
   

 

   

 

IMPLICATIONS OF WATER-ROCK REACTIONS IN 

LAVA TUBE ENVIRONMENTS AT LAVA BEDS 

NATIONAL MONUMENT 

BY 

JESSICA PELUSO 

 

 

 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

IN 

BIOLOGICAL AND ENVIRONMENTAL SCIENCES 

 

 

 

 

 

UNIVERSITY OF RHODE ISLAND 

2024  



   

 

   

 

MASTER OF SCIENCE THESIS 

 

OF 
 

JESSICA PELUSO 
 

 
 
 
 

 
 
 
 

 
 

APPROVED:  
 

Thesis Committee: 
 

Major Professor Dawn Cardace 
 

   Soni Pradhanang 
 
   Irene Andreu 
       

      Brenton DeBoef 
  DEAN OF THE GRADUATE SCHOOL 

 
 

 
 
 
 

 
UNIVERSITY OF RHODE ISLAND 

2024 



 

 

ABSTRACT 

Lava caves are widespread in volcanic terrains on Earth and other worlds, 

containing metal-rich rock compositions that attract life and react with waters in 

dark and secluded environments. Water-rock reactions in these settings 

promote alteration of the basalt substrate and initiate the formation of secondary 

minerals in addition to colonization by microbes. The varieties of secondary 

minerals present in lava caves can serve as indicators of weathering types, 

previous environmental conditions, reaction progress, and may even be useful 

in preserving potential biosignatures. Secondary mineral samples from lava 

caves at Lava Beds National Monument were collected and analyzed with X-

ray diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FTIR) to 

determine their mineralogy. Geochemical modeling of similar basalt and 

groundwater interactions, using the Geochemist’s Workbench, was conducted 

to compare with field-based findings. Carbonate and clay minerals were 

abundant amongst samples collected in the field and were predicted in model 

outputs in the initial stages of the reaction. This indicates water-rock reactions 

at Lava Beds National Monument are still ongoing, have yet to reach 

thermodynamic equilibrium, and may provide energy to microbes living within 

the caves. Since lava caves are present on other worlds and are sheltered from 

environmental stresses through time, they are ideal astrobiological targets 

where minerals, microbes or biosignatures may be found. 
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INTRODUCTION 

      The presence of liquid water on Mars’s surface in the past has been 

proven by the identification of fluvial geomorphological features such as fans, 

river channels, gullies and layered sediments (Schulze-Makuch et al., 2008). 

Hydrated alteration minerals such as phyllosilicates and sulfates have also 

been detected across the planet suggesting widespread liquid water exposure 

and its contact with igneous rocks (Poulet et al., 2005, Mangold et al., 

2007). Such reactions may also be of astrobiological significance.  

      Though early Mars had conditions favorable for life, the surface of modern 

Mars hosts a likely barren, extreme environment that is thought to make the 

surface inhospitable, even for resilient microbes. Extreme fluctuations in tem-

perature, bombardment by micrometeoroids and high doses of radiation would 

be too great for organisms or evidence of their biosignatures to withstand 

(Kminek and Bada, 2006, Hassler et al. 2014, Cheptsov et al., 2018). Because 

of this, many studies over the past decade have shifted their attention to the 

subsurface when looking for signs of life on Mars.  

      The two most powerful forms of radiation on Mars are solar-derived ener-

getic particles and galactic cosmic rays, both of which can reach and pene-

trate up to three meters into the regolith (Hassler et al., 2014). Along with 

providing protection from radiation, the subsurface may also house deposits of 

water ice (Williams et al., 2010, Cushing, 2012, Schorghofer, 2021). This wa-

ter ice may be the product of condensation and accumulation rates that ex-

ceed those of sublimation, or it may be remnant from an earlier time with a 
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more temperate climate (Cushing, 2012, Schorghofer, 2021). It is also theo-

rized that small amounts of liquid water may be present on rocks in the sub-

surface in the form of thin films or brine pockets, where they are shielded from 

sublimation and relict from when Mars had more significant surface water 

(Schulze-Makuch et al., 2008). The rock-water interactions that may occur on 

these interfaces could prove promising for the development of simple life such 

as biofilms, especially if the rock substrate has a chemical composition favora-

ble to the biofilm’s metabolism. Several studies have proven that biofilms pref-

erentially colonize surfaces with high content of metals, particularly iron (Rog-

ers and Bennet, 2004, Scholl et al., 1990).  

      Mars hosts an extensive network of rock cavities, the most prominent of 

which were created by lava flows. Lava caves originally formed as lava flows 

traveled in long sinuous paths at the surface. The exterior of the tube cooled 

and solidified while the hot lava in the center continued along its irregular path. 

When the eruption ends and the supply of lava is exhausted, the solidified 

outer rim forms a cavity in the conduit-like path of the lava. Several entrances 

[in the form of skylights] to lava caves on Mars have been photographed and 

identified for future exploration, with many occurring in the Tharsis region 

(Cushing et al., 2007, Cushing, 2012),  a volcanic area that dominates the 

planet’s western hemisphere  

      The interaction of fluid with rocks in the subsurface spurs the biotic and 

abiotic alteration of existing minerals and the precipitation of secondary 

minerals, which are excellent reservoirs for preserving biosignatures (Hays et 
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al., 2017). Such biosignatures may include microbe induced minerals 

containing structural features distinctly indicative of biological formation (Cady 

and Farmer, 1996) or biological compounds that could be entrapped within the 

secondary mineral deposits (Boston et al., 2001). Terrestrial rock cavities, 

especially those exposed to water, often exhibit water/rock interface 

colonization in the form of surface biofilm and/or endolithic biological 

colonization which can cause weathering of the rock surface (Roldan and 

Hernandez-Marine, 2009, Northup et al., 2011, Sallstedt et al., 2014, Hays et 

al., 2017, Popovic et al., 2021). If water (as liquid or ice) exists within cavities 

of the Tharsis region, extant life could feasibly lead to biofilm colonization or 

biologically mediated weathering of their surfaces. 

      Biofilms are composed of one or several species and layers of 

microorganisms. These groupings exist within a slimy mix of extracellular 

polymeric substances that allow the organisms to stay hydrated, acquire 

resources, protect themselves, and adhere easily to surfaces (Fleming et al., 

2016). Under laboratory conditions biofilms have been desiccated then 

rehydrated showing limited distress, proving they can endure for long periods 

of time with minimal exposure to water (Billi et al., 2011, Baque et al., 2013, 

Billi, 2018, Billi et al., 2019, Mosca et al., 2019). Biofilms have also been 

experimentally exposed to radiation equivalent to that of the Martian surface 

and near subsurface, providing evidence that even the shallow subsurface can 

provide protection from radiation for prolonged amounts of time (Billi et al., 

2011; Billi, 2018). Billi et al. (2019) also suggests that in layered biofilms, even 
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if the topmost exposed layers are bleached from UV exposure, the underlying 

layers can remain alive and unharmed. In an experiment that exposed biofilms 

to extreme UV flux levels similar to the early Earth, some biofilms, while not 

able to continue normal cell function, were able to survive in a dormant state 

for extended periods of time (Cockell et al., 2011). These characteristics make 

biofilms prime targets for life within the Martian subsurface as they could 

withstand conditions of high radiation and little water.  

