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This work proposes the continued study of the physical environment of the Licancabur Volcano summit lake (22(50’S 67(53’W).  At 5916 m above sea level, it is one of the highest lakes on Earth, and persists despite annual precipitation of <200 mm y-1 and sub-freezing average air temperature.  In 1984, a high-altitude diving expedition measured an anomalously warm bottom water temperature beneath ~80 cm of ice.  We suggest that this observation may be explained by a) solar heating of dense, mineralized bottom water or b) the presence of a volcanic heat input.  In the following, we present work from the 2002 field season and outline the rationale and experiments for future work.
1.  Introduction

1.1.  Licancabur

Volcan Licancabur is located at 22(50’S latitude by 67(53’W longitude on the southwest border of Bolivia with Chile (Figure 1A).  Its simple conical structure interrupts the surrounding altiplano with a 1500 m edifice (Figure 1B), post-glacial lava flows and minor pyroclastic deposits (Marinovic and Lahsen 1984).  The region at the base of the volcano (~4300 m elevation) is geothermally active, with springs ranging from ~17-37 (C and hypersaline lagunas (Hock et al. 2002).  The summit crater contains a small lake, which is currently the highest recorded in the world at 5916 m above sea level (Fig. 1C).  Liquid water is uncommon in this section of the Andes (most lakes above ~5,200 m on Chile’s volcanoes remain perennially frozen); this lake has seen only a few recorded scientific expeditions and remains one of the least explored places on Earth (Rudolph 1955, Leach 1984, Hock et al. 2002).  

1.2.  Motivation

1.2.1. Mars
Large scale fluvial features and layered lithologies provide evidence for large amounts of water on Mars in the distant past (e.g. Carr 1987, Malin and Edgett 2000b).  There is also substantial evidence for contemporary near-surface ice deposits on Mars (e.g. Squyres et al. 1992, PAIGE PAPER, GRS PAPER) and of recent liquid water seepage from crater walls (Malin and Edgett 2000a).  Understanding the physical stability of water on Mars, in particular standing deposits of liquid water, is vital to understanding the potential for past or present life on the planet (McKay et al. 1991).  

The environment at the site is similar to extinct locales on Mars which may have supported life or its chemical predecessors.  In the tropics at high altitude, atmospheric pressure is low (~480 mb), ultraviolet flux is high (~85 W/m2), and the regional climate is cold and dry (Hock et al. 2002, Nunez 2002).  

The geothermal activity at Licancabur and potential hydrothermal system at the summit lake are also important in drawing the analogy to Mars.  Hydrothermal environments associated with volcanism on Earth and Mars (Farmer 1996) are particularly interesting because they are likely sites for the early evolution of life (Shock 1996); therein, an associated motivation of this study is to extend and quantify the analogy between this site and hydrothermal systems (e.g. those associated with paleolakes, hot springs, and impact crater lakes) on Mars.   



1.2.2. Earth – obs (prev. exp.), h2o physics
The major motivation for this work, however, is terrestrial.  Licancabur has been explored by only two widely-reported scientific expeditions.  RUDOLPH EXPEDITION.  LEACH EXPEDITION.  At 5916 meters above sea level, Licancabur crater lake is the highest on Earth and represents an end member of the spectrum of liquid water habitats for life.  The Encyclopedia of Volcanoes (Delmelle and Bernard 2000) cites only the presence of the lake and no chemical or physical data is available to characterize it in terms of other terrestrial volcanic lakes (Pasternack and Varekamp 1997, Varekamp et al. 2000).  As such, this site represents a tremendous opportunity for terrestrial limnology, volcanology, and biology.  The results of this work will provide the first thorough characterization of the physical environment at the Licancabur Volcano crater lake and the surrounding environment.

At the summit, average air temperature is about –13 (C; regional precipitation is less than 200 mm y-1 and the atmospheric 0 (C isotherm lies at 4,400 m (Linacre 1992, Nunez 2002).  Still, the summit crater contains a ~90 m wide, ~4 m deep lake which is ice-covered only part of the year.  In October 1984, a high-altitude diving expedition measured the temperature of the summit lake’s bottom waters under a ~0.8 m ice cover to be 6 (C (Leach 1986).  
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1.3.  Mission statement - hypotheses

The main goal of this proposal is to provide a quantitative physical explanation for the observed ~2 (C water temperature anomaly of the Licancabur Volcano crater lake, described above.  The following hypotheses may explain that observation:  

I. Measurement error – the measured temperature value is incorrect.  

According to Leach’s 1986 account, the temperature measurement was made under very difficult conditions.  Divers were on site to establish a world record for high altitude SCUBA, the bottom survey was limited by an ~80 cm ice cover, and no information is given as to the accuracy of the depth or temperature measurement.  

