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Abstract 

Lava caves within Lava Beds National Monument (LBNM), CA, were selected as terrestrial analog 

sites for caves observed on other planetary bodies. The lava caves at LBNM were found to contain 

active microbial communities, including colorful biofilms. Additionally, the caves were 

discovered to host a variety of morphologically distinct secondary mineral deposits known as 

speleothems. Speleothems and co-located cave waters were collected to determine their 

compositions and assess geochemical biosignatures. Speleothems were analyzed for 

mineralogical, elemental, and internal stratigraphic contents. Cave waters were analyzed for major 

elements, major ions, DOC, and stable isotopes. Speleothems were found to be comprised 

primarily of opal-A and calcite, with elemental chemistries dominated by SiO2 and CaO, alongside 

lesser concentrations of MgO. Speleothem formation was ultimately interpreted to be driven by 

both inorganic and biological factors, including availability of water, extent of evaporation, and 

nucleation influenced by microbial bioaccumulation.  Mineral precipitation likely occurs due to 

evaporation of water films supplied by condensation and capillary action, with opal favored in wet 

conditions and calcite in dry conditions, where increased evaporative concentration favors the 

precipitation of calcite and Mg carbonate. Microbes likely mediate precipitation through 

nucleation of porous opal by bound silanol in microbial extracellular products. This creates a 

microsystem wherein autotrophic bacteria may encourage carbonate mineral precipitation via CO2 

consumption increasing pH, and may be reflected in the presence of both microstromatolite-like 

opal and calcite lamina and a predominance of DOC in cave waters. These findings contribute to 

the further understanding and characterization of lava cave speleothems as potential biosignature 

targets.
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1. Introduction  and Background 

1.1. Introdu ction to Lava Caves, Extraterrestrial Lava Caves, and BRAILLE  

There is currently a burgeoning interest in investigative forays into unique geological and 

biological environments as terrestrial analogs for extraterrestrial environments, with one objective 

being to fully characterize potential analog biosignature targets, including secondary mineral 

deposits (Léveillé and Datta, 2010; Léveillé 2010; Pontefract et al., 2017; Prieto-Ballesteros et 

al., 2003). Lava caves, and deposits therein, may act as records that harbor evidence of biological 

life, especially regarding microbial life. Future astrobiology-focused missions to extraterrestrial 

bodies such as Mars may investigate mineralogical phenomena, as it is possible that life is currently 

not extant in such environments (Boston et al., 2001).  

The term lava cave can refer to any cave in any volcanic medium, but the basaltic lava 

caves in this study are associated with lava tubes. Lava tubes are formed when the exterior of a 

lava flow cools more quickly than the interior, allowing the less viscous interior to continue flow 

while the exterior solidifies during the eruption. As the eruption ceases, the remainder of the lava 

drains away, leaving behind a hollow tube-like structure (Fig.1.A). Subsequent cooling and 

fracturing often creates openings into the lava tube, which may now be regarded as lava caves.  

Lava caves are poorly understood environments, containing a plethora of water, rock, and 

biological interactions. Water enters the caves primarily via fractured basalt, and microbial activity 

is seen by the form of widespread biofilms that cover significant surface area within the caves 

(Lavoie et al., 2017). Three sub-environments exist in these caves with each one tending to harbor 

different microbial communities: 1) near the cave entrance, the part of the cave most exposed to 

sunlight; 2) the twilight zone, the region of the cave where sunlight weakly penetrates; and 3) the 

aphotic zone, where sunlight is completely absent (Léveillé and Datta, 2010). Microbes are not 
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only abundant where light still permeates but are instead able to persist and thrive in even the most 

resource-restricted areas of caves (Boston et al., 2001; Engel et al., 2001). 

 

Figure 1. Formation of lava caves and identification of lava tubes on other planetary bodies.  

A) Formation of lava tubes including initial volcanism and fracturing / collapse (Source: NPS); 

B) Channel features and pits indicative of lava tubes on Mars (Source: ESA/DLR/FU Berlin (G. 

Neukum)); C) Interior of lava tube cave at LBNM with CAVR rover visible on the bottom right. 
 

 

Lava caves can be found around the globe, including South Korea, Hawaii, the Pacific 

Northwest region of North America, Portugal, Iceland, Japan, and more (Greely and Hyde, 1972; 

Howarth et al., 2007; Kempe 2019). However, lava caves are also present on other planetary 

bodies, not only on Earth. Lava tubes (and subsequently caves) have been identified on the Moon 

and Mars (Keszthelyi et al., 2008) (Fig.1.B). Basalt is pervasive on rocky planetary bodies 

(Gounelle et al., 2009; Walker et al., 1979). As such, lava caves in the form of lava tube systems 

are expected features on basaltic bodies. Satellite orbiter imaging has revealed chains of pits, 

interpreted to be collapsed lava tubes due to similar patterns observed on Earth (Cushing, 2012). 
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Uncollapsed lava tubes have also been identified on Mars, recognized by linear ridges radiating 

from Olympus Mons, a Martian shield volcano (Léveillé and Datta, 2010). Lava tubes can be 

remotely detected using multiple methods, including high-resolution imaging, albedo profiles, 

thermal measurements, ground-penetrating radar, and other techniques (Blank et al., 2020).   

Extraterrestrial lava caves may be considered as candidate astrobiology targets due to a 

number of compounding factors. Firstly, since lava caves can be detected remotely and act as direct 

conduits underground without the need for drilling, they represent relatively easily accessible 

subsurface environments. Secondly, terrestrial lava caves are noted to contain diverse microbial 

communities and have relatively stable humidity conditions (Léveillé and Datta, 2010; Northup 

and Lavoie, 2001; Northup et al., 2019; Spilde et al., 2019).  Extraterrestrial lava caves are shielded 

from cosmic radiation, may represent stable thermal environments, and are protected from impact 

events relative to the planetary surface (Blank et al., 2020). As a consequence of these conditions, 

extraterrestrial biosignatures, should they exist, are more likely to be preserved over the span of 

geologic time (Boston et al., 2001; Léveillé & Datta, 2010).  

Mars (and thus Martian lava caves) in particular holds promise for retention of both past 

and present biosignatures. Mounting evidence suggests that the Martian atmosphere was once 

similar to earthôs - although the composition of the Martian atmosphere throughout time is still 

contentious (Kite, 2019; Fairén, 2010; McKay and Stoker, 1989). Due to Marôs past, possibly 

hospitable atmosphere, it becomes more likely that life has existed on the planet during the periods 

of favorable atmospheric conditions. However, it is still possible that life on Mars is extant; 

extremophilic microorganisms on earth are capable of surviving in low temperature and saline 

aqueous systems, two properties likely shared by stable liquid water on Mars (Martin-Torres et 

al., 2015). Additionally, liquid water on Mars is increasingly stable in the subsurface, due to strong 
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evaporative conditions on the surface that would sublimate ice (Haberle et al., 2001). Additionally, 

assuming Earth-like requirements for life on Mars may be incorrect, as there are a variety of 

theoretical chemical processes that may beget life (Carrier et al., 2020). Therefore, seeking 

conditions on Mars potentially habitable for earth-like organisms is not guaranteed to be 

successful. Lava caves may also harbor ice and salts, other priority astrobiology targets (Carrier 

et al., 2020).  

If life exists or has existed, its presence may be detected in the form of biosignatures. A 

biosignature is any element, compound, structure, or attribute that provides evidence of life. Due 

to the varied possibilities of biosignatures that may arise in extraterrestrial environments, including 

currently uncategorized biosignatures, it is crucial to search for multiple kinds of biosignatures. 

Examples include biological microstructures, organic compounds, minerals, and characteristic 

water chemistry (Boston et al., 2001; Carrier et al., 2020; Lanza et al., 2019). Biosignatures may 

also be preserved within minerals, with silica minerals of interest for their stability over geologic 

time (Carrier et al., 2020). Microbes may inhabit minerals as a means to obtain nutrients not 

readily available in other regions of the cave, wherein they may deposit evidence of their habitation 

(Legatzki et al., 2011). Due to the speculative nature of these environments and their biosignatures, 

the study of analogous terrestrial environments may be used to more accurately inform future 

extraterrestrial exploratory missions. Analog-relevant aspects include the spatial extent of 

biogeochemical processes in the analog environment, alongside the identification of potentially 

high-priority features or areas.  

One such terrestrial analog study is The Planetary Science and Technology from Analog 

Research study, BRAILLE (Biologic and Resource Analog Investigations in Low Light 

Environments), which seeks to characterize lava cave environments at Lava Beds National 
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Monument utilizing a multifaceted, multidisciplinary approach. BRAILLE fundamentally consists 

of two components: 1) a science team to study lava cave microorganisms, cave waters, 

speleothems, and biosignatures; and 2) autonomous robotics and mission simulations to test the 

remote sensing of biosignatures in the subsurface environment. The science team aims to 

characterize the caves in several avenues:  the distribution, abundance, diversity, and function of 

microbial communities; identification of spatially identifiable biosignatures; and the determination 

of microbial alteration of basalt and/or microbial mediation of speleothem formation. These 

objectives additionally act as a ground-truth effort to provide context for measurements made by 

the autonomous robotics, including the prototype CaveR rover developed by the NASA Ames 

Intelligent Robotics Group. CaveR is equipped with a Near-InfraRed Camera capable of 

delineating igneous minerals and organic compounds, modified fiber-optic spectrometers (Near-

InfraRed Volatile Spectrometer System)  to determine secondary mineralogy (including hydrous 

and carbonate minerals), a suite of cameras, ultraviolet spectrometers, and more (Fig.1.C).  

The BRAILLE project provides crucial data pertaining to the biogeochemical 

characterization of terrestrial lava cave environments. BRAILLE will serve to inform future 

extraterrestrial lava cave missions on the basis of identified biosignatures and their spatial extent, 

as well as the technological and analytical capabilities required to remotely assess lava cave 

features. This present study addresses the geochemistry of LBNM speleothems and cave waters, 

especially as the two may relate to biosignatures. Moreover, the data presented in this work may 

be considered complementary to data relating to the microbiota of the caves. 
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1.2. Lava Cave Secondary Mineral Deposits - Speleothems 

The subterranean secondary mineral deposits formed by the combination of one or more 

of the interactions present within these caves can be regarded as speleothems (a term adapted from 

ancient Greek, literally meaning ñcave depositò). Speleothems are generally associated with karst 

caves and processes, but the term speleothem can be applied to any secondary mineral formation 

within any cave system, regardless of lithology. Lava cave speleothems exhibit morphological, 

mineralogical, and likely biological diversity. Observed morphologies are varied and complex, 

with lava caves producing speleothems of varying size and mineralogical character. Identified 

categories of speleothems observed in lava caves include coralloid-like features, polyp-like 

protrusions, finger-like growths, gours (also identified as rimstone), crusts, cauliflower structures 

(named for their resemblance to the eponymous vegetable), and others (Fig. 2) (Lopez-Martinez 

et al., 2016; Miller et al., 2013; Northup and Lavoie, 2001; Swartzlow and Keller, 1937). 

Traditional speleothems observed in limestone caves consisting of calcite stalagmites, stalactites, 

and soda straws have also been noted to occur in lava caves (Woo et al., 2008). It is worth noting 

that these identified morphological classifications are not strict categories but possibly different 

expressions of similar mineralogical phenomena, making it possible that some morphologies are 

simply either less developed or more developed instances of the same feature. For example, 

cauliflower structures often appear to be broader, more tightly clustered coralloids, while fingers 

appear to be longer and more spindly polyps. Hence, a variety of factors and processes factor into 

lava cave speleothem formation.  

1.3. Mineralogical Variations among Speleothems 

Common secondary minerals found within lava caves include amorphous and/or 

cryptocrystalline silica including opal and cristabolite, calcite, monohydrocalcite, gypsum, clay 

minerals, and Fe ï hydroxides (Forti, 2005; Lopez-Martinex et al.,2016; Rogers and Rice, 1991). 
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Opal is a form of hydrous silica, where water occurs as molecular water (silanol: SiOH), and as 

hydroxyls bound to interstitial ions (Webb and Finlayson, 1987).  Isolated silanol groups are 

capable of occurring within the broader SiO2 framework, which compensate for charge imbalances 

created by the substitution of other elements for Si within opal, also acting to make opal surfaces 

hydrophilic. Additionally, water content in opal generally ranges from 3 ï 11%.  Opal most 

commonly occurs as amorphous opal (opal-A), which lacks crystallinity, or as microcrystalline 

opal CT, which consists of both cristobalite and tridymite (both polymorphs of quartz). It is worth 

noting that the minerals listed above do not all consistently form within all lava cave environments. 

Variations in host rock composition, biological activity, and environmental factors all account for 

the diversity in mineral formations seen across different lava caves. 

 

Figure 2. Select morphologies of speleothems.   A) Elongated features growing towards the cave 

roof: Fingers; B) Features resembling corals, Coralloid;  C) Birdôs eye view of  clustered features 

that widen from base to tip, Polyps; D) Tightly clustered features with broad tips that form 

singular masses, Cauliflower. 
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1.4. Occurrence and Role of Water in Lava Caves 

Water in cave environments can be observed to primarily exist in four forms: drips, flows 

/ seeps, pools, and vapor. Vapor within caves (sourced from evaporation of cave waters and/or air 

outside the cave) may condense when saturated air interacts with a surface that has a dewpoint 

temperature (the temperature to which air must be cooled to become saturated with water vapor) 

lower than that of the cave air (De Freitas and Schmekal, 2003). Essentially, cave water may 

evaporate and later condense, resulting in more drips and ultimately a cyclical transfer of water 

within a subterranean environment. Cave moisture content is not consistent throughout time, with 

most caves receiving varying amounts of water influx throughout the year (Baldini et al., 2006). 

At Lava Beds, moisture content varies amongst separate caves, with the majority of caves 

belonging to the same flow (consequently approximately the same age) containing differing 

amounts of moisture. Some caves have numerous roof droplets and large pools (~3-6 cm depth), 

whereas others have few droplets and shallow pools (~1-2 cm depth). Moisture variation within 

individual caves closely follows the three sub-environments, with the least amount of moisture 

present near the cave entrance and the greatest amount in the aphotic zone (Léveillé and Datta, 

2010).  Lava cave water chemistry is typically dominated by Si, Na, Mg, and Ca, owing primarily 

to the dissolution of plagioclase, clinopyroxene, and basaltic glass (De los Ríos et al., 2011; Miller 

et al., 2014). Meteoric water recharge may also contribute to Cl and Na concentrations (Kempe et 

al., 2019; Teehera, et al., 2018). The interaction of water with basalt within these caves enables 

the precipitation of secondary minerals, including silica, clay minerals, sulfates, and carbonates 

(Forti, 2005; Lopez-Martinex et al., 2016).  The study of cave water chemistry is therefore crucial 

for the complete understanding of the speleothems and the processes involved in their 

development.  



   
 

9 
 

1.5. Speleothem Formation Processes 

There are existing controversies regarding the mechanism of speleothem formation in all 

cave environments. From the standpoint of this study, and the BRAILLE project, the study of life 

associated with mineral biosignatures is an essential component. To address this, the origin of 

secondary minerals will first be discussed in terms of abiotic mechanisms, and later on, biotic 

formation will be discussed in detail. Hence, like many natural formations, a combination of 

abiotic and biotic mechanisms may have helped in the formation of these secondary minerals. 

Speleothem formation was once considered to be entirely the result of inorganic processes, but 

research is evolving to assess the role of organisms in formation processes (Du Preez et al., 2015; 

Forti, 2001). However, inorganic processes must still be considered, even in the presence of 

biological activity. This section will describe inorganic speleothem formation processes pertinent 

to lava caves, while the following section will describe the importance of biological factors. 

Four primary inorganic speleothem formation mechanisms can be observed to occur in lava 

cave environments: sublimation, vapor-based deposition, alteration and evaporation, and diffusion 

(Forti, 2005). The first two mechanisms, sublimation and vapor-based deposition, are chiefly 

unique to lava caves and are active only during and/or shortly after active volcanism ceases. During 

the solidification and cooling of cave walls, fluids can seep from fractures. These fluids 

subsequently cool, facilitating the deposition of predominately sulfur-based sublimate minerals. 

These minerals are typically unstable at post-cooling cave conditions and will not persist over 

geologic time (Sauro et al., 2014). The third mechanism, evaporation, is supported by the 

solubilization of the host volcanic rock by interactions with meteoric water. These interactions can 

result in a cave water chemistry high in dissolved silica and other dissolved species; upon 

evaporation, the water can become supersaturated and precipitate minerals including opal and 

gypsum (Harmon et al., 1983). Evaporation-driven secondary mineral deposition also occurs in 
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lava caves that are still hot, in which percolating water rapidly evaporates. The fourth mechanism, 

diffusion, describes the diffusion of atmospheric CO2 into the cave environment.  In combination 

with subsequent degassing, this is the mechanism responsible for the majority of calcite-based 

karst cave speleothems (Frisia et al., 2000). The influx of CO2 combined with Ca/Mg ions from 

host rock dissolution enables the precipitation of carbonates in some lava cave environments. 

1.6. Microbial Processes Influencing Speleothem Formation 

Microbes can influence speleothem genesis via a variety of mechanisms: direct 

mineralization via enzymes, precipitation of minerals due to microbially induced change of 

environmental factors such as pH & Eh, and microbial colonies acting as nuclei for mineralization 

(Forti, 2001). Chemotrophic microbes are likely the strongest drivers of cave biomineralization, 

with sulfur oxidizing and reducing microbes being a prominent example. Sulfur oxidizing 

microbes can lower the pH and drive opal precipitation in silica-rich lava cave environments 

(Forti, 2001). Evidence also suggests that the precipitation of opal-A can be driven solely by 

microbial processes, with silicified microbes incorporated into the resulting mineral (Peng and 

Jones, 2012). In lava caves, olivine respiring bacteria may additionally contribute to the formation 

of certain speleothem structures (Popa et al., 2012). These bacteria oxidize the ferrous iron present 

in olivine, producing iron (III) oxide-hydroxide at near-neutral pH (Popa et al., 2012). The 

speleothems that are formed via biological pathways may be able to record this history in the form 

of biosignatures (Léveillé and Datta, 2010). Biosignatures can be biological, chemical, or 

morphological. Morphological examples common amongst lava tube cave speleothems are micro-

stromatolites or microstromatolitic-like structures (Fig. 3), which typically appear as layered, 

hummocky structures at the micron scale (Northup et al., 1997). Note that these structures are not 

always indicative of biological activity, as mineral deposition via drips can create similar 
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undulating features, making other biosignatures important to confirm their origin (Webb and 

Kamber, 2011).  

