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Introduction

X-ray amorphous materials lack long-range crystallographic order and have been identi�ed on the martian 
surface from orbit and in-situ. Recent models of orbital IR spectral data suggest that amorphous silicates 
formed from water-rock interactions [e.g., 1-3]. X-ray di�raction (XRD) measurements by the CheMin 
instrument on the Mars Science Laboratory rover have identi�ed 20-70 wt.% amorphous materials in every 
sample analyzed in Gale crater to date [e.g., 4]. Mass balance calculations using CheMin results and bulk 
elemental measurements by the Alpha Particle X-ray Spectrometer suggest the amorphous component in 
Gale crater is variably enriched in Si, Fe, and S [e.g., 5,6]. These compositions are not consistent with pure 
volcanic glass, indicating water must have been involved in the formation of amorphous materials in Gale 
crater. 

One of the goals of our analog research is to characterize how amorphous materials on Mars formed.  We study 
the composition and short-range atomic order of amorphous materials in terrestrial analog environments via 
XRD and scanning and transmission electron microscopy (SEM, TEM).

Field Sites

Much of the martian surface has a basaltic composition [e.g., 7], and early Mars may have had a cold, icy, and 
intermittently wet climate [e.g., 8]. As such, we study X-ray amorphous materials that form in similar 
environments on Earth. We have studied proglacial sediments from the Collier, Diller, and Hayden Glacier 
valleys in the Three Sisters Volcanic Complex near Bend, Oregon, USA, and from the Þórisjökull Glacier 
catchment and along the Hvítá S River in southwest Iceland [e.g., 9-13]. The ma�c sources for these 
sedimentary systems make them suitable geochemical analogs, whereas the cool climates and ice- and snow 
melt-fed waters make them appropriate environmental analogs for early Mars.

Figure 1. Geologic map of Collier, Diller, and Hayden Glacier 
valleys from [14]. Blue colors are basaltic andesite, orange 
colors are andesite, and pink colors are dacite bedrock. The 
Collier Glacier valley is highlighted in yellow, and the 
Diller/Hayden Glacier valley is highlighted in green.

Figure 2.  Map of Iceland showing sampling locations, where the red star is 
the Þórisjökull Glacier catchment, the navy line is the Hvítá S River, and the 
bright green line is the Jökulsá á Fjöllum River. We will study sediments along 
the Jökulsá á Fjöllum River in July 2021 as part of the Semi-Autonomous 
Navigation for Detrital Environments (SAND-E) project [13].
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Figure 6. Bulk powder 
XRD results show 
proglacial sediments 
in the Collier Glacier 
valley contain 10-40 
wt.% amorphous 
materials.
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Figure 8. Nanostructures and major element compositions of 
two major types of amorphous phases found in Collier glacial 
�our samples as determined by TEM imaging and EDS 
microanalysis. (a-c) Conventional and high-resolution TEM 
images of clumpy amorphous grains composed predominantly 
of Si and Al with minor Fe. Di�ractogram (c) con�rms lack of 
sub-2.0 Å crystalline periodicities in the amorphous phase 
structure. (e) Ternary normalized Si-Al-Fe molar compositions of 
clumpy Si-Al amorphous phases (red circles) and “glassy” silicate 
grains (blue squares). (d) TEM image of “glassy” silicate grain 
shows a partially de-vitri�ed glass grain.

Figure 7. Amorphous materials 
in Collier glacial �our. (a) 
Bright-�eld di�raction 
contrast TEM image of  clumps 
of amorphous grains (dashed 
rectangles) and layer-silicate 
(arrows). (b) High-resolution 
TEM lattice fringe image of 
amorphous grain region in (a) 
dominated by layer silicates. 
(c) High-resolution TEM lattice 
fringe image of patch of layer 
silicate intergrown with the 
outer margin of a glassy 
amorphous silicate grain. (d) 
High-resolution TEM lattice 
fringe image of a layer silicate 
patch associated with the 
outer margin of a crystalline 
silicate grain.
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Figure 5. High concentrations of dissolved silica in gla-
cial melt waters lead to the precipitation of amorphous 
silica as subglacial rock coatings [9]. (A) Subglacial 
amorphous silica coatings appear brown/pink. (B) SEM 
backscattered electron image of coating on the right 
and underlying rock on the left. (C) SEM-EDS data of (B) 
showing coating is enriched in Si.

Figure 9. XRD patterns of the <2 micron size fraction of �uvial sediments 
from the Þórisjökull Glacier catchment and the Hvítá S River, eolian 
sediments from the Þórisjökull Glacier catchment, and soils associated 
with the Hvítá S River. Sediments close to the source region (i.e., sediments 
from the Þórisjökull Glacier catchment) show little alteration. Fluvial 
sediments that have been transported farther (i.e., in the Hvítá S River) and 
soils contain amorphous materials and, in some cases, smectite 12].
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Figure 10. Nanostructures in the <2 micron size 
fraction of sediments from the Hvítá S River in 
high-resolution TEM. (A) X-ray amorphous 
materials (di�use, clumpy textures) and 
phyllosilicate (dark linear features) in a sample 
from upstream. (B) Scanning TEM image of a 
portion of the sample in (A). (C) EDS of the image 
in (B) showing that amorphous materials are 
variably enriched in Fe, Si, and Al. (D) TEM image of 
sample from downstream showing amorphous 
materials (clumpy textures) with phyllosilicate 
development.
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Figure 3. (A) Looking up-valley 
at Collier Glacier. North Sister 
is the peak on the left and 
Middle Sister is the Peak in the 
middle in the distance. (B) 
Glacial melt water at the 
Collier Glacier toe. (C) Glacial 
�our in Collier Glacier valley. 

Figure 4. (A) Proglacial �uvial plain in the Þórisjökull Glacier catchment. (B) Trench 
into �uvial sediments in Þórisjökull Glacier catchment. (C) Braided glacial outwash 
river sediments showing cobbles in longitudinal bars, clay and silt drape in the 
center of the river, and sand bedded on the edge of the channel.

 X-ray amorphous materials are abundant in modern cold and icy ma�c terrains. These amorphous materials are 
primary (i.e., volcanic glass) and secondary (i.e., formed from water-rock interactions). 
 Secondary amorphous materials are variably enriched in Si, Al, and Fe and are commonly associated with poorly 
crystalline phyllosilicates.
 Abundant secondary X-ray amorphous materials could be a characteristic of cold climates on early Mars that 
experienced periodic melting of snow and ice to form incipient weathering products.

 Alteration products of impact glasses are not well known and warrant further study.
 X-ray amorphous materials on Mars are also variably enriched in sulfur. More research should be done in 
sulfur-rich terrestrial analogs to characterize amorphous sulfur-bearing materials. 
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