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Introduction:  Liquid water was abundant on early 

Mars, but whether the climate was warm and wet or cold 
and icy with punctuated periods of melting is poorly un-
derstood [1,2]. Any model for the early climate on Mars 
must be reconciled with the chemical record; however, 
we currently do not understand how weathering miner-
alogy under snow and ice-dominated conditions com-
pares to warmer climates. To resolve this gap, we con-
ducted two years of field work on the glaciated and 
mafic Three Sisters volcanic complex in the Oregon 
Cascades. Our work has shown that this field site is use-
ful as an analog for wet cold-climate weathering on 
Mars as well as for complex volcanic processes. 

Field site: The Three Sisters Volcanic Complex is a 
young, compositionally diverse volcanic cluster located 
in a convergent-margin volcanic belt in the Cascades 
Range in central Oregon, USA. The three main edifices 
(North, Middle, and South Sisters) are composite, glaci-
ally eroded stratovolcanoes with central edifices largely 
built in the past ~120 kyr. These are the most mafic gla-
ciated terrain in the continental U.S. [3], and recent gla-
cial retreat has freshly exposed volcanic units as well as 
glacial/periglacial material. The glacial valleys include 
perennial lakes, and Collier valley terminates in a cinder 
cone. The proglacial sediment is subjected to annual and 
diurnal freeze-thaw cycling at this site, and the bedrock 
is exposed to freeze-thaw at the base of the glaciers. 

Analyses: We have acquired samples from North 
Sister and Middle Sister, including sediment, subglacial 
rocks, and volcanic samples from the two major glacial 
valleys in order to characterize the weathering products 
forming in this environment. In order to characterize 
weathering reactions and products in this analog for a 
cold and icy Mars, we analyzed water samples for major 
ions and determined the chemistry and mineralogy of 
rocks and sediments with field visible/near-infrared 
(VNIR; 0.3–2.5 µm) spectroscopy, as well as lab-based 
X-ray diffraction (XRD), microscopy (SEM, TEM, 
EDS), and thermal-IR spectroscopy (TIR; 5–50 µm).  

Cold-climate weathering [4-7]: Analysis of glacial 
sediments and glacially eroded rocks in the Three Sis-
ters shows that the predominant form of chemical 
weathering in these periglacial mafic systems is disso-
lution of feldspar and volcanic glass by carbonic acid, 
which releases relatively large quantities of silica into 
solution compared to other ions [4]. Where this occurs 
due to ice melt under the glacier, silica is precipitated at 
the ice-rock contact, leaving behind extensive hydrated 
silica coatings on glacially scoured bedrock. Where 
weathering occurs due to snow melt in the proglacial 
terrain, the silica is precipitated on glacial sediments in 
the form of abundant poorly crystalline phases (up to 30 
wt.%), which are enriched in silica [5,6]. TEM-EDS 
analyses of individual amorphous phases in the sedi-
ments confirm that secondary poorly crystalline phases 
are present and that they exhibit variable Fe-Al-Si com-
positions [6,7]. Silica signatures have been identified 
from orbit on Mars in association with Amazonian per-
iglacial terrains [8], and the Curiosity rover has identi-
fied significant amounts of X-ray amorphous materials 
in Hesperian fluviolacustrine sediments in Gale crater 
[9]. We suggest that these amorphous phases on Mars 
could have formed in similarly cold and icy environ-
ments during punctuated melt events. 

Detecting igneous processes from orbit [8]: VNIR 
and TIR spectroscopy are the main tools available to re-
motely characterize volcanic materials from satellites in 
orbit. However, the accuracy of petrologic information 
that can be gained from spectra when rocks exhibit com-
plex variations in mineralogy, crystallinity, and micro-
texture is not well constrained. Using Three Sisters sam-
ples, we have found that TIR spectroscopy is an effec-
tive petrologic tool in diverse volcanic rocks for model-
ing bulk mineralogy, crystallinity, and mineral chemis-
try, even in the presence of significant glass. In contrast, 
VNIR spectra often yield non-unique interpretations 
due to overlapping absorptions and sub-micron oxide 
minerals in rock matrix can suppress near-infrared ab-

sorptions. As such, we recommend that VNIR 
spectra should not be used alone for rigorous 
petrology. However, detailed remote petrol-
ogy is possible through combined near-infra-
red and thermal infrared spectroscopy. 
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Figure 1: Collier glacial valley in July 2016 viewed from the cinder cone at 
the base, looking up toward North Sister. The glacier once abutted the cone 
but now is just visible 1km up-valley peeking out behind the left wall.  
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