 

Figure 3. Calcite and kerolite (a poorly crystalline clay mineral) microstromatolite speleothem 

from a Hawaiian lava cave. Minerals comprising the speleothem are proposed to nucleate as the 

result of microbial EPS binding Mg2+ and silica.  Figure modified from Léveillé et al., 2000. 
 

Chemical biosignatures may occur in the form of elevated concentrations and the recorded 

oxidation states of known biosignature elements (Fe, Mn, V, Ba, Cu, P, and S). These characteristic 

elements will be included within the speleothems as they form and, therefore, can serve as 

elemental signatures indicative of microbial processes.  For example, energy-dispersive X-ray 

spectroscopy (including SEM-EDS and TEM-EDS) of micro-stromatolites and biofilm in 

Hawaiian lava caves revealed peaks for Ca and Mg, proposed to be bound ions in bacterial 

extracellular material, which may act to nucleate mineral precipitation (Léveillé et al., 2000). 

Ferromanganese deposits in the carbonate cave environment of Lechuguilla have been attributed 

to Fe and Mn oxidizing bacteria (Northup et al., 2003). Similar deposits have been found in low-

light volcanic environments: cryptocrystalline mineral crusts in granite tunnels deemed to be 

biogenic in origin have been found using FE-SEM-EDS to be comprised of Mn associated with 
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Ca and Fe (Miller et al., 2012). Furthermore, elemental distribution maps of the mineral crusts in 

granite tunnels created using a combination of Scanning Transmission X-ray Microscopy (STXM) 

and X-ray absorption near edge structure (XANES) revealed homogenous clusters of Mn(IV) 

surrounded by both Fe(II) and Fe(III), which may indicate microbial oxidation of Mn(II) (Miller 

et al., 2012). Mineral deposits enriched in V2O5 have been found amongst biofilms in Hawaiian 

lava caves, making vanadium a redox sensitive element of interest in these environments (Spilde, 

et al., 2016). Barium may be extracted from host cave rocks by microbes to increase silica 

solubility, thus enabling the precipitation of amorphous silica speleothems (Sauro et al., 2018). 

Copper is an unlikely metabolic resource, but it has been noted to be accumulated by microbes in 

cave environments (Northup et al., 2011). Sulfur has been identified as a potentially important 

source of energy for chemolithoautotrophs within lava caves, making it possible that their presence 

is recorded in speleothems (Northup et al., 2011). For example, if the formation of opal in a cave 

is mediated by sulfur-oxidizing bacteria, it could be expected to find significant traces of oxidized 

sulfur species (S0, SO4
2-) within the speleothem structures. Therefore, the speciation of S may 

reveal microbial activity. Sulfur speciation in the form of octasulfur has been utilized as an 

indicator of sulfur-globule-forming microbes in sulfidic cave springs (Engel et al., 2007).   

Although the study of lava cave environments and their associated secondary mineral 

structures is a relatively new field of research, most necessary techniques and principles have 

already been applied in other avenues. Petrographic thin section observation, Scanning Electron 

Microscopy (SEM) imaging, and X-Ray Diffraction (XRD) analyses have been performed on 

opaline speleothems in sandstone caves, as described in Aubrecht et al. (2008). Morphologically, 

the described ñdollò features are very similar to some of the features found within the LBNM lava 

caves, namely the sub ~1 cm polyp features, as will be shown below in chapter 4. In addition, both 
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cave systems shared coralloid overhang features. Most notably, the described sandstone caves 

seemed to lack the thicker > 5mm crust mineral deposits found within lava caves. Thin sections of 

the sandstone cave features revealed micro-stromatolitic layering patterns, a prominent feature also 

observed in lava cave samples. The authors categorize the sandstone cave speleothems as biogenic, 

primarily citing stromatolitic lamina and other biogenic structures. When viewed under plane-

polarized light and SEM, the majority of stromatolitic speleothems exhibit peloidal layers within 

the cemented layers (Aubrecht et al., 2008; Lopez-Martinez et al., 2016). These remnants of 

microbial activity strongly suggest the formation of these minerals were in part influenced by 

biological processes. 

1.7. Hypotheses and Objectives 

Once thought to be primarily inorganic formations, growing evidence supports the role of 

microorganisms in the nucleation and growth of varied forms of speleothems in many cave 

environments (Aubrecht et al., 2008; Lopez-Martinez et al., 2016; Miller et al., 2014; Sauro et al., 

2018). Although numerous studies have discussed the potential biogenic origin of speleothems, 

there is a general lack of detailed mineralogical and geochemical characterization of these features 

and environments, especially pertaining to lava cave speleothems.  

The concentrations of potential biosignature elements in lava cave speleothems are 

currently a relatively unexplored avenue of investigation, making their determination a crucial 

objective to understand their importance in the formation of these minerals (Boston et al., 2001). 

Moreover, the relationship between lava cave speleothems and the cave waters from which they 

precipitate have yet to be explored ï the determination of the parent solutionôs composition will 

act to aid in the determination of the origin of LBNM speleothems. For example, the determination 

of the saturation indices of cave waters will reveal if additional processes (including evaporation 



   
 

14 
 

that may be assessed by stable isotopes of hydrogen and oxygen) may be required to facilitate the 

mineral precipitants observed within the caves (Forti, 2005).  Further, establishing a correlative 

link between morphology of speleothems and their chemical and biological characteristics can 

provide valuable insights for future research into extraterrestrial biomarker targets (Lavoie et al., 

2010). 

Hypotheses 

1) The speleothem-forming processes are similar across sampled caves, reflected by similar 

mineralogy (opal and calcite), compositions, and morphologies across caves.  

2) Speleothem formation is in part mediated by microbial processes, which is reflected in 

both elemental composition and in external and internal morphology.  

3) Water availability acts as another major control on speleothem morphology and 

composition, with predominantly opaline speleothems suggesting wetter conditions. 

 4) Cave water composition is capable of supporting microbial activity (signified by high 

concentrations of DOC, P, S, N).  

Objectives 

1) Determine the mineralogy of LBNM speleothems and cave rock.  

2) Characterize the elemental composition of speleothems by means of bulk and high-

resolution analyses and identify compositions / distributions of potential biosignature elements. 

 3) Identify features relating to morphology and microstructure of speleothems via 

petrographic analysis that may indicate biogenic origin. 
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4) Determine the geochemistry of cave waters, as they relate to speleothem formation and 

biological processes occurring within caves.  

5) Determine saturation indices of speleothem-forming minerals utilizing geochemical 

modeling. 

 6) Determine stable isotopic composition of cave waters to determine origin of water and 

extent of evaporation within caves. 
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2. Study Area 

The area chosen as a terrestrial analog site for the BRAILLE project, Lava Beds National 

Monument (LBNM), is located in northern California near the Oregon border (Fig. 4). Lava Beds 

and most of the surrounding area was created by the Medicine Lake volcano, a relatively young 

(Pleistocene/Holocene) 33 km diameter shield volcano located in the eastern Cascade Range 

(Donnelly-Nolan et al., 1990).  The volcanoôs flows cover more than 2000 km2 of land east of the 

Cascade Rangeôs main axis, and the oldest Tertiary age flows underlay more recent deposits, 

including those at LBNM (Donnelly-Nolan, 2010). The Medicine Lake volcano has produced lavas 

ranging from basaltic to rhyolitic, although mafic compositions are by far the dominant type 

produced. Basaltic flow compositions have also changed over time, with older deposits consisting 

of approximately 53% SiO2, and younger deposits consisting of approximately 47% SiO2 (Rogers 

and Rice, 1991). Most of the deposits readily accessible within Lava Beds region (located on the 

northern flank of the volcano) are younger than 36 ka, making the caves demonstratively recent 

features. 
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Figure 4.  Location of the Medicine Lake Volcano and Lava Beds National Monument. A) LBNM 

is located in northern California on the north slope of the Medicine Lake shield volcano, and 

northeast of Mt. Shasta. Figure modified from Rogers and Rice, 1991. B) Satellite image of the 

LBNM area and Tule Lake to the north.  Credit: Google Earth. 

As a national monument, Lava Beds is open to the public. However, only a limited number 

of the more than 800 caves with 50 km total length are marked on official NPS publications and 

regularly visited by the public, making the majority of the caves unaffected by continuous human 

traffic.   

2.1. Recent Medicine Lake Volcanism  

 The Mammoth Crater composite basalt flow, with an age of approximately 36 ± 16 ka, 

covers about two-thirds of the entirety of LBNM, about 250 km2. This flow also created the 

majority of lava caves in the monument, including the majority of caves sampled by BRAILLE 

(Donnelly-Nolan and Champion, 1987). Approximately 12,260 years BP (before present), a series 

of spatter vent eruptions created a series of lava tubes comprised primarily of basaltic andesite, 

including those constituting Valentine Cave, one of the caves sampled by the BRAILLE study. 
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Another deposit of similar age exists - the Devilôs Homestead. This deposit is of a more basaltic 

composition, and unlike the flow that produced Valentine, did not travel downslope by means of 

lava tubes (Donnelly-Nolan et al., 1990). There was a pause in volcanic activity within the Lava 

Beds area for 6,000 years afterwards, which resumed in the area in the form of six eruptive events 

(both mafic and felsic eruptions) spanning from ~1250 and ~850 years BP Two of these events are 

associated with the Lava Beds area: the Callahan flow and Little Glass Mountain. The Callahan 

flow is associated with a large cinder cone located on the southwestern outskirts of Lava Beds and 

is of andesitic composition (Donnelly-Nolan et al., 1990). Little Glass Mountain, however, is 

significantly different in composition compared to other deposits in the Lava Beds: it is an obsidian 

flow. Tephra from this event (and others), including pumice and tuff can be found scattered 

throughout the area, including overlying lava-tube-bearing deposits and as debris fallen and/or 

washed within caves. These tephra deposits contribute to the low residence times in the poorly 

matured soil overlaying the lava caves, and may quickly weather, influencing the chemistry of 

percolating waters (Donnelly-Nolan and Grove, 2017). 

2.2. Ground Water Hydrology of Tule Lake Subbasin and LBNM 

 Lava Beds National Monument can be considered a semi-arid environment, with annual 

precipitation less than the rest of the Klamath Basin, which contains LBNM (Applegate, 1938; 

Nelson and Smith, 1976). Hydraulic head data as reported in Gannet et al., 2007 have shown water 

enters the area from the north, east and west, including from the upper Klamath Basin. The inferred 

flow directions from well data are additionally corroborated by isotopic data consistent with 

recharge from the upper Klamath Basin. On the valley floor, including most of the Lava Beds area, 

hydraulic head gradient within Quaternary sedimentary deposits (consisting primarily of alluvial 

sediments, glacial deposits, and basin-filling sediments) is small at approximately 1 ft/mile 



   
 

19 
 

(Gannett et al., 2007). Within the underlying volcanic rocks, the gradient is slightly steeper at 2.5 

ft/mile towards the south. As a result, groundwater flows south out of the Tule Lake subbasin and 

east of Medicine Lake. Aquifer tests within the Tule Lake subbasin (consisting of pumping at a 

constant rate, then measuring drawdown from the pumped well and nearby wells) have shown 

evidence of boundaries and/or double porosity. Boundaries within the aquifers in the Tule Lake 

subbasin may be shown by the presence of inflections in drawdown curves, which are sometimes 

but not always associated with faults (Gannett et al., 2007). These boundaries are likely indicative 

of a degree of local compartmentalization of the Tertiary volcanic aquifers.  

 Select wells in the Tule Lake agricultural region proper (near the Tule Lake National 

Wildlife Refuge, Fig.4) are relatively shallow, with depths ranging from 7-37 m, and are associated 

with lacustrine sediments (Adam et al., 1989). A 231 m deep well associated with the volcanic 

aquifer is used by the National Park Service as the primary water supply for the monument 

(Hotchkiss et al., 1968). For comparison, the maximum depth of Lava Beds caves ranges from 

approximately 6-36 m: of similar depth to agricultural wells, but shallower than the deep volcanic 

aquifer well (Waters et al., 1990).  

2.3. Lava Cave Organisms 

2.3.1. Prokaryotes and Archaea  

The total extent and function of lava cave microorganisms is enigmatic, with an ongoing 

effort underway to better understand the inhabitants of these complex environments. Numerous 

lava caves have been found to contain large colonies of microbes, often in the form of colorful 

biofilms and microbial oozes (Northup et al., 2012). Existing in resource-restricted environments, 

the microbial denizens of lava caves may access nutrients by way of organic matter and other 

detritus entering the cave via the plethora of fractures and openings found in most lava caves. 
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The microbial presence within LBNM caves is readily apparent in the form of biofilm 

(Fig.5.A,B) and ooze (Fig.5.C). Numerous colors of biofilms have been observed: yellow, tan, 

white, gold, and more. The detailed study of the metagenomics and function of the caveôs microbial 

inhabitants is still ongoing, but previous preliminary studies have noted the presence of 

actinobacteria, gammaproteobacteria, nitrospirae, and multiple novel candidate phyla (Lavoie et 

al., 2017). Once again, it is important to state that the precise function and nature of LBNM 

microorganisms, including metabolic processes, are currently poorly understood and relatively 

undocumented. 

 

Figure 5. Microbial life within LBNM caves. A) Yellow microbial mat; B) White microbial mat; 

C) Microbial ooze on basalt. 

2.3.2. Eukaryotes 

Many of the caves host larger animals, including bats and packrats. The sampled caves 

were specifically chosen to not include known bat colonies, in order to reduce the potential impact 

on these vulnerable creatures. In addition to mammals, the caves at Lava Beds are home to a host 

of other fauna, including a diverse community of invertebrates. These invertebrates include 

arachnids, centipedes, bristletails, and springtails. Moreover, the invertebrate population includes 

both troglobitic organisms adapted for low-light environments, and accidentals, organisms that are 

typically found on the surface yet have been found in sections of caves (Taylor and Krejca, 2006). 
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2.3.3. Plants   

Plant life is scarce within the caves, essentially limited to ferns nearby cave entrances 

where light still permeates and thin roots protruding from the surface (Fig.6). Plants and their roots 

(alongside other organisms) may serve as sources of necessary nutrients within the caves, 

including nitrogen and phosphorous. Some lava cave systems may experience significant root 

penetration through several meters of soil and rock, a feature observed in some Hawaiian lava 

caves. 

 

Figure 6. Root penetration through fractured basalt in an LBNM cave. Roots are approximately 

6 cm in length. White and yellow microbial biofilms are also visible on the surrounding vesicular 

rock. 
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3. Methods 

3.1. Sample Collection 

The samples (rock, speleothem and water) were collected in a total of eight caves: 

Valentine (VAL), V460 (LYO), Golden Dome (GOL), L300 (YEL), L460 (POS), and three 

unnamed caves (CRI, SIL and PAN) of different ages, frequency of visitation, and moisture 

content (three-letter names denote cave ID for use in BRAILLE studies). Two caves (VAL and 

LYO) belong to the Valentine flow, dated at 12,260 BP All remaining caves (YEL, POS, CRI, 

SIL, and PAN) belong to the Mammoth Crater flow, dated at approximately 36 ± 16 ka (Donnelly-

Nolan and Champion, 1987). Caves designated by the National Park Service as publicly available 

caves (high visitation; Valentine and Golden Dome) typically have had their floors lined with 

crushed pumice for easier access to visitors. Water, mineral, sediment, and other samples were 

collected over a period of five days, from July 29th, 2018, to August 2nd, 2018. Additional targeted 

samples were collected during the summer of 2019. Samples were collected from shared sample 

sites alongside other BRAILLE Co-PIs (Fig.7). Sample sites were chosen based on the following 

parameters:  

¶ presence of different speleothem and cave structures  to obtain a representative suite 

of LBNM cave features, both biological and inorganic; 

¶ presence or absence of biofilm to obtain biological samples and relatively barren 

samples for comparison; and 

¶ presence of drip water and/or pools (puddle water) to obtain co-located water 

samples and biological / mineral samples in close proximity to the sampled water. 

Sample sites were named using the following schema: three-letter cave identifier, date and 

year, plus an alphabetical sample site designator. For example, for LYO20180730_A_1. The 
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alphabetical sample site designators A represents the furthest accessible section of the cave.  

Letters progress towards Z as the sample sites draw nearer to the opening of the cave. Speleothem 

samples were collected using sterile tools and stored in sterile Whirl-Pak sampling bags for 

XRD/XRF analyses, and sterile O2-impermeable Remel® bags (Mitsubishi Gas Company, 

Remel®, Cat no. 2019-11-02), along with O2 absorber pouches (Mitsubishi Gas Company, 

AnaeroPouch® Anaero; Cat no. 23-246-379) for anaerobic storage. Tools utilized in the field 

(chisels, spatulas, and tweezers) were first sterilized through flaming using methanol prior to the 

collection of each sample. All samples were stored in a refrigerator at 2 °C.  Water chemistry 

parameters of pH, temperature, and conductivity were measured in the field using a HACH 

PocketPro+ meter.  Water samples intended for cation, major elements and trace elements analyses 

were filtered using a 0.45 µm filter (Millipore Milliex ï HP) and acidified with 0.2% v/v Nitric 

acid. Samples intended for anion analyses were filtered through a 0.45 µm filter (Millipore Milliex 

ï HP) and un-acidified. Additionally, at each sample site, air temperature and relative humidity 

were measured using a portable probe. Forty-three solid samples (including speleothems and 

basaltic rock) and 40 water samples (consisting of puddle water, drip water, surface water, and 

well water samples) were collected and considered for analysis. Table 1 lists the sample ID of 

each collected sample and the analyses performed. Table 2 details cave water samples: drip waters 

and puddle waters. Four nearby well waters (coordinates are stated in Appendix A11 p.152) were 

also collected for comparison with cave waters. 
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Table 1. Breakdown of performed analyses of Rock and Speleothem samples collected from 

LBNM caves. Three letter ID represents sampled cave. 

