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Introduction: The importance of amorphous mate-

rials (including poorly crystalline and nanophase mate-

rials) on the surface of Mars has been recognized for 

decades. Amorphous phases have been detected 

through Earth-based and orbital IR spectroscopic ob-

servations, [e.g., 1,2], in-situ measurements by rovers 

and landers [e.g., 3,4], and laboratory studies of SNC 

meteorites [e.g., 5,6], and they have been predicted by 

geochemical modeling [e.g., 7]. Amorphous phases can 

form through primary (i.e., volcanism or impacts) or 

secondary processes (e.g., hydrothermal alteration, 

low-temperature weathering, radiation damage), and 

the types of amorphous materials present can tell us 

about past geologic and alteration processes. There are 

a variety of amorphous silicates that can be used to 

determine past aqueous environments, and here we 

focus on three key phases that have been detected on 

Mars. Opaline silica implies aqueous alteration at high 

water-to-rock ratios (leaching) under a range of tem-

perature and pH conditions, including in marine depos-

its, hydrothermal systems, and soils [8]. Allophane (a 

poorly-crystalline aluminosilicate) implies low-

temperature aqueous alteration at neutral to mildly 

acidic conditions, but only under rapid weathering that 

occurs in soils in snow-melt dominated climates and in 

young soils (especially glass-rich volcanic soils) in 

humid climates (>1 m mean annual precipitation) [9]. 

Finally, the presence of unaltered mafic glass can be 

used to infer a lack of aqueous alteration because it 

readily weathers in the presence of water. 

Amorphous phases in geologic materials are diffi-

cult to study on Earth, let alone on Mars, because they 

are usually mixed with crystalline and/or other amor-

phous phases. Furthermore, amorphous phases lack 

long-range crystallographic order so that measurements 

that rely on crystal structure (e.g., X-ray diffraction) 

are non-unique, which can complicate a diagnostic 

identification. Despite these obstacles, we have made 

significant headway since the 2007 International Con-

ference on Mars in understanding the amorphous mate-

rials on the martian surface. Here, we discuss orbital 

and in-situ detections of amorphous materials and their 

implications for processes on the martian surface, ques-

tions that still remain about amorphous phases on 

Mars, and potential paths toward answering those ques-

tions. 

Orbital Detections: Regional-to-global-scale and 

local detections of amorphous phases have been made 

using thermal-IR (TIR) and visible/near-IR (VNIR) 

datasets. Palagonite (i.e., altered volcanic glass) and 

amorphous iron oxides were suggested very early on as 

components of the martian surface based on VNIR 

reflectance data [1,10,11]. Amorphous silicate phases 

were modeled in Thermal Emission Spectrometer 

(TES) spectra of low-albedo regions across the planet 

and were initially identified as volcanic glass [12]. 

Subsequent models suggested that the high-silica phas-

es could also be phyllosilicates, zeolites, or amorphous 

silica coatings [13-15]. Recent TES models and inter-

pretations of OMEGA VNIR data indicate that altered 

volcanic glass may explain the high-silica phases de-

tected in northern mid-to-high latitude regions, includ-

ing Acidalia and Utopia Planitiae. OMEGA spectra 

from these regions display a band near 1.15 m and a 

concave upwards slope, analogous to lab VNIR spectra 

of Fe-bearing volcanic glasses that were leached under 

moderately acidic, arid conditions [16]. Similarly, 

models of TES data from northern Acidalia and Utopia 

Planitiae identify allophane and high Si/Al gel, both of 

which form from the alteration of volcanic glass [17]. 

Localized hydrated silica deposits have been identi-

fied across the planet, including in finely stratified de-

posits in and around Valles Marineris [18], finely lam-

inated deposits in western Hellas Basin [19], and with-

in craters in the Nili Fossae region [20]. In all cases, 

the local mineralogy and morphology of these deposits 

suggest formation from aqueous alteration. 

