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Introduction:  During the last decade, the Mars 

Exploration Rovers and the Mars Science Laboratory 

have traversed more than tens of kilometers across the 

Martian surface, while four spacecrafts (MRO, Mars 

Odyssey, MEx, MGS) have orbited the planet. This 

plethora of orbital and rover-based observations allows 

for comprehensive, coordinated analyses of data. Here, 

we conduct a coordinated analysis of aqueous-related 

mineral phases (phyllosilicates, sulfates, carbonates, 

hydrated silica) revealed by both orbital and in situ 

instruments, in order to better constrain the past aque-

ous environments in which these minerals (that are key 

phases for future sample return mission) were formed. 

Gusev Crater: Formation and deposition by an 

aqueous ponding event.  Based on CRISM data, [1] 

reported the identification of Fe/Mg phyllosilicates in 

deposits located >50 km from the landing site and pre-

viously interpreted to be fluvial-lacustrine sediments. 

Althoug these clays could be either detrital or formed 

from primary phases authigenically alteration, their 

occurrence supports the presence of a past lake. Con-

versely, altered phases that were only detected in situ 

[2-5], were interpreted to result from (volcanically 

driven) hydrothermal activity. CRISM images reveal 

spectral signatures of Fe and Al-rich phyllosilicates in 

the Columbia Hills, and the presence of carbonates at 

the Comanche outcrops and additional locations [1,6] 

(Figure 1). The absence of phyllosilicates combined to 

the presence of substantial (~50%) amorphous and 

npOx components by Spirit point to a poorly crystalline 

phyllosilicate. This complex mineralogy revealed by 

both in situ and orbital data shares some similarities 

with the compositions and chemical gradients of some 

altered deposits identified elsewhere on Mars, especial-

ly in the Terra Sirenum region [e.g., 7]. The plateau 

plains of this region contain scattered exposures of 

Al‐phyllosilicates and one isolated mound with opaline 

silica, in addition to more common 

Fe/Mg‐phyllosilicates with chlorides. A possible geo-

chemical analog for the deposits of northwest Sirenum 

is provided by Western Australian acid saline lakes [6]. 

Recent geochemical modeling of carbonate-bearing 

outcrops of the Columbia Hills also indicate low leach-

ing and evaporative precipitation [8]. Consequently, 

the full set of observations over Gusev crater strongly 

converges towards a ponding-related formation for 

many weathered phases detected in the Columbia Hills, 

with a period of liquid water coming from the aqueous 

deposition of sediments on the crater floor. 

 
Figure 1. Identification of hydrated phases over the 

Columbia Hills by orbital data. 

Terra Meridiani: Neutral and acidic (ground 

and surface) water. Both hematite and sulfates were 

observed from orbit [9-10] and analyzed in situ by Op-

portunity [11]. These first investigations supported 

highly acidic conditions having occurrred in this re-

gion, with both in situ and orbital observations indicat-

ing that aqueous processes studied in situ by Oppor-

tunity in Meridiani Planum were widespread. However, 

there is also evidence that the aqueous solutions from 

which most of the etched sedimentary terrains were 

formed have a higher pH. Several occurrences of phyl-

losilicates-rich mterials have been identified in the 

etched terrains [12, 13, Figure 2], and both ferric hy-

droxides (ferrihydrite, lepidocrocite) and ferric sulfates 

(amarantite, schwertmannite) are good candidates to 

explain the near-infrared spectral properties of etched 

terrains [12]. Diverse landforms including karsts and 

pan features are observed at the surface of the hydrated 

etched terrains and indicate past surface runoffs and 

potential groundwater aquifers [13]. Phyllosilicates are 

also exposed in the rim of Endeavour Crater, represent-

ing  older, underlying rocks formed in less acidic con-

ditions. [14-15]. Therefore, both small and large scale 

observations suggest a complex aqueous history with 

an early period of localized intense alteration under 

fluid-dominated, near-neutral to modestly low pH and 

reducing conditions. 
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Gale crater (at Yellowknife Bay): an example 