Sample ID Cave Description XRF XRD 
Clay 

Fraction 

Thin 

Section 

CRI20180731_D_12 CRI Polyps, White X X X X 

CRI20180731_D_14 CRI Bare Basalt X    

CRI20190803_A_3.2 CRI Polyps, White Specks X X   

CRI20190804_B_01 CRI Coralloid, Flowery, White-Tan X    

CRI20190804_C_1.1 CRI Cauliflower,White-Tan, Orange X    

CRI2019081_A_4.2 CRI 
Cauliflower,White-

Tan,Red_Orange 
X X   

GOL20180729_B_12 GOL Polyps, Fingers X X   

GOL20180729_B12_B GOL Bare Basalt X    

GOL20180729_C_01 GOL Polyps, White X    

GOL20180729_G_02 GOL Polyps, White X X X X 

GOL20180729_G_03 GOL Coralloid,White-Tan X X  X 

GOL20190807_A_11 GOL Coralloid,Brown X X   

GOL20190807_A_13 GOL Coralloid, White-Tan,Gray X X   

GOL20190807_B_12 GOL Coralloid,Brown X X   

HOP171108_08 HOP Bare Basalt X    

LYO20180730_A_21 LYO Bare Basalt X    

LYO20180730_B_07 LYO Bare Basalt    X 

LYO20180731_F_08 LYO Polyps  X  X 

LYO20180731_G_10 LYO Cauliflower  X X  

LYO20180731_H_06 LYO Gour X X X X 

LYO20180731_H_15 LYO Coralloid  X   

LYO20180731_H_19 LYO Mineral Crust, White X X X  

LYO20180731_I_11 LYO Cauliflower,Brown X X X X 

LYO20180731_J_14 LYO Coralloid, White-Tan X X X X 

LYO20180731_J_18 LYO Cauliflower, Brown (Knob) X X X  

LYO20190730_A_44 LYO Gour X X   

LYO20190810_A_19 LYO Coralloid, White-Tan,Gray X    

PAN20190808_B_06 PAN Polyps, White X    

PAN20190808-B-03 PAN Coralloid, Gray X    

POS20180801_D_09 POS Polyps, White X X X  

POS20180801_E_16 POS Cauliflower,White-Tan X X X X 

POS20180801_I_08 POS Mineral Crust, Orange X X   

POS20190806_A_13 POS Cauliflower,White-Tan X X   

POS20190806_B_06 POS Coralloid, Yellow White Tip X    

POS20190806_B_08 POS Bare Basalt X X   

POS20190806_D_03 POS Polyps, White X    

POS20190806_D_04 POS Polyps, Orange X    

POS20190806_D_05 POS Polyps, Orange X    

POS20190806_F_02 POS Mineral Crust, Orange X    

SIL20180802_A_14 SIL Bare Basalt X   X 

SIL20180802_C_01 SIL Polyps, White X X  X 

SIL20190808_A_03 SIL Coralloid, White + Basalt X    

SIL20190808_D_01 SIL Coralloid,Brown X    

VAL20171109_14 VAL  Bare Basalt X X   

VAL20190805_D_02 VAL  Cauliflower,White-Tan,Brown X    

YEL171111_4 YEL Bare Basalt (Oxidized) X    

YEL20180802_B_06_A YEL Polyps White-Tipped  X   

YEL20180802_B_06_B YEL Polyps White-Tipped  X   

YEL20180802_B_06_C YEL Polyps White-Tipped X X X X 

YEL20190804_Ac_02 YEL Polyps, Fingers X    
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Table 2. Breakdown of performed analyses of LBNM cave water samples and well waters. 

Three letter ID represents sampled cave. 

Sample ID Cave Description IC HR-ICPMS Stable Isotopes DOC Alkalinity  

CRI20180731-Backroom CRI Dripwater X X X X X 

CRI20180731-C-05 CRI Dripwater X X X X X 

CRI20180731-D-13 CRI Dripwater X X X X X 

GOL20180729-C-15 GOL Puddle X X X X X 

GOL20180729-D-51 GOL Puddle X X X X X 

GOL20180729-F-87 GOL Puddle X X X X X 

LYO20180730-A-06 LYO Dripwater X X X X X 

LYO20180730-B-51 LYO Dripwater X X X X X 

LYO20180731-H-01  LYO Dripwater X X X X X 

LYO20180731-J-13 LYO Dripwater X X X X X 

LYO20180731-H-01  LYO Puddle X X X X X 

POS20180801-D-01 POS Dripwater X X X X X 

POS20180801-E-04 POS Dripwater X X X X X 

POS20180801-F-07 POS Dripwater X X X X X 

POS20180801-F-12 POS Dripwater X X X X X 

POS20180801-B-14 POS Puddle X X X X X 

POS20180801-D-01 POS Puddle X X X X X 

POS20180801-I-10 POS Puddle X X X X X 

SIL20180802-A-15 SIL Dripwater X X X X X 

SIL20180802-C-14 SIL Puddle X X X X X 

VAL20180803-A-01 VAL  Dripwater X X X X X 

VAL20180803-B-02 VAL  Dripwater X X X X X 

VAL20180803-C-02 VAL  Dripwater X X X X X 

VAL20180803-D-02 VAL  Dripwater X X X X X 

VAL20180803-E-01 VAL  Dripwater X X X X X 

VAL20180803-A-02 VAL  Puddle X X X X X 

VAL20180803-B-01 VAL  Puddle X X X X X 

VAL20180803-C-01 VAL  Puddle X X X X X 

VAL20180803-D-01 VAL  Puddle X X X X X 

YEL20180802-A-05 YEL Dripwater X X X X X 

YEL20180802-B-02 YEL Dripwater X X X X X 

YEL20180802-C-02 YEL Dripwater X X X X X 

YEL20180802-D-02 YEL Dripwater X X X X X 

YEL20180802-A-01 YEL Puddle X X X X X 

YEL20180802-B-01 YEL Puddle X X X X X 

YEL20180802-C-01 YEL Puddle X X X X X 

YEL20180802-D-01 YEL Puddle X X X X X 

Tule Lake  Surface X X X X X 

WEL20180803-1 Depth: 231 m Deep Well X X X X X 

WEL20180803-2 Depth: 37 m Shallow Well X X X X X 

WEL20180803-3 Depth:  23 m Shallow Well X X X X X 

WEL20180804-4 Depth: 8 m Shallow Well X X X X X 
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Figure 7. Cave sampling strategy example at LBNM. Caves were first scouted for relevant 

microbial features, speleothems, and other sites of interest. Sample locations were marked, and 

samples were collected moving from the end of the cave towards to entrance. Sample sites were 

named starting with ñAò at the sample site furthest from the cave entrance. Credit: Braille team. 
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3.2. Sample Preparation and X-Ray Diffraction Analysis 

Preparation for both XRD and XRF analyses consisted of crushing the selected 

speleothem/rock material and grinding via agate mortar and pestle to achieve a non-granular 

consistency (roughly silt sized, ~ 55 µm). Numerous samples consisted of secondary mineral 

growth atop a basalt nucleus. This secondary precipitant material was separated for analysis. 

Moreover, in the case XRD/XRF analyses performed on samples stored in anaerobic conditions, 

portions of the targeted samples were removed in a nitrogen glove box and subsequently resealed. 

XRD analyses were accomplished using a Malvern Panalytical Empyrean with a PIXcel 3D 

scanning line detector. X-rays were generated with a Cu tube and Ni-filter at a setting of 45 kV, 

40 mA from a range of 2.5 ° -70 ° (2ɗ). The powdered samples were tightly packed into 16mm 

holders for use with the Empyreanôs spinner sample stage. Panalyticalôs HighScore software suite 

(version 4.8) was subsequently utilized for analysis of peaks and mineral identification. 

3.3. Clay Fraction 

Clay fraction analyses of speleothem samples were completed in accordance with the in-

house procedure adapted by Kansas State University based on the following works: Moore and 

Reynolds (1989), Poppe et al. (2001), and Lacroix et al. (2012). 1 g of sample was gently crushed 

to a gravel-sand size so as to preserve the clay textures and crystallinity. A decarbonation protocol 

was followed for samples exhibiting carbonates: sample was placed in a boiling flask with 100 ml 

of 10% HCL and stirred for 10 minutes. Immediately after, another 100 ml of 10% HCL was added 

and the solution was stirred for another 10 minutes. The supernatant liquid and suspended particles 

were subsequently transferred to a 400 ml centrifuge bottle. Following decarbonation, an acid wash 

via centrifuge cycling (10 minutes at 5000 rpm each cycle, supernatant liquid disposed of and 

bottle filled with DI water to 200 ml after each cycle) was performed to achieve a pH of 7-8. Clays 

were separated into <2 µm and 2-16 µm categories and placed onto glass slides: <2 µm clays were 
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separated by centrifuging the near-neutral solution in 50 ml tubes at 1000 rpm for 58 seconds, then 

the sample was syringed down to the 45 ml reference line. The 2-16 µm clays were separated by 

actively shaking the near-neutral solution 50 ml tube, and then standing the tube upright for 97 

seconds. Immediately after, the clay fraction was collected by syringing below the 45 ml reference 

line to the 25 ml reference line. Both clay fractions were syringed onto separate glass slides and 

left to dry for 24 hours. Glass slides were analyzed using XRD, including with saturation with 

ethylene glycol to determine mineral identity.  

3.4. X-Ray Fluorescence 

Sample preparation for XRF analysis consisted of the following procedure: 0.25 g of each 

powdered sample (roughly silt sized, ~ 55 µm, crushed using agate pestle and mortar) was packed 

into PrepCorp 30 mm boric acid shells, then pressed at 10 tons for 60 seconds using a Dake 972200 

B-10 10 Ton Hydraulic Bench Press. The pressed samples were mounted on sample holders with 

10 mm sample masks.  

Loss on Ignition (LOI) values were calculated using the following procedure: Empty 

porcelain crucibles were weighed (Crucible empty - Ce), 0.5 g of each powdered sample (non-

pressed) was transferred to a crucible and weighed (Crucible full - Cf). Full crucibles were then 

transferred to a Blue M Lab-Heat box-type muffle furnace, at 1000° C for 2 hours. Afterwards, the 

crucibles were removed to cool for approximately 15 minutes and weighed (Crucible Calcinated 

ï Cc). Finally, LOI was calculated using the following formula: 

,/)
ὅὪ ὅὧὅὩ

ὅὪ
  8 ρππ 

LOI values are used to measure the amount of volatiles present within a given sample, 

including but not limited to carbonate present within calcite and water present within opal.   
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X-Ray fluorescence analyses were performed using a Rigaku Primus II Wavelength 

Dispersive XRF spectrometer, with an overall X-ray beam power of 3.6 kW and beam diameter of 

10 mm. A quantification method was designed using eight standards from the U.S. Geological 

Survey (BIR-1a, COQ-1, DNC-1a, GSP-2, RGM-2, SBC-1, STM-2, W-2a).  Amperage ranged 

between 40-60 kV and 90 mA, depending on the atomic number of the element analyzed: 40kV 

below Ti, 50kV from Ti to Rb, and 60kV for elements heavier than Rb (Department of 

Geosciences, University of Texas at San Antonio). 

3.5. Thin Sections and Petrography  

Thin sections (17 in total, representative of varying speleothem morphologies and basalt 

samples) were created by Spectrum Petrographics, Inc. Samples were embedded in epoxy, cut to 

30 microns in thickness, and were polished in accordance to microprobe-quality standards, 

enabling the use of the slides for future microprobe analyses. Petrographic analyses of thin sections 

were performed using a Nikon polarizing microscope (Department of Geology, Kansas State 

University). 

3.6. Electron Microprobe 

Quantitative Electron Microprobe analyses were performed at the Texas A&M University 

Materials Characterization Facility using a Cameca SXFive electron microprobe equipped with a 

LaB6 source, a thermos EDS system, and a CL (Cathodoluminescence) detector. The scan area 

consisted of a rectangular 2568 by 996 ɛm section within a polyp speleothem thin section, chosen 

to be representative of the various lamina observed within LBNM speleothems. The area was 

analyzed with a beam voltage of 15 kV and beam current of 50 nA. A beam size of 3 µm was used 

with a step size of 3 µm and a count time of 80 ms per pixel. The following elements expressed as 

elemental oxides were detected: SiO2, CaO, MgO, FeO, Al2O3, K2O, SO3, P2O5, SrO, and Cu2O. 
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These data were used to construct quantitative raster elemental maps to delineate variability in 

elemental concentration throughout the scan area. A Gaussian kernel smoothing algorithm was 

applied to the Cu2O, K2O, SO3, and P2O5 data sets to improve resolution. 

3.7. Water Chemistry 

Cave water samples were analyzed for the following parameters: major cations, major 

anions, alkalinity, major elements, trace elements, TOC, DOC and TDN, as well as ŭ18O and ŭ 2H. 

3.7.1. Ion Chromatography 

Major cations (Ca2+, K+, Na+, NH4
+, Mg2+), using 0.45 µm filtered and acidified samples, 

and anions (Cl-, Br-, F- , SO4
2-,  NO3

-, NO2
-, PO4

3-), using 0.45 µm filtered and un-acidified samples 

were measured using ion chromatography (Dionex ICS-1100) at the Department of Geology in 

Kansas State University. 

3.7.2. Alkalinity 

Alkalinity measurements of water samples were performed using a lab pH probe, utilizing 

the Gran Function Plot Method. Post titration, data were inputted into the online USGS Oregon 

Water Science Center Alkalinity Calculator, version 2.22. 

3.7.3. HR-ICP-MS 

Major elements (Ca, K, Mg, Na, P, S, Si) and trace element composition (Al, Ti, V, Cr, 

Ga, Rb, Sr, Sb, W, Hg, Pb, U, Li, B, Mn, Fe, Ba, Co, Ni, Cu, Zn, As, Se, Mo, Cd) were determined 

using high resolution ICP-MS (University of Nebraska Lincoln). 

3.7.4. TOC, DOC, and TDN 

Samples that had been filtered (0.45 µm ) and acidified with 0.2% v/v reagent grade HCl 

were measured for non-purgable organic carbon (NPOC or DOC) and TDN content by thermic 

oxidation using a Shimadzu TOC/TN analyzer (Department of Geology, Kansas State University). 
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3.7.5. ŭ18O and ŭ2H Stable Isotopes 

Un-filtered, un-acidfied water samples were analyzed for stable isotopic content (ŭ18O and 

ŭ2H) using a PICARRO Cavity Ring Down Spectrometer in the Department of Geological 

Sciences at the University of Texas at San Antonio. Data collected were standardized to the Vienna 

Standard Mean Ocean Water (VSMOW) reference material. 

3.8. Geochemical Modeling 

Geochemical modeling work, including the calculation of saturation indices and speciation 

of dissolved components, was performed using the Geochemistôs Workbench suite of software, 

version 10.0. Programs utilized within Geochemistôs workbench include SpecE8 and Gtplot. The 

data collected from the water chemistry analyses listed above were used for the modeling.  

3.9. Scanning Electron Microscopy  

 Scanning electron microscopy analyses were performed on five broken and carbon 

coated speleothem samples. These analyses were performed on speleothem samples that had 

excess material. The data collected from these analyses should be regarded as secondary in 

importance, as most micrographs display a charging effect. Nevertheless, these analyses were 

included as they provide supportive evidence of speleothem composition (Department of 

Geosciences, University of Texas at San Antonio). 
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4. Results 

4.1. Variations in Speleothem Morphology 

 The caves contain a variety of morphologically distinct secondary mineral deposits 

observed on the cave floor, walls, roof, crevices, and essentially any and all surfaces within the 

caves. Five major morphologies of speleothems are identified: crusts, polyps, cauliflower, 

coralloids, and gours. These morphologies and their nomenclature were chosen by the BRAILLE 

team as the primary speleothem forms observed in LBNM caves. In addition to the five speleothem 

morphologies, the host rock (cave basalt) is described and analyzed in this study.  

4.1.1. Cave Basalt 

 The host rock in the studied caves formed as a result of lava flow crystallization and 

exhibited various shapes and textures, including smooth glassy-surfaces, rough aa-like surfaces, 

lava drips, and lavacicles (Waters et al., 1990) (Fig.8). While the majority of cave basalt surfaces 

display either the presence of secondary minerals or microbial habitation, samples of basalt 

without any obvious visible presence of secondary minerals or biological material were analyzed 

as representative samples of relatively unaltered host rock. However, it is unlikely that any surface 

within the caves are truly completely barren, with the possibility of basalt surfaces harboring 

effectively imperceptible mineral crusts and/or microbial colonization. 
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Figure 8. LBNM basalt surfaces exhibiting minimal mineral growth. A) Semi-smooth basalt wall 

exhibiting broken lava drips; B) Glassy basalt surface; C) Smooth lava drip basalt wall surface and 

underlying coarse, vesicular basalt.  

4.1.2. Crusts 

 Crusts for the purpose of this study are defined as sub-mm to 0.5 cm thick depositions of 

secondary minerals that are usually white or orange in color (Fig.9). Crusts are ubiquitous within 

the sampled caves and occur primarily on collapsed cave roof surfaces and cave walls. Deposition 

typically spans uniformly across several meters of cave wall surfaces, or exists as patchy or semi-

isolated features.  

 

Figure 9. Crusts located on LBNM basalt surfaces. A) Orange and white crusts on reddish 

(oxidized) collapsed roof basalt; B) Orange crusts on cave wall; C) White crusts located on 

reddish cave overhang. 
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4.1.3. Polyps 

 Polyps are defined as 1-2 cm oblong upward-pointing secondary mineral growths. These 

secondary mineral deposits are located on collapsed roof basalt, angular aa deposits, and other 

irregular surfaces. Polyps are seemingly anchored to the underlying rock in a way superficially 

reminiscent of sea anemone polyps. Although the majority of polyps are orientated upwards 

against gravity, polyps are also observed to grow horizontally from overhangs and cave wall 

surfaces. Polyps occur in clusters of several or many individual growths, and are most commonly 

oriented in near-identical directions within a given polyp cluster. Polyps occur in three primary 

forms: 1) gray to black elongate ñfingerò polyps (Fig.10.A), 2) gray to black oblong polyps with 

white tips (Fig.10.B), and 3) orange and/or black oblong polyps (Fig.10.C). Furthermore, the tips 

of some polyps exhibited a branching structure consisting of mm-scale nodules, a morphological 

trait not observed elsewhere along the polyp.  