     In this study, numerous sampling sites in Mars analog lava caves at Lava 

Beds National Monument, in Tulelake, CA, were investigated for co-occurring 

secondary minerals, biologically derived compounds, and microbial diversity.  

A map of the study area, a photo from the inside of a lava cave and an 

example of their unique basalt textures are shown in Figure 1. The region is 

dominated by several basalt flows, most of which originate from the Mammoth 

and Modoc craters with some flows as young as 1,100 years old. Interpreting 

data for co-registered mineralogy and microbiology in these unique settings, 

the following hypotheses are tested: 

1/ Initial (primary rock-forming) and alteration (secondary) minerals differ from 

each other, and are consistent with expected low temperature, oxidative basalt 

alteration processes; 

2/ Alteration minerals correspond to specific stages of the water-rock reaction 

path, and therefore have indicative power for assessing reaction progress and 

changing Eh/pH/ion activity, and pore scale habitability;  



 

6 
 

3/ Martian lava cave mineral-hosted biosignatures have variable preservation 

potential due to differing mineral stabilities, thus it is possible to rank order 

minerals to target for biosignature detection.  

METHODS 

2.1.1 Sample collection procedure 

      Rock, mineral, and biology samples were collected in lava tubes/lava 

caves at Lava Beds National Monument. Caves selected for sampling include 

Hopkins Chocolate, Valentine and Golden Dome, which were chosen to lever-

age accessibility and prior characterization by Lavoie et al. (2017) and Kul-

karni et al. (2022). Initial surveys were conducted to locate deposits of second-

ary minerals or areas with dense biofilm colonization. Mineral and biology 

samples were later acquired in these heavily altered and colonized areas. Un-

altered samples of the cave rock were collected from the walls of Hopkins 

Chocolate and Valentine cave in areas that appeared dry and consistent in 

color with unreacted basalt. The unaltered samples were acquired from loose 

pieces of basaltic a’a from the cave walls and were promptly placed in labeled 

plastic bags. Samples from the two caves were labeled as HC unaltered and 

VAL unaltered. 

      Areas in the caves where the wall rock appeared different in texture or 

color from the surrounding basalt rock were considered altered, with potential 

secondary minerals. Secondary mineral colors observed included white, gray, 

tan, yellow and pink (Figure 2). A chisel and rock hammer were cleaned with 

isopropyl alcohol between sampling sites and used to remove several 1 to 3 
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cm sized pieces of secondary minerals from localized areas on the Hopkins 

Chocolate and Valentine cave walls. Upon their removal from the cave walls, 

mineral samples were placed in sterile plastic bags and labeled with the corre-

sponding cave name, location, color and sample number. Five altered sam-

ples were collected within Hopkins Chocolate cave (HC sample 1, 2, 3, 4, and 

5). Three altered samples were collected within Valentine cave (VAL 1, 2, and 

3); photographs of these altered samples can be seen in Figure 2.  

      Biological samples were collected within Valentine and Golden Dome 

caves. In each, areas of dense biofilm colonization were identified and sam-

pled. Two Zymo Research brand DNA/RNA shield collection tubes (2 ml vol-

umes) with swab kits were used to collect biofilm samples at the chosen site 

within each cave. A gloved hand removed the sterile swab from its packaging 

and promptly wiped stalactites and/or areas on the cave ceiling or walls where 

biofilm was present. Swabbing took place for approximately 10 seconds and 

resulted in white or yellow gelatinous biofilm accumulating on the swab head. 

Once an appropriate amount of sample was collected on the swab, the swab 

head was placed into the collection tube, covered with reagent. Stainless steel 

(SS) scoopulas were sanitized with isopropyl alcohol prior to use and were 

used to scrape a greater volume of biofilm off of the wall/ceiling and directly 

into clean, sterile microcentrifuge tubes at each of the biology sampling sites, 

yielding one tube of biofilm from each of the Valentine and Golden Dome 

caves. All biology samples were stored in an icebox while at the field site, 
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were promptly shipped back to the laboratory on blue ice and were stored at -

20 degrees C upon their return to the laboratory.  

2.1.2 Ethics statement 

      The National Park Service oversees Lava Beds National Monument and 

recognizes it as a federally protected area. All sampling for this study was 

completed under Permit LABE-2023-SCI-0001 issued to Peluso by the Na-

tional Park Service (Lava Beds National Monument, 1 Indian Well Headquar-

ters, PO box 1240, Tulelake, CA 96134).  

2.2 Modeling 

      The Geochemist’s Workbench (GWB) software version 12.0 in REACT 

mode was used to model geochemical interactions between percolating mete-

oric water and regional basalt simulating the Lava Beds National Monument 

cave environment. The formation of secondary minerals and evolved waters 

within the caves was predicted. Solute activity is calculated within GWB’s RE-

ACT mode using the Debye-Hückel equation, where the activity coefficient for 

each ion at each reaction step is determined based on concentrations of ions 

in the solution and the geochemical surroundings.  

 

As shown here, Debye- Hückel determines the log of the activity coefficient (γ i) 

using temperature functions (A and B), ion charge (zi), solution ionic strength 

(I), and the ion size parameter (åi) (Bethke, 2011).  
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     Basalt modal mineralogy based on bulk rock geochemistry is well con-

strained (Hart et al., 1984) and mineral proportions were entered as fractions 

of one free kilogram of reactant. Lava Beds National Monument basalt is 

equivalent to 0.18 kg forsterite, 0.06 kg fayalite, 0.02 kg diopside, 0.03 kg en-

statite, 0.47 kg anorthite, and 0.06 kg magnetite (Hart et al., 1984). Based on 

field reports and related analytical data, water sampled at Lava Beds National 

Monument is a Na+-HCO3- type water at pH 6.7 at ambient cave temperature 

of 12 ± 4 degrees C, with 22 mg/L dissolved Si (Kulkarni et al., 2022). Mineral 

and water inputs for the Geochemist’s Workbench are shown in Tables 1 and 

2. A flowchart describing the model framework including model inputs and out-

puts is shown in Figure 3. The reaction was run at 12 degrees C as in the cool 

cave environment. The mineral species listed as saturated at different stages 

of the reaction progress were documented. Minerals at saturation are in equi-

librium with the co-occurring aqueous solutions, and dissolve at the same rate 

as they form. Supersaturated minerals are expected to precipitate. Tracking 

both is a strategy for monitoring which secondary minerals should persist 

through time in the cave environment. 

