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Methods 
• Used the TerraSpec4—high resolution field spectrometer with 0.35-2.50 μm range. It worked 

with a hand probe, which provided the light source and measured the reflected light.  Most 
measurements took about 10 seconds and were stored in the computer. 

• Collected 200+ spectra from rocks and soils ranging from pH -1 to 5 and temperatures from 
ambient to 100

 
C.  Unaltered basalts were also measured. 

• Analysis completed with the ENVI software by comparing characteristic bands in field spectra 
to reference samples in the U.S.G.S and CRISM spectral libraries (vertical lines in Fig. 4-7 
highlight some of these bands). 

Cerro Negro Volcano 
• 150 year-old volcano with T = 50
 

C 
to 100

 
C (up to 400

 
C subsurface) 

and pH from 4 to -1 
• High gypsum abundance may be 

due to the slight Ca enrichment in 
primary basalt or young age (lack of 
weathering) 

• Increased Fe2+ oxidation from 
greater penetration of O2 into the 
subsurface due to less vigorous gas 
emissions 

• Water sensitive Mg-sulfates are 
found in outwash basins 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (Top) Gypsum, often found as a pure 
deposit, identified at ‘Monkey Face’. (Bottom) 
Evaporitic hexahydrite, from a outwash basin. 

Reflectance spectroscopy of acid-sulfate weathering 
Mineralogies typical of hydrothermal, volcanic acid-sulfate weathering environments, including 
Ca-, Mg-, and Fe-sulfates, hematite and goethite, sulfur, and amorphous silica, have been found 
locally by the Mars Exploration Rovers’ in situ measurements [e.g. 1-4] and globally with 
hyperspectral remote sensing data from the CRISM and OMEGA instruments [e.g. 5-9].  In order 
to understand the alteration processes in these systems, our group has used laboratory 
experiments, geochemical modeling [10], and field campaigns [11, this conference].  In August 
2012, systematic in situ mineralogical analyses were completed at four volcanic sites in 
Nicaragua (Cerro Negro, Momotombo, and Telica Volcanoes and the San Jacinto Mudpots) (Fig. 
1).  This poster focuses on the visible to near-infrared reflectance spectra collected from each of 
the four field sites (Fig. 4-7). Our intention is to understand the environmental controls on 
secondary mineral formation.  We found that the first control is rock and gas chemistry (Figs. 2 
and 3), with secondary effects from pH, temperature, and fluid:rock ratio. 

Momotombo Volcano 
• A very hydrothermally active 

summit crater with the highest 
temperatures (>450

 
C) and low pHs 

(-1), last erupted 1905 
• High amounts of amorphous silica 

due to extremely acidic and high 
temperature gas emissions 

• Large sulfur deposits due to high 
sulfur content of gas chemistry  

• Some sampling bias may exist here 
since sampling was done on the 
fringes of the crater (for safety 
reasons) 

 
 
 
 
 
 
 
 
 
 

 
Figure 5. (Top) Bright yellow deposit with sulfur 
and hydrated silica. (Bottom) Red clay identified 
as hematite and kaolinite, with some silica.  

Conclusions and Implications for Mars 
• Sulfates, sulfur, and hydrated silica dominate secondary mineralogy, but phyllosilicates and 

iron oxides/hydroxides are also present, suggesting that they will also be found on Mars in 
areas of high sulfates. 

• Mg-sulfates measured in the field are generally restricted to drainage basins.  On Mars this 
type of deposit  may indicate an amount of reworking by water or precipitation, since they are 
highly sensitive to the presence of water. 

• Martian phyllosilicates are often explained as forming in neutral to alkaline, water-rich 
environments, but their presence at our acidic field sites, as well as others, indicates that they 
may not be that restrictive. 

• The amorphous silica and hydrated Mg-sulfate measured at the Home Plate area of Gusev 
crater are similar to the hydrothermal deposits we observe.  The greatest difference is that we 
find gypsum to be the main sulfate  in our systems, likely due to differences in rock chemistry. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Average dry gas chemistry in weight 
percent by volume [13]. Water could not be 
measured at all locations, so it was excluded in this 
normalization (it would be the largest component). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Average pristine basalt composition in 
oxides by weight percent [12].  The Mudpots are 
part of the Telica Volcanic complex and assumed to 
have the same composition. 

Results 
• Three mineral classes identified: 1) sulfates, 2) phyllosilicates, 3) oxides/hydroxides, plus elemental sulfur and hydrated silica 
• Ubiquitous hydration exists at all sites, despite high temperatures, suggesting thin surface films and incorporation into structure. 
• Main environmental controls are primary basalt and gas/fluid composition, demonstrated in the gypsum enrichment at Cerro Negro and 

the alunite/jarosite majorities seen at Telica (see Figs. 4 and 6, respectively). 
• Secondary influences are pH, temperature, fluid:rock ratio, and age, demonstrated at Momotombo and the San Jacinto Mudpots (see 

Figs. 5 and 7, respectively) or within a fumarole area by distance from the central vent are with the highest T, lowest pH. 

Telica Volcano 
• Recently erupted volcano with an 

inaccessible crater so samples are 
from the rim and ejected blocks 

• Lowest mineral diversity, which may 
be due to sampling bias, the lower 
sulfur in gas which naturally results 
in less diversity, or lack of 
weathering time from last eruption 

• High abundances of alunite and 
jarosite, likely due to basalt 
composition with high Al, Na, K 

 
 

 
 
 
 
 

 
 
 
 
 

 
Figure 6. (Top) Alunite and jarosite from an 
ejected boulder by the volcano rim.  (Bottom) 
Goethite and alunite in an orange rim deposit. 

San Jacinto Mudpots 
• Long-lasting formation located on 

the flank of the Telica volcano 
containing numerous cation-rich 
bubbling mudpots and hot springs, 
additional alteration from circulated 
subsurface fluid  

• Additional phyllosilicates develop 
from either the high fluid:rock ratio 
or older age of the area 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 7. (Top) A possible example of 
pickeringite, plus hydrated silica from the white 
area of the alteration ring. (Bottom) 
Montmorillonite from the brown material of the 
same ring.   

Nicaragua Hydrothermal Volcanic Environments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Mineralogy found at the field sites.  The classes of minerals observed include sulfates, phyllosilicates, iron 
oxides/hydroxides, as well as sulfur and hydrated silica.  Table 1 shows relative abundances. 

Cerro Negro Momotombo 

Telica San Jacinto Mudpots 

  Cerro 
Negro 

Momot
ombo 

Telica Mud 
Pots 

Sulfates         
Gypsum Major Minor -- Minor 
Alunite Minor Minor Major -- 
Jarosite Minor Trace Major Minor 
Hexahydrite Minor -- -- -- 
Pickeringite -- Trace -- Trace 
Fe-sulfate Trace Minor Minor Trace 

Oxides/Hydroxides       
Hematite Major Minor -- Minor 
Goethite Major Minor Major Major 
Iron Oxide Trace -- -- -- 

Phyllosilicates         
Kaolinite -- Trace -- -- 
Kaolinite 
+Smectite Trace Trace Minor Minor 
Montmorillo
nite -- -- -- Minor 

Miscellaneous         
Hydrated 
silica Major Major Major Major 
Sulfur Minor Major -- -- 

Table 1. Secondary mineralogy from this study. 
Classification is based on the relative number of 
identifications and may be affect by sampling bias 
(major >10%; minor 10% to 1%; trace elements 
<1%; and ‘--‘ is not found). 
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