 

Figure 10. Varieties of LBNM polyp speleothems. A) Elongate ñfingerò polyps; B) oblong white 

ï tipped polyp. Note the larger, more oblong polyp on the left, compared to a cluster of relative 

thin polyps; C) A cluster of oblong orange polyps, with a thin white layer coating the majority of 

the feature. 

4.1.4. Cauliflower 

 Cauliflower speleothems are classified as 2-5 cm diameter knob-like structures often 

located in clumps visually similar to heads of cauliflower (Fig.11.A). Cauliflower speleothems 

occur as relatively smooth features (Fig.11.A) or with closely-spaced protrusions (Fig.11.B). 
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Coloration includes one or more of the following colors: white- tan, light brown, and brown. 

Moreover, brown cauliflower speleothems also have been described as knobs, and may represent 

a separate morphology. Cauliflower structures occur primarily on cave walls and roofs.  

 

Figure 11. Examples of LBNM cauliflower speleothems. A) ñHeadsò of cauliflower located on a 

cave wall; B) Cauliflower with small spicule-like protrusions; C) Closely-spaced cauliflower 

forming an aggregate mass. 

4.1.5. Coralloids 

 Coralloids are defined as mm to cm scale speleothems outwardly reminiscent of ocean 

coral structures. While the appearance of coralloids overlaps with that of polyps, coralloids are 

distinguished from polyps on the prominence of botryoidal and/or branching structures. While 

polyps also occurred in clusters, individual polyps are not observed to branch into additional 

growths. Coralloids are typically located on walls and overhangs, in comparison to polyps located 

on the cave floor surface and/or collapsed roof basalt. The branching pattern is observed along 

individual stems of the speleothem, resulting in numerous protrusions along the length of a single 
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feature (Fig.12.B,C). Closely spaced coralloids give the appearance of shrubby protrusions on 

cave walls (Fig.12.A). Coloration varies, although coralloids often are a combination of, tan, 

white, and gray, or as a mostly uniform vitreous brown. 

 

Figure 12. Examples of LBNM coralloid speleothems. A) Bunched brown coralloids located on 

an overhang; B) Branched coralloid exhibiting a white-tan coloration with intermixed gray; C) 

White-tan coralloid with many branching protrusions, majority of protrusions are capped with 

white-colored tips. 

4.1.6. Gours 

 Gours refer to small scale (a few cm) flow-stone like structures oriented downwards 

alongside gravity. Gours are often partially hollow and were typically associated with active water 

flow/drips, noticeably more so than other morphologies (Fig.13.A), with water often observed 

beading at the featuresô tips ï generally cup-like protrusions (Fig.13.B).  Coloration typically 

consisted of pale yellow to brown hue, and is consistent amongst all sampled gours.  
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Figure 13. Gour speleothems. A) Gour growing alongside lava drip, and associated water seep; 

B) Close-up of gour feature. Note the cup-like appearance, beaded opal protrusions, and beaded 

moisture within and above the cup-like tip. Cup-like feature is approximately 4 cm across.  

4.2. Speleothem and Basalt Mineralogy 

4.2.1. Cave Basalt 

 Mineralogical analyses of basalt by X-ray diffraction indicate (Fig.14) that plagioclase, 

clinopyroxene, olivine, and oxide minerals are the predominant minerals comprising the host 

basaltic rock in LBNM caves. Plagioclase occurs primarily as labradorite and andesine, 

clinopyroxene as augite and diopside, olivine as forsterite, and oxides as magnetite and hematite. 

Minor mineralogical phases included apatite and orthopyroxene minerals.  
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Figure 14. Diffractogram of an LBNM bare basalt cave sample. Peaks confirm presence of 

plagioclase (plag), clinopyroxene (cpx), olivine (ol), and magnetite (mt). 

4.2.2. Speleothems 

Lava Beds speleothems (crusts, cauliflower, polyps, coralloids, and gours) are comprised 

primarily of a combination of two minerals: amorphous opal (Opal-A: SiO2·nH2O) and calcite 

(often Mg-calcite: (Ca,Mg)CO3). Opal is the predominant mineral.  Some samples were formed 

entirely of opal, although calcite is present in some morphologies. X-ray Diffraction analyses 

performed on speleothems bearing both opal and calcite exhibit diffraction patterns with peaks 

ascribed to calcite (or Mg carbonate) alongside an elevated background hump from approximately 

18 ï 26 (2ɗÁ). Calcite-bearing samples that contained less than 2 wt. % CaO exhibit the more 

strongly elevated 15 ï 27 (2ɗÁ) hump alongside calcite peaks. The mineralogy of each morphology 

will be presented in the following sections. 
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4.2.3. Museum-Grade Opal Standards 

The mineralogy of opal standards were compared with LBNM speleothems to corroborate 

opal mineral identity. Opal standards obtained from Dr. Richard Léveillé at McGill University 

were analyzed by XRD to determine their mineralogical content. Minerals identified included opal 

CT (Opal Cristobalite-Tridymite), silica (quartz)-bearing opal, and opal-A (amorphous) opal. Opal 

CT included peaks for cristobalite and tridymite, while opal-A displayed a broad hump indicative 

of a lack of crystallinity between 15 ï 27 (2ɗÁ), with the apex at approximately 22 ï 22.5 (2ɗÁ) 

(Fig.15.C,D). These patterns are also consistent with other mineralogical studies describing 

amorphous opal (Elzea and Rice, 1996; Sodo et. al, 2016). Opal A proved to be the only mode of 

opal identified in speleothem samples. 

 

Figure 15. Diffractograms of four museum-grade opal standards. A) Diffractogram displaying 

peaks for opal CT; B) Diffractogram displaying peaks for quartz; C) Diffractogram exhibiting 

hump indicative of amorphous material: opal-A; D) Diffractogram also displaying opal-A. 
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4.2.4. Crusts 

 X-ray diffraction analysis of crust speleothems revealed the presence of two minerals: 

amorphous opal and calcite. Two diffractogram patterns of crust samples are observed: 1) 

prominent amorphous opal hump (Fig.16.A) and calcite peaks, and 2) relatively more intense 

calcite peaks (Fig.16.B).  Note that the diffractogram associated with Fig.16.B was the result of 

an improperly prepared sample that included fragments of basalt. As a result, the diffractogram 

also displays peaks associated with basaltic minerals (namely plagioclase and clinopyroxene). 

These minerals are not secondary minerals and are as such not expected major components of 

speleothems. 

 
Figure 16. Diffractograms of crust speleothems. A) Opal dominant diffractogram with prominent 

amorphous hump; B) Calcite dominant diffractogram with plagioclase peaks not representative of 

speleothem composition. 
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4.2.5. Polyps 

 Mineralogical analyses revealed that polyps were primarily comprised of two mineral 

phases: opal and calcite (often Mg-calcite). Purely amorphous opal samples were also observed. 

Furthermore, three diffractogram patterns were observed: 1) strong calcite peaks and weak 

amorphous opal hump (Fig.17.A), and 2) pronounced amorphous opal hump and relatively less 

intense calcite peaks (Fig.17.B), and 3) pronounced amorphous opal hump at 22 ï 22.5 (2ɗÁ) with 

no calcite peaks. 

 
Figure 17. Diffractograms of polyp speleothems. A) Calcite dominant diffractogram with a 

depressed amorphous hump; B) Opal dominant diffractogram with a prominent amorphous hump. 

4.2.6. Cauliflower 

 Mineralogical analyses of cauliflower speleothems revealed a composition comprising 

either of a combination of calcite (often Mg-calcite) and amorphous opal, or a composition 

consisting solely of amorphous opal. Two diffractogram patterns were predominantly observed: 

1) strong calcite peaks and weak amorphous opal hump (depressed by the preponderance of 
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crystalline calcite in the sample) (Fig.18.A), and 2) prominent amorphous opal hump at 22 ï 22.5 

(2ɗÁ) (Fig.18.B).  

 
Figure 18. Diffractograms of cauliflower speleothems. A) Calcite dominant diffractogram lacking 

prominent opal-A hump; B) Diffractogram exhibiting opal-A hump. 
 

4.2.7. Coralloids 

 Coralloids were comprised either of a combination of calcite (often Mg-Calcite) and 

amorphous opal or amorphous opal alone. Similar to cauliflower structures, two diffractogram 

patterns were predominantly observed: 1) strong calcite peaks and weak amorphous opal hump 

(depressed by the preponderance of crystalline calcite in the sample) (Fig.19.A), and 2) a 

prominent amorphous opal hump at 22 ï 22.5 (2ɗÁ). 
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Figure 19. Diffractograms of coralloid speleothems. A) Calcite dominant diffractogram lacking 

prominent opal-A hump; B) Diffractogram exhibiting opal-A hump. 
 

4.2.8. Gours 

Gour speleothems displayed only a hump indicative of opal-A at 22 ï 22.5 (2ɗ).  

Subsequently, no calcite peaks were present within gour speleothem diffractograms (Fig.20). 

 
Figure 20. Diffractogram of a gour speleothem. Diffractogram displays no visible peaks, and is 

indicative of Opal-A. 
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4.3. Clay Mineralogy  

Clay minerals are not observed within any analyzed basalt or speleothem samples ï neither 

from clay fraction analysis nor petrographic analyses. However, due to the lower volume of sample 

collected and therefore utilized during the clay separation procedure, it is possible that some 

samples contained a very low volume of clay minerals not optimal for the clay fraction analysis 

method. Regardless, it can be stated that clay minerals are likely not a major mineralogical 

component of LBNM samples. 

4.4. Petrographic Analysis of LBNM Speleothems and Cave Basalt 

4.4.1. Cave Basalt 

Cave basalts consisted predominantly of a glassy matrix, plagioclase, and clinopyroxene. 

Glassy textures were dominant in certain basaltic cave features, such as lava drips and lava 

stalactites (features associated with rapid cooling). Plagioclase grain sizes ranged from 

approximately 0.06 ï 0.22 mm. Clinopyroxene grains were generally less than 0.15 mm 

(Fig.21.A), but larger crystals have been observed in some samples (Fig.21.B). Euhedral oxide 

crystals, representative primarily of magnetite (according to XRD analyses), were present 

throughout most basalts and were most highly concentrated along the peripheries of the basalt (the 

outermost portion the basalt sample).  Moreover, many basalt peripheries were observed to be in 

the process of palagonite alteration, as evidenced by the characteristic yellow coloration in these 

samples (Fig.21.C). Secondary iron hydroxide minerals (likely including goethite) were noted to 

be present within select basalt samples, yet again exclusively along the peripheries of the sample. 

Palagonite alteration and iron hydroxide minerals were also observed to occur within basalt, 

seemingly encapsulated by secondary mineral precipitation (Fig.21.D), suggesting that altered 

basalt within caves may act as nucleation sites for secondary mineral precipitation.  
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Figure 21. Basalt texture and iron hydroxide minerals. A) Glassy matrix with smaller 

clinopyroxene crystals ï 4x, XPL; B) Glassy matrix with larger clinopyroxene crystals ï 4x, XPL; 

C) Palagonite alteration (yellow), euhedral iron hydroxide crystals, and magnetite crystals ï 20x, 

PPL, maximum brightness; D) Basalt exhibiting palagonite alteration (yellow) and iron hydroxide 

crystals, surrounded by opal precipitation in a cauliflower speleothem sample ï 4x, PPL, maximum 

brightness. All scale bars represent 0.10 mm. 

4.4.2. Crusts, Cauliflower, Polyps, Coralloids, and Gours  

All five of the identified speleothem morphologies (crusts, cauliflower, polyps, coralloids, 

and gours) share a common internal structure: µm to mm scale, possibly microstromatolitic-like 

laminations of secondary mineral deposition. Depending on sample composition, the laminae 

consist predominantly of opal, or of alternating bands of opal and/or carbonate minerals. Opal 

laminae are typically massive or were porous with vesicles.  Calcite infilling in opal lamina is also 

observed. The laminae of samples bearing both opal and calcite were not consistently ordered even 

within their respective morphologies. For example, polyps sampled from identical sample sites 
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display different orderings of opal / calcite layers. Furthermore, opal and calcite laminae do not 

alternate evenly; opal was observed to be deposited upon opal and calcite may be deposited on 

calcite. 

The laminae that comprise crust speleothems largely consist of very fine (µm scale), often 

hummocky, layers in a coat of approximately even thickness upon a basalt surface (Fig.22.A). The 

boundary between the basalt and secondary mineral precipitant may be accompanied by iron 

hydroxide minerals (Fig.22.B), analogous to similar minerals observed along the peripheries of 

basalt samples.  The outermost laminae display a multitude of branching and/or knoblike 

protrusions, likely indicative of the most recent nucleation and mineral growth. Opal coloration 

under plane-polarized light varied from a light tan to various shades of darker tan to brown.  

 

Figure 22. Crust speleothem lamina. A) Opaline crust sample and host basaltic rock ï 4x, PPL; 

B) Iron hydroxide boundary between host basaltic rock and secondary mineral deposition (opal) ï 

10x, PPL, maximum brightness.  
 

Cauliflower laminae occur in structures similar to the crust laminae, i.e. fine-scale 

hummocky laminae (Fig.23.A). These crust-like laminae were found predominantly on the outer 

portions of the cauliflower. Opal coloration was similar to that of other morphologies, with the 

addition of yellowish laminae not yet observed with crust laminae. Near the interior of cauliflower 

speleothems, laminae are more hummocky and/or undulating.  Void spaces are also infilled with 
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calcite (Fig.23.B,C). Moreover, opal deposition tends to lack obvious laminations or occurs as 

nodular semi-circular structures that appear to have grown radially instead of laterally (Fig.23.B). 

Similar nodules have been noted in other basaltic lava cave speleothems, and may represent 

microbially-mediated concentric opal-A structures (López-Martínez et al., 2016). The infilled 

calcite is less abundant than opal.  This is readily observed in thin section under crossed polars, as 

the opal goes to extinction and the calcite does not (Fig.23.C). Cauliflower laminae also exhibit 

microstromatolitic-like structures, with multiple growth patterns radiating from multiple positions 

within the speleothem (Fig.23.D). 

 

Figure 23. Internal structures of cauliflower speleothems. A) Hummocky opal laminae associated 

with cauliflower edge ï 4x, PPL; B) Heavily undulated laminae associated with the interior of 

cauliflower. Note the semi-circular nodular deposition in the lower-middle portion of the image ï 

4x, PPL; C) Crossed-polars image of B, calcite located amongst opal ï 4x, XPL; D) Chaotic and 

undulating laminae with multiple apparent growth directions, similar to microstramtolitc growth. 

Arrows represent orientation of laminae. 
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 Polyp speleothems exhibit a wide diversity of internal structures, including distinct laminae 

of calcite and opal (Fig.24.A). Three visibly heterogeneous opal laminae are observed: a ñdirtyò 

brown and tan opal, a further laminated yellowish opal, and a mostly massive ñcleanò tan deposit.  

Calcite in polyps forms laminae that appear to be completely separate from opal deposits 

(Fig.24.B). However, intermixed laminae are also observed. Calcite occurs predominantly as a 

coarsely crystalline sparite, a finer micritic calcite, or as a combination of the two. Laminae 

thickness of both opal and calcite layers vary both inter- and intra- sample, from approximately 50 

µm to excesses of 0.5 mm.  

 

Figure 24. Internal structure and texture of a polyp speleothem. A) Three distinctive layers of opal 

are visible: brown and tan, yellowish, and a light tan ï 4x, PPL; B) Sparitic Calcite and Micritic 

Calcite laminae bounding the innermost opal laminae ï 4x,XPL. 

Moreover, the calcite found within polyps also occurs as ordered, columnar crystals 

(Fig.25).  The columnar calcite does not occur consistently between samples, occurring in basal 

laminae in some polyps, while other samples contain columnar calcite only towards the tip of the 

polyp. These laminae exist within the polyp in the same manner as the previously described forms 

of calcite, having been observed to straddle both opal and calcite layers.  
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Figure 25. Columnar calcite located within a polyp speleothem. Opal laminae are also visible in-

between calcite laminae, including a prominent gold-colored laminae, 4x, PPL. 

 Coralloid laminae outwardly appeared to be most similar to those associated with crust and 

cauliflower morphologies, especially in regards to opal laminae. However, calcite found within 

coralloids more closely resembles the textures and structures of calcite in polyp speleothems, 

including the presence of micritic calcite (Fig.26.B). The calcite displayed in Fig.26, located on 

the outward most edge of the feature, may represent the recent period of deposition that is still 

nested alongside previously deposited opal. Moreover, the coralloid sample depicted in Fig.26 

well illustrates the diversity of opal coloration and texture.  Under plane-polarized light, the 

hummocky light brown laminae in the upper-center of the sample appear superficially similar to 

the micritic calcite. However, under crossed-polars, the light brown laminae become extinct, and 

is therefore likely opal (Fig.26.B).  
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Figure 26. Opal and calcite laminae within a coralloid speleothem. A) Opal lamina may appear 

similar to micritic calcite, 4x,PPL; B) Calcite now distinguishable under crossed-polars, 4x,XPL. 

Gour speleothem laminae consist entirely of opal; none have been noted to incorporate 

calcite. The individual laminae are visually similar and of similar thickness to laminae found 

within other morphologies, but the structure and orientation of gour laminae are noticeably 

different from polyp and coralloid speleothems. Gour laminae are contained within an extremely-

finely laminated cup-like structure of opal, in which the laminae are concave in respect to the 

terminal tip of the gour speleothem (Fig.27.A). The cup-like structure appears to lack laminations, 

but the laminae are actually just closely spaced, giving the appearance of dense massive deposition. 

