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Introduction:  We present preliminary mapping of 
sulfates in the Interior Layered Deposits (ILDs) of East
ern Candor and Capri Chasma using spectral data from 
CRISM (Compact Reconnaissance Imaging Spectrome
ter for Mars).  The origin of the Valles Marineris ILDs is 
uncertain, so studying the geologic setting where multi
ple sulfate types are present can help in discriminating 
between different formation mechanisms.  Appreciating 
how  and  when  these  large  hydrated  sulfate  deposits 
formed is critical to understanding the environment dur
ing and since their formation.  The MER mission to Ter
ra Meridiani identified Mg and Ca sulfates and jarosite, a 
Fe3+ hydroxylated sulfate [1,2], indicating that the aque
ous  alteration  that  formed  these  hydrated  sulfates  was 
globally active.  

We integrate data from Mars Reconnaissance Orbiter 
(MRO) mission instruments CRISM, HiRISE (High Res
olution Imaging Science Experiment) and CTX (Context 
Imager) to look at locations in Eastern Candor and Capri 
with several sulfate types present.  Several potential in
stances  of  copiapite-group  sulfates  (hydrated  Fe3+ sul
fates) are recognized, along with Mg sulfates, as already 
identified by OMEGA [3,4].  Contacts between Mg sul
fates of various hydration states offer tantalizing clues to 
the processes that formed them  We present an example 
of an ILD that potentially shows several sequen-

Fig 1.  CRISM IR false color  and  parameter  maps for Capri 
Chasma  over  MDIM.   A.  (above)  RGB:  2.528,  1.564,  and 
1.078 µm.  Arrow indicates location of Fig 6.  B. (left) 1.9 µm 
band depth is purple (consistent with polyhydrated Mg and Fe 
sulfates) and 2.1 µm band depth (signifying kieserite, a mono-
hydrated Mg sulfate) is green.  Subtle vertical striping is due to 
uncorrected instrument artifacts.

tial processes that could provide a model for some sul
fate-rich ILD formation.

Datasets:  CRISM is a  visible  to  infrared imaging 
spectrometer capable of multiple mapping modes [5].  It 
can acquire high-resolution targeted observations at 544 
wavelengths  from  0.362-3.92  µm  and  15-19  m/pixel, 
global  mapping  strips  at  72  wavelengths  and  100-200 
m/pixel, and emission phase functions of sites for atmo
spheric study.   We present mosaics of Capri and Eastern 
Candor composed of mapping strips.  Observations are 
photometrically corrected and atmospherically corrected 
with a method similar to that used for OMEGA data [4].

The  HiRISE  camera  is  capable  of  acquiring  co-
aligned  imagery  with  CRISM  and  can  resolve  details 
down to ~25 cm/pixel [6], which is useful for resolving 
ILD layering [7].  CTX acquires grayscale images with 6 
m spatial resolution in 30 km wide swaths [8].

Background: Proposed formation mechanisms of the 
ILDs include sediment deposition in a lacustrine [9] or 
subice [10] setting,  subaerial or subaqueous volcanism 
[10,11], mass wasting, and aeolian deposition.  The pro
cess(es) that formed the ILDs are not necessarily those 
which made some ILDs sulfate-rich.  Later aqueous alter
ation, either through hydrothermal or ground waters, and 
diagenesis could modify the primary materials present. 
Iron oxide found in association with some sulfates could
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be the weathering product of iron-bearing sulfates.
OMEGA originally detected Mg and Ca sulfates in 

Valles Marineris [3,4] and proposed them as indicators 
of past aqueous activity in the Theiikian period of Mars’ 
alteration history, which roughly corresponds to the Hes
perian [12].  This period was dominated by acidic aque
ous alteration.  The sulfate detections occur over a wide 
range of elevations covering much of the ILD sequence 
and  are  preferentially  exposed  on  the  steepest  slopes 
[13,14].

Fig 2. IR false color for Eastern Candor Chasma over MDIM. 
RGB: 2.528, 1.564, and 1.078 µm. 

Results:  Capri (Fig 1A) and Eastern Candor (Fig 2) 
infrared false color maps show coverage of these areas. 
A parameter map of Capri (Fig 1B) shows variations in 
the 1.9 µm band depth in purple, which indicates hydra
tion, and the 2.1 µm band depth in green, which is sensi
tive to  monohydrated sulfates.    Sulfate  detections  are 
limited to ILDs and the loose material below ILDs.  
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Fig 3. CRISM ratioed spectra (green and pink) and library 
spectra of natural and synthetic kieserite and polyhydrated Mg 
sulfate.  The pink spectrum appears to be a mixture of mono- 
and polyhydrated Mg sulfates while the green spectrum is well 
matched by only kieserite.

