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Introduction:  Sulfate-rich soils were exposed by 

Spirit rover at nine locations in Gusev crater on Mars 
[1,2,3]. Among them, seven locations are within Co-
lumbia Hills region. No intentional trenching operation 
was made after Spirit entered this region. Nevertheless, 
light-toned salty soils were dug out by the wheels of  
Spirit rover at multiple locations that were originally 
covered by reddish surface dust. In three locations, i.e. 
Paso Robles, Dead Sea (Arad), and Tyrone, Spirit 
rover either experienced a large amount of slipping, or 
almost got stuck. The manipulations to free Spirit from 
those locations brought up large amounts of light-
toned salty soils to the surface. In the other four loca-
tions, the rover traversed through the areas without 
obvious difficulties, and small amounts of light-toned 
soils were  exposed in the wheel tracks. 

 
Geomorphic Settings:  Geomorphic settings of 

these nine locations can be classified into five types.  

Enclosed local topographic lowland – The largest 
amounts of salty soils were excavated by Spirit rover 
at Dead Sea (Arad) and Tyrone areas (site 122 & site 

126). Both occur at local topographic lowlands, en-
closed by surrounding highlands or ridges. The tracks 
with exposed sulfate-rich soils extend over 7.4 x 2.7 
meters at Dead Sea site, and beyond 5.4 x 3.8 meters at 
Tyrone site.  The overlaying aeolian deposits at both 
sites have variable thicknesses from < 5 millimeters up 
to several centimeters. The buried salty soils appear 
thick and very likely extend beyond the excavated ar-
eas by Spirit rover. The salty soils at Tyrone seem to 
exhibit a layered structure made of different types of 
salts.  The salty soils at both locations coexist with 
plentiful rocky “nodules” having irregular shapes and 
rough surface features.  

At the base of steep slope – small amounts of light-
toned soils were found in the wheel tracks at “Shred-
ded” area (site 69, Fig.2a), located at the foot of West 
Spur (a westward projecting salient near the foot of 
Husband Hill) within a local depression named 
“Hank’s Hollow”. The tracks with exposed light-toned 
soils occupy an area of 2 x 3 meters. The co-existing 
local rocks in the area show extensive weathering fea-
tures, i.e. a surface with mm-sized clasts suspended on 
the ends of thin stalks, or the rocks with only residual 
outer case (Fig.2b).    

Small patches of light-toned soils were exposed at 
site 102, which is at the edge of an elliptical low-
albedo region in HiRISE image [4] of Gusev crater. 
The contour map shows that the site is at the base of 
Cumberland Ridge, which has a slope of 16° immedi-
ately above the site 102.   

In the vicinity of large outcrops --  minor amounts 
of light-toned soils were exposed sparsely in the wheel 
tracks around large outcrops Jibsheet and Hillary 
(Fig.3b, 3c), locate on Cumberland Ridge and on the 
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summit of Husband Hill respectively. The exposures 
of light-toned soils are not at the immediate base of 
outcrops where the modern aeolian deposits accumu-
late, but on the flat areas in front of outcrops and a few 
meters away from the bases of outcrops. The tracks 
that contain the light-toned soil exposures extend to 
quite large areas (7 x 2 meters in front of Jibsheet and  
a spot about 20meters away from it). The wide ex-
panse of light-toned soils at the high elevation spots on 
Husband Hill and their decorrelation with modern ae-
olian deposits suggest a different time scale for the 
accumulation of these salty soils.  

On the slope of Cumberland Ridge – Paso Robles 
salty soils were excavated by Spirit rover on the slope 
of Cumberland Ridge, during an up-hill drive on sol 
398. The salty soils were loose that caused  Spirit ex-
periencing a large amount of slipping. The exact site is 
at a level about 7 meter below and 25 meter away from 
Larry’s lookout outcrop. The tracks containing salty 
soils cover an area about 1.7 x 1.9 meters in size. The 
occurrence of salty soils at this site is extremely het-
erogeneous and quite localized, shown as  a “spotty” 
type of distribution pattern (Fig. 4a, 4b).  The salty 
soils were thick at specific spots.   

At basaltic plains beneath the surface dust  -- Mg-
sulfate-rich soils were excavated by Spirit in two 

trenching operations in basaltic plains during its trav-
erse from  Bonneville crater to Columbia Hills [5,6]. In 
the past, basaltic lava flow(s) covered the floor of 
Gusev crater [7]. The salty soils discovered in two 
trenches are mixed with basaltic regolith formed after 
the lava flows by impact gardening, thus implying a 
relatively young age for these sulfate-rich materials.   