Hummocky and undulating laminae are also found within gours when viewed at higher 

magnifications (Fig.27.B). 
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Figure 27. Internal structure of LBNM gour speleothems. A) Concave opal laminae encapsulated 

within cup-like tip, 4x,PPL; B) Hummocky opal laminae and closely-spaced laminae which 

comprise the edge of the cup-like tip feature, 4x,PPL. 

4.4.3. Volcanic Fragment Inclusions within Speleothems 

 

Lava Beds speleothems incorporate volcanic mineral fragments, glass fragments, and iron 

hydroxide (Fig.28). Moreover, the inclusions mostly occur within the matrix of opal laminae, 

especially thicker opal laminae equal to or approximately greater than 0.5 mm.  The largest 

inclusions (> 0.05 mm) have been identified in polyp speleothems, and not in other morphologies 

of similar mineralogical and elemental composition (cauliflower, coralloids). Polyps 

predominantly form on or nearby the cave floor surface, making dust a likely source of these 

incorporated fragments.  The other morphologies are primarily located in elevated positions, such 

as on walls and overhangs, thus perhaps lessening the opportunity for dust to settle upon the 

growing speleothems. Regardless, dust fragments are likely to be an expected component of 

opaline speleothems. 
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Figure 28. Volcanic glass and mineral inclusions within polyp speleothem opal matrix. Glass 

fragments are opaque and easily identified under plane-polarized light, while plagioclase and 

clinopyroxene are most easily identified under crossed-polars. The iron hydroxide in the center of 

the image appears to overlay weathered plagioclase grains.4x, PPL, maximum brightness. 

4.5. Cave Basalt and Speleothem Elemental Composition  

This study is the first of its kind at Lava Beds National Monument ï an effort to understand 

the composition of enigmatic speleothems. However, as a result, it must be noted that the number 

of collected samples likely do not provide well-constrained statistics of compositional variation. 

Regardless, the following results represent the most comprehensive data for LBNM speleothems.  

4.5.1. Cave Basalt 

The host rock comprising the caves range from basalt to basaltic andesite in composition, 

with SiO2 wt. % ranging from 48 ï 54 wt.%. The major elemental oxide compositions determined 

by X-ray fluorescence varies between caves (Table 3), but are all consistent with previously 

recorded compositions of Medicine Lake basalts (Baker et al., 1991). Trace element concentrations 

(e.g. Zr, Sr, Rb, Cu, V, Ba, and Cr ) are also comparable with previously analyzed Medicine Lake 
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basalts (Table 3). Sulfur concentration is below the detection limit of the XRF method used. Basalt 

compositions are most similar between caves that are contained in the same flow, i.e. VAL and 

LYO, and between GOL YEL, POS and CRI.
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Table 3. Major and Trace Element Composition of LBNM Cave Basalt. Three-letter cave ID represents name of sampled cave. Major 

elements (presented as oxides) and LOI (Loss on Ignition) are presented in Wt.%, and trace elements are presented in ppm. All iron is 

given as Fe2O3. Values listed as bdl are below detection limits.   

Cave SiO2 CaO MgO Al2O3 Fe2O3 MnO P2O5 K2O Na2O TiO2 LOI  S V Cr Co Ni Cu Zn Rb Sr Y Zr Ba Pb 

 Wt. % ppm 

VAL 51.64 9.08 4.45 16.61 10.67 0.18 0.41 1.47 3.30 1.62 0.40 bdl 199 126 39 95 83 95 49 344 43 251 338 14 

LYO 52.61 7.79 4.89 15.67 9.50 0.17 0.39 1.36 3.61 1.67 2.21 bdl 182 111 36 67 68 67 36 244 37 221 343 14 

GOL 53.98 8.71 5.80 17.03 8.50 0.15 0.01 1.15 2.60 0.76 1.15 bdl 145 137 42 144 220 144 36 287 26 124 250 bdl 

YEL 52.07 8.92 6.10 16.79 9.34 0.16 0.07 1.29 2.97 0.84 1.30 bdl 166 162 36 150 154 150 48 304 36 144 370 1 

POS 50.20 10.58 7.32 16.45 10.43 0.18 bdl  0.23 2.59 0.88 0.98 bdl 216 212 43 197 238 197 4 331 30 79 130 2 

SIL 51.72 8.85 5.28 16.70 8.95 0.15 0.03 1.15 3.13 0.85 2.89 bdl 197 140 41 139 92 139 36 291 29 132 353 3 

CRI 48.29 8.99 7.65 16.72 9.24 0.16 0.14 0.44 2.58 0.85 4.82 bdl 196 148 34 146 76 146 10 247 25 81 201 bdl 



   
 

55 
 

4.5.2. Crusts 

Crust chemistry is dominated by SiO2 (34.93 ï 85.80 wt.%), CaO (2.93 ï 20.23 wt.%), and 

MgO (0.40 ï 10.92 wt.%). These elemental constituents are consistent with the observed bulk 

mineralogy of opal and calcite / Mg carbonate, the minerals composing most LBNM speleothems. 

Percentages of these elemental oxides vary, as crusts appear to incorporate varying amounts of 

carbonate, which is also reflected in the higher LOI values of orange crusts (Table 4). Samples 

incorporating more significant amounts of carbonate (>10 %) appear to take on an orange / tan 

coloration, while crusts consisting of predominantly opal appear white.  Crusts contain 0.43 ï 1.89 

wt.% P2O5, with no obvious relationship between CaO content and P2O5 concentrations. Al 2O3,  

Fe2O3, and Na2O concentrations are low in crusts, with the exception of POS-I. This suggests that 

basaltic material may have been included in the analysis. 

Trace element compositions are highly variable. Sr, Cu, V, and S occur in the highest 

concentrations (Table 4). S concentrations are highly variable among crusts, with one sample, 

POS-I, exhibiting 1785 ppm S; yet S is below detection limits for other samples from the same 

cave. The basaltic material included within this sample is unlikely to significantly contribute to 

the S concentration, as S was not detected in sampled basalts (Table 3).  The variability exhibited 

by S in crusts is observed in the remaining trace elements.  
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Table 4.  Major and Trace Element Composition of LBNM Crust Speleothems. Three-letter cave ID represents name of sampled cave. 

Major elements (presented as oxides) and LOI (Loss on Ignition) are presented in Wt.%, and trace elements are presented in ppm. All 

iron is given as Fe2O3. Values listed as bdl are below detection limits.   

Cave Site Color SiO2 CaO MgO Al2O3 Fe2O3 MnO P2O5 K2O Na2O TiO2 LOI  S V Cr Ni Cu Zn Sr Y Zr Ba Pb 

   Wt. % ppm 

LYO H White 85.80 2.93 0.40 0.11 0.42 bdl  0.77 0.02 bdl  0.01 9.51 124 127 21 28 79 9 32 3 5 bdl  2 

POS F Orange 51.85 13.28 8.64 0.13 0.34 bdl  0.43 0.02 bdl  bdl  25.24 bdl  595 bdl  15 16 12 65 2 2 4 2 

POS I Orange 34.93 20.23 10.92 4.63 3.09 0.05 1.89 0.41 1.00 0.27 22.31 1785 195 42 82 80 33 230 11 43 149 2 
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4.5.3. Polyps 

Polyp major elemental chemistry is also dominated by SiO2 (33.9 ï 77.59 wt.%), CaO (1.49 

ï 17.06 wt.%), and MgO (0.56 ï 14.08 wt.%), indicative of the opal and calcite / Mg carbonate 

mineralogy of these speleothems (Table 5). Lesser concentrations of Al2O3 and P2O5 are also 

present in most polyps. Iron is present in all polyps, at a range of 0.33 ï 1.53 wt. % Fe2O3.  K2O, 

and Na2O are present in low concentrations, while MnO is below detection limits in most samples. 

LOI values vary, with samples incorporating higher CaO concentrations generally bearing the 

greatest LOI values. However, the silica-dominated YEL-Ac sample has an LOI value of 25.9 %, 

likely indicative of variability in opal water content between samples. Similar to crusts, select 

polyps were found to be comprised predominately of opal. Opal dominance (as represented by 

SiO2 > 50 wt.%) is observed in the majority of samples, including all three descriptive forms 

(fingers, white-tipped polyps, and orange polyps). Fingers appear to be polyps that incorporate 

relatively small amounts of calcium (2.23 ± 1.04 CaO wt.%), white-tipped polyps with relatively 

high amounts of calcium (11.13 ± 4.47 CaO wt.%), and orange polyps with moderate calcium 

(5.82 ± 4.39 CaO %).  Phosphorous occurs predominantly in carbonate-bearing polyps, ranging 

from 0.30 ï 4.85 P2O5 wt. %.  However, higher CaO concentrations do not correlate with greater 

P2O5 concentrations.  

Sr, Cu, and S constitute the most abundant trace elements present in polyp speleothems 

(Table 5). Sr is most abundant among carbonate-bearing polyps and highest in white-tipped 

polyps, but concentrations are variable (7 ï 784 ppm). The greatest Cu concentrations (429 and 

258 ppm) are observed within opaline finger-type polyps. However, the other polyp varieties are 

also noted to contain relatively high Cu content, with concentrations ranging from 56 ï 243 ppm. 

Cu content in polyps may also reflect the cave of origin and subsequently the availability of Cu in 
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individual cave systems:  YEL 247 ± 16 ppm, GOL 297 ± 115 ppm, POS 137 ± 55 ppm, SIL 176 

ppm, CRI 76 ± 6 ppm, and PAN 79 ppm. S concentrations in polyps appear to also vary amongst 

caves: YEL 342 ± 98, GOL 342 ± 203 ppm, POS 1549 ± 629 ppm, SIL 1601 ppm, CRI 1066 ± 

458 ppm, and PAN 570 ppm. Additionally, select polyp speleothems contain moderate amounts 

of V (40 ï 308 ppm) and Ba (14 ï 221 ppm). Notably, Ba concentrations are consistently low 

amongst POS samples, at 32 ± 19 ppm, which may be due to POSôs minimal Ba concentration in 

basalt at 130 ppm, nearly three times smaller than the majority of other sampled caves. 

4.5.4. Cauliflower 

Cauliflower speleothem major elemental composition is dominated by SiO2 (17.13 ï 85.49 

wt.%), CaO (1.03 ï 29.77 wt.%), MgO (0.57 ï 15.62 wt.%), and lesser concentrations of P2O5 

(Table 6). As compared to polyps, calcite-bearing cauliflower samples generally incorporate lesser 

concentrations of SiO2. Cauliflower samples from VAL and LYO (the youngest caves sampled) 

are observed to be primarily opaline, while samples from POS and CRI incorporate more carbonate 

than the other caves, up to 29.77 wt.% CaO. Like polyps, cauliflower display a range of LOI 

values. Opaline cauliflower have LOI values < 15 wt.%, while carbonate-bearing cauliflower range 

from 18 ï 38 wt.% LOI. 

The three observed categories of cauliflower have markedly different compositions. The 

white-tan brown sample appears to be predominantly opaline (77.14 wt. % SiO2) with a moderate 

incorporation of carbonate minerals (6.98 wt. % CaO), but with very little MgO (0.57 wt.%). 

Brown cauliflower, potentially a separate morphology altogether (knobs), is dominated by SiO2 at 

84.79 ± 1 wt.%. White-tan cauliflower incorporates less opal than brown samples, at 36.18 ± 14.62 

wt.% SiO2. However, white-tan samples incorporate higher concentrations of CaO (17.67 ± 9.34 

wt.%) and MgO (12.88 ± 2.16 wt.%).  
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Table 5. Major and Trace Element Composition of LBNM Polyp Speleothems. Three-letter cave ID represents name of sampled cave. 

Major elements (presented as oxides) and LOI (Loss on Ignition) are presented in Wt.%, and trace elements are presented in ppm. All 

iron is given as Fe2O3. Values listed as bdl are below detection limits.   

Cave Site Color SiO2 CaO MgO Al2O3 Fe2O3 MnO P2O5 K2O Na2O TiO2 LOI  S V Cr Ni Cu Zn Sr Y Zr Ba Pb 

   Wt. % ppm 

GOL B Fingers 77.59 2.96 2.76 1.66 1.04 0.01 bdl  0.17 bdl  0.07 13.65 137 40 25 23 429 bdl  81 10 15 57 4 

GOL C White 60.67 8.13 6.27 0.39 0.45 bdl  1.48 0.05 bdl  0.02 22.43 542 41 11 17 218 15 328 10 8 104 bdl  

GOL G White 59.65 9.14 8.48 1.70 1.03 0.01 0.30 0.22 0.08 0.07 19.18 347 77 13 36 243 12 397 12 21 168 bdl  

YEL Ac Fingers 65.38 1.49 0.56 3.16 1.38 0.02 1.46 0.22 0.24 0.12 25.90 272 45 23 23 258 14 61 12 21 116 2 

YEL B White 51.76 10.99 8.30 0.32 0.42 bdl  1.37 0.05 bdl  0.01 26.64 411 88 8 21 235 7 537 6 5 129 2 

POS D Orange 74.46 2.72 4.08 0.48 0.50 bdl  0.08 0.05  bdl 0.02 17.50 619 76 18 18 176 9 7 6 5 48 bdl  

POS D Orange 49.27 8.93 11.29 0.26 0.35 bdl  1.00 0.06 bdl  0.01 28.61 1713 120 5 16 169 6 30 4 5 17 5 

POS D White 52.74 16.81 4.84 1.66 1.53 0.02 1.74 0.08 0.23 0.10 20.00 1905 308 36 44 56 21 136 6 10 47 bdl  

POS D White 33.55 13.68 14.08 0.18 0.33 bdl  2.04 0.08 0.13 0.01 35.67 1959 194 4 17 146 4 105 4 4 14 3 

SIL C White 56.91 13.02 5.39 1.31 1.08 0.01 0.73 0.12 0.03 0.07 21.09 1601 83 20 30 176 13 324 8 14 125 6 

CRI A White 55.09 7.97 8.61 0.79 0.62 0.01 4.85 0.10 0.25 0.04 21.50 742 166 16 30 72 24 331 2 10 188 2 

CRI D White 40.32 17.06 10.46 0.23 0.66 bdl  1.36 0.13 0.02 0.01 29.49 137 40 25 23 429 bdl  81 10 15 57 4 

PAN B White 66.32 3.41 4.92 2.18 0.86 0.02 1.02 0.20 0.19 0.08 20.67 542 41 11 17 218 15 328 10 8 104 bdl  
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Cauliflower speleothems are relatively enriched in Sr, Cu, V, and S as compared to basalt 

composition. Sr in cauliflower samples is noticeably lower in concentration (35 ï 466 ppm) than 

carbonate-bearing polyps, with only carbonate-bearing white-tan CRI samples significantly 

exceeding 100 ppm. Cu concentrations are greatest among highly opaline brown samples, notably 

from VAL and LYO (169 ï 251 ppm). V, although present in the other morphologies, is noticeably 

incorporated in higher concentrations in select white-tan cauliflower samples: POS-E (239 ppm), 

CRI-C (350 ppm), and CRI-A (820 ppm) (Table 6). These samples consist of both opal and 

carbonate minerals and also contain the most S of all cauliflower samples (1365, 540, and 1167 

ppm respectively). Ba concentrations are highest among opal-dominated samples: white-tan brown 

with 88 ppm, brown with 117 ± 13 ppm, and white-tan with 57 ± 49 ppm. White-tan cauliflower 

Ba concentrations are more variable due to lower concentrations among POS cave samples, similar 

to the trend observed in polyps. 

4.5.5. Coralloids 
 

Akin to the other speleothem morphologies, coralloid speleothems exhibit a variety of 

elemental compositions, ranging from highly opaline (>70 % wt.% SiO2), opaline and carbonate-

bearing (50 ï 62  wt.% SiO2  and > 9 wt. % CaO), and carbonate-dominated (<50 wt.% SiO2 and 

> 15 wt.% CaO) (Table 7). MgO concentrations are notably low in comparison to the previous 

morphologies (4.37 ± 3.61) wt.% MgO), even among carbonate-bearing samples. Phosphorous is 

present at concentrations ranging from 0 ï 3.02 wt.% P2O5. Additionally, significant 

concentrations of P are only present in carbonate-bearing samples, indicating that the bulk of P 

content may be associated with carbonate minerals. Brown coralloids, similar to brown 

cauliflower, are dominated by opal, with a mean of 77.82 ± 13.42 wt.% SiO2. Consequently, brown 
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coralloids exhibit reduced concentrations of both CaO (3.86 ± 4.71 wt.%) and MgO (3 ± 3.42 

wt.%).  
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Table 6. Major and Trace Element Composition of LBNM Cauliflower Speleothems. Three-letter cave ID represents name of sampled 

cave. Major elements (presented as oxides) and LOI (Loss on Ignition) are presented in Wt.%, and trace elements are presented in ppm. 

All iron is given as Fe2O3. Values listed as bdl are below detection limits.   

Cave Site Color SiO2 CaO MgO Al2O3 Fe2O3 MnO P2O5 K2O Na2O TiO2 LOI  S V Cr Ni Cu Zn Sr Y Zr Ba Pb 

   Wt. % ppm 

VAL D 
White-tan 

brown 
77.14 6.98 0.57 0.25 0.40 bdl  0.08 0.03 bdl  0.01 14.50 72 57 13 15 251 

 

bdl 73 12 14 88 4 

LYO I Brown 85.49 1.03 0.27 0.40 0.46 bdl  bdl  0.05 bdl  0.01 12.25 bdl  63 13 19 185 13 35 19 27 108 5 

LYO J Brown 84.08 1.35 0.63 0.58 0.97 bdl  bdl  0.07 bdl  0.02 12.25 bdl  55 16 19 169 17 57 21 28 126 2 

POS A White-tan 39.95 17.12 11.47 0.19 0.41 bdl  1.83 0.03 bdl  0.01 28.95 256 78 12 23 66 12 108 2 4 16 bdl  

POS E White-tan 35.26 16.82 13.54 0.09 0.35 bdl  0.92 0.02 bdl  bdl  35.26 1365 239 17 26 34 9 64 2 3 18 10 

CRI A White-tan 52.40 6.97 15.62 1.69 1.48 0.02 2.66 0.10 0.23 0.11 18.56 540 350 22 49 79 21 228 6 15 117 6 

CRI C White-tan 17.13 29.77 10.88 0.50 0.90 0.01 2.41 0.04 0.20 0.04 37.88 1167 820 6 26 18 19 466 5 7 75 11 
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White-tan coralloids instead incorporate lesser concentrations of SiO2 (59.11 ± 23.93 

wt.%) and relatively greater concentrations of CaO (12.30 ± 10.52 wt.%) and MgO (6.02 ± 5.64 

wt.%). However, as compared to cauliflower of similar coloration, the major element composition 

of coralloids is noticeably more variable.  