2.3 Analytical Methods 

2.3.1 Sample Preparation 

      All rock and mineral samples collected in Hopkins Chocolate and Valentine 

caves were prepared for X-ray diffraction (XRD) and Fourier Transform 

Infrared spectroscopy (FTIR) analysis. The HC and VAL unaltered samples 

were broken into smaller 1 to 2 cm sized pieces using a sterile rock hammer 
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and crushed using a porcelain mortar and pestle. Mortar and pestle were 

cleaned with isopropyl alcohol between uses. The crushed material was then 

placed into a stainless steel 150 micron sieve (or 100 mesh) to isolate 

particles less than 150 microns. The outer surfaces of each altered sample 

were scraped with a sterilized SS scoopula to remove the secondary mineral 

coating. The removed coating was reduced using a porcelain mortar and 

pestle then sieved until particles were smaller than 150 microns. The sieved 

material from each of the unaltered and altered samples was placed in 

aluminum foil holding trays and dried in an oven at 55 degrees C for 12 hours 

to remove moisture. Dried samples were transferred from the aluminum trays 

to microcentrifuge tubes prior to analysis.  

      Samples of yellow biofilm collected in the Golden Dome and Valentine 

caves were prepared for FTIR analysis. One microcentrifuge worth of biofilm 

from each cave was lyophilized for 12 hours at -84 degrees C.  

2.3.2 XRD 

      All samples were analyzed using the InXitu (now Olympus) Terra 213 X-

ray diffractometer in the Cardace Laboratory/Department of Geosciences, Col-

lege of the Environment and Life Sciences, University of Rhode Island, King-

ston RI. This miniaturized XRD unit, modeled after the NASA CheMin instru-

ment designed for Mars Science Laboratory mission, is outfitted with a cobalt 

anode (representative Co Kα X-rays have an energy of 6.929 keV; Blake et 

al., 2012). Powdered samples were loaded sequentially into the vibrating sam-

ple cell of the X-ray diffractometer. 1000 exposures from each sample were 
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collected. All X-ray diffraction data were downloaded from the Terra 213 inter-

face as .plv files and analyzed within XPowder software version 2010.01.06 

PRO. Background subtraction was applied to each diffractogram before inter-

pretation. The altered samples, HC samples 1 to 5 and VAL samples 1 to 3, 

were compared to their respective unaltered samples to determine if noticea-

ble differences existed. A mineral identification peak database was used to 

identify peaks within the unaltered and altered diffractograms resulting in the 

documentation of mineral names, corresponding d values, and Miller indices. 

Peaks common to HC and VAL unaltered samples confirmed the primary min-

erals of the cave basalt. Different peak sets in the diffractograms of altered 

samples were diagnostic for secondary minerals.  

2.3.3 FTIR 

       XRD samples were subsequently analyzed with a Shimadzu IRTracer-100 

FTIR spectrometer in Attenuated Total Reflectance (ATR) mode in the RIN2 

Nanomaterials Laboratory, College of Engineering, University of Rhode Island, 

Kingston RI. ATR mode uses the single reflection QATR 10 accessory. The in-

strument is controlled through the LabSolutionsIR software interface where in-

strument settings can be specified, and the spectra can be viewed or manipu-

lated. 200 scans were completed for each sample scan. Measurements were 

acquired in percent transmittance mode with a Happ-Genzel apodization and a 

resolution of 8. The range of data collection was 500-4000 cm-1. All spectra 

were smoothed within the LabSolutionsIR software using a 10 point smoothing 

algorithm. The ATR crystal and pressure tip were cleaned and sterilized with 
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isopropyl alcohol in between each sample. A background spectrum was ac-

quired before each powdered sample was placed on the ATR crystal and 

clamped down with the pressure tip. Each sample was run three times consec-

utively.  

      Lab standard minerals olivine, diopside, augite, anorthosite, calcite, dolo-

mite, aragonite, montmorillonite, and kaolinite were also analyzed on the FTIR 

for comparison with the altered and unaltered samples. 

      Reference minerals, unaltered lava cave rocks, and HC samples 1 to 5, 

VAL samples 1 to 3, were plotted separately and stacked to identify key 

phases. Wavenumber regions that represent secondary minerals were identi-

fied within the altered samples by comparing the spectra of altered versus un-

altered samples and identifying areas of interest within altered spectra that 

were not present or at different transmittance minima within unaltered spectra. 

Wavenumber regions corresponding to predicted secondary minerals were 

then compared against FTIR spectra of mineral standards and regions listed in 

the RRUFF database (Lafuente et al., 2015). Spectra of lab standard minerals 

and their associated RRUFF database profiles were also used to identify pri-

mary minerals within the spectra of unaltered samples. 

       Lyophilized biofilm samples from Golden Dome and Valentine caves were 

analyzed on the FTIR using the same settings as described for the rock and 

mineral samples.  

2.3.4 Biology analysis 
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      Swabs preserved in RNA later and lyophilized yellow biofilm scrapings 

were shipped to the Christopher Mason Lab at the Institute for Computational 

Biomedicine at Weill Cornell Medical College in New York, NY where DNA ex-

tractions were performed.  

      Whole genome sequencing was conducted by collaborators at the Mason 

Lab as part of the Extreme Microbiome Project (XMP) using the Oxford 

Nanopore Technologies PromitheION96. This long-read sequencing resulted 

in the creation of FASTQC/Krona plots to document phylum, class, genus, 

species, and biosynthetic gene clusters of the six biofilm cave samples 

collected at Lava Beds National Monument.  
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FINDINGS 

3.1 Primary and Secondary Mineral Identification in Field Samples 

      Using both powder XRD and FTIR spectroscopy, the five secondary min-

eral coatings from samples collected within Hopkins Chocolate cave, three 

secondary mineral coatings from samples collected within Valentine cave, and 

one sample of unaltered wall rock collected from each respective cave were 

analyzed to determine their component minerals.  

      XRD data from the Hopkins Chocolate cave secondary mineral coating 

samples, shown in Figure 4A, show chlorite and kaolinite clay minerals at d-

spacings of 7.14455 Å and 7.16284 Å within HC samples 1, 2, 3, and 4. HC 

sample 5, also shown in Figure 4A, shows the detection of prominent magne-

site peaks at d-spacings of 2.73939 Å, 2.31494 Å, 2.09912 Å, and 1.94011 Å. 

