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Introduction:  The positive free energy of surface 

molecules in a crystal nucleus destabilizes its growth and 

enhances dissolution until a critical size is reached. 

Crystal growth beyond the critical size is favored in most 

minerals due to the increase in the chemical potential of 

the system with the transfer of molecules in solution to 

the solid phase. Following this principle, most natural, 

terrestrial amorphous minerals are transitional and, over 

time, will transform to the most thermodynamically 

stable crystalline phases and are absent in ancient 

sediments.  

Amorphous phases on Mars are abundant in modern 

and ancient eolian and fluvio-lacustrine sedimentary 

deposits dating back ~3.5 Ga [1]. The co-occurrence of 

abundant amorphous phases and phyllosilicates in Gale 

crater fluvio-lacustrine sediments is atypical because 

phyllosilicates form in wetter environments to a greater 

extent of aqueous alteration. In contrast, amorphous 

materials are typically favored under a low water budget 

environment [1,2]. One explanation for this is the 

persistence of nano minerals with enhanced surface 

transformations such as surface relaxation, modified 

periodicity, symmetry, and overall structural disorder 

[3]. The formation of amorphous phases can indicate a 

significant transition in the Mars environment wherein 

phyllosilicates formed under wetter conditions trans-

formed under dry conditions with a low water:rock ratio 

and kinetics that did not favor new crystalline phases. 

The non-destructive scanning transmission X-ray 

microscopy (STXM) coupled with spatially resolved 

near-edge X-ray absorption fine structure spectroscopy 

(NEXAFS) analyses were applied to infer Si, Al, and Fe 

speciation and interactions in Mars-relevant volcanic 

analog materials. Nanoscale speciation and analysis of 

molecular interactions for the three major components of 

analogous amorphous matrices will provide crucial 

information about the origin, chemical reactivity, and 

geochemical specifications of amorphous materials on 

Earth and Mars. 

Materials and Methods: The STXM and NEXAFS 

analyses were performed at the Soft X-ray 

Spectromicroscopy (SM) beamline at the Canadian 

Light Sources (CLS) on clay-sized particles of Hawaiian 

palagonitic soil and Icelandic tuff samples. Both samples 

have high concentrations of X-ray amorphous materials 

and were selected for this study as Martian analogs due 

to their spectral resemblance to Martian dust. 

Individual images collected at Si and Al K-edge, and 

Fe L-edge were combined into stack images, and 

individual pixels with spectral similarity were grouped 

into clusters. The cluster-averaged absorption spectra 

were normalized and used for linear combination fitting 

(LCF) using standard amorphous minerals concurrently 

or previously analyzed at the SM beamline.  

Results: Clusters demonstrating the spatial 

distribution of Si, Al, and Fe with their LCF-determined 

phase compositions are shown in Fig. 1. The synchrotron 

based STXM NEXAFs analysis provided a resolution of 

20 nm and determined spatial distribution of nano 

minerals such as allophane and ferrihydrite.  

The Hawaiian palagonitic tephra is a surface basaltic 

soil sample that has undergone more aqueous alteration 

than the cemented Icelandic tuff collected from the 

subglacial volcanoes of Iceland. Therefore, comparing 

amorphous phases in the Hawaiian palagonitic tephra 

and Icelandic palagonitic tuff highlights the change in 

species composition and spatial associations with 

increasing degrees of alteration. Iron phase diversity and 

concentration of Fe2+ minerals were greater in the 

Icelandic tuff samples than in the Hawaiian tephra. The 

Si and Al clusters in Icelandic samples are composed 

more of basaltic glass, whereas the Hawaiian sample has 

more secondary alteration products such as allophane 

and opal CT. Most of the altered products were located 

in the thinner and scattered clusters on the outer rim or 

the surface of the grains. This observation is consistent 

with the chemical extraction results wherein the 

dissolution trends in various extractants indicated 

nanoscale interactions between active phases and 

aluminosilicate or silicate matrix [4].    

Goethite, magnetite, and allophane are the dominant 

phases in HWMK101. Among the identified Fe phases, 

magnetite concentrations increased in the finer clusters, 

suggesting they are present as nano-crystals with grain 

sizes in the tens of nanometers. The distribution of Al 

and Fe clusters were spatially correlated HWMK101 

sample (Fig. 2). Similarities in the thickness, shape, and 

location of Al and Fe clusters suggest strong interactions 

between these phases, such as iron oxides coatings over 

aluminosilicate matrices.  

Aluminum associations with Fe explain previously 

observed results wherein Fe concentrations extracted by 

dithionite citrate bicarbonate (DCB) were significantly 

lower than ammonium oxalate oxalic acid. Strong Al-Fe 

interactions can inhibit the reduction and dissolution of 

iron oxides by dithionite. The oxalate extractant 

dissolves both aluminosilicates and iron oxides and is 

more accurate in quantifying amorphous iron. 
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In contrast to the occurrence of Al and Fe in specific 

locations within the samples, the Si clusters are 

widespread and lack distinct features. The Al and Si 

clusters in both sites showed variations in the type of 

allophane present. Thicker Al and Si clusters are 

correlated with bulk Al and Si identified in the reference 

allophane, whereas the thinner clusters correlate better 

with Al and Si identified on the surface of the reference 

allophane (Fig. 3). 

 

 The iron solid phase composition in the Icelandic 

palagonitic tuff sample had a greater diversity than in the 

Hawaiian tephra. Within the Fe clusters, reduced iron  

phases were transitioning to and closely mixed with their 

oxidized counterparts. Magnetite from multiple sources 

may be present in this sample. Clusters showing 

magnetite with goethite are likely authigenic [5], 

whereas clusters with magnetite with pyrite and other 

reduced iron minerals are likely lithogenic [6]. The 

occurrence of goethite is indicative of a long-range 

ordered phase derived over time from the nanosized iron 

oxides. Greater diversity in Si was observed with the 

presence of the hydrous phase, which is a transitional 

phase in the weathering of basaltic glass under cold and 

dry conditions [7]. Unlike the Hawaiian sample, spatial 

correlations between Al, Fe, and Si clusters were not 

apparent in the Icelandic sample. The lack of correlation 

in the Icelandic sample can also suggest that weathering 

of basaltic glass samples results in the systematic 

distribution of iron and aluminum oxides as silica 

minerals are leached out of the system. This study 

suggests that amorphous components across Mars may 

have a mixed composition, and based on local 

weathering conditions and water budgets, they will have 

distinct ratios and spatial distribution of detrital and 

authigenic phases.  
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Fig.1 Cluster indices map, individual cluster images, NEXAFS spectra representing the 

average cluster with their calculated LCF fits (dotted black line) and phase composition 

of a) Si, b) Al, and c) Fe in the Hawaiian soil and d) Si, e) Al, and f) Fe in the Icelandic 

tuff. 

Fig.2 Spatial correlation between Al 

and Fe clusters in the Hawaiian 

palagonite. 

Fig.3 Surface and bulk Si and Al clusters 

identified in the allophane standard. 
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