 Coralloid trace element chemistry includes higher concentrations of Sr, Cu, V, and S 

(Table 7). Sr content correlates with calcite content, ranging from 35 ï 466 ppm. Cu is observed 

to occur in the highest concentrations in highly opaline samples, and like polyps, Cu content may 

be associated with the cave of origin (which is not apparent amongst the other morphologies): 

GOL 257 ± 95 ppm, POS 68 ppm, LYO 79 ± 28, SIL 200 ppm, and CRI 13 ppm. GOL coralloids 

contain the highest Cu concentrations, similar to the trend observed amongst polyp speleothems. 

Additionally Cu concentrations are not significantly different between brown and white-tan 

coralloids. Vanadium concentrations range from 55 ï 820 ppm and do not appear to correlate with 

S as observed in cauliflower speleothems. Rather, V and S appear to be associated with higher 

carbonate content, as expressed as CaO %.  Sulfur concentrations are also greatest in samples with 

LOI > 20 wt.%, but it cannot be definitively stated that S content itself strongly influences volatile 

content. Ba content in coralloids is similar to that found within other morphologies, and is greatest 

in white-tan (106 ± 64) as opposed to brown (27 ± 15) samples. The greater concentrations of Ba 

within the predominantly calcite-bearing white-tan samples suggest Ba may be incorporating 

within the carbonate mineral structure.  
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Table 7. Major and Trace Element Composition of LBNM Coralloid Speleothems. Three-letter cave ID represents name of sampled 

cave. Major elements (presented as oxides) and LOI (Loss on Ignition) are presented in Wt.%, and trace elements are presented in ppm. 

All iron is given as Fe2O3. Values listed as bdl are below detection limits.   

Cave Site Color SiO2 CaO MgO Al2O3 Fe2O3 MnO P2O5 K2O Na2O TiO2 LOI  S V Cr Ni Cu Zn Sr Y Zr Ba Pb 

   Wt. % ppm 

LYO A White-tan  82.27 1.53 0.42 1.08 0.53 bdl  bdl  0.13 bdl  0.03 13.95 72 57 13 15 251 bdl  73 12 14 88 4 

LYO J White-tan 45.19 19.44 5.39 0.17 0.43 bdl  1.27 0.03 bdl  0.01 27.64 bdl  63 13 19 185 13 35 19 27 108 5 

GOL A Brown 86.71 1.09 0.85 0.21 0.45 bdl  bdl  0.04 bdl  0.01 10.58 bdl  55 16 19 169 17 57 21 28 126 2 

GOL A White-tan 76.38 4.68 3.48 1.63 1.61 0.02 0.03 0.15 bdl  0.11 11.79 256 78 12 23 66 12 108 2 4 16 bdl  

GOL B Brown 62.38 9.29 6.94 0.43 0.50 bdl  0.30 0.06 bdl  0.02 19.97 1365 239 17 26 34 9 64 2 3 18 10 

GOL G White-tan 82.22 2.34 1.28 1.66 1.30 0.02 bdl  0.20 bdl  0.10 10.83 540 350 22 49 79 21 228 6 15 117 6 

POS B White-tan 40.20 24.44 10.88 0.13 0.47 bdl  3.02 0.04 0.07 bdl  20.67 1167 820 6 26 18 19 466 5 7 75 11 

SIL D Brown 84.37 1.19 1.21 1.00 0.74 0.01 bdl  0.08 bdl  0.04 11.32 180 84 15 15 98 12 56 13 15 228 bdl  

CRI B White-tan 28.40 21.36 14.66 0.12 0.38 bdl  1.88 0.04 0.03 bdl  32.94 3673 148 15 26 59 13 238 2 3 98 7 
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4.5.6. Gours 

All analyzed gour speleothems are comprised predominantly of opal, as indicated by the 

predominance of SiO2 within the samples (85.4 ï 86.6 wt.% SiO2) (Table 8). The LOI values are 

also consistent with relatively pure opal (Webb and Finlayson, 1987). CaO wt. % ranges from 0.81 

ï 0.91, although no XRD analyses indicate calcite or any other Ca-bearing mineral. Instead Ca 

within gour speleothems may likely be interstitial in nature (occurring as a Ca silicate phase), 

alongside lesser amounts of Fe, Mg, and Al.  

In comparison to the previously described (and often calcite-bearing) speleothems, gours 

contain relatively lesser concentrations of Sr, S, and P (Table 8). Cu is observed to be the most 

abundant trace element present in gours, with a mean concentration of 404 ± 76 ppm. V 

concentrations are lower than in the majority of the calcite-bearing morphologies (crusts, 

cauliflower, polyps, and coralloids), but are still present at 61 ± 28 ppm. S is measured to be either 

below detection levels or present at relatively low concentrations, with only one sample exhibiting 

detectable S (3 ppm). Gours also have the greatest Y concentrations among speleothems, at 23 ± 

6 ppm.  
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Table 8. Major and Trace Element Composition of LBNM Gour Speleothems. Three-letter cave ID represents name of sampled cave. 

Major elements (presented as oxides) and LOI (Loss on Ignition) are presented in Wt.%, and trace elements are presented in ppm. All 

iron is given as Fe2O3. Values listed as bdl are below detection limits.   

Cave Site SiO2 CaO MgO Al2O3 Fe2O3 MnO P2O5 K2O Na2O TiO2 LOI  S V Cr Ni Cu Zn Sr Y Zr Ba Pb 

  Wt. % ppm 

LYO A 85.37 0.91 0.42 0.32 0.38 bdl  bdl  0.03 bdl  0.01 12.51 bdl  41 17 19 458 10 18 13 16  bdl bdl  

LYO H 86.60 0.81 0.23 0.41 0.40 bdl  bdl  0.04 bdl  0.01 11.43 3 80 13 25 350 19 27 20 23 3 3 
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4.6. Maps of Elemental Distribution within S peleothems 

Electron microprobe analyses were performed on a CRI polyp speleothem (CRI20180731-

D-12) to determine the concentration and distribution of the following elements within the 

laminated structures at resolutions unobtainable from previous XRF analyses: Si, Ca, Mg, Al, Fe, 

K, Cu, P, S, and Sr (Fig.29.A,B). A 996 µm by 2568 µm transect in the central region of the polyp 

was chosen to represent the textures and structures found within LBNM speleothems (Fig.29.C).  

 

Figure 29. Polyp sample and electron microprobe map transect. A) CRI20180731_D_12 in-situ 

sample, representative of a white-tipped polyp; B) Location of the 996 µm by 2568 µm mapping 

transect within individual polyp; C) Backscatter image of map transect, leftmost portion of region 

represents basal region of transect, while the right represents the top of the transect, nearest to the 

tip of the speleothem. 
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Figure 30. Elemental distribution maps of CRI20180731_D_12 polyp speleothem transect. A) 

SiO2 map; B) CaO map; C) MgO map; D) P2O5 map; E) SrO map; F) SO3 map. Maps A-C wt.%  

are represented by the following color scale: Black denotes below detection limits, while blue 

grading into cyan, green, yellow, orange, red, and white denotes increasing concentrations. Maps 

D-F are represented by the following color scale: Black denotes below detection limits, while 

maroon grading into red, orange, yellow, and white denote increasing concentrations.  
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Figure 31. Additional elemental distribution maps of CRI20180731_D_12 polyp speleothem 

transect. A) Al2O3 map; B) FeO map; C) K2O map. Maps A-B wt.% are represented by the 

following color scale: Black denotes below detection limits, while blue grading into cyan, green, 

yellow, orange, red, and white denotes increasing concentrations. Map C is represented by the 

following color scale: Black denotes below detection limits, while maroon grading into red, 

orange, yellow, and white denote increasing concentrations. 

As expected from previous quantitative XRF analyses, the major elements within the 

mapping area were determined to be SiO2, CaO, and MgO (Fig.30.A,B,C).  A range of SiO2 

concentrations (representative of opal) and distributions are observed, with zones exhibiting 

concentrations of < 10 wt.%, ~30 wt.%, 50-60 wt.%, and a distinct laminae (approximately at -

14100 X) with ~ 80 wt.% (Fig.30.A). CaO concentrations (most likely indicative of calcite and/or 

Mg carbonate) occur at minimal levels of < 5 wt. %, 12-14 wt.%, 24-26 wt.%, 30-32 wt.%, and 

maximums of 40-42 wt.% (Fig.30.B). MgO content is the lowest amongst the three oxides, at 

concentrations of < 2 wt. %, 8-9 wt.%, 14-16 wt.%, and ~24 wt.% (Fig.30.C).  
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SiO2 is the dominant oxide present within the majority of the scan area, with patches of 

lower concentration and a distinctive laminae of much higher concentration (apex located at 

approximately -14900 X, 23800 Y). The low-SiO2 (< 10 wt.%) zones appeared to correspond with 

the highest CaO concentrations. Moreover, SiO2 and CaO are intermixed in moderate 

concentrations (30-40 wt.% SiO2 and 16-22 wt.% CaO) within many of the lamina, which suggests 

infilling of void spaces in opal laminae by calcite. Laminae consisting of predominantly either 

SiO2 or CaO are observed, but are nominal in total area as compared to infilled laminae. MgO 

occurs alongside moderate concentrations of CaO (8-16 wt.% MgO) as well as SiO2 (8-20 wt.% 

MgO) ï indicating that Mg is also incorporated within opal, or as a Mg-SiO2 phase within opal. A 

notably large distribution of SiO2-rich laminae spanning ~ 800 µm is observed at approximately 

(-15400 X, 23750 Y), an area likely representative of a relatively large porous opal lamina with 

infilled calcite deposition.    

Three additional elemental oxides are found to be associated with high CaO zones (and 

therefore calcite): P2O5, SrO, and SO3 (Fig.30.D,E,F). SrO is distributed among the majority of 

CaO-bearing lamina at concentrations of approximately 0.2-0.3 wt.% (Fig.30.E). SO3 is observed 

to be incorporated strongly within the CaO-rich laminae near the center-left of the scan area at 

concentrations ranging from 0.4-0.7 wt.% (Fig.30.F). Unlike SrO, SO3 (0.3-0.5 wt.%) is 

distributed more sparsely throughout the scan area, even among laminae of similar CaO content. 

Phosphorous occurs in higher concentrations (1-8 wt.% P2O5) than SO3, but concentrations of these 

two elements do not appear to be spatially correlated (Fig.30.D).  For example, relatively thin 

bands with high P2O5 occur in the densest SO3-bearing zones in the center-left of the scan area. 

The P2O5-rich zones are also conspicuously located atop the apex of CaO-rich lamina at the bottom 

region of SiO2-rich laminae.  
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 Concentrations of Al2O3 and FeO within the scan area occur in low concentration (0-1 

wt.% and 0-2.5 wt.%, respectively) throughout the scan area (Fig.31.A,B). The highest 

concentrations of Al2O3 and FeO appear to be spatially associated in laminae at approximately (-

14600 X, -14000 X, and -13250 X).  These laminae are also SiO2 rich (>50 wt.%), indicative of 

an opal-dominated composition. The scattered distribution and variable concentrations suggest 

that areas with high Al 2O3 and FeO are representative of volcanic mineral fragments and/or dust 

particles trapped within the opal matrix. 

 K2O concentrations appear to follow a nearly identical distribution to those of MgO, albeit 

at lower concentrations at 0.1-0.3 wt. % (Fig.31.C). In particular, K2O concentrations are generally 

greatest among SiO2 dominated lamina. However, K2O is also distributed in a speckled pattern 

akin to that of Al 2O3 and FeO, the pixels of which may also represent foreign inclusions and detrital 

inputs within the speleothem. 

 Lastly, Cu2O concentrations range from 0.04 ï 0.12 wt. %. However, the vast majority of 

pixels range from 0.04 ï 0.09 wt. %, with the only > 0.10 wt. % pixels occurring within a circular 

shape along the far right region of the scan area (Appendix E4 p.167).  

4.7. Speleothem Microstructures 

 Whole and broken speleothems coated with carbon and analyzed via scanning electron 

microscopy revealed surficial textures and microstructures associated with opal that are similar to 

structures noted in previous studies on opaline speleothems (Webb and Finlayson, 1987). Major 

structures as depicted in Fig.32 A,B,C included colloidal aggregates, colloform surfaces, and 

glassy conchoidal fracture surfaces. Porous opal surfaces are also observed, often associated with 

white-tipped polyp and coralloid speleothems (Fig.32 D,E). Similar porous opal surfaces (also 

predominantly associated with feature tips) have been observed in other lava cave speleothems 
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(Romaní et al., 2010). The micrographs in Fig.32 may display a charging effect, creating artificial 

streaking patterns in the image caused by negative charge build-up. 

 

Figure 32. SEM micrographs depicting surficial microstructures of LBNM speleothems. A) 

Colloidal aggregate on polyp surface; B) Colloform surface on coralloid; C) Conchoidal fractures 

in broken polyp fragment; D) Porous opal ñwhite tipò of a coralloid speleothem; E) Further 

magnification of porous opal surface. The micrographs may display a charging effect due to 

improper coating. 

4.8. Air Temperature and Relative Humidity  

 Presented in Table 9 are the air temperature and relative humidity data of co-located 

sample sites wherein both mineral and associated water samples were collected. Consistent with 

most caves, humidity was generally the highest in the earliest alphabetical sample sites (sample 

sites deepest within the caves). One exception exists, with YEL site A exhibiting a lower relative 

humidity percentage than sample sites near the cave entrance. It is unknown why this sample site 

is less humid, but variations in airflow and depth may play a role: warm, humid air was observed 

to emanate from the YEL entrance during the 2018 summer field season. Regardless, the majority 

of sample sites across the caves exhibit relatively high relative humidity.  
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Table 9. Air Temperature and Relative Humidity Data by Sample Type, Cave, and Sample Site. 

Three-letter IDs represent sampled caves. Sample site represents the BRAILLE nomenclature used 

to designate sites within caves where co-located samples were collected. Sample sites begin with 

A at the deepest sampled region of the cave, and progress towards Z as sample sites approach the 

entrance of the cave. 

Water Sample  Cave Sample Site Air Temperature Relative Humidity 

 ID  ºC % 

Puddle GOL C 10 87.4 

Puddle GOL D 10.1 80 

Puddle GOL F 10.7 83 

Puddle LYO H 11.08 73 

Puddle POS B 6.85 77 

Puddle POS I 6.85 77 

Puddle SIL C 10.3 91.5 

Puddle VAL  A 14.94 86.6 

Puddle VAL  B 11.42 81.54 

Puddle VAL  C 16.37 73.34 

Puddle VAL  D 9.37 74.65 

Puddle YEL A 19.38 56.1 

Puddle YEL B 19.38 56.1 

Puddle YEL C 14.14 92.17 

Puddle YEL D 10.2 91 

Drip CRI C n/a 88 

Drip CRI D n/a 57 

Drip LYO B 9.9 86.3 

Drip LYO H 11.08 73 

Drip LYO J 11.95 89 

Drip POS E 4.84 75 

Drip POS F 5.74 86.1 

Drip POS F 5.74 86.1 

Drip SIL A 10.6 87.4 

Drip VAL  A 14.94 86.6 

Drip VAL  B 11.42 81.54 

Drip VAL  C 16.37 73.34 

Drip VAL  D 9.37 74.65 

Drip YEL A 19.38 56.1 

Drip YEL B 19.38 56.1 

Drip YEL C 14.14 92.17 

Drip YEL D 10.2 91 

  

4.9. Cave Water Chemistry 

Many of the water data presented in this work were produced by K-State (and later 

University of Texas at San Antonio) postdoctoral research fellow Dr. Harshad Kulkarni. These 

data are crucial for a complete discussion of speleothems, formation processes, and the specifically 

the water-rock interaction, and will be presented in this section. With due acknowledgement to Dr. 
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Kulkarni, some of the figures that appear in this work are modified from Kulkarni et al. (in prep.).  

The figures were created from the same data set, but do not represent duplications of the work. 

4.9.1. Cave Waters ï Drip and Puddle Waters 

Percolating water entering LBNM caves, after interacting with basalt, soil, and tephra, can 

be observed in situ primarily as drip waters or puddle waters. Major element concentrations of the 

two varieties of cave water samples, drips and puddles, are shown in Fig.33. Puddle water was 

collected from depressions in the cave floor and/or collapsed roof basalt. Drip water was collected 

from drips and/or beads of water condensed on wall and roof surfaces of caves. Fig.33 shows that 

the two sample types do not differ significantly in composition and, therefore, will be presented in 

aggregate in following general chemistry sections.  

 
Figure 33. Major elements composition as measured by ICP-MS comparison of LBNM cave drip 

and puddle waters, showing that the two water types are similar in composition. 
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4.9.2. Inorganic Water Chemistry 

4.9.2.1. pH, Conductivity, and Alkalinity 

Conductivity values across all caves are 117 ± 76 µS/cm and pH is neutral to slightly basic 

7.6 ± 0.3 (Fig.34). Nearby well waters exhibited higher conductivity values than LBNM caves, up 

to 2700 µS/cm, with the disparity revealing relatively low total dissolved solids in cave waters.  

 

Figure 34. Conductivity (bar graph, µS/cm) and pH values (dotted line) of cave waters and nearby 

well and surface water samples. Cave IDs represent the sampled caves. Well waters 2-4 exhibited 

conductivity values much greater than any cave water. pH of cave waters is a consistent neutral to 

mostly basic.  

Alkalinity as represented by HCO3
- varies amongst caves, with a mean concentration of 34 

± 23 mg/L. Additionally, HCO3
- concentrations are lowest in the cave waters in VAL and LYO, 

the youngest caves sampled (Fig.35).  
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Figure 35. Alkalinity of LBNM cave waters expressed as HCO3
- (mg/L). Cave IDs represent the 

sampled caves. 

