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Introduction:  The exploration of the Martian sur-

face by the rovers Spirit, Opportunity, and Curiosity 

has indicated the widespread presence of clastic rocks 

of basaltic composition [1-3], many of which have al-

tered to various extents. In this investigation, we have 

examined basaltic ash and tephra formed through hy-

drovolcanism (the explosive interaction of magma with 

liquid water), glaciovolcanism (eruptions occurring 

below ice sheets), and impact processes (at the Lonar 

Crater in India [4-5]). We have utilized several analysis 

techniques available to the Mars Exploration Rovers 

and the Mars Science Laboratory rover. In particular, 

we have focused on VNIR reflectance and TIR emit-

tance spectroscopy. We have performed standard thin 

section petrography and have utilized supporting X-ray 

diffraction (XRD) and Raman spectroscopy measure-

ments.  
Alteration: Alteration of basaltic glass can occur 

under ambient temperatures over long time spans 

through the process of pedogenesis [6]. Alteration may 

occur more rapidly through hydrothermal alteration or 

nearly syndepositionally through deposition with steam 

in the case of hydro- or glaciovolcanism [7]. Basaltic 

glass can also alter through burial diagenesis [8], alt-

hough examples of this alteration pathway were not 

examined in this study. The hydrated and oxidized al-

teration product of basaltic glass is palagonite. Palago-

nite is recognized in all of these alteration pathways; 

however, the extent to which the glass is palagonitized 

in the latter alteration pathways led Schiffman et al. [6] 

to deem this form of alteration “palagonitic alteration”. 

Field Areas:  We conducted field work at several 

hydrovolcanic eruption sites in Idaho, New Mexico, 

and Utah. Samples were collected by team members in 

past projects from glaciovolcanic sites in Washington 

state and Iceland. One of our team has also conducted 

extensive field work at Lonar Crater [e.g., 5]. Several 

sample of ambiently weathered basaltic ash collected 

by one of us from the summit of the Haleakala volcano 

were also examined. 

Analysis:  Thin sections were made of a number of 

field samples for optical petrography. Powdered sam-

ples (ground to less than a 400 m mesh size) were 

sent to the RELAB facility at Brown University to have 

their 0.3 – 2.6 m bidirectional and 0.83 – 25 m bi-

conical reflectance measured. MWIR emissivity of a 

number of samples was measured at Arizona State 

University, Stony Brook University, and the Southwest 

Research Institute.  XRD analysis of samples was con-

ducted at Auburn University and Raman spectroscopic 

analysis of several samples was conducted at the Ge-

omicrobiology Laboratory at the University of Colora-

do and a number of thin sections were also examined 

using the micro-FTIR reflectance spectrometer at the 

Stony Brook University Vibrational Spectroscopy La-

boratory. 
VNIR Reflectance Spectroscopy: Bidirectional re-

flectance spectra were examined over the 0.3 to 2.6 m 

and 3 to 6 m ranges of 52 samples including minimal-

ly altered gray tuffs, orange-colored hydrovolcanic 

palagonite tuffs and glaciovolcanic palagonitized hy-

aloclastites, and orange-colored disaggregated palago-

nitic Haleakala soils. A clear distinction is observed 

between the gray tuffs, the hydro- and glaciovolcanic 

tuffs and the palagonitic soils. This is consistent with 

past studies of these and similar spectra [e.g., 9]. A 

more subtle distinction is observed between the hydro-

volcanic palagonite tuffs and the glaciovolcanic palag-

onitized hyaloclastites over these two spectral ranges. 

One of the distinguishing features between these latter 

two sets of tephras is the presence of absorption fea-

tures at 2.5 and 4.5 m (Fig. 1-2) in the former, but not 

in the latter (or only weakly expressed in the latter). 

These bands are attributed to the presence of more zeo-

lites in the hydrovolcanic palagonite tuffs versus the 

glaciovolcanic palagonitized hyaloclastites. The pres-

ence of zeolites in the hydrovolcanic palagonite tuffs 

was also confirmed through XRD analysis and Raman 

spectroscopy indicated a good match to chabazite of 

one of the zeolites. 

The glaciovolcanic palagonitized hyaloclastites also 

show better development of a metal-OH overtone band. 

The hydrovolcanic palagonite tuffs display weak de-

velopment of a band at 2.295 m while the glaciovol-

canic palagonitized hyaloclastites have a better ex-

pressed Al-OH band at 2.195 m (Fig. 1B). 

Detection of Glass in Thermal Emissivity Spec-

tra: Ruff et al. [10] used a linear deconvolution ap-

proach to detect significant fractions of glass in Mini-

TES spectra of Husband Hill and Home Plate rocks 

observed by the Spirit rover. However, minimal 
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Fig. 1. Reflectance spectra over 2.1 to 2.6 m range. 

A. Hydrovolcanic palagonite tuffs with 2.5 m band 

indicated by black dashed line. Weak 2.29 m band 

indicated by red dash-dot line. B. Lack of 2.5 m band 

in glaciovolcanic tuffs indicated by black dashed line 

and 2.2 m band indicated by red dash-dot line. 

 
Fig. 2. Reflectance spectra over 3.2 to 6 m range. A. 

4.5 m band in hydrovolcanic palagonite tuffs indicat-

ed by dashed black line. B. Glaciovolcanic palago-

nitized hyaloclastites with lack of 4.5 m band indicat-

ed by dashed black line. 

ly altered basaltic glass-rich tuffs produced in hydro-

volcaniceruptions are not modeled as having as much 

glass as roughly equally glass-rich glaciovolcanic tuffs 

(Fig. 3). The glass-rich hydrovolcanic tuffs display 

more of a doublet feature near 1000 cm-1 than do the 

glass-rich glaciovolcanic tuffs with the latter thus more 

closely resembling a pure glass spectrum (Fig. 4). 

Interestingly, there is a spectral similarity between 

the glass-rich glaciovolcanic Hf-06 spectrum and the 

glass-rich Lonar Class 5A spectrum [5] and also be-

tween the glass-rich hydrovolcanic NMB12-14 spec-

trum and the Lonar Class 5B spectrum [5] (Fig. 4).  

Due to their similar geochemistries, the difference in 

the two impact melt spectra [5] was suggested to be 

due to titanomagnetite crystallites in Class 5A (seen in 

BSE images) that reflect either incomplete shock-

melting or a different alteration pathway.  The similari-

ty of the two impact melt spectra to the spectra of a 

hydrovolcanic and glaciovolcanic glass suggests that 

minute alteration mineralogy may be the reason.  Inves-

tigating these four spectra (Fig. 4) and others will 

guide future analyses to determine the alteration miner-

alogy. 
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Fig. 3. Linear deconvolution results of approximately 

equally glass-rich hydrovolcanic tuff NMB12-14 and 

glaciovolcanic hyaloclastite Hf-06. 

 

 
Fig. 4. Thermal emissivity spectra showing similarity 

of glassy glaciovolcanic hyaloclastite Hf-06 to Lonar 

Class 5A impact melt and of glassy hydrovolcanic tuff 

NMB12-14 to Lonar Class 5B melt with library glass 

MEM-3 for comparison. 
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