Mg sulfates. Using the spectral parameter maps to lo
cate mineralogically interesting areas, we find that spec
tra from green regions indicate the presence of kieserite 
(MgSO4 ·  H2O), while those from purple regions show 
features attributable to polyhydrated Mg sulfates (MgSO4 

·  n H2O) (Fig 3).   As shown in Figure 3, spectra from 
purple  regions  as  mapped  in  CRISM  obs 
MSP000039ED_07  look  to  contain  both  mono-  and 
polyhydrated Mg sulfates because: the spectrum has both 
the narrow 1.4 µm absorption of a polyhydrate and the 
wide, blocky 2.1 µm absorption characteristic of a mono
hydrate.  This could be the result of areal and/or intimate 
mixing. 

Fe  sulfates.  Several  regions  in  Capri  and  Eastern 
Candor have spectra with an additional absorption near 
~0.85-0.92 µm, which could indicate either Fe sulfates or 
the co-occurrence of Fe oxides (see reflectance spectra in 
Fig 4, ratioed reflectance spectra in Fig 5).  Both Fe sul
fates and Fe oxides have wide absorptions near 0.75-0.95 
µm due to Fe3+ electronic transitions [15,16].  Fe oxides 
have very low reflectance in the visible due to a conduc
tion band at ~0.5 µm [16], while many ferric sulfates are 
bright in the visible.  We favor Fe sulfates over mixed 
Mg sulfate and Fe oxide assemblages for both regions 
because of their strong ~0.9 µm absorptions and high re
flectance in the visible.  Library spectra are resampled to 
CRISM mapping wavelengths.  Knudson et al. [17] fur
ther  examines  the  presence  of  hematite  in  sulfate-rich 
Valles Marineris ILDs.
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Fig 4. CRISM reflectance spectra of Fe sulfates (colored) with 
corresponding  bland  ratioing  spectra  (black  dotted).   Ratios 
shown in Fig 5 with same color scheme.
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Fig 5. CRISM ratioed reflectance spectra (colored) and library 
spectra (gray and black) of iron sulfates shown in Fig 4.  A. 
Comparison of CRISM spectrum with candidate library spectra 
of  schwertmannite  [Fe3+

16O16(OH)12(SO4)2 ]  and  copiapite 
group members fibroferrite [Fe3+(SO4)(OH)·5(H2O) ] and ferri
copiapite  [  Fe3+

2/3Fe3+
4(SO4)6(OH)2·20(H2O) ].  B.  Comparison 

of CRISM spectra with candidate library spectra of botryogen 
[ MgFe3+(SO4)2(OH) ·7(H2O) ] and polyhydrated Mg sulfate.

Candidate spectral matches include various copiapite 
group members (Fig 5A and B).  Diagnostic absorption 
features are the ~0.9 µm Fe3+ electronic transition, the 1.4 
and  1.9  µm  absorptions  due  to  hydroxyl  and  water 
bonds, and the drop at 2.4 µm due to sulfate overtones 
and combination tones [15].  The minerals must contain 
multiple water molecules as the spectra have the 1.9 µm 
absorption characteristic of polyhydration in addition to 
the boxy 2.1 µm absorption indicative of monohydration.

Contacts between sulfate types. Studying the geolog
ic setting and especially the contact between Mg sulfates 
of different hydration states can inform our theories of 
ILD formation.  High resolution imagery clarifies the ge
ologic contact between polyhydrated and monohydrated 
Mg sulfate layers in Capri as seen by CRISM.  The edge 
of the central Capri ILD shows a massive kieserite-rich 
layer overlying a more easily eroded polyhydrated Mg-
sulfate-rich layer.   The contact is cliff-like with a thin 
transition zone, consistent with the softer character of the 
underlying layer.  From HiRISE data, the polyhydrated 
Mg-sulfate-rich  layer  appears  breccia-like  and  darker 
than  other  polyhydrated  sulfate  exposures  in  Valles 
Marineris (Fig 6).

.

Fig  6.  Subset  of  HiRISE  image  PSP002128_1670  showing 
characteristic texture of breccia layer with polyhydrated sulfate.