4.9.2.2. Major Elements and Anions 

The cave waters are dominated by Si (23 ± 1 mg/L) followed by Na (8 ± 3 mg/L) and Ca 

(4 ± 2 mg/L); concentrations vary within and among the caves (Fig.36.A). Variable levels of NO3
- 

(9 ± 8 mg/L), SO4
2- (2.4 ± 1), PO4

3- (2.5 ± 1), and Cl- (3.8 ± 1) are also observed (Fig.36.B). 

Additionally, SO4
2- and PO4

3- do not constitute the entirety of total S (4 ± 0.4) and total P (3.9 ± 

1) concentrations, with the deficit estimated as organic species. Lesser concentrations of several 

other trace elements include Fe (63.4 ± 66 µg/L) and Al (92.1 ± 69 µg/L) (Fig.37). 
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Figure 36. Major element (measured by ICP-MS) and anion (measured by IC) component 

concentrations of LBNM cave water chemistry. A) Major elements; B) Anions. Cave IDs 

represent the sampled caves. 

 

 

 

Figure 37. Trace element (measured by ICP-MS) concentrations of LBNM cave waters. Cave IDs 

represent sampled caves. 
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Figure 38. Piper diagram illustrating major water chemistry components of all cave waters. 

(Puddle: solid circle, Drip: open circle), groundwater (squares: blue - 231 m well, maroon - 37 m 

well, pink - 23 m well, lavender ï 8 m well) and surface water (blue tringle: Tule Lake). 

 Water samples plotted along a Piper diagram (Fig.38) indicate that the cave waters 

predominately plot within two hydrochemical facies: Mixed Type and Magnesium Bicarbonate 

Type. Two of the three shallow well groundwater samples and the deep well groundwater sample 

(represented in pink, lavender, maroon, and blue) plot strongly within the Mixed Type facies; the 

final shallow groundwater sample (most proximal to Tule Lake agriculture, represented as a dark 

blue triangle) belongs to the Sodium Chloride facies.  
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4.9.3. Organic Water Chemistry ï DOC, DON, DOS, and DOP 

 Cave waters are enriched in dissolved organic carbon (DOC), at 11.8 ± 8 mg/L, and vary 

among caves (Fig.39.A). Concentrations of Dissolved Organic Nitrogen (DON) (0.64 ± .90 mg/L), 

Dissolved Organic Sulfur (DOS) (3.24 ± .43 mg/L), and Dissolved Organic Phosphorous (DOP) 

(3.64 ± .92 mg/L) were not directly measured, but their concentrations were estimated by 

subtracting the major respective inorganic species (NO3
-, SO4

2-, PO4
3-) from the total concentration 

values (Total Dissolved Nitrogen (TDN), Total S, and Total P respectively) of those elements 

(Fig.39.B). 

 

Figure 39. Organic water chemistry of LBNM cave waters. A) Dissolved organic carbon content 

in mg/L variation amongst LBNM caves. B) Dissolved organic nitrogen, sulfur, and phosphorous 

variability between caves. 

DOC plotted against total dissolved inorganic carbon (DIC) (Fig. 40. A) reveals a relative 

enrichment of DOC as compared to DIC. Similar to DOC, cave waters are enriched in dissolved 

organic sulfur relative to dissolved inorganic sulfur (Fig. 40. B). Nitrate represents a major 

inorganic species that is not a readily explainable product of volcanic material dissolution.  N-

bearing minerals were not identified in any host rock (or secondary mineral) material. Nitrate, 

instead, must be generated within the caves, or transferred into caves from an external source, i.e. 
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agriculturally affected groundwater. The caves do not exhibit a consistent preponderance of 

inorganic nitrogen over organic nitrogen (or vice versa), suggesting that multiple processes, 

including microbial processes, are likely influencing the N chemistry of cave waters (Fig.40.C).  

 

Figure 40. Dissolved organic constituent concentrations (C, S, N) of cave, well, and surface waters 

plotted alongside respective inorganic constituent concentrations. A) Cave waters enriched in 

DOC; B) Cave waters enriched in DOS; C) No enrichment of organic N relative to inorganic N. 

Dashed lines indicate a 1:1 line. 

4.9.4. Relationships between Dissolved Components 

 The three dissolved components exhibiting the strongest correlations with dissolved Si are 

P, F-, and Na+ (Fig.41). These components therefore most likely represent components associated 

with basalt dissolution or potentially other processes associated with silica solubilization in the 

cave environment. Phosphorous has the strongest correlation, at an R2 value of 0.8842 (Fig.41.A). 
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A strong P correlation (greater than 6 mg/L in select samples) between P and Si is not necessarily 

expected from basalt dissolution, given the low concentration of P2O5 in cave basalts (BDL ï 0.37 

wt.%). Na+ and F- are likely the result of basalt dissolution and/or additional water-rock interactions 

between overlying tephra and soils (Fig.41.B,C).  

 

Figure 41. Relationships among select dissolved species with Si (mg/L). A) P (mg/L); B) F- 

(mg/L); C) Na+ (mg/L).  R2 values are provided within each graph.  
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4.9.5. Cave Water Stable Isotopes 

 

Figure 42. Oxygen and hydrogen isotopic composition of LBNM cave water, well water, local 

precipitation, and surface water samples plotted alongside the Global Meteoric Water Line 

(GMWL). Triangle symbols represent drip water samples, circles represent puddle water samples, 

squares represent well water samples, and diamonds represent surficial water. Dashed oval and 

circle indicate most highly evaporated water samples. 
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Figure 43. Zoomed-in view of Fig. 42. Oxygen and hydrogen isotopic composition to highlight 

relative enrichment of select of LBNM cave drip waters and shallow well samples plotted 

alongside the Global Meteoric Water Line (GMWL). Triangle symbols represent drip water 

samples, circles represent puddle water samples, squares represent well water samples, and 

diamonds represent surficial water. Dashed ovals indicate most highly evaporated water samples.  

4.9.5.1. Meteoric Water Influx 

The oxygen and hydrogen stable isotopic composition of water molecules provides a 

signature indicative of that water moleculeôs phase in the water cycle. Meteoric water is depleted 

in the heavier isotopes of oxygen and hydrogen relative to ocean water, while evaporated water is 

relatively enriched in the heavier isotopes relative to ocean water (Gat, 1996). Condensation will 

initially result in an isotopic composition identical to that of the water vapor, but further 

condensation of vapor will result in more depleted values for ŭ18O and ŭ2H (Dansgaard, 1964). 

The puddle waters in a majority of the sampled caves (VAL, GOL, LYO, POS, YEL) and drip 
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waters in VAL, LYO plot parallel to the Global Meteoric Water Line (GMWL) (Fig. 43). These 

samples have an isotopic composition consistent with meteoric water (water derived from 

precipitation), indicating that these cave waters most likely are sourced from precipitation events 

(Gat, 1996) (Fig.42). The meteoric origin within these five caves does not appear to correlate with 

cave age, as two of the age endmembers were present (VAL: 12 ka, YEL: 36 ka). This lack of 

correlation with age suggests that meteoric water is the primary source of water influx among all 

sampled LBNM caves. 

4.9.5.2. Evaporation of Cave Waters 

 Drip water samples collected from YEL, POS, and CRI are all enriched in  ŭ18O and ŭ2H  

relative to both the GMWL and their associated puddle water samples.  Two CRI drips exhibit 

larger ŭ18O enrichment than the others (Fig.43). This enrichment suggests a cycle of evaporation 

and condensation (found within the caves in the form of drips on roofs without any obvious seep 

and/or other moist surfaces including speleothems) within the caves. Not all cave waters are 

enriched ŭ18O and ŭ2H, suggesting that certain caves and specific localities within caves may 

experience more evaporation relative to others. 

4.9.5.3. Well and Surface Water 

 The surface water sample collected at the nearby Tule Lake (Fig.42) has high d18O for a 

given d2H, plotting to the right of the GMWL, indicating a composition consistent with a highly 

evaporated residual surface water (Gat, 1996). Shallow well waters collected in the Tule Lake 

region also plot off of the GMWL, but did not exhibit the same degree of enrichment as the surface 

water. The deep well sample plots on the GMWL, suggesting that the deep groundwater in the 

region (below the caves) is the result of precipitation-induced recharge. 

 



   
 

85 
 

4.10. Geochemical Calculations 

4.10.1. Saturation Indices 

 Modeled saturation indices calculated using Geochemistôs Workbench reveal a consistent 

undersaturation of the dominant secondary mineral phases: amorphous silica (representative of 

opal-A) and calcite, which is observed in all cave waters (Table 10.)  Calcite is found to be 

supersaturated in well water samples. Basaltic minerals, including plagioclase minerals, are 

saturated and/or supersaturated, consistent with a water chemistry evolved primarily from the 

dissolution of basaltic rock. Clay minerals (gibbsite, illite, beidellite, etc) are supersaturated in all 

cave waters. However, no clay minerals were definitively identified within any speleothems. The 

consistent undersaturation of both opal and calcite suggests that additional processes are likely 

required to enable the precipitation of the two minerals comprising the bulk of speleothems. As 

seen in Fig.43, cave waters experience evaporation (and subsequent condensation), a process that 

likely plays a role in the precipitation of these minerals.  
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Table 10. Saturation Indices of Select Mineral Phases. Three-letter IDs represent the sampled 

caves and SW surface water. Orange coloration indicates the presence of the mineral has been 

verified in solid cave samples (speleothems, basalt). Amrph ^ silica is representative of opal-A. 

 

 

4.10.2. Dissolved Components Speciation 

Additional modeling was also performed to ascertain the speciation of the major dissolved 

components in cave and surrounding waters (Si, Ca, Mg, and SO4
2-). SiO2 is the dominant form of 

Si (>98%) in all waters (Fig.44.A). Ca2+ predominates (>95%) in cave waters with CaSO4 and 

CaCO3 as comparatively minor phases (Fig.44.B). In surface and well waters, CaSO4 contributes 

in addition to Ca2+ as a major Ca species (>35%). In cave waters, Mg2+ is the primary species 

(>96%), with MgSO4 and MgHCO3 existing as minor phases (Fig.44.C). Lastly, in both cave and 

surface/well waters, SO4
2- exists as the primary phase of inorganic sulfur (>90%) alongside CaSO4 

and MgSO4 as minor species (Fig.44.D). 
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Figure 44. Chemical speciation of cave waters. A) Si speciation ï SiO2 (aq) dominant in caves; 

B) Ca speciation ï Ca2+ dominant in caves; C)  Mg speciation ï Mg2+ dominant in caves; D) SO4 

speciation ï SO4
2- dominant in caves. Dotted line represents total concentration of the modeled 

species (e.g. total Si Mg/L). 

4.10.3. Evaporation Factor Reverse Modeling 

 Reverse modeling was performed using PHREEQC Version 3 to assess the number of 

times cave waters must be evaporated in order to achieve supersaturation of opal-A (represented 

by amorphous silica) and calcite: the evaporation factor. Individual cave water samples were used 

as the initial composition of the parent solution, and were compared to the respective co-located 

bulk SiO2 or CaO  speleothem / basalt sample composition. As seen in Fig. 45.A,B, the evaporation 

factor of amorphous silica is consistently lower than the evaporation factor of calcite. This 

relationship suggestions that in order for calcite to become supersaturated, more evaporation than 
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what is required for amorphous silica saturation must occur. Hence, amorphous silica is expected 

to precipitate prior to calcite. Moreover, the dissolved concentrations of Si and Ca can be observed 

to not correlate with solid SiO2 and CaO composition ï sample sites in the caves with CaO-rich 

speleothems do not necessarily contain the greatest dissolved Ca concentrations in water, and vice-

versa. Such sample sites therefore may be expected to require more evaporation to precipitate 

higher proportions of calcite.  

 

Figure 45. Evaporation factors of calcite (A) and amorphous silica (B) for co-located sample sites. 

A greater evaporation factor indicates increased evaporation is required to supersaturate the 

mineral. Bar graphs indicate speleothem/basalt CaO or SiO2 concentration in wt.%, with solid bars 

indicating puddle waters and hashed bars indicating drip waters. Morphology of sample indicated 

on the x-axis below each bar. Black circle points indicate dissolved Ca or Si concentrations in 

mg/L. Red square points indicate evaporation factor.  Colors indicate the cave each sample was 

collected from: red=CRI, orange=GOL, green=LYO, blue=POS, gray=SIL, purple=VAL, and 

yellow=YEL. Figure adapted from Kulkarni et al. (In Prep). 

4.10.4. Geochemical Correlations 

Presented in Table 11 is a correlation matrix displaying Pearson correlation coefficients 

for 1) Geochemical parameters of cave water samples (pH, Na, K, Ca, Mg, Sr, Si, HCO3
-, F-, Cl-, 

NO3
-, SO4

2-, DOC, TDN, P, S Al, V, Cr, Mn, Cu, Zn, and stable isotopes), 2) Major elemental 

composition of water sample - correlated speleothem samples (SiO2 wt.% and CaO wt.%), 3) Cave 

environment parameters (air temperature and humidity), and 4) Evaporation factors of amorphous 
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silica (SiO2(a) in table) and calcite (Calcite in table).  Evaporation factor data were calculated by 

Harshad Kulkarni using PHREEQC and are to be fully published in Kulkarni et al. (In Prep). 

Evaporation factors represent the degree of evaporation that must occur to precipitate a given 

mineral - the greater the evaporation factor, the greater the evaporation that must occur prior to 

precipitation.  Cells highlighted in orange represent positive correlation coefficients (R > 0.5) and 

those in blue represent negative correlation coefficients (R < -0.5).  

Dissolved Ca concentrations correlate strongly (R=0.81) with dissolved Mg, most likely 

indicative of a shared source of the two elements, possibly basalt dissolution. Ca and Mg also both 

correlate positively (R=0.69 and R = 0.76) with HCO3
-, consistent with the hydrochemical facies 

exhibited by cave waters (Fig. 35). Dissolved P concentrations (indicative of mostly organic P, 

Fig.39), correlate strongly with dissolved Si (R=0.95),  

CaO wt.% negatively correlates with SiO2 wt.% (R=-0.89), indicative of the reduced calcite 

content frequently observed in silica-rich speleothems. SiO2 content in speleothems positively 

correlates with dissolved Cu in cave waters (R=0.61). XRF data also suggest greater concentrations 

of Cu in silica-rich speleothems (Tables 3-8), suggesting that greater dissolved Cu concentrations 

are associated with predominantly opaline speleothems. Interestingly, dissolved Si did not share 

as strong a correlation (R=0.34) as that observed between speleothem SiO2 wt.% and dissolved 

Cu. However, comparisons of speleothems with modern cave waters may not yield identical 

correlations, as speleothems essentially represent records of prior conditions. 

Humidity correlates negatively (R=-0.55) with air temperature, a trend indicative of the 

deeper, cooler recesses of caves bearing more moisture. Additionally, humidity positively 

correlates with nitrate concentrations (R=0.53), suggesting that nitrification processes (should they 

occur) are occurring in more humid regions of caves. The evaporation factor for amorphous silica 
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correlates negatively with dissolved Si (R=-0.67). This relationship is due to the fact that 

increasingly greater Si concentrations require less evaporation (and hence a lower evaporation 

factor) to precipitate amorphous silica. A similar relationship is observed between dissolved Ca 

and the evaporation factor for calcite (R=-0.75). Other dissolved species, including P and Na, 

correlate negatively with amorphous silicaôs evaporation factor. This behavior results from the 

increased concentrations of both P and Na within Si-rich water samples.  
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Table 11. Geochemical Correlations of Cave Water Major Elements, Speleothem Major Elements, Evaporation Factors, and Other Geochemical 

Parameters. Orange cells represent positive correlations (R>0.51), while blue cells represent negative correlations (R<-0.51). SiO2 and CaO wt.% 

represent major elemental components of speleothems, RH = relative humidity of caves, DOC = dissolved organic carbon, TDN = total dissolved 

nitrogen, SiO2(a) = evaporation factor of amorphous silica, Cal = evaporation factor of calcite. Table adapted from Kulkarni et al. (In Prep). 

  
SiO2 
wt % 

CaO 
wt % 

Air 
Temp. RH pH Na K Ca Mg Sr Si HCO3- F- NO3- DOC TDN P S d18O d2H SiO2(a) Cal Al V Cr Mn Cu 

SiO2 wt 
% 

1.00                           

CaO wt 
% 

-0.89 1.00            

   

           

Air 
Temp. 