for (early) Hesperian fluvio-lacustrine deposits. The 

regional geologic context, sedimentologic framework, 

and geochemistry and mineralogy of the Sheepbed 

mudstone point to a neutral pH fluvial-lacustrine envi-

ronment during the post-Noachian history of Mars 

[16]. Quantitative mineralogy derived from in situ 

CheMin measurements reveals detrital basaltic materi-

als mixed with secondary  phases [17]. Orbital obser-

vations are unable to detect the clay-bearing Sheepbed 

mudstone member of the sedimentary Yellowknife Bay 

formation due to coverage by dust. However, the pres-

ence of clays has been reported in many other fluvial-

lacustrine deposits on Mars [18]. We modeled the 

composition of the two deltas present in the Eberswal-

de and Holden craters [19]. Their modal mineralogies 

inferred from orbital data can be then compared to 

CheMin values (Table 1). There is an excellent agree-

ment between the modal mineralogies of Yellowknife 

and Eberswalde. The composition of smectites and the 

isochemical alteration favor an authigenic formation of 

clay minerals at Gale [16]; a detrital origin in associa-

tion with authigenic processes would predict the pres-

ence of opal as proposed in Eberswalde [19]. Overall, 

the formation processes inferred for Eberswalde delta 

and the Peace alluvial fans both involve only limited 

surface water flow, ponding, and chemical alteration at 

the surface. This arid environment is expected at the 

time of the formation of these fluvial-lacustrine depos-

its, no older than Early Hesperian and possibly as late 

as the Early Amazonian for Eberswalde. 

Conclusion. Merging in situ and orbital measure-

ments provide a better understanding of the local and 

regional aqueous environments of the three landing site 

terrains. However, these aqueous environments, alt-

hough very diverse, do not represent the full diversity 

of Martian aqueous history revealed by global orbital 

observations [e.g., 20]. In particular, in situ investiga-

tions of hydrated deposits of earlier eons shall be the 

next objective to fully constrain the past habitability 

conditions of Mars.  

References : [1] Carter J. & Poulet F. (2012) Ica-

rus, 219, 250–253. [2] Morris R.V. et al. (2010), 

Science, 329, 5990, 421-424. [3] Haskin L.A. et al. 

(2005), Nature, 436, 66-69. [4] Squyres S.W. et al. 

(2006), JGR., 111, E02S11. [5] Squyres S.W. et al. 

(2008), Science, 320, 1063-1067. [6] Poulet F. et al. 

(2013), LPS 45, Abstract # 1739. [7] Wray J. et al. 

(2011), JGR, 111, E01001, 1–41. [8] Ruff S.W. et al. 

(2014), Geology, 42, 359–362. [9] Christensen  P.R. et 

al. (2001) JGR, 106, 23873-23886. [10] Gendrin A. et 

al. (2005) Science, 307, 1587-1591. [11] Squyres S.W. 

et al. (2006), Science, 313, 1403-1407. [12] Poulet F. 

et al. (2008), Icarus, 195, 106-130. [13] Flahaut J. et 

al. (2014), submitted to Icarus. [14] Wray J. et al., 

GRL, 36, L21201. [15] Arvidson R.E. et  al., (2014), 

Science, 343. [16] Grotzinger J. et al., (2014) Science, 

343. [17] Vaniman D.T. et al., (2014) Science, 343. 

[18] Carter J. et al. (2014), LPS 43, Abstract #1978. 

[19] Poulet F. et al. (2014), Icarus, 231, 65-76. [20] 

Carter J. et al. (2013), JGR, 118(4), 831-858. 

 

Table 1. Comparison of the mineral abundances in-

ferred from Curiosity and CRISM orbital measure-

ments. 

Mineral 

Phase 

Yellowknife 

bay (JK & 

CL) [17] 

Eberswal-

de deltaic 

deposits 

[19] 

Holden 

deltaic 

deposits 

[19] 

Clay minerals 18-22 10-25 25-45 

Plagioclase, 

amorphous 

phases 

50-53 50 40-45 

Pyroxenes 12-16 30 10-20 

 

Figure 2. Fe/Mg clay detections over Meridiani 

(from [13]). Outlines of the etched terrains 

(blue) and hematite plains (orange) are drawn. 

The scalebar is a qualitative assessment of the 

strength of the detection. Therefore the result-

ing map does not provide absolute band depth 

values but instead gives a qualitative assess-

ment of the intensity of the clay mineral detec-

tions. 
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