 
Mineralogy and Geochemistry:  Five sets of in 

situ measurements (APXS, MB, MI) were made for 
the salty soils at Paso Robles, Arad, and Tyrone mate-
rials; and for the regoliths exposed by two trenches in 
basaltic plains (Big Hole and The Boroughs).  Multiple 
stand-off measurements with Pancam multispectral 
images (13 geologic filters) and MiniTES long-
duration stare were made on the light-toned soils ex-
posed at all nine locations.  

Compositional data [8,9] obtained by APXS indi-
cate extremely high S contents in all these soils. In 
addition, various compositional correlations were 
found: including a positive Mg vs. SO3 correlation and 
the negative SiO2 & Al2O3 vs. SO3 correlations for 
trench regoliths; a positive Fe vs. SO3 correlation and 
the negative SiO2 & Al2O3 vs. SO3 correlations at Paso 
Robles and Dead Sea (Arad); as well as the enrich-
ments of Ca and S in Tyrone soils [10]. These large 
enrichments of sulfur and compositional correlations 
imply that sulfates are the major constituents of these 
salty soils. Among them, Mg-sulfates, Fe-sulfates, and 
Ca-sulfates as the major sulfates in trench regolith, in 
Paso Robles and Arad soils, and in Tyrone soils re-
spectively.   

Mössbauer analyses [11, 12] indicate abnormally 
high Fe3+/Fetotal in trench regoliths and in Paso Robles 
soils, and abundant (among all Fe-bearing minerals) 
ferric sulfate in the soils at Paso Robles and Dead Sea 
(Arad) [13]. 

 MiniTES spectra from the major exposures of 
light-toned soils (Paso Robles, Dead Sea, and Tyrone) 
contain a spectral feature at ~ 6 micrometer, suggestive 
of adsorbed water in fine particles [14]. Various sul-
fates are necessary end-members for the deconvolution 
of these spectra [15].  

 Pancam images taken with 13-geology filters from 
most of nine locations revealed many color differences 
among the patches of light-toned soils at the same lo-
cations, which is the only direct evidence of coexisting 
salts of different types (Fig.5).  Pancam 13 “geology” 
filter set covers the visible and near infrared wave-
length region from 432 to 1009 nm [16]. The spectra 
extracted from these Pancam images all show steep 
slopes from 432 nm to 735 nm and in some cases an 
absorption band centered around 830 nm (Fig.6a) [17].  
Furthermore, a wide variety in spectral details were 
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found. A Pancam spectral analysis [19] on the typical 
salty soils at Paso Robles, Dead Sea (Arad) and Ty-
rone suggest the candidate Fe-sulfates to be ferrico-
piapite [Fe2/3

2+Fe4
3+(SO4)6(OH)2·20(H2O)], hydronium 

jarosite [(H3O)Fe3+
3(SO4)2(OH)6], fibroferrite 

[Fe3+(SO4)(OH)· 5(H2O)], rhomboclase 
[HFe3+(SO4)2·4(H2O)], and paracoquimbite 

[Fe3+
2(SO4)3·9(H2O)].  

 
Tyrone investigation:  The right-front wheel of Spirit 
rover stopped rolling before entering the Tyrone area 
at sol 784. During its backward travel in Tyrone area, 
Spirit rover dragged its right-front wheel all the way. 
The dragging wheel made a long and deep “trench”, 
that exposed a large amount of light-toned salty soils 
from the depth that can not be reached by other five 
normally rolling wheels. Therefore, rover wheel tracks 
at Tyrone revealed the salty soils from different 
depths.  

We found [17] that only the deeper soils dug out 
by the right-front wheel posses the 800-860 nm ab-
sorption band in their Pancam spectra (Fig.6a,b,c). In 
addition, these soils have a stepper slope in the spectral 
region from 432nm to 753nm than the soils exposed 
by other five wheels (Fig.6a). Therefore, we infer that 
there is a layered texture for the salty soils at Tyrone, 
i.e. the “yellowish” salty soils with the 800-860 nm 
band (ferric sulfates) occur  deeper while the 
“whiteish” salty soils without this band (Fe-sulfates, 
Ca- and Mg-sulfates, as well as perhaps halides) occur 
at a shallower depth right beneath the thin layer of 
surface dust. 

Over 200 sols during Spirit’s winter campaign, pe-
riodic Pancam images using all 13 “geology” filters 
were taken of the Tyrone area. The purpose of these 
observations was to monitor the potential changes that 
might occur in the Pancam spectra of the freshly-
exposed Tyrone soils, possibly indicating a change in 
mineralogy and/or hydration state. The “yellowish” 
and “whiteish” soils can be distinguished in Pancam 
images taken from tens of meters distance.   