While the contact between sulfates is readily discern
able  in  that  example,  it  is  not  always  so  clear  cut. 
CRISM observation HRS00002FAF of an isolated ILD 
exposure in Eastern Candor contains spatially coherent 
alternating occurrences of Mg sulfates with varying hy
dration states (Fig 7).  The nature of the contact between 
the kieserite (green) and polyhydrated Mg sulfate (pur
ple) is less clear.

Fig 7. CRISM observation HRS00002FAF of ridge in Eastern 
Candor  with  ILD exposed  at  base.   Kieserite  is  overlaid  in 
green  and  polyhydrated  Mg sulfates  are  in  purple.  Image is 
10.6 km across.
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Discussion:  Integration of the entire CRISM wave
length range has allowed us to identify Fe sulfates from 
remotely acquired VNIR spectra.  OMEGA mapped both 
Mg sulfates and Fe oxides in similar locations to our de
tections [13,18].  These two results are not incompatible. 
The  OMEGA  detection  of  a  strong  mafic  absorption 
band associated with Mg sulfate features is a realistic in
terpretation for areas both with and without CRISM Fe 
sulfate signatures.  Fe sulfates weather through dehydra
tion, dissolution, and diagenesis to Fe oxides,  so some 
spatial association is expected.  Further study of Fe oxide 
deposits near sulfate-rich ILDs can indicate the weather
ing processes at work.

Each chasma has its own character of ILD, so craft
ing  an  overarching  ILD  formation  theory  is  difficult. 
Mineral stability also needs to be taken into account for 
plausible  formation  hypotheses.   Laboratory  research 
[19] indicates that kieserite would form under different 
conditions than polyhydrated sulfates, and that dehydra
tion  of  polyhydrated  sulfates  under  martian  conditions 
would  form an  amorphous  polyhydrated  sulfate  rather 
than kieserite.  The time scale for amorphous sulfate to 
crystallize to kieserite is also long.  Thus, different mech
anisms may be required to create alternating polyhydrat
ed sulfate and kieserite-rich layers.

Examples from two chasma present different possible 
mechanisms for ILD formation and sulfate enrichment. 
The first example, in Capri, could consist of a polyhy
drated cement in breccia material with layered massive 
kieserite  deposition  on  top.   The  second  example,  in 
Eastern  Candor,  consists  of  alternating  expression  of 
kieserite and polyhydrated Mg-sulfates.  This configura
tion  could  be  the  result  of  alternating  brine  chemistry 
during deposition or deposition of a kieserite sequence 
with layers of different texture and competence that dif
ferentially  weather  to  polyhydrated  Mg  sulfate  by 
groundwater interaction or surface exposure.

The polyhydrated Mg-sulfate-rich layer in Capri has 
characteristics of breccia.   If that interpretation is true, 
that portion of the ILD could have formed by landslide, 
impact,  fluvial,  or  volcanic  ash  flow processes  which 
were later cemented by polyhydrated Mg-sulfates.  Vol
canic ash flows or tuffs would contain the sulfur neces
sary to alter in the presence of groundwater to form sul
fates.  The sulfate is located along the eastern wall of a 

crater,  so  it  could  have  been  formed by hydrothermal 
processes associated with the impact or been brought up 
from depth by crater formation.  Another possible inter
pretation is that the bright 1-10m patches (Fig 6B) could 
be windows through the overlying polygonal texture to 
fresher,  brighter  material  underneath.   The  patches are 
about the same size as the polygonal fractures and are 
similarly angular.   Testing of  this  hypothesis  by using 
shadows  to  discern  the  relative  topography  of  bright 
patches is inconclusive.  

After the polyhydrated Mg-sulfate-rich layer formed, 
deposition of a massive layer enriched in kieserite could 
have formed by a later process, such as evaporation with
in a lacustrine or aeolian depositional environment.  We 
believe the two sulfate types formed on separate occa
sions, rather than by diagenesis and aqueous alteration of 
a  sedimentary sequence producing two sharply divided 
Mg-sulfate-rich layers.  The kieserite signature does not 
extend into the brecciated layer, which would be proba
ble  if  the  secondary  alteration  event  that  formed  the 
kieserite affected the underlying layer.  Further detailed 
study  of  ILD  exposures  with  multiple  sulfate  types 
present is needed to better understand possible formation 
processes.
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