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Interbedded sulfate layers on Mars: Stratigraphy 

with interbedded sulfate layers was observed at many 

locations on Mars by orbital remote sensing using Vis-

NIR spectroscopic technique (OMEGA and CRISM 

instruments on ESA’ Mars Express and NASA’s MRO 

missions) [1, 2]. The two types of hydrous sulfates 

occurred in these layers are: kieserite (K-layer) 

MgSO4.H2O that was definitively identified based on 

its distinct double band at 1.95 & 2.07 µm in reflec-

tance Near-IR spectra [3]; and polyhdrated sulfates (P-

layer) whose nature remained largely unknown be-

cause the observed Near-IR spectral features can be 

explained by hydraous sulfates with variety of cations, 

and various hydration degrees [4].  One major ques-

tion has been asked: how could two hydrous sulfates 

with very different hydration degrees co-exist in an 

hyperarid environment for such long time and what is 

the reason to stop the further dehydration of 

polyhydrated sulfates at many places at Mars surface?  

We report here a new understanding on the natures 

of the two hydrous sulfates within interbedded stratig-

raphy, based on the thermodynamic and kinetic proper-

ties of hydrous sulfates revealed by laboratory experi-

ments fund by NASA Mars Fundamental Research 

Program (MFRP) [5, 6, 7, 8]. The phase identifica-

tions, especially the determination of hydration de-

grees, were made by in situ laser Raman spectroscopy. 

Nature of observed polyhydrated sulfates: Direct 

comparison of OMEGA and CRISM spectra with those 

of hydrous Mg-, Fe
2+

-, Fe
3+

-, Ca-, Al-sulfates can ex-

clude Fe
3+

-, Ca-, Al-sulfates from being the candidates 

that contribute the spectral features of polyhydrated 

sulfates.  Among hydrous Mg- and Fe
2+

-sulfates, high-

ly hydrated phases, such as MgSO4·xH2O (x=11, 7, 6) 

and FeSO4·xH2O (x=7, 6) can also be excluded based 

on two reasons: (1) OMEGA or CRISM instruments 

sense the species in top layer (~ mm thick) of Martian 

materials which is in equilibrium for long period with 

the current Mars atmosphere at extremely low PH2O; 

(2) laboratory experiments on the stability field of 

highly hydrated Mg/Fe-sulfates suggest that those  

highly hydrated sulfates would immediately dehydrate 

(in hours or days) [5, 6, 7] in current Mars atmosphere.  

 The remain potential candidates for polyhydrated 

sulfates are starkeyite MgSO4·4H2O and rozenite 

FeSO4·4H2O, which are the intermediate products in 

the dehydration pathways of highly hydrated sulfates. 

In an early set of experiments (T=50°C, 21°C, 5°C, -

10°C, relative humidity RH=6-100%) [5, 6, 7], we 

have demonstrated that the dehydration of 

MgSO4.xH2O (x=11, 7, 6) at temperature  50°C 

would “stop” at the stage of starkeyite MgSO4·4H2O, 

no further dehydration to kieserite (MgSO4·H2O) 

would progress (unless mixed with some catalysis spe-

cies). Recently, we finished a new set of similar exper-

iments (T=50°C, 21°C, 5°C, RH=6-100%) on Fe
2+

-

sulfates, it revealed that, opposite to Mg-sulfates, the 

dehydration of FeSO4·7H2O at T 50°C did not 

stopped at rozenite FeSO4·4H2O stage, further dehy-

dration towards szomolnokite FeSO4·H2O was reached 

continuously [9]. 

The structural similarity of rozenite and starkeyite 

is that both have a sub-structural unit, a four-member 

ring made of two 

SO4 tetrahedra 

and two 

MO2(H2O)4 

(M=Mg, or Fe) 

octahedra by shar-

ing corner oxygen. 

This four-member 

ring would help 

maintaining the 

structural stability 

against dehydra-

tion at low tem-

perature, because 

additional activation energy would be needed to break-

off the ring in order to form monohydrates. We have 

found that the stability of these intermediate phases is 

heavily influenced by the size of octahedra (i.e., M-

H2O bonding length), the electrostatic force employed 

by metal cation in a smaller M(H2O)6 or MO2(H2O)4 

octahedron would hold its coordinating H2O tighter, 

thus would be more resistant to dehydration. In the 

four-member ring of starkeyite, the average bond 

length in MgO2(H2O)4 octahedra is 2.074 Å, the  aver-

age S–O bond length in  SO4 tetrahedra is 1.472 Å.  In 

comparison, the average lengths of similar bonds in 

rozenite are larger, 1.489 Å and 2.120 Å respectively, 
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which explain the less stable rozenite observed in our 

dehydration experiments.  