After 175 sols’ exposure to current Martian surface 
conditions (diurnal and seasonal cycles of temperature, 
dust, relative humidity, and water vapor pressure), a 

relative change in the spectra of “yellowish” soils was 
detected. For example, when plotting the sol 864 re-
flectance values of each pixel in Pancam images taken 
using the L2 filter (753 nm) versus the L7 filter (432 
nm) as a 2-D histogram, the pixels from “yellowish” 
and “whiteish” soils appear as two well separated 
branches in the histogram (Fig.6d, yellow colored 
spots for “yellowish” soils, and green colored spots for 
“whiteish” soils). However starting from sol 959, the 
histograms based on Pancam Tyrone observations 
show a trend of reduction in the separation of these 
two branches (sol 1005 in Fig. 6e), when compared 
with the similar observation from sol 864 (Fig. 6d). 
This reduction appears to be caused by the decrease of 
R753nm/R432nm in “yellowish” soils relative to “whiteish” 
soils. In other words, the “yellowish” soils appear to 
become more spectrally similar to the “whiteish” soils 
(in 432 to 753 nm spectral range) since the time of 
their exposure to Martian surface conditions.  

This observation supports our model of the layered 
structure of salty soils at Tyrone. Indeed, we hypothe-
size that the “yellowish” soils were originally not in 
equilibrium with surface conditions because they were 
buried deeper. Over time, the equilibrium has been 
developing that caused the “yellowish” soils to become 
similar to the “whiteish” soils, which were more or 
less in equilibrium with surface conditions because of 
their originally much shallower burial depth. 

We have performed laboratory experiments on 
Fe2(SO4)3•7H2O that suggest that dehydration can in-
troduce the reduction of the R753nm/R432nm spectral slope 
similar to what we see in the Pancam data. Further 
decomposition (to Fe2O3) can introduce further reduc-
tion of that spectral slope. Pancam observations  of 
Tyrone soils will continue to be made, as long as Spirit 
can still see the area. More laboratory experiments on 
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dehydration and decomposition of ferric sulfates are 
also planned. Finally, while evidence for these time-
variable changes occurs in a relative sense within indi-
vidual images, we are still continuing to explore other 
possible origins for these changes, including illumina-
tion effects and instrumentation/calibration issues re-
lated to changing atmospheric and calibration target 
dust conditions.   
 

Discussion:  The finding of light-toned salty soils 
at nine locations along ~ 6 km traverse of the Spirit 
rover demonstrated that the existence of salty soils in 
the region surrounding Columbia Hills is not an un-
common phenomenon.  

Based on the stand-off measurements at all nine lo-
cations and the in situ measurements at five, hydrous 
sulfates are one of the major constituent of the salty 
soils. The compositional features of these sulfates are 
well correlated with that of local rocks [20].   

In addition, the major type of cations in the sulfates 
at different locations appears to reflect the degree of 
alteration of regional rocks and outcrops. For example, 
rocks on the basaltic plains show almost negligible to 
low-levels of alterations [21, 22] involving the dissolu-
tion of olivine [23], which would release Mg and Fe. 
This character is reflected in the sulfate-rich regolith at 
two trench sites [6], with Mg-sulfates as the main sul-
fates at the sites and abnormally high Fe3+/Fetotal ratio 
compared with surrounding plains regolith.  

Ca-sulfates appear to be the main sulfates con-
tained in Tyrone salty soils, and possibly in light-toned 
soils at the foot of West Spur (Ca-sulfates are the main 
sulfates contained by West Spur rocks [24, 25]). Out-
crops at the Home Plate area and rocks on West Spur 
contain large amounts of silicate glasses [26, 27, 28]. 
The loss of translational symmetry in the framework of 
a glass structure would normally reduce the threshold 
energy for chemical reactions and phase transitions 
[29, 30]. Thus during an alteration process where Ca in 
feldspar and clinopyroxene crystals have no chance to 
be released, the Ca in silicate glass may potentially get 
free, and to form Ca-sulfates when sulfur and other 
conditions are available.   

   We are evaluating various candidate processes 
that might be responsible for the formation and distri-
bution of light-toned salty soils at Gusev crater, e.g. 
the deposits from precipitation of salt-rich fluids, from 
fumarolic processes, and from aeolian processes. In 
addition, emplacement by impact events cannot be 
excluded. When looking into the details on the charac-
ter of those soils at five types of morphologic settings, 
it appears to us that the major contributing process 
could be different at different settings. Detailed analy-

ses will be developed and will be reported in the con-
ference.  
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