0.23 -0.45 1.00           

   

           

Humidity 
-0.14 0.23 -0.55 1.00                      

RH 
-0.18 0.16 -0.08 -0.04 1.00         

 

             

Na 
0.06 -0.01 -0.18 0.07 0.41 1.00                      

K 
0.11 -0.06 -0.03 -0.07 0.01 0.07 1.00                     

Ca 
-0.49 0.39 -0.30 0.02 0.69 0.41 0.12 1.00                    

Mg 
-0.43 0.24 -0.29 0.02 0.59 0.44 -0.05 0.81 1.00                   

Sr 
0.00 -0.03 0.49 -0.33 0.26 -0.09 0.01 0.19 -0.02 1.00                  

Si 
0.16 -0.15 -0.14 0.11 0.23 0.70 -0.26 0.21 0.41 -0.01 1.00                 

HCO3- 
-0.42 0.31 -0.21 0.00 0.63 0.45 -0.21 0.69 0.76 0.11 0.31 1.00                

F- 
0.01 -0.08 -0.12 -0.17 0.19 0.52 -0.07 0.21 0.50 -0.30 0.69 0.25 1.00               

NO3- 
0.01 0.09 -0.21 0.53 0.19 0.15 0.35 0.22 0.18 0.13 0.22 -0.04 0.18 1.00              

SO42- 
-0.22 0.19 -0.10 0.08 0.44 0.39 0.41 0.50 0.54 0.11 0.21 0.26 0.53 0.64              

DOC 
0.30 -0.24 -0.11 0.12 -0.24 -0.03 -0.29 -0.31 -0.26 -0.11 0.08 -0.20 -0.02 -0.13 1.00             

TDN 
-0.04 0.03 -0.28 0.34 0.25 0.19 -0.13 0.22 0.31 -0.12 0.18 0.26 0.14 0.23 0.42 1.00            

P 
0.25 -0.24 -0.06 0.01 0.22 0.66 -0.33 0.15 0.30 0.06 0.95 0.26 0.64 0.10 0.16 0.21 1.00           

S 
-0.06 -0.02 -0.28 0.12 -0.01 0.09 -0.17 0.08 0.07 -0.28 0.06 0.26 -0.02 -0.01 0.14 0.08 0.15 1.00          

d18O 
0.14 -0.05 -0.05 0.06 0.04 0.12 0.52 -0.14 -0.13 -0.27 -0.19 -0.13 0.23 0.10 -0.34 -0.10 -0.20 0.05 1.00         

d2H 
0.31 -0.21 -0.20 0.09 -0.09 0.15 0.35 -0.25 -0.21 -0.40 -0.11 -0.14 0.26 -0.03 -0.22 -0.08 -0.09 0.24 0.87 1.00        

SiO2(a) 
0.02 -0.01 0.08 0.02 -0.28 -0.62 0.05 -0.31 -0.29 -0.09 -0.67 -0.30 -0.46 -0.03 -0.09 -0.20 -0.69 0.08 0.15 0.25 1.00       

Cal 
0.48 -0.40 0.14 -0.01 -0.55 -0.48 -0.13 -0.75 -0.64 -0.21 -0.19 -0.70 -0.08 -0.14 0.42 -0.20 -0.13 -0.02 -0.08 0.02 0.37 1.00      

Al 
0.35 -0.29 0.16 -0.12 -0.33 -0.24 -0.33 -0.44 -0.40 0.09 0.12 -0.28 -0.06 -0.03 0.43 -0.16 0.24 0.16 -0.30 

-
0.26 

-0.05 0.61 1.00     

V 
0.05 0.04 -0.17 -0.06 0.18 0.78 0.20 0.25 0.25 -0.17 0.42 0.26 0.48 0.16 0.02 0.11 0.38 0.18 0.18 0.19 -0.35 -0.28 0.11 1.00    

Cr 
0.22 -0.25 0.03 0.13 -0.46 -0.55 -0.13 -0.43 -0.34 -0.36 -0.56 -0.31 0.45 -0.03 0.02 -0.18 -0.53 0.30 0.43 0.51 0.93 0.47 -0.02 -0.33 1.00   

Mn 
-0.31 0.40 -0.14 0.09 0.03 -0.13 0.15 0.11 0.06 -0.03 -0.25 -0.12 0.04 0.18 -0.11 -0.05 -0.27 -0.30 0.20 0.06 0.05 -0.06 -0.25 -0.26 -0.11 1.00  

Cu 
0.61 -0.45 0.01 -0.01 -0.07 0.47 0.12 -0.20 -0.29 -0.03 0.34 -0.22 0.09 0.11 0.23 0.06 0.40 0.10 0.08 0.28 -0.15 0.16 0.53 0.61 -0.04 -0.27 1.00 
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5. Discussion 

5.1. Mineralogy of LBNM Speleothems as Compared to Other Cave Environments 

 

 Opaline speleothems have been observed in other lava cave environments (Brunet and 

Revuelta, 2014; Gonzalez-Pimentel et al., 2018; Luis-Vargas et al.,2019; Miller et al.,2014; Webb 

and Finlayson, 1987 ), as well as in sandstone and quartzite caves (Aubrecht et al., 2008; Melim 

and Spilde, 2018).  LBNM speleothems are predominantly opaline but are also observed to 

incorporate calcite (including Mg carbonate). A 1937 LBNM cave study by Swartzlow and Keller 

(1937) was perhaps the earliest study detailing the secondary mineral deposits found in the lava 

caves. The authors used the term ñcoralloidal opalò to describe much of what are interpreted as 

polyps and coralloids in this present study. The presence of carbonates was noted in the form of 

weak effervescent reactions in a minority of the tested samples. It is, however, now known that, 

although primarily comprised of opal, the speleothems are observed to incorporate significant 

amounts of carbonate, as shown by speleothem samples displaying upwards of 24 wt.% CaO.  

 Interestingly, another study at Lava Beds (Rogers and Rice, 1991) described gypsum 

mineral crusts in select caves. However, gypsum was not identified in any of the samples collected 

as a part of the BRAILLE study. Sulfate minerals in lava caves are typically the result of wind-

blown sulfur-bearing aerosols and dust particles, which tend to accumulate to the point at which 

sulfate minerals can form in relatively older caves (Sauro et al., 2014). The gypsum deposits 

identified at Lava Beds are in different caves from those sampled by BRAILLE; although they are 

of similar age (36 ± 16 ka), they occur upland, closer to the shield volcano. It is currently unknown 

whether sulfate-mineral-bearing features were simply missed during sampling, or whether sulfate 

minerals only form in certain caves with potentially distinct water chemistry, such as the higher 



   
 

93 
 

elevation caves at Lava Beds. Extent of evaporation may also be a factor, which has not been 

properly documented across all caves. 

5.2. Role of Cave Water in the Formation of LBNM Speleothems  

 

 The finely laminated opal and carbonate-bearing speleothem morphologies (polyps, crusts, 

coralloids, and cauliflower) are likely the result of variable yet somewhat cyclical shifts in 

environmental parameters (availability of water, pH, etc.) inside the caves, alongside interactions 

with microbial life present therein (Gonzalez-Pimentel et al., 2018; Lopez-Martinex et al.,2016; 

Woo et al., 2008;). The processes associated with opal precipitation are likely the dominant and 

most widely occurring within the caves, as indicated by the high wt % silica across all speleothems 

and the dominance of dissolved Si in cave waters. Consequently, carbonate mineral precipitation 

appears to occur as a process secondary to that of opal precipitation. The conditions leading to 

precipitation of opal and those leading to precipitation of carbonate minerals are likely different, 

with water and its mode of occurrence within caves acting as a major control on these conditions. 

These conditions will be discussed in the following sections. 

5.2.1. Evolution of LBNM Cave Water Chemistry 

 

Cave water chemistry plays an important role in the formation of speleothems, as well as 

the evolution of that chemistry within the context of the cave environment. Most inorganic cave 

water chemistry constituents (Si, Na, Ca, Mg, Fe, Al, etc.) are likely derived from interactions 

between percolating water, cave basalt, and overlying soil and volcanic materials - including Si-

rich tephra (Donnelly-Nolan et al., 1990) (Fig.46). These water-rock interactions occur primarily 

between meteoric water and the host rock, as shown by the propensity for cave waters to plot on 

or near the Global Meteoric Water Line (Fig.43). Moreover, the sampled well waters (one deep 

well and three shallow lacustrine Tule Lake area wells) display similar isotopic signatures as 
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compared to drip waters (Fig.42). The isotopic composition of the deep well water suggests it is 

less evaporated than the shallow well water (Fig.43). Consequently, the extent of shallow 

groundwater influence on cave water chemistry is unknown.  

Inorganic constituents in the cave waters are ultimately sourced from easily-leachable 

volcanic glass (including overlying tephra and glassy lava cave interior), as well as dissolution of 

other silicate minerals in the basalt, including plagioclase, clinopyroxene, and olivine. Water enters 

the caves in forms of drips, seeps, puddles, and films on rocks and speleothems. Furthermore, this 

water likely cycles throughout caves via repetitions of evaporation and condensation wherein 

puddles and films become vapor that may later become drips, serving to both evolve cave water 

chemistry through evaporative concentration and greatly increase the contact between water and 

secondary mineral deposits (De Freitas and Schmekal, 2003).   

Dissolved inorganic carbon concentrations of LBNM cave waters (34 ± 23 mg/L) are lower 

than lava cave waters found in wetter climates, including Hawaiian lava caves, which have 

recorded concentrations upwards of 120 mg/L DIC (Howarth et al., 2007;Teehera et al., 2018). 

The tropical Hawaiian climate begets well-developed soil horizons, which provide a source of both 

dissolved inorganic and organic carbon to underlying caves. Soils located above LBNM caves 

however, are relatively thin and poorly developed, reflective of the arid climate (Lavoie et al., 

2017). Hence, LBNM caves are more carbon-restricted than lava caves situated in other wetter 

climates. 
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Figure 46. Conceptual cross-sectional model of water-rock interaction within caves at LBNM. 

Meteoric recharge enters the cave through large openings and/or through smaller fractures after 

interacting with basalt, tephra, and thin soil horizons. Figure modified from Kulkarni et al., in 

preparation. 
 

 

5.2.2. Wet / Dry periods as Controls on Opal and Calcite Precipitation 

 

One potential major mechanism for the cyclical variation of environmental parameters 

resulting in shifts in mineral deposition may be local climatic successions of wet and dry periods 

(Fairchild and McMillan, 2007). There are several lines of evidence observed within the 

speleothems and cave systems that support this mechanism, including the presence of concentric 

opal laminae and the presence of carbonate minerals within predominantly opaline speleothems. 

5.2.2.1. Opaline Concentric Laminated Structures as Indicators of Environmental 

Change 

 

 First described in Fig 23, the nodular opal found within speleothems may represent 

microbially-mediated opal deposition in the form of a botyroidal structure. Concentric lamina are 

observed within cauliflower, polyps, and coralloids (Fig.47.A,B). Concentric opal laminae have 
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previously been described to represent structures that may form similarly to ooids (Aubrecht et al., 

2008; López-Martínez et al., 2016) Ooids typically refer to spherical carbonate grains composed 

of laminae surrounding a nucleus often comprised of both inorganic and organic materials (Diaz 

and Eberli et al., 2019). In LBNM cave speleothems, only opaline concentric lamina are observed, 

not carbonate. Concentric opal laminae may suggest biofilm volume variation, as caused by 

multiple occurrences of desiccation followed by rehydration of the biofilm, ultimately driven by 

changes in climatic conditions (López-Martínez et al., 2016). Additionally, concentric laminae in 

lava cave environments may form in a similar manner to pedogenetic ooids in calcic soil (Robins 

et al., 2015). In calcic soils, ooids primarily form during periods of increased rainfall and porosity, 

in which a small particle acting as a nucleus can become coated to form the spherical laminated 

structures. During periods of increased moisture (e.g. a period of relatively increased rainfall), a 

microbial biofilm coating a nucleation particle will receive a more consistent supply of silica-

saturated water, favoring the precipitation of silica in extracellular polymeric substances (EPS) 

(López-Martínez et al., 2016). Conversely, during drier periods the supply of water, and 

consequently dissolved silica to the biofilm, is lessened, reducing the favorability of opal to 

precipitate.  
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Figure 47. Structural features within speleothems. A) Concentric lamina within a cauliflower 

speleothem, 4x, PPL; B) Concentric lamina exhibiting a distinct partitioning between clear and 

brown opal, 4x, PPL; C) Hummocky, undulating stromatolite-like laminae within a cauliflower 

speleothem 4x, PPL; D) Porous opal exhibiting calcite-infilling. Note the extinct, dense opal 

laminae directly below the calcite-bearing lamina. 4x, XPL; E) and F) Comparison of E) 

potentially peloid-bearing LBNM cauliflower speleothem and F) Peloid-bearing opaline 

speleothem from the Chimalacatepec lava tube system, figure modified from López-Martínez et 

al., 2016.  
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 The inclusion of volcanic mineral fragments as seen in Fig.28 and Fig.31 may also support 

the conclusion that the opal within the caves is precipitating during wet periods. Droplets or small 

streams of water flow within caves have been observed to transport mineral grains (Aubrecht et 

al., 2008). Increased rainfall (indicative of a wetter climate) may tend to produce more continuous 

droplets and streams, increasing the capability of water to deliver mineral grains and fragments to 

speleothem surfaces. Moreover, a more continuously moistened speleothem surface will act to 

adhere foreign particles.  

5.2.2.2. Speleothem Mineralogy and Magnesium Content as an Indicator of 

Dry/Wet Conditions in LBNM Caves  

 

 The presence of carbonate minerals within this lava cave environment may also indicate a 

history of alternating wet and dry periods. The chemistry of LBNM cave waters alone isnôt suitable 

for the precipitation of calcite, as all analyzed cave waters modeled using Geochemistôs 

Workbench are consistently undersaturated with respect to calcite and other carbonates (Table 

10). In order for calcite to become supersaturated in cave waters, and consequently capable of 

precipitating, it is necessary for the ionic components of calcite (Ca2+, Mg2+, dissolved carbonate 

species) to become further concentrated. A possible explanation for the required increase in 

concentration is by the action of evaporation, likely of surficial water films on speleothem surfaces 

(López-Martínez et al., 2016).  Evaporative concentration of solutes also augments carbonate 

precipitation driven by degassing CO2 (Fairchild et al., 2000). Evaporative concentration of water 

films would be most active during drier periods, as a less consistent water supply generally 

enhances evaporation (Atkinson, 1983).  

 Evaporative concentration as the driving mechanism responsible for carbonate 

precipitation can also be observed in the elemental composition of speleothems. The consistent 

incorporation of Mg carbonate throughout most of the morphological forms strongly indicates 
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evaporative concentration as a dominant process throughout all sampled caves (Tremaine and 

Froelich, 2013). Increased Mg content in cave speleothems has been noted to correlate with 

periods of drier climate and subsequently evaporative concentration of Mg2+ in solution, 

facilitating the incorporation of elevated concentrations of Mg into calcite (Fairchild et al., 2000; 

Tremaine and Froelich, 2013). Previous precipitation of carbonates (low-Mg) can also increase 

the Mg/Ca ratio of the solution, further increasing the proportion of Mg carbonate to precipitate.  

Normalizing CaO and MgO to SiO2 (the most prevalent component in all speleothems) reveals a 

strong correlation between CaO/SiO2 and MgO/SiO2 (Fig.48.B, R2=0.75), indicating that an 

increase of CaO generally entails an increase in MgO. As a result, greater SiO2 concentrations 

beget lower MgO concentrations (Fig.48.A, R2=0.79). Lesser incorporation of carbonate minerals 

in speleothems likely entails a lesser extent of parent solution evaporation, and therefore the 

reduction of Mg availability in carbonate precipitation. 

All MgO concentrations however do not appear to be strictly associated with carbonate: 

electron microprobe analyses of a polyp speleothem (CRI20180731_D_12) reveal MgO weight 

percentages of up to 24% in silica-dominated regions, which can be observed at approximately the 

coordinates of (-13600 X, 23500 Y) in Fig30.C. Additionally, a broad band containing elevated 

MgO content (18-20 wt.%) is visible at approximately (-15250 X, 23750 Y) in Fig.30.C. This 

general region of the speleothem contains elevated SiO2 concentrations as well as pockets of CaO 

throughout, indicative of a porous opal laminae with infilled calcite (Fig.30.A, B).  The co-

occurrence of SiO2 and MgO often also precede thicker laminae of (once porous) infilled calcite 

laminae. These SiO2 and MgO dominant laminae represent poorly ordered MgSiO2 phases within 

opal, or as interstitially-bonded Mg2+ in a disordered opal-A matrix (Cody, 1980; Webb and 

Finlayson, 1987). Furthermore, interstitial incorporation of Mg2+ creates a charge imbalance, 
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which is often accommodated by the introduction of OH- groups bonded directly to the interstitial 

ions (Webb and Finlayson, 1987).  Interstitial Mg bonded in the described manner is not an entirely 

unexpected component of amorphous opal, as Mg(OH)2 bears a positive surface charge, enabling 

the neutralization of negatively charged silica particles, and consequently the precipitation of Mg 

alongside silica (Williams and Crerar, 1985).  

 Magnesium content in speleothems, and therefore likely in opal, is highest among crusts, 

cauliflower, polyps, and coralloids (5-14 wt.% MgO in carbonate-bearing samples). However, the 

most highly opaline speleothem morphology, gours, consistently incorporate low concentrations 

of Mg in comparison to other speleothems, i.e. less than 1 wt.% MgO (Fig.48.A). This suggests a 

significantly different formation mechanism for gours than other morphologies. A possible 

explanation is water availability, where speleothems receiving limited water supply will 

experience more evaporative concentration. Gours appear to be predominately associated with 

active drips and consequently less evaporative concentration of the parent solution, resulting in 

relatively rapid opal precipitation fed by a steady supply of dissolved silica. Due to a more stable 

supply of silica, it is likely that Mg is not favored to precipitate alongside opal in high 

concentrations (Miller et al., 2014); in solutions experiencing less evaporative concentration, Mg 

is less likely to become saturated in the solution relative to Si. Moreover, dissolved Si does not 

correlate with dissolved Mg (Fig.48.C, R2=0.16), with POS and YEL waters displaying the 

greatest Mg concentrations. This behavior may be due to the host rock composition, as POS (7.3 

wt.%) and YEL (6.1 wt.%) have the second and third highest MgO wt.%. Additionally, the lowest 

Mg concentration cave waters, LYO and VAL, also have the lowest MgO wt.% in basalt (4.9 and 

4.5 wt.%). Many POS and YEL speleothems have high MgO contents (>8 wt.%), while LYO and 

VAL speleothems have less than 5 wt.%. This relationship among caves may be suggestive of host 
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rock composition influencing speleothem composition, but due to the limited number of samples, 

it may be difficult to eliminate sampling bias as a factor. 

 

Figure 48. Mg content in speleothems and cave waters, comparing speleothem morphologies. A) 

MgO wt.% vs SiO2 wt.% R2= 0.79; B) MgO/SiO2 vs CaO/SiO2, R
2=0.75; C)  Mg (mg/L) vs Si 

(mg/L), R2= 0.16. Dotted line represents trend line. A-B: Blue = crusts, Orange = cauliflower, 

Gray = polyps, Yellow = coralloids, Red = gours. C: Colors represent Cave IDs. 

 The variations in calcite texture observed in speleothems (bladed columnar, sparitic, 

micritic) may also further indicate depositional differences caused by climatic conditions. Sparitic 

calcite is more likely to form during relatively wetter periods, where a greater flow of water acts 

to limit the entry of organic colloids onto speleothem surfaces (Vanghi et al., 2017). Micritic calcite 

is associated with drier periods, wherein the lack of water flow facilitates the incorporation of 

particulates and other irregularities, including organic particles (Frisia et al., 2014). Columnar 


