 W X-ray power; a pass
energy = 140 eV. The estimated X-ray
flux was ~5 × 1012 γ cm-2 s-1 .

Experimental Details

Modified PHI 560 X-ray Photoelectron Spectrometer (XPS)/Scanning
Auger Microprobe for in situ irradiation and optical measurement
• ultra-high vacuum (~1 x 10-9 Torr);
• Temperature range: ~ 100 – 300 K;
• X-ray irradiations: Al-Kα (1486.7 eV); flux = ~1.0 × 1012 γ cm-2 s-1;
• Low-energy Ion and electron flood guns for charge compensation
• Optical measurements:

o FilmTek 2000 ultra-violet-visible spectrometer : in-situ; λ = 250 – 850
nm; diffuse reflectance;

o Reflectance standard: PTFE (polytetrafluorethylene) pellet, and/or un-
irradiated samples.

The mineralogy of Ceres’ bright faculae is dominated by carbonate salts, with
lower concentrations of Al-phyllosilicates, and NH4–chloride. At Cerealia Facula
and the Vinalia faculae within Occator Crater (shown above), the bright spots
are dominated by anhydrous Na2CO3 which also appears in high concentrations
at Oxo Crater and Ahuana Mons. Other bright regions on Ceres have spectra
more consistent with Mg, Ca carbonates.

NOAA’s Geostationary Operational
Environmental Satellite (GOES) system
continuously monitors the soft X-ray flux over
the range 0.5 – 4 angstroms above the Earth’s
atmosphere, with GOES 14 measuring a typical
solar X-ray flux equivalent to ~ 3 x 10-8 W m-2 or
1.2 x 104 γ cm-2 s-1 for 1.5 keV X-rays at 1 A.U.

With no published measurements quantifying
the solar soft X-ray flux within the Asteroid Belt,
we extrapolate the flux from GOES 14 to Ceres
as ~ 103 γ cm-2 s-1 . Thus, X-ray fluence in the
laboratory can be converted to approximate time
on the surface of Ceres.

Clear spectral change is observed with X-ray
fluence in the figure (left), plotted here as the
ratio of the irradiated Na2CO3 to unirradiated
Na2CO3 for temperatures: 90, 200, and 296K.

We find:

• The relative reflectance of sodium carbonate
(Na2CO3) darkens overall for wavelengths 250
– 850 nm as a function of the X-ray fluence.

• X-ray irradiation also results in formation of
new optical absorption features, interpreted
as color centers, where the minima vary in
position systematically as a function of X-ray
fluence.

• Color center absorption strength depends on
the temperature of the Na2CO3, where
diffusion is inhibited at lower temperatures.

• Even in the low temperature (<100K) high-
latitude regions of Ceres, Na2CO3 – containing
faculae would be expected to darken with
time on Ceres’s surface.

Does X-ray Irradiations induce Changes in Surface 
Composition on Na2CO3? 

XPS measurements from Na2CO3 under X-ray irradiation to a fluence of ~1.8 x 1018 γ cm-2 show no
changes in the position or shape of the O-1s, Na-1s, C-1s photoelectron peaks, neither in the valence
band, suggesting no changes in the surface compositions or chemical states. This confirms that color
centers, and not chemical change, is the source of new absorption features in the visible spectrum.

X-ray Induced Color Centers in Various Carbonates

The positions of the X-ray induced
color centers depend on the cation
type of the carbonates and the
particular color center formed. For
Na2CO3 (left) absorptions occur most
distinctly near 409 and 481 nm. CaCO3

centers appear near 398, 512 and 603
nm (left). Dolamite does not form
color centers with X-ray irradiation.

For same carbonate species, the
depth of the X-ray induced color
center depends on X-ray flux. These
optical features are likely another
indicators to identify planetary surface
carbonates.

Na2CO3 CaCO3

Un-irradiated Un-irradiated

Can the Spectral Darkening be used as a potential geologic 

chronometer for Ceres’ bright deposits? 
This figure shows the evolution of the local reflectance
minima at the absorption feature at ~500 nm with X-ray
fluence, derived from optical measurements for Na2CO3.

The laboratory fluence has been converted to time on Ceres,
using an estimated X-ray (1.5 keV) flux at 2.8 A.U. = 103 γ cm-

2 s-1 or 3 × 1010 γ cm-2 yr-1(Earth years). Solid lines are fittings
using a double exponential function, y = yo + A1exp(-x/t1) + A2

exp(-x/t2), and fitting results are shown in the table.

A comparison of the relative reflectance between the center
dome deposits (1) and east/west/south dome deposits (2, 3,
& 5) within Cerealia facula extrapolated between data points
to 500 nm show a darkening of approximately 85% beyond
the central region [Nathues et al. 2017]. Since Cerealia
deposits are dominated by Na2CO3 and have a surface
temperature close to 200K, we estimate an upper limit for the
age of deposits beyond the dome center to be 100,000 years .

90K 200K 296K

Yo 0.58 ± 0.01 0.52 ± 0.03 0.39 ± 0.01

A1 0.12 ± 0.02 0.23 ± 0.03 0.24 ± 0.02

t1 (4.2 ± 1.2) × 10^4 (9.6 ± 1.5) × 10^4 (7.6 ± 1.1) × 10^4

A2 0.29 ± 0.01 0.24 ± 0.02 0.34 ± 0.02

t2 (6.6 ± 0.9) × 10^5 (8.9 ± 3.1) × 10^5 (8.6 ± 0.9) × 10^5

Potential Darkening Mechanisms for Faculae

• Mixing with average, dark 
Ceres regolith

• Exogenous deposition 

• Dehydration of Hydrated 
salts

• Solar-wind Ion or X-ray 
Irradiation 

• Changes in Surface 
Composition

From Nathues et al. The Astronomical  Journal1 53, 112 (2107) 

Ceres is a generally dark
planetary body, with an
average bond albedo:
3.4%, while the bright
regions (faculae) across
the surface have
albedos that range : 5 –
50%. Even within
Cerealia Facula, bright
materials appear
heterogeneous (left).

Color Centers 
• Crystallographic defects that absorb light with a 

particular energy, lending a particular color to the 
material

• F- & M- centers are electron-trapping and V- & H-centers 
hole-trapping excess defects  

Samples: 13 mm pellets of reagent-
grade, anhydrous natrite (Na2CO3),
calcite (CaCO3) and dolomite
(CaMg(CO3)2) powders (grain size
fraction < 45μm) were pressed using
2000 psi for 60 seconds, then mounted
on a copper sample platen for
introduction into the vacuum chamber.

The optical effect of X-ray induced
color center formation can be seen
visually on natrite and calcite pressed
pellets (below), where the bright
white unirradiated material is
observed around the pellet edges.