All three Valentine Cave secondary mineral coatings, as in Figure 4B, show 

montmorillonite, kaolinite and nontronite clay minerals in addition to prominent 

calcite peaks at d-spacings of 3.86178 Å, 3.03535 Å, 2.84298 Å, 2.49438 Å, 

2.28338 Å, and 2.09197 Å.  

      XRD data for Hopkins Chocolate and Valentine unaltered samples, shown 

in Figure 4C, confirm the presence of primary basalt-forming minerals such as 

pyroxene, olivine, and plagioclase. Diopside was used as the reference pyrox-

ene family mineral while anorthite was used as the plagioclase family mineral 

for peak identification. The observed peaks on diffractograms corresponding to 

the unaltered cave rock are distinctly different from peaks which correspond to 

secondary minerals within HC samples 1 to 5 and VAL samples 1 to 3. 
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      FTIR spectra from Hopkins Chocolate and Valentine Cave secondary min-

eral coatings, shown in Figures 5A and 5B, suggest kaolinite, nontronite, and 

montmorillonite. Kaolinite occurs in the HC and VAL coatings in the 800 cm -1 

and 1000-1100 cm-1 wavenumber regions, while nontronite and montmorillo-

nite appear in the 680 cm-1, 900-1100 cm-1, and 1650 cm-1 regions. Addition-

ally, the presence of calcite is suggested in the VAL samples as shown in the 

710 cm-1, 880 cm-1 and 1425 cm-1 wavenumber regions. The wavenumber re-

gions of kaolinite, montmorillonite, and calcite observed within the HC and 

VAL samples match those of related standard minerals shown in Figure 5D, 

and RRUFF database standards listed in Table 4.  

       FTIR spectra of the Hopkins Chocolate and Valentine unaltered samples, 

shown in Figure 5C, confirm XRD results and indicate pyroxene, olivine and 

plagioclase minerals. The wavenumber regions of these basalt-forming miner-

als observed within the HC and VAL unaltered samples match those of olivine, 

diopside, augite, and anorthosite standard minerals shown in Figure 5E as 

well RRUFF database standards listed in Table 4. The observed regions on 

the spectra corresponding to the unaltered cave rock are distinctly different 

from regions of interest which correspond to secondary minerals within HC 

samples 1 to 5 and VAL samples 1 to 3.  

3.2 Biology   

    Three replicate biology samples were collected within each of the Golden 

Dome and Valentine Caves. Whole genome sequencing of biofilm samples 

collected from the walls of these two Lava Beds National Monument caves 
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showed phylum, class, genus, species, and biosynthetic gene clusters present 

in associated microbial communities.  

      Prominent phyla reported in both caves include actinomycetota, a gram-

positive bacteria, and psuedomonadota, a gram-negative bacteria. Actinomy-

cetota, also called actinobacteria, have been well documented in weathered 

volcanic rock deposits including other lava caves in Iceland, Canada, Hawaii, 

Portugal, Spain, and New Mexico (Cockell et al., 2013, Cheeptham, 2013, 

Riquelme et al., 2015). This phylum can be associated with the mobilization 

and solubilization of nutrients such as phosphates and iron, and can facilitate 

biological nitrogen fixation (Yadev et al., 2021).  

    Classes represented in high abundance include actinomycetes, alphaprote-

obacteria, betaproteobacteria, and gammaproteobacteria.  Actinomycetia be-

long to the Actinomycetota phylum while alpha, beta, and gammaproteobacte-

ria belong to the psuedomonadota phylum.  

      Genera from the Actinomycetota phylum include streptomyces, nocardia, 

mycobacterium, amycolatopsis and psuedonocardia, while pseudomonas, 

bradyrhizobium, and ruegeria represent genera from the psuedomonadota 

phylum. 

      Species observed in both caves include ruegeria pomeroyi, Psuedonocar-

dia brossonetiae, Rhodococcus sp. 75, Pseudonocardia sp. DSM 110487, 

Pseudonocardia dioxanivorans and Pseudonocardia petroleophila. Additional 

species, Miltoncostaea marina, Miltoncostaea oceani and Rubrobacter mari-

nus, were only documented in Valentine Cave.  
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    Metabolic or biosynthetic gene clusters within species can produce second-

ary metabolites with unique functions. The most abundant biosynthetic gene 

clusters documented in both caves include lanthipeptide-class-i, terpene, 

NRPS, RRE-containing, RiPP-like, redox-cofactor, betalactone, and arylpoly-

ene.  

     FASTQC/Krona plots, shown in Figure 6, display relative abundances of 

various phyla, classes, genera, species, and gene clusters present within the 

samples from the two caves. 

     FTIR spectra of lyophilized biofilm from Golden Dome and Valentine caves 

are shown in Figure 7. The spectra of these samples are similar to the mont-

morillonite lab standard mineral but contain an additional area of interest 

around 1550 cm-1 that possibly corresponds to the Amide II region.  

3.3 Modeling products 

     Geochemical modeling results are summarized in Table 3 and reported as 

seven reaction progress steps with minerals at saturation or supersaturated 

listed for each step. These saturated minerals are considered plausible candi-

dates for the secondary minerals observed within the selected cave sites at 

Lava Beds National Monument.  

      Eh values fall along the modeled reaction path. A changing Eh value is ob-

served throughout the reaction with positive but decreasing values from 

0.7428 to 0.5161 between steps 0 to 7 and negative and decreasing values 

from -0.3913 to -0.5239 between steps 12 to113. The remaining steps 113 

to133 retain the same, negative Eh value of -0.5239. The negative Eh for later 
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xi steps and the equilibrated final value indicate reducing conditions are feasi-

ble. 

     pH values rise along the modeled reaction path. The pH increases through-

out the reaction starting at 6.891 and reaching 10.868 by its conclusion. The 

increase in pH to the equilibrated final value >10 canonically indicates in-

creased hydroxide availability; in a CO2-rich atmosphere, some of this value is 

due to carbonate alkalinity also.  

      Minerals at saturation shift along the reaction path. In the initial stages of 

the reaction, clay (kaolinite, nontronite, saponite) and carbonate minerals 

(calcite) saturate in early reaction steps. Next, a new mineral assemblage 

emerges, characterized by the saturation of sulfide minerals (sphalerite, 

chalcopyrite, and pyrite). Calcite becomes undersaturated (reaction path step 

24 (xi=0.0052) and is absent from subsequent model predictions. Later, sulfide 

and clay minerals are the primary minerals of interest. Gibbsite, prehnite, and 

Al oxyhydroxides may indicate the presence of additional Al-bearing clays; Al-

phases saturate early and remain in model outputs until equilibrium is 

reached.  