II. Heliothermic – saline bottom waters are heated by direct insolation and radiative cooling of bottom sediments.

Lake waters may acquire increased salinity (and thereby density) by a number of mechanisms: a) groundwater interaction with soil, b) direct diffusion of solutes in to lake waters through bottom sediments, c) leaching of salts in to surface waters below a developing ice cover, d) input from a saline water source (e.g. saline springs, streams, etc.; Wetzel 2001).  These salty waters flow by density gradients to deeper portions of the lake, where they can be heated by solar energy or by radiative cooling of the lake bottom.  Thermal-density instability (mixing) is prevented by the resulting salinity and density gradient.  Water temperature below the chemocline in such heliothermic lakes often exceeds the predicted temperature of maximum density for freshwater reservoirs (Wetzel 2001).  One example of this process is Hot Lake, Washington, whose bottom waters at 2-3 m depth are heated to nearly 30 (C despite sub-freezing air temperatures and a thin seasonal ice cover (after Anderson 1958).   Only a minor increase in salinity could account for the observed temperature anomaly.  For example, water at 6 (C need only attain a solute concentration of 0.05 parts per thousand to be the same density as freshwater at 4 (C.   
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III. Volcanic hydrothermal – the lake hosts a diffuse hydrothermal system that 

A volcanic source supplies water and heat necessary to produce the aforementioned observation.  

To heat 10-90% of the volume of the Licancabur crater lake by 2 (C, ~8000-68000 MJ of heat is required.  Even a low activity volcanic lake such as Crater Lake, Oregon (15-30 MW volcanic input) could supply the additional energy needed to produce this phenomenon.

FIGURE SCHEMATIC.1, SCHEMATIC.2

2.  Research tasks


We propose three main research tasks to evaluate the hypotheses above: 1) water column analysis, including basic water chemistry and temperature as a function of depth; 2) heat flow survey, including measurement of temperature gradients in the lake bottom sediment; 3) energy and mass balance model for the lake, including the acquisition of field data to constrain the model.  Results from these tasks will be used 

An example of potential results from these tasks and their implications as a test of each hypothesis is illustrated in Table 1.  

TABLE MATRIX

1. Water column temperature measurements made during the upcoming field season will be made to address the validity of the 1984 measurement and the null hypothesis.

2. Temperature loggers emplaced in the water column in 2002 will be offloaded in 2003; data on the thermal structure of the lake will be used to support or refute the meromixis hypothesis.  For example, meromixis would give rise to elevated bottom water temperatures during the winter, but an isothermally warm winter water column is suggestive of convection.

3. Air temperature and relative humidity loggers emplaced in the crater in 2002 will be offloaded in 2003; this data will improve the calculated evaporative mass (and energy) flux from the lake surface (after Ryan and Harleman 1973).  Additionally, we will use a chemical equilibrium model to predict water composition based on the chemistry of local lithology and meteoric water; these results will be compared with water chemistry from Hock et al. 2003.  

2.1.  Water column

temp, pH, S

2.2.  Conductive heat

tprofile.  ex: crater lake, or

2.3.  Energy, mass balance model– old volc. lake intro

Only a small fraction of young terrestrial volcanoes host lakes (Rowe et al. 1992; Simkin and Siebert 1994).  As a surface expression of terrestrial degassing and the interaction between the Earth’s mantle and hydrosphere, volcanic lakes host unique physical, chemical, and biological environments (Figure 1).  Physical and chemical differences between lakes reflect the complex interaction between volcanic (e.g. the timescale and intensity of volcanic heat and fluid input) and nonvolcanic (e.g. atmospheric conditions, precipitation) phenomena (Delmelle and Bernard 2000).  