In-Situ Detections: Data from landed missions also 

indicate the presence of hydrated silica and altered 

glass on the martian surface. Opaline silica outcrops 

and soil (~65-92 wt.% SiO2) were discovered by the 

Mars Exploration Rover, Spirit, adjacent to Home 

Plate [21]. These deposits may have formed by acid-

sulfate leaching of basaltic precursor materials [21] or 

from near-neutral, silica-enriched solutions from hot 

springs and/or geysers [22]. Mini-TES models of Clo-

vis and Watchtower class rocks in the Columbia Hills 

of Gusev crater detected basaltic glass in ~35-50 vol.% 

abundances [23]; however, the best-fit spectral 

endmember came from a natural glass from Hawaii that 

showed evidence for a secondary coating or rind, likely 

from alteration of the glassy surface by meteoric water 

acidified by vent gases, similar to the alteration pro-

posed for the northern lowlands glass above [16]. Min-

eralogy calculated from APXS data from the Clovis 

and Watchtower class rocks indicates the presence of 

secondary aluminosilicates, including allophane and 
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amorphous silica [24], further suggesting the presence 

of altered glass in these rocks. Iron mineralogy calcu-

lated from the Mössbauer spectrometer indicates that 

Fe was not present in volcanic glass in these rocks 

[25], suggesting the glass was pervasively altered such 

that the Fe was mobilized and removed from the glass 

or precipitated as secondary iron oxides. 

The CheMin XRD on MSL detected ~30 wt.% X-

ray amorphous material in the Rocknest soil [26]. The 

chemical composition of the amorphous component 

was calculated using mineral models from CheMin data 

and APXS bulk chemistry. These models predicted that 

the amorphous component is Fe- and S-enriched and 

Si-poor relative to a basalt composition [27,28]. Min-

eralogy derived from the Rocknest CheMin XRD data 

using a modified FULLPAT model includes basaltic 

glass as the main amorphous component; however, this 

result is inconsistent with the modeled chemical com-

position of the bulk amorphous component [26]. We 

suggest the composition is consistent with three differ-

ent amorphous phases: 1) elevated Fe in the amorphous 

component, compositional similarities between the 

bulk Rocknest soil and soils in Meridiani and Gusev, 

and the identification of nanophase iron oxide (npOx) 

in soils at Meridiani and Gusev suggest a npOx phase 

[27,28]; 2) elevated S suggests an S-bearing phase; and 

3) the presence of Si suggests an amorphous silicate 

phase (potentially altered glass, or a Fe-Si gel similar 

in composition to hisingerite [28,29]). 

Conclusions and Further Questions: Both prima-

ry (volcanic/impact glasses) and secondary (opal/silica, 

allophane, hisingerite, npOx, S-bearing) amorphous 

phases appear to be major components of martian sur-

face materials based on orbital and in-situ measure-

ments. A key observation is that whereas region-

al/global scale amorphous components include altered 

glass and npOx, local scale amorphous phases include 

hydrated silica/opal. This suggests widespread altera-

tion at low water-to-rock ratios, perhaps due to 

snow/ice melt with variable pH, and localized altera-

tion at high water-to-rock ratios. Orbital and in-situ 

measurements of the regional/global amorphous com-

ponent on Mars suggests that it is made up of at least 

three phases: npOx, amorphous silicate (likely altered 

glass), and an amorphous S-bearing phase. 

Fundamental questions regarding the composition 

and the formation of the regional/global amorphous 

component(s) still remain: Do the phases form locally 

or have they been homogenized through aeolian activi-

ty and derived from the global dust? Is the parent glass 

volcanic, impact, or both? Are the phases separate or 

intimately mixed (e.g., as in palagonite)? When did the 

amorphous phases form? To address the question of 

source (local and/or global), we need to look for varia-

tions in the different phases within the amorphous 

component through continued modeling of the chemi-

cal composition of the amorphous phases in samples 

from Gale using CheMin and APXS data. If we find 

variations (e.g., a lack of or enrichment in amorphous 

silicate in some samples), this may imply a local source 

for some phases. Furthermore, the chemical composi-

tion of the weathering products may give insight into 

the formation mechanisms of the parent glass (e.g., 

impact glasses contain higher Al and lower Si [30], so 

we might expect allophane as a weathering product of 

impact glass). To address the question of whether these 

phases are separate or intimately mixed, we need to do 

laboratory studies of naturally altered samples made up 

of mixed phases (e.g., palagonite) and synthetic single 

phases to determine their short-range order structures 

and calculate their XRD patterns to use in models of 

CheMin data. Finally, to address the timing of the al-

teration, we need to study rocks on the martian surface 

of different ages that may contain glass (volcanic or 

impact) with MSL and future rovers to better under-

stand how glass alters on the martian surface, if that 

alteration mechanism is universal, and if alteration 

spans across long periods of time or if there is a time 

past which unaltered glass remains. 
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