     This model could be run at both a higher and lower temperature to assess 

differences in secondary mineral formation across a range of temperatures 

that represent expected environmental variations. At higher temperatures the 

reaction progress is expedited, while lower temperatures are expected to slow 

reaction progress. 
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DISCUSSION 

4.1 Secondary Mineral Production in Weathering Basalts 

      Subaerial basalt weathering in oxidizing environments generates 

predictable secondary mineral assemblages, observed in diverse terrestrial 

settings, which form because of alteration processes such as silicification, 

carbonatization, chloritization, K-feldspar alteration, and albitization (Mathieu, 

2018). Studies of alteration products from weathered flood basalt provinces 

document the presence of halloysite, montmorillonite, nontronite, and kaolinite 

in the Columbia River Basalt (Baker and Neill, 2017), while the Deccan 

volcanic province contains deposits of montmorillonite, hematite, ferruginous 

smectite, celadonite, and nontronite (Srivastava et al., 2018). Mafic rocks 

produced as a result of arc volcanoes in Oregon's Deschutes River Basin 

exhibit phosphate and smectite alteration products, with smectites primarily 

occurring because of plagioclase weathering and phosphates forming 

subsequently with small quantities of rare earth elements available in the 

same weathering solution that precipitated the clays (Frey et al., 2013). 

Icelandic basalts associated with rifting have shown to possess natrolite, 

analcime, chlorite, and calcite possibly formed from plagioclase minerals that 

have been corroded and chloritized over time (Viramonte et al., 1999, Kiselev 

et al., 2006, Tasaryova et al., 2018).  

     Key indicators of oxidizing environments include the carbonates, silicates 

(especially phyllosilicates), and sulfate minerals formed as secondary 

alteration or replacement products (Kettanah, 2019). Metal oxyhydroxide 
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formation is also feasible, including Fe-, Mn-, Cu-varieties, sometimes 

complexly mineralized with bound silica or carbonate components (e.g., 

chrysocolla, Cu₂H₂Si₂O₅(OH)₄ or malachite, Cu2 CO3 (OH)2 ). Variations of 

these minerals are seen in diverse basalt weathering environments such as 

flood basalts, arc volcanoes, and rift basins, as summarized in table 5. 

Therefore, carbonate and clay minerals forming on basalt surfaces as 

modeled in this work are corroborated by other relevant low temperature 

basalt weathering studies and indicate the cave basalt’s interaction with 

alteration fluids such as meteoric groundwater. The weathering of basalt 

through groundwater interactions can release cations such as SiO2(aq), Ca2+, 

Na+, and Mg2+, which are later accounted for in secondary minerals like 

calcite, montmorillonite and magnesite as reported in this study and others 

concerning basalt cave weathering (Teehera et al., 2017). 

       Given the extremely active hydrologic cycle on Earth, secondary 

mineralogy is vulnerable to dissolution and tertiary alteration; thus, secondary 

minerals should be considered ephemeral. Hydrothermal alteration has the 

potential to further alter basalts that were previously weathered at low 

temperatures, often making it unclear whether the observed geochemical 

changes can be solely attributed to weathering (Wilson, 2004). 

      Lava cave environments have the potential to preserve minerals for a 

longer duration, in subsurface crevices and void spaces protected from 

physical/chemical weathering and erosion at the planetary surface. This may 

also be true for biofilms, which can survive for extended periods without water 
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if they are properly protected from prolonged radiation exposure (Billi et al., 

2011, Baque et al., 2013, Billi, 2018, Billi et al., 2019, Mosca et al., 2019). 

Caves, in general, tend to have rich mineral content to facilitate geochemical 

reactions, and experience stable microclimates that produce perpetually dark, 

damp, low temperature and high CO2 conditions, which are ideal in preserving 

residues of microbial activity and/or alteration products through time (Banerjee 

and Joshi, 2013, Çolak and Güngör, 2022). Studies from lava caves near the 

Hawaii-Space Exploration and Analog Simulation (HI-SEAS) document 

secondary minerals (e.g. gypsum, calcite, opal) that formed by hydrological 

interactions shortly after the formation and solidification of the caves and have 

been well preserved in the dry and isolated conditions ever since (Mulder et 

al., 2013).  

     The appropriateness of terrestrial basalts as Mars analogue environments 

has been well established with several sites on the island of Hawaii, Craters of 

the Moon National Monument in Idaho, and the San Carlos basalts in Arizona 

(Hadnott et al., 2017, Hughes et al., 2019). Additional lab-based studies have 

even exposed fresh basalt lithologies to aqueous solutions to estimate time 

intervals of clay formation on Martian basalts (Tangari et al., 2020). 

Specifically, the case for Lava Beds National Monument basalts as Mars 

analogue materials is strongly based on modal mineralogy consistent with 

known mafic meteorites from Mars and from spectral data collected on Mars 

surface rocks. 
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4.2 Lessons from FTIR/Candidate Organic-Mineral Associations in Mafic Rock 

Alteration  

     FTIR spectroscopy data of unaltered cave rocks and their associated 

secondary mineral samples underscore the mineral assemblage data from 

XRD findings and are summarized in table 6. Primary minerals observed in the 

unaltered cave rock XRD results, shown in figure 3C, include olivine, 

pyroxene, and plagioclase. These minerals are repeated in the FTIR spectra, 

shown in figure 4C, represented by the 550, 575 and 800-1100 cm-1 

wavenumber regions as confirmed by lab standard primary mineral spectra 

shown in figure 4E. Similar regions that correspond to O-Si-O, Si-O, Si-O-Si, 

and Si-O stretching bonds are associated with olivine and pyroxene minerals 

(Choudhary et al., 2020), while O-Si(Al)-O bending, O-Si-O bending and Si 

(Al)-O stretching bonds are associated with plagioclase minerals (Matteson 

and Herron, 1993). Secondary cave minerals observed in both XRD and FTIR 

results, shown in figures 3A, B and 4A, B, include clays and carbonates. FTIR 

wavenumber regions of interest for clay minerals observed in the secondary 

deposits of both caves include 800, 950-1100, and 1650 cm-1 which match 

those of lab standard clays shown in figure 4D and correspond to the Si-O 

stretching, bending and OH bending bands in the 500-1300 cm-1 wavenumber 

regions (Madejová, 2003). Calcite, which was only observed in the spectra of 

secondary minerals from Valentine cave, are observed in the 710, 880, and 

1350-1500 cm-1 wavenumber regions as confirmed by lab standard mineral 

spectra shown in figure 4D. These wavenumber regions correspond to the 
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symmetrical in-plane bend vibration mode of CO3 2-, asymmetric out of plane 

vibration mode of CO3 2-, and asymmetric stretching vibration mode of CO3 2- 

respectively (Weir and Lippincott, 1961, Henry et al., 2017). Taken together, 

the FTIR spectra present expected signals based on the constituent bonds in 

the mixed mineral specimens.  