Based on spectral comparison, the dehydration 

pathways of Mg-sulfates and Fe
2+

-sulfates, and the 

structural characters of intermediate phases starkeiyite 

and rozenite, we now conclude that Starkeyite 

MgSO4·4H2O, with a median hydration degree,  is the 

most feasible candidate that contributes the spectral 

feature assigned to polyhydrated sulfates.  

Origin of observed Martian kieserite: at T≥ 69°C, 

kieserite would precipitates directly from Mg-SO4-rich 

brine [10]. This process can happen during some hy-

drothermal events on Mars. Since a large quantity of 

kieserite was found on Mars with very wide spatial 

spreading, we need, nevertheless, to understand how to 

form the majority of observed kieserite at relatively 

low temperature (a general understanding was Tsurface < 

50°C in Mars history).  There have been two 

schools of thoughts: #1- kieserite is the dehydration 

product from MgSO4.xH2O (x=11-2) through specific 

pathways based on experiment results [5, 6, 7, 8]; #2- 

kieserite can precipitate directly from Mg-SO4-Cl-rich 

brine, based on geochemical modeling, because the 

high ionic strength of the brine would reduce the water 

activity that facilitates the kieserite precipitation [11].  

 In order to evaluate the model-driven concept #2, 

we conducted a set of evaporation-precipitation exper-

iments of Cl-rich brines. We dissolved MgSO4.7H2O 

and MgCl2.6H2O into small amounts of Millipore H2O 

to build brine samples of Mg-SO4-Cl system,  with 

molar ratios of SO4:Cl2 of 

9:1, 7:3, 5:5, 3:7, and 1:9. 

The bine samples were put 

into open Petri Dishes and 

maintained at T= 21±1˚C and 

T=5±1˚C. Because the solu-

bility of MgCl2 (56 

g/100gH2O) is much higher 

than that of MgSO4 (36 

g/100gH2O at 25°C), and we 

have experimentally observed 

the precipitation of bischofite 

MgCl2.6H2O happened much 

later than Mg-sulfates, thus the local RH during Mg-

sulfates precipitation was actually controlled by 

MgCl2-H2O saturated solution (experimentally deter-

mined to be 33.0% RH at 21°C and 33.6%RH at 5°C). 

In order to reduce further the water activity and  to test 

the model-driven concept #2 in extreme condition, we 

placed the brine sample with the highest Cl-content 

(SO4:Cl = 1:18) in two containers whose RH are buff-

ered by LiBr-H2O and LiCl-H2O saturated solutions 

(RH=6 & 11% at 21°C and 5°C).  During the whole 

evaporation process of ten brine samples, continuous 

Laser Raman Spectroscopic (LRS) measurements were 

made directly on the precipitated crystalline materials 

from Day-2 after the starting of experiments until the 

full solidifications of all brine samples were reached, 

and then continuous LRS monitoring on dry crystals to 

Day-124 of experiments.   

 The LRS spectra taken until the full solidification 

of brine samples indicate, in addition to MgCl2.6H2O, 

only MgSO4.7H2O and MgSO4.6H2O were precipitated 

directly from all brine samples, i.e. no directly precipi-

tated kieserite was observed from these Cl-enriched 

brines. The LRS spectra taken ~120 days after the full 

solidifications indicate the appearance of MgSO4.5H2O 

and MgSO4.4H2O (but no MgSO4.H2O) obviously 

generated by dehydration of epsomite or hexahydrite 

based on early study of stability field of hydrous Mg-

sulfates [5, 6, 7]. We conducted a similar experiment 

using a brine generated by dissolving a natural salt 

sample (highly enriched in NaCl) collected from a sa-

line playa in a hyperarid region (Qaidam basin, Tibet 

Plateau) into small amounts of Millipore H2O. No kie-

serite was directly precipitated from this natural brine 

of K-Na-Ca-Mg-SO4-Cl system. These experiments 

support that the dehydration from MgSO4.xH2O 

(x=11, 7, 6, i.e., meridiianite, epsomite, hexahydrite) is 

the origin for the majority of martian kieserite. The 

model-driven concept #2 maybe based on thermody-

namics, but is not supported by kinetics. 

Understanding the formation process of 

interbedded sulfates on Mars: The interbedded Kie-

serite-Starkeiyite (K-S) 

layers would be formed 

from episodic brines with 

differences in chemistry. 

The dehydration of Mg-

sulfates precipitated from a 

complex Mg-Ca-Fe-SO4-

Cl brine would develop to 

the stage of kieserite thus 

to form K-layer; the dehy-

dration of Mg-sulfates pre-

cipitated from a relatively 

pure Mg-SO4 brine would 

stop at the stage of starkeyite thus to form S-layer.  
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