The end-members of this spectrum of volcanic lake types are those within dormant craters, which may be virtually indistinguishable from a typical freshwater reservoir (“Apollan lakes”), and those within active craters, which may be exotic pools of hot, hyperacidic brine (“Hadean Lakes”; Varekamp and Rowe 1997).  Crater Lake, Oregon (see Figure 2), with near-neutral pH, cool surface water temperature (~9 (C), and a very low dissolved solids content (TDS~100 ppm) is an example of the former.  Still, the lake has elevated levels of chemical species commonly found in geothermal fluids (e.g. Cl, SO4, Li, and B) and is well mixed throughout the water column, which suggests a dilute volcanic hydrothermal input (White et al. 1985).  In support of this, mass balance models for Crater Lake indicate that thermal fluid input results in a net heat flow of 15 to 30 MW (Collier et al. 1991).  In contrast to Crater Lake, Laguna Calientes at Poas Volcano, Costa Rica resides in an active crater and is a clear example of the latter end of the spectrum.  It has hyperacidic pH (-0.86 to 0.26), near-boiling water temperature (38-96 (C), and very high TDS (6-36%); the model volcanic energy input to Laguna Calientes ranges from 150-550 MW (Rowe et al. 1992).  

Given a crater that can hold water, a volcanic lake in steady state requires an energetic and hydrologic balance between volcanic heat and mass input and output to the environment.  Pasternack and Varekamp (1997) developed a simple “box model” of mass and energy balance to quantify the stability conditions for volcanic lakes (Figure 3).  Mass input to the lake is from volcanic-hydrothermal fluid and meteoric water derived from precipitation and groundwater inflow.  Mass output is from evaporation, overflow, and seepage through the lake floor.  Energy inputs are volcanic heating (conduction and the enthalpy of hot fluid input), and solar and atmospheric radiation.  Energy outputs are evaporation and radiation from the lake surface, overflow and seepage, and heating incoming meteoric waters.  

Thus, the chemical and physical qualities of a volcanic lake are a function of the magnitude and timescale of volcanic input to the system (Delmelle and Bernard 2000).  Mass and energy input may be so great as to drive the system out of equilibrium, resulting in water heating, accumulation, or even evacuation of the lake by eruption.  Alternatively, a long-lived lake may exist in dynamic equilibrium, approaching one or more steady states governed by changing heat, water, and chemical fluxes.  Figure 4 illustrates a classification scheme for volcanic lakes that delineates lake type based on quantifyable physicochemical parameters (Pasternack and Varekamp 1997).  Two related goals of this work are to 1) collect field data on the physics and chemistry of Licancabur crater lake, classifying it within this scheme, and 2) quantify the role of volcanic fluid and heat input to Licancabur crater lake using a refined model of mass and energy balance. 

3.  Previous work

In 2002, our team successfully summited Licancabur and measured the lake surface water pH (~8.5), temperature (4.9 (C), and total dissolved solids (1050 ppm; Hock et al. 2002).  

We performed a chemical analysis of LC water samples using Inductively-Coupled Mass Spectrometry (ICP-MS) and Ion Chromatography (see Table 1 and Figure 4 for results).  ICP-MS was used to determine elemental abundances across much of the periodic table to the parts-per-billion (ppb) level.   This analysis targeted the elements commonly found in lake fluids from andesitic volcanoes (e.g. Na, Ca, K, Mg, Fe, and Al derived from the dissolution of volcanic glass) and other solutes common to geothermal fluids (Nicholson 1993; Varekamp et al. 2000).  Ion Chromatography (IC) was used to determine anion abundances to the parts-per-million (ppm) level as described in EPA method 300.0.  Here we were concerned with quantifying Cl, SO4, and F concentrations, which are elevated in fluids that have been mixed with hot magmatic fluids and gases.

ICP-MS results show that the summit lake waters are enriched in some major rock forming elements ([Mg]=39.6 ppm, [Ca]=230 ppm, [Al]=1.75 ppm, [Fe]=0.902 ppm) with respect to geothermal springs at the base of Licancabur (Table 1).  If we assume that the source water for these features have similar composition, then this enrichment may be representative of increased water rock interaction as the fluid flowing up to the summit is allowed more time to react with local lithologies.  Sulfate, fluoride, and chloride concentrations in the summit lake ([SO4]=4.37 mg/L, [F]=0.56 mg/L, and [Cl]=0.54 mg/L) are also higher than those detected in the lower springs and are >200 times more concentrated than those detected in local snowmelt.  Since solute enrichment is not uniform across the analytes in the summit lake waters, it is unlikely that this chemistry is a result of evaporative concentration alone.  Furthermore, the enrichment in rock forming elements and anomalously high anion concentration is a likely result of a diffuse volcanic hydrothermal fluid input to the lake.  Tabulated results for all analytes are listed in Appendix A.