    The available carbon (+4 oxidation state) in carbonate groups/polyatomic 

ions can theoretically serve as a carbon resource for extreme cave life. 

Additionally, C can be sourced from CO2 in the air or in dissolved organic 

matter such as acetate, organic acids, or humic acids that percolate through 

cave waters. The reduction of C in carbonate groups can be attributed to 

dissolved CO2 (aq) coming into the cave via the overlying soil water at pH ~ 7 

and speciating to HCO3- with lesser but significant CO2 (aq), both compounds 

where O has a covalent double bond with C. Reviews of FTIR spectra of 

biofilm samples, summarized here and in table 7, highlight the wavenumber 

regions 1000 and lower, 1000-1132, 1272-1288, 1400, and 1637-1660 cm-1 as 

regions of interest to biological materials (Maquelin et al., 2002, Comte et al., 

2006, Chen et al., 2013). Regions lower than 1000 cm-1 correspond to 

phosphate/sulfur functional groups while 1000-1132 cm-1 represent the C-O 

and C-C stretching, C-O-C and C-O-H deformation vibrations of 

polysaccharides structures. 1272-1288 cm-1 are amide III vibrations and 1400 

cm-1  is the C=O symmetric stretching vibration of COO-. Lastly, 1637-1660 

cm-1 acts as the signature for amide I vibration of proteins. Unfortunately, in 

natural samples such as in this study, all of these biologically-important 
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regions are associated with bonds within secondary minerals, though small 

inclusions of relict biological material could also be contained within the 

presented secondary cave minerals FTIR spectra, causing overlapping 

intensity dips or shoulders at the shared wavenumber regions.   

     Carbon present as dissolved organic carbon or extracellular 

polysaccharides (EPS) is generally lower in oxidation number–zero valent in 

sugars or most biomolecules. This is another carbon resource for diverse cave 

microbes, and in our own study locale 12 ± 8 mg/L of DOC were reported in 

the infiltrating cave waters (Kulkarni et al., 2022).  

4.3 Comparison to Additional Studies and Other Lava Tube Sites  

4.3.1 Mineralogy 

     Secondary minerals within lava caves in Hawaii, Idaho, Easter Island, and 

Iceland were compared to those detected in Lava Beds National Monument 

and are summarized in table 8. In Hawaii, Teehera et al. (2017) document the 

presence of calcite, gypsum, amorphous silica, and aluminum rich silicate 

minerals within two high altitude lava caves located on the northern flank of 

the Mauna Loa volcano. Secondary minerals within caves at Craters of the 

Moon National Monument in Idaho are dominated by Na-sulfates (henardite 

and mirabilite) with minor concentrations of Na-carbonates (trona and natron), 

carbonate-sulfate salt (burkeite) and calcium carbonate in the form of calcite 

and monohydrocalcite (Richardson et al., 2012). Easter Island’s lava caves 

contain sepiolite (a magnesium silicate) and opal-A as the dominant 

secondary minerals, with additional detections of feldspar, calcite, and 
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smectite clays (Miller et al., 2014). Lastly, caves located within Icelandic lava 

fields contain the blue colored copper minerals chrysocolla and 

pseudomalachite, coupled with manganese oxide, carbonates, and an 

unnamed aluminum poor copper silicate (Kopacz et al., 2022). The presence 

of carbonate, sulfate, and smectite secondary minerals are widespread across 

diverse lava cave systems, though specific varieties are known to vary based 

on input water chemistry as seen with the enrichment of copper in the 

infiltrating cave waters described in Kopacz et al. (2022). This corroborates the 

findings from Lava Beds National Monument as carbonate and clay minerals 

are detected within the acquired secondary mineral samples and are likely 

heavily influenced by the associated ground waters described in Kulkarni et al. 

(2022).  

4.3.2 Environmental microbiology 

     A review of the phyla of microbial life observed in diverse weathered 

volcanic rock deposits are summarized in table 8 and suggest Actinomycetota 

and Psuedomonadota (also known as actinobacteria and proteobacteria) are 

most prevalent in lava cave systems (Cockell et al., 2013, Riquelme et al., 

2015, Lavoie et al., 2017, Teehera et al., 2017, Kopacz et al., 2022, Weng et 

al., 2022). Biofilm that was sampled for this work within the Golden Dome and 

Valentine caves also contained DNA consistent with the phyla Actinomycetota 

and Psuedomonadota and thus coincide with the extensive published lava 

tube microbiology literature. Species present in abundance in the sampled 

Lava Beds National Monument caves biofilm include Rhodococcus sp. 75 and 
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Ruegeria pomperoyi, along with several species belonging to the genus 

Pseudonocardia. Organisms from this genus were also present in cave and 

soil samples from Lava Beds National Monument analyzed by Lavoie et al. 

(2017). Biology samples collected within caves at Craters of the Moon 

National Monument contain organisms belonging to the order 

Psuedonocardiales (Weng et al., 2022), while caves within Icelandic lava fields 

vary slightly containing organisms belonging to the orders Burkholderiales 

(genus Ralstonia) and Caulobacter (genus Caulobacterales) (Kopacz et al. 

2022). Groth et al. (2001) report on the ability of actinobacteria to induce the 

production of carbonate minerals such as calcite and vaterite by the species 

Rhodococcus. Given Rhodococcus’ presence in the caves at Lava Beds 

National Monument, it is possible this species is using inorganic carbon as 

CO2 to weather the basalt and precipitate carbonate mineral crystals (Groth et 

al. 2001, Cuezva et al., 2012).  

      Given the proximity of lava caves to the surface, the microbial communities 

within may be heavily influenced by organic carbon that leaches in through the 

overlying soil or water and provides a carbon source for cave life as described 

in various lava and karst cave studies (Poulson and Lavoie, 2001, Simon et 

al., 2003, 2007, Stegen et al., 2016, Miller et al., 2018). Examples of this are 

reported in Lavoie et al. (2017) where soil and cave organisms are compared 

to highlight similarities between bacterial communities on the surface and in 

the caves. Similarly, an analysis of cave water chemistry by Kulkarni et al. 

(2022) reports that the cave waters are enriched in plant-derived organic 
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matter acquired from the surface and are subsequently transported into the 

caves.  

