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Introduction: Hydrated silica has found to be 

locally abundant on the martian surface but has 

previously only been attributed to hydrothermal 

processes or low-temperature acidic conditions [1-3]. 

However, recent studies have shown that glaciers 

located on mafic substrates can cause chemical 

alteration resulting in silica deposition visible from orbit 

[4, 5]. Because Mars has predominantly mafic 

mineralogy, these studies have hypothesized that the 

deposition of altered hydrated silica may be an 

important contributor to the alteration mineralogy 

observed on the martian surface as well [4].  

This mineralogical alteration associated with wet-

based glaciers (glaciers with basal melting and basal 

sliding) is attributed to the significant physical 

weathering and erosion that occurs under and around the 

glacier—physical erosion increases the surface area of 

the exposed minerals, making them more susceptible to 

dissolution and hydrous alteration [6, 7]. Therefore, it is 

unclear how effective chemical alteration will be at 

glaciers without significant basal sliding [4.8]. Recent 

modeling of Mars’s ancient climate suggest that Mars 

may have had conditions that produced cold-based 

glaciation as early as the late Noachian period (3.8 Ga) 

[9-11]. Cold-based glaciers are frozen to the substrate 

beneath them with limited basal melting, reducing 

physical weathering and erosion [12]. Because of the 

rarity of cold-based glaciation in mafic environments on 

Earth, there are limited data on mineral alteration in 

these conditions. Thus, the question remains: can cold-

based glaciers also form hydrated silica visible from 

orbit on planetary surfaces? 

In this study, we investigate the mineralogy of 

alteration products at a cold-based glacial Mars analog 

environment: the summit of Mount Kilimanjaro, 

Tanzania (Fig 1). Here we present the first remotely 

sensed mineralogical characterization of the summit of 

Mt. Kilimanjaro using a suite of remote sensing imagery 

including visible, near-infrared (VNIR), short wave 

infrared (SWIR), and thermal infrared (TIR) 

observations. We hypothesize that hydrated silica 

deposition will be detectible remotely, as it has in 

similar wet-based glacial environments in mafic terrains 

[4, 5], because mafic substrates contain more readily 

dissolvable silicate minerals than felsic substrates. The 

results of this study will help inform sampling during an 

upcoming field campaign in September 2022, where we 

will ground-truth these remotely sensed 

characterizations. If this hypothesis is supported, then 

glaciation may have been a significant contributor to the 

deposition of hydrated silica on the martian surface. 

Research Site: Mt. Kilimanjaro is a primarily mafic 

stratovolcano [13] located along the northeastern border 

of Tanzania with a maximum elevation of 19,341 ft. Its 

highest peak, Kibo, receives ~1m of snow per year [14], 

and contains three summit ice fields [15], most of which 

are cold-based [16], frozen to the underlying substrate 

with minimal melting or physical weathering. The 

volume and coverage of these glaciers has decreased by 

85% between 1912 and 2011, resulting in extensive 

recent exposures of previously subglacial bedrock and 

sediments [15].  
 

 
Figure 1: A thermal infrared (TIR) decorrelation stretch 

(DCS) image (ASTER bands 14, 12, and 10) of the Mt. 

Kilimanjaro summit (yellow star) overlaying a topography 

hillshade layer (ESRI World Hillshade). The ellipses mark the 

locations of the distal (red) and proximal (blue) regions of 

interest (ROIs). Note the pinker summit regions, indicating 

higher silica content relative to the surrounding lighter green 

regions in lower elevations, which are consistent with more 

mafic regions. The ice fields are visible as blue/green regions 

on the summit plateau. 
 

Methods: Atmospherically corrected multispectral 

imagery from the Advanced Spaceborne Thermal 

Emission and Reflection Radiometer (ASTER) were 

analyzed for mineralogical signatures (data products 

AST_07XT v003 and AST_05 v003).  These images 

were also compared to existing geologic maps [13] and 

visible orbital imagery from Google Earth Pro. The 

image processing software ENVI (Environment for 

Visualizing Images) was used to apply image 

processing techniques to the multispectral images and to 

highlight compositional differences in the exposed 

bedrock. Regions of interest (ROIs) were identified on 

the TIR imagery (Fig 1), and average spectra were 

extracted in the TIR, SWIR, and VNIR wavelengths. 
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The ROIs were selected in two groupings: proximal 

and distal. The proximal group is generally clustered 

near the peak of Mount Kilimanjaro. The spectra 

sampled within this group include bedrock and 

sediments that have deglaciated within the past 8-10 kyr 

[17]. However, eight of these 14 proximal ROIs are 

estimated to have deglaciated within the past 100 years 

[15]. The distal group is located radially farther away 

from the Kilimanjaro peak, and includes regions 

estimated to have deglaciated greater than 10 kyr, with 

some regions estimated to have deglaciated as early as 

360 kyr [17]. The spectra from these two ROI groups 

were then compared to library spectra of alteration 

minerals and mineral groups to identify predominant 

mineral signatures. 
 

 

 
Figure 2: Spectral averages from the proximal (blue) and 

distal (red) regions of interest (ROIs) extracted from the 

ASTER imagery of Mt. Kilimanjaro. 2a shows the VSWIR 

reflectance spectra, and 2b shows the TIR emissivity spectra. 
 

Results: Preliminary spectra are consistent with 

primarily basaltic mineralogy with silica-rich material 

and potential clays at the summit region (Fig 2). The 

distal and proximal ROI regions exhibit differing 

spectral shapes, potentially influenced by variations in 

spectral contrast. In the TIR wavelengths (Fig 2b), the 

proximal spectral shapes have a distinct absorption at 

band 12, consistent with the presence of silica-rich 

material. On a decorrelation stretch image, these 

materials appear pink or magenta (Fig 1). Differences 

between the two ROI groups are demonstrated in the 

VSWIR wavelengths as well (Fig 2a); The distal group 

has shapes consistent with oxidation (strong absorptions 

at visible wavelengths), while the proximal spectra are 

consistent with previously observed altered glacial 

sediments with stronger absorptions in the SWIR (bands 

4-9) than the VNIR (bands 1-3) possibly due to silica 

coatings and and/or limited ferric iron, based on the lack 

of strong absorption at bands 1 and 2 [4]. VSWIR 

reflectance shapes in both the proximal and distal 

regions in bands 5-9 (absorption in bands 6 and 8 

relative to band 7) are consistent with the presence of 

clay minerals. The lower reflectance at band 8 could 

potentially indicate the presence of carbonate material, 

which is consistent with the slight downturn in band 14 

expressed by some TIR spectra [18]. Similar minerals 

have been attributed to glacial and periglacial alteration 

at other sites across a range of thermal regimes. 

Conclusions: These results are consistent with the 

presence of alteration materials at the base of the Mt. 

Kilimanjaro ice fields and near formerly glaciated 

regions. However, further field research will be needed 

to confirm the alteration patterns inferred. These remote 

sensing observations will be used to inform a field 

campaign planned for September 2022 to ground truth 

the mineral characterizations presented in this study. 

During the field planning, these remote sensing 

characterizations will be used to determine sampling 

locations and prioritization. During analysis, these 

remote observations will be used to extend the ground-

truthed sample results to their regional context, helping 

to determine if hydrous silica found in martian mid-

latitudes could have been formed through cold-based 

glaciation in Mars’ past or present.  
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