
Abstract
Observations (1160–5700 Å) using the Hubble Space Telescope’s Space Telescope
Imaging Spectrograph (STIS) suggest the presence of sulfur oxides and sulfur
allotropes on Ceres’ surface with increased abundance toward the northern
hemisphere, potentially correlated to Oxo and Occator craters [1]. The origins of
these sulfurous species are not clear; one of the possibilities is derivation from
sulfur-bearing minerals such as pyrrhotite or sulfate salts deposited on Ceres
surface with subsequent environmental processing. To examine this hypothesis, we
determine the stability of magnesium sulfate hexahydrate (MgSO4·6H2O), a
candidate material proposed for Ceres’ bright spots [2,3], exposed to Ceres’ low
pressure and temperature environment.
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General and Ceres Specific Conclusions

1) Measured dehydrated rates exclude MgSO4·6H2O as a candidate material on Ceres surface 
or other airless planetary bodies with similar surface temperatures; indeed, remote 
observation of MgSO4·6H2O on such bodies is indicative of surficial or exospheric water.  

2) Hydrated MgSO4·nH2O (n<6) may exist at locations where temperature  is always <147 K, 
or where a water supply is always available.

3) Enhanced UV-Vis absorption as a function of time is observed for MgSO4·6H2O (and 
anhydrous MgSO4, MgSO4·1H2O, MgSO4·7H2O) under exposure to low pressure, likely 
resulting from changes in crystal structure. 

4) Decomposition of MgSO4·6H2O into MgO and sulfurous species (SO2, S, etc.) due to low-
pressure-exposure is suggested by the formation of absorption bands at ~ 244 and 280 nm.
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Experimental Details
Measurement of diffuse reflectance:
(1) Lambda 1050 - Dual Beam Spectra-photometer

•Hydrogen and Deuterium Lamp Sources (175–3300 
nm)

•Photomultiplier (175–~850 nm) and InGaAs (~850–
2500 nm) detectors

(2) Praying Mantis Diffuse Reflectance Attachment

(3) Harrick Low Temperature Reaction Chamber

•Base pressure of ~5 × 10-6 Torr

•Temperature range: ~130–850 K

(4) Spectra were collected in air or nitrogen as appropriate 
before pumping and collected every 5 minutes during 
atmospheric removal (pumping). 

(5) Sample spectra were referenced to a PTFE powder 
standard.

X-ray powder diffraction measurement:
(1) Confirm powder purity and structure at 296 K in air

(2) Panalytical X’Pert Pro MPD Diffractometer

(3) HighScore Plus 4.5 software with PDF4+ database

Samples were prepared by sieving into several size fractions: <45 µm, 45-85 µm, and 250-
500 µm either in atmosphere or in dry-nitrogen as appropriate. An sample cup (7 mm
diameter, 10 mm depth) was filled with loose sample powder for optical spectroscopy. The
sample cup is in good thermal contact with the LN2 Dewar to allow cooling of the powder.
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Figure 3 from Hendrix et al, Geophys. Res. Lett., 43(17), 8920-8927 (2016) [1]

Observations of Ceres using the Hubble Space Telescope found that spectra from the
northern latitudes are more UV absorbing than those at southern latitudes. Indeed,
while the UV-Vis spectra at the southern latitude region can be modeled using the
phyllosilicate serpentine exclusively, observational data require the addition of sulfur
and SO2 to match Ceres’ spectra in the UV-Vis toward the northern latitudes.

Evidence for  sulfurous species on Ceres’ surface

We acknowledge A. R. Hendrix for sharing the observation data [1]. 

Additional candidate materials (right), including
other phyllosilicates, carbonates, and sulfates
[1,4,5], have been considered, and their spectra
(measured in air) do not provide strong enough
UV absorption to match Ceres in the north
latitudes. Sulfur and sulfur compounds are the
best fit to Ceres’ UV-Vis spectrum.

Potential Origin of Sulfurous Species 

Sulfurous species on Ceres’ surface may originate 
by geothermal activity, impact delivery, outgassing 
of sulfurous material, or environmental processing 
of sulfur-bearing  minerals.

Sulfates have been observed on Mars [6] and in
aqueously-altered carbonaceous chondritic (CI &
CM) meteorites [7]. Magnesium sulfate hexahydrate
also has been identified on the icy surface of Europa
[8,9]. Hydrated sulfates were initially proposed to
contribute to the bright regions on Ceres [2,3]. We
investigate magnesium sulfates, particularly
MgSO4·6H2O, to quantify its stability and identify
physical / chemical changes with accompanying
spectral modifications under conditions relevant to
Ceres and other airless planetary bodies.

On a planetary surface, sulfur is
normally present as pyrrhotite,
particularly troilite; however, troilite
spectra, with an absorption edge at
>4000 Å, are not a good match to
Ceres’ spectrum.

Cloutis et al., 30th LPSC, Abstract #1875 [10].

Spectral Measurements for MgSO4·6H2O 
with Low Pressure Exposure 

Dehydration of MgSO4·6H2O at Low Pressure 

With increasing low-pressure exposure time, stretching and bending water absorption overtones
decrease, implying the removal of incorporated molecular water. The rate of spectral change increases
at higher temperature and with smaller grain size. The double logarithmic representation of the water
band area at ~1.9 µm (A) and low pressure exposure time (t) is shown (left), for MgSO4·6H2O at 296 K,
200 K, and 147 K. An Avrami equation, A(t) = exp(−K × tn), is used to fit the data [11]. At 296 K and 200
K, three linear regimes develop as the low-pressure exposure continues, indicating three sequential,
distinct dehydration-mechanisms. At 147 K, only one linear regime is observed within the duration of
the experiment, due to the slow rate. The time scale, extrapolated on the basis of the linear fitting, to
dehydrate the MgSO4·6H2O to a level of 1% (below instrument sensitivity) is ~ 103 years at 296 K, 5 × 104

years at 200 K, and 1012 years at 147 K. We find that MgSO4·6H2O cannot exist on Ceres (or other)
surface without rehydration for T ≥ 147 K.

Calculation of Hydration Intensity:
Band area A(t) is determined by
converting the relative reflectance (R)
to optical depth units, -ln (R); the
integrated area was determined over
1.80–2.25 µm after subtraction of the
background continuum using a
polynomial fit (dashed-lines) and
scaled to the value at t = 0.

Enhanced UV Absorption for MgSO4·6H2O with Low Pressures

• Time-sequenced spectra for magnesium sulfate
hexahydrate under exposure to low pressure show
enhanced absorption at the UV range, with the absorption
edge shifting toward longer wavelength, becoming more
similar, but not identical, t0 Ceres spectra from Hubble
Space Telescope and from Dawn Visible-Near Infrared
spectrometer. Similar trends were observed for anhydrous
MgSO4 exposed to low pressures (top left).

• It is unknown why low-pressure exposure results in strong
UV absorption. In addition to the removal of water,
possible explanations include structural amorphization [12]
(right), shifted electronic transition, and formation of new
species (bottom left).

• Sulfur is a possible product from the dehydration of
hexahydrate with extreme low-pressure exposure.

The disappearance of XRD peaks after ~22
hours’ exposure to low pressure shows
complete amorphization.

Decomposition of MgSO4·6H2O 
at Low Pressure 

Temporal evolution with low-pressure exposure of the
relative reflectance spectra (in optical depth units after
continuous background subtraction) for MgSO4·6H2O
shows formation and growth of new absorption features
(peaks) at ~244 and 280 nm, absorption positions
consistent with the potential decomposition products of
MgO and sulfur oxides (such as SO2) [13].