4.4 Support for Martian lava caves as environments with extremely strong 

preservation potential for life or associated minerals 

     Given Mars's distant past as a wet planet with a thicker Earth-like 

atmosphere (Fairén, 2010), it is possible that aqueous alteration of Martian 

basalt precipitated secondary minerals such as carbonates and clays, as 

observed in terrestrial settings (Gislason et al., 1992, Leveille et al., 2002, 

Teehera et al., 2017). Calcium carbonate minerals are sparsely observed in 

ground and satellite-based spectrometer readings of the whole Martian 

surface, though have been observed near clay minerals in isolated areas such 

as the Nilli Fossae (Ehlmann et al., 2008), Gusev Crater (Morris et al., 2010), 

the Phoenix lander site (Boynton et al., 2009) and in Martian meteorites (Niles 

et al., 2012) indicating the alteration of olivine by surface water or 

hydrothermal fluids. Though deposits are isolated on the surface, they may be 

widespread throughout shallow lava caves where they formation via 

interactions with the once thick CO2-rich atmosphere and have been 

preserved ever since (Mulder et al., 2023). The presence of these minerals 

within lava caves would subsequently indicate percolation of groundwater in 

the Martian subsurface and may have allowed for microorganisms, similar to 

those seen in terrestrial lava caves, to exist within these humid sheltered 

environments.  
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      The accumulation of stable deposits of water ice has been proposed in 

present day Martian lava caves by modeling results (Williams et al., 2010). Ice 

or associated thin films of liquid water housed within sheltered Martian lava 

cave environments and exposed to basalt rock, may be viable locations for the 

formation of simple life. Ice associated microbes have been observed within 

Hawaiian lava caves (Teehera et al., 2017) and a study by Popa et al., (2012) 

has shown basalt-ice interface microbes in terrestrial lava caves can 

metabolize iron from olivine. If Martian lava caves were exposed to liquid 

water or ice in the past or present, it is possible that chemolithoautotrophic 

species similar to the actinobacteria or proteobacteria widely associated with 

terrestrial lava caves, including those at Lava Beds National Monument, may 

be present and contributing to the precipitation of carbonate minerals.   

4.5 Future Directions 

      The basalt-water reaction model described herein is relevant for terrestrial 

lava cave environments. Additional studies could modify the existing 

geochemical model to represent Mars conditions by altering the temperature, 

atmospheric pressure, mineral inputs, and aqueous solution chemistry. The 

temperature of the reaction could be run at both near zero and 20 degrees C 

to simulate diverse Martian surface conditions, while atmospheric pressure 

could be decreased. Mineral inputs, which determine rock chemistry, could be 

altered to better mimic known Martian basalts/meteorites. Aqueous solution 

model inputs could be altered to match speculated Mars fluid compositions 

consisting of perchlorate-type water with high salinity levels (Chevrier et al., 
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2022). Secondary minerals produced in the Mars simulant models could then 

be compared to the terrestrial model outputs to determine differences in 

alteration products.  

        CONCLUSIONS 

• The formation of carbonate and clays as secondary minerals in lava 

caves can be detected and differentiated from the primary mineral 

composition of the host rock using spectroscopic techniques.   

• Observed secondary minerals are the reaction products of the basalt 

rock chemistry interacting with meteoric groundwater compositions and 

are predicted by geochemical models as forming in the initial stages of 

the reaction. 

• The presence of carbonate and clay minerals indicates the water-rock 

reactions within lava caves at Lava Beds National Monument are 

ongoing and have not yet reached thermodynamic equilibrium.  

• Disequilibrium can drive energic reactions amongst cave dwelling 

microbes, which in turn, may contribute to the production of secondary 

minerals. 

 

TABLES 

Table 1: Lava Beds National Monument estimate of modal mineral 

compositions adapted from Hart et al. (1984), as mineral inputs to the 

geochemical model. 
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Table 2: Lava Beds National Monument estimate of cave water chemistry 

composed of major elements, anions, and trace elements used in the 

geochemical model. Adapted from Kulkarni et al. (2022). 
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Table 3: Select reaction progress steps and their associated minerals at 

saturation, Eh, and pH values. Blue = clay minerals, yellow = carbonate 

minerals, red = sulfide minerals, and * = Al-rich minerals potentially 

substituting for Al-rich clays. 
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Table 4: FTIR regions of primary and secondary minerals from lab standards 

and published RRUFF database reference standards. 

 

Table 5: Summary of secondary minerals observed in diverse subaerial 

weathered basalt settings.  
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Table 6: Summary of FTIR wavenumber regions of interest for primary basalt 

forming minerals and their associated secondary minerals.  

 

Table 7: Summary of FTIR wavenumber regions of interest for biological 

materials that may be present in secondary mineral or biofilm samples.  
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Table 8: Summary of secondary minerals and organic materials present in 

diverse lava cave locations. Data pertaining to Lava Beds National Monument 

is highlighted in yellow.  
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FIGURES 

Figure 1: A) shows the general study area, Lava Beds National Monument, 

highlighted in red. B) shows an example of a lava cave located within Lava 
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Beds National Monument. This cave is approximately 1 meter in height and 

exhibits an a’a textured lava flow on its floor. C) shows the texture of the  

basalt cave wall rock with 10 cm bar for scale. 

 

 

Figure 2: Photos of altered samples show secondary mineral samples 

collected in Hopkins Chocolate and Valentine caves. A-E correspond to HC 

samples 1 through 5. F-H correspond to VAL samples 1 through 3. All scale 

bars are 1 cm in length.  
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Figure 3: Model framework flowchart describing the geochemical model inputs 

and outputs.  
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Figure 4: A) X-ray diffractograms of unaltered basalt and secondary mineral  

samples from Hopkins Chocolate cave. Mineral abbreviations, d spacings and  

miller indices correspond to secondary minerals identified within HC samples  
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1-5. B) X-ray diffractograms of unaltered basalt and secondary mineral  

samples from Valentine cave. Mineral abbreviations, d spacings and miller  

indices correspond to secondary minerals identified within VAL samples 1-3.  

C) X-ray diffractograms of unaltered basalt samples collected from cave walls  

within Hopkins Chocolate and Valentine caves. Mineral abbreviations, d  

spacings and miller indices correspond to primary minerals identified within  

the HC and VAL unaltered samples.  

PYX = Pyroxene, OLV = Olivine, PLG = Plagioclase, MNT = Montmorillonite,  

NNT = Nontronite, KAO = Kaolinite, CHL = Chlorite, MAG = Magnesite, and  

CAL = Calcite.  
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Figure 5: A) FTIR spectra of unaltered basalt and secondary mineral samples  

from Hopkins Chocolate cave. Mineral abbreviations correspond to secondary  

minerals identified within HC samples 1-5. B) FTIR spectra of unaltered basalt  

and secondary mineral samples from Valentine cave. Mineral abbreviations  

correspond to secondary minerals identified within VAL samples 1-3. C) FTIR  

spectra of unaltered basalt samples collected from cave walls within Hopkins  
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Chocolate and Valentine caves. Mineral abbreviations correspond to primary  

minerals identified within the HC and VAL unaltered samples.  

PYX = Pyroxene, OLV = Olivine, PLG = Plagioclase, MNT = Montmorillonite,  

NNT = Nontronite, KAO = Kaolinite, and CAL = Calcite. 

D) FTIR spectra of lab standard secondary minerals. E) FTIR spectra of lab  

standard primary minerals. 
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Figure 6: FASTQC/Krona plots of biology samples collected within Golden Dome  

And Valentine caves. A) Shows phyla B) shows classes C) shows genera  

D) shows species E) shows gene clusters. Bright colors indicate higher abundance  

while dark colors indicate low abundance. GD = Golden Dome and  

VAL = Valentine 
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Figure 7: FTIR spectra of lyophilized biofilm collected within Golden Dome and  

Valentine caves. Wavenumber regions corresponding to montmorillonite are  

labeled as MNT, while the wavenumber region potentially associated with Amide II is  

labeled in red.  
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APPENDICES 
 

Appendix A: XRD data from additional secondary mineral samples.  

 

 

Figure 1: X-ray diffractograms for five Hopkins Chocolate cave surface 

samples, one HC unaltered diffractogram is shown stacked against four 

altered sample diffractograms (HC samples 5-9). HC sample 5 was  

featured in this work while HC samples 6, 7, 8, and 9 were not.  

 

 

Figure 2: Diffractograms of HC unaltered and HC sample 5 are isolated to 

highlight peak locations. Peak identifying software, XPowder, shows  

peaks corresponding to the mineral magnesite in HC sample 5.  
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Figure 3:  Stacked X ray diffractograms of unaltered wall rock and two 

secondary mineral samples collected from the Golden Dome cave at 

Lava Beds National Monument.   

 

 

 

 

Figure 4: Stacked X-ray diffractograms of unaltered cave wall rock from  

the four sampled caves (Valentine, Hopkins Chocolate, Golden Dome,  

and Catacombs).  Potential basalt forming component minerals are shown 

above.  
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Figure 5: Stacked X ray diffractograms of unaltered wall rock and one 

secondary mineral sample collected from the Catacombs cave at Lava  

Beds National Monument.  CAT sample 1 is amorphous and exhibits no 

distinct crystalline mineral peaks.  

 

Appendix B: FTIR data from additional secondary mineral samples. 

 

Figure 1: FTIR spectra of Catacombs unaltered cave rock.  
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Figure 2: FTIR spectra of CAT sample 1, a secondary mineral sample 

collected within Catacombs cave.  

 

Figure 3:  FTIR spectra of GD sample 1, a secondary mineral sample  

collected within Golden Dome cave. 
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Table 1: Binned FTIR wavenumber regions (from 499-1999 cm-1) and  

associated % transmission values of additional unaltered and altered  

samples from Hopkins Chocolate, Catacombs, Valentine, and Golden  

Dome Caves.  

 

 

Appendix C: FTIR operating procedure 

RIN2-FTIR-STANDARD OPERATING PROCEDURE - Modified by Peluso 

 

Shimadzu IR Tracer-100 with AIM 9000 microscope Laboratory: Fascitelli 

Center for Advanced Engineering 048, RI Consortium of Nanoscience and 

Nanotechnology (RIN2) Instrument Manager: Dr. Irene Andreu (ian-

dreu@uri.edu) 401-874-6885  

 

1. Check the panel on the front of the ATR to make sure that the orange light 

is illuminated. If the light is not illuminated, contact the instrument manager.  
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2. Power on: IRTracer-100: press the big, green button on the front panel, right 

side i. For quantification with the ATR allow the instrument to warm up for 2 

hours. 

3. Turn on the computer and open LabSolutions IR. There is no password for 

the software, just click OK  

4. To acquire a spectrum, select Spectrum in the LabSolutions IR pop up box  

5. Click the Instrument drop down and select Initialize 

6. Measurement parameters can be set in the bottom right corner of the Lab-

Solutions IR software a. Instrument tab 

 i. For the Beam Option, choose Internal.  

 ii. Detector options:  

    1. Standard-no liquid nitrogen: 350-7800 cm-1  

    2. Option 1-MCT detector (more sensitive and faster than the standard)-re-

quires   liquid nitrogen: 720-5000 cm-1  

    3. Don’t pick options 2 or 3.  

 iii. The mirror speed needs to be adjusted based on the chosen detector. For 

the standard detector choose 2.8 or 2.0 (start at 2.8). The MCT detector 

should be 5 or 9 (typically 9). If the signal to noise ratio is low, you can change 

mirror speed.  

Data  

i. For the Measurement mode, we usually select % Transmittance, but that can 

be adjusted depending on the goals of the analysis.  
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ii. The Apodization is the algorithm used for converting to the spectrum from 

the interferogram. Happ-Genzel is the default, but there are other options. The 

Shimadzu FAQs for FTIR has more information on the other options for apodi-

zations.  

iii. Change the number of scans, resolution, and range to the desired values.  

7. To measure a sample: 

a. Choose a Filename and set the directory in the panel on top of the spectra 

window. Add a sample name.  

b. Compress the ATR arm onto the appropriate background material. Click 

BKG Scan. The Background spectrum will pop up on the screen.  

c. Click Measurement, then choose Sample Scan. 

d. Place the material on the ATR crystal and lower the ATR arm into place so 

it is firmly over the sample.  

e. Repeat as necessary for the samples, ensuring that the crystal is cleaned 

between each acquisition.  

8. Post processing  

a. An atmospheric correction is performed by the software automatically. This 

correction removes CO2 and H2O peaks.  

b. The atmospheric correction should be performed first and then the ATR cor-

rection can be performed. 

c. Any processing you do has to be saved manually.  

d. Use the Macros to set up several data corrections in a row for multiple sam-

ples. 
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9. To export data, right click on the data and choose Data export. This will ex-

port the data as a CSV file.  

10. If you are the last user, power down the instrument and the computer. 

Save your data and close LabSolutions. Push the power button on the 

IRTracer and flip the switch on the AIM. Liquid nitrogen can be allowed to 

evaporate from the reservoirs. Make sure that the orange light on the front 

panel of the IRTracer is still on. If it is not on, contact the instrument manager. 
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