3.1.  Water column


3.2.  Conductive heat

The goal of this work was to develop a thermal probe capable of measuring the temperature gradient in the sediments of Licancabur crater lake.  The conductive heat flow, then is a product of this gradient and the soil’s thermal conductivity.  Though the heat flow through the bottom of the crater lake is likely to be anomalously high, there are several practical limitations to making reliable measurements of heat flow in volcanic terrain (Williams and Von Herzen 1983).  

Thus, we designed the thermal probe with the following design constraints in mind:  First, the instrument must be lightweight, yet robust enough to withstand the physical stresses of mountaineering and forced insertion into lake bottom sediments (e.g. hammering).  The second main constraint was sensitivity.  Since heat flow in volcanic areas has a significant convective component derived from the discharge of thermal fluids (Williams and Von Herzen 1974) and thus a depressed thermal gradient, we required that the thermal probe be able to detect heat flow on the order of the global average heat flux (~0.06 W/m2), allowing for reasonable thermal conductivities for damp soil (~0.75-1 W m-1 (C-1).  


The result of these constraints was a thermopile temperature gradient probe housed in a waterproof ~40 cm aluminum sheath (Figure 6).  The thermopile is a series circuit consisting of 45 E-type (Chromel-Constantan) thermocouples (90 welded connections).  Each couple is 145 mm in length and has a nominal thermoelectric response of ~0.03 mV/(C, such that the theoretical response of the thermopile is ~2.66 mV/(C.  The instrument is read out in the field using a high accuracy Fluke model 189 handheld digital multimeter.  Assuming a soil thermal conductivity similar to Crater Lake (k~0.85 W m-1 (C-1; Williams and Von Herzen 1983), the instrument would generate 0.027 mV due to a ~0.06 W/m2 heat flux.  Thus, we have manufactured a portable, submersible, handheld instrument that can potentially detect a temperature difference of 0.01 (C over 14.5 cm.  

The instrument was successfully calibrated in lab using a water ice bath at 0 (C, and also has a reference temperature sensor mounted at the tip.  Due to safety concerns, however, it was not deployed in the lake during the 2002 expedition.  In future years, however, this instrument will allow us to measure sediment temperatures and conductive heat flow through the lake bottom.  Using this data, we will determine whether the bottom water temperature anomaly is a result of solar-heated soil or a volcanic conductive heat flow.  Isothermal temperature profiles in the sediment may be indicative of subsurface hydrothermal convection.


3.3.  Energy, mass balance model

We constructed a preliminary model of the lake’s mass and energy budget using (Pasternack and Varekamp 1997).  Here, we assumed that the lake is in steady-state equilibrium and treated the hydrothermal mass flux and volcanic (conductive and hydrothermal) heat flux as unknowns.  The following equations were applied for mass and energy (W and E, respectively) balance:

Wvolc + Wmeteoric = Wevap + Woutflow + Wseep

Evolc + Esw + Elw = Erad + Eevap + Econd + Emeteoric
Wmeteoric is the influx of precipitation, and Wevap, Woutflow, Wseep are the outflux terms for evaporation, outflow, and seepage, respectively.  Likewise, Esw and Elw are energy influx from shortwave and longwave radiation.  The outflux terms in the energy balance are Erad, longwave radiative loss from the lake surface, Eevap, evaporation, Econd, conductive heat loss, and Emeteoric, heat required to warm incoming meteoric water.  Wvolc is the volcanic hydrothermal mass influx and Evolc is the volcanic energy influx from conduction and the enthalpy of hydrothermal fluid; these two terms were treated as unknowns.  Results are shown in Table 2; equations for all terms are given in Appendix B.

For this modeling attempt, we made several simplifying assumptions: 1) mass outflux by seepage and outflow were set to zero as a conservative estimate of the mass flux required to keep the lake in hydrologic steady state.  2) We approximated average air temperature and cloud cover as functions of latitude and elevation (Linacre 1992).  3) The model does not account for the latent heat required to melt snowfall, which yields a conservative estimate of the heat required to maintain equilibrium.  4) The lake remains unfrozen.  5) Vapor pressure calculation assumes year-round temperatures <0 (C (predicted annual average is about –12 (C).  6) Average crater wind speed was estimated to be ~6.7 m/s (about 15 mph, a conservative estimate from direct experience at the lake shore).

The bulk properties of the lake as well as the physical and geochemical analyses support the volcanic hydrothermal hypothesis that the Licancabur crater lake is a low activity (as defined by Pasternack and Varekamp 1997; see Figure 4) lake supported by a small volcanic heat and fluid input.  Furthermore, our 2002 results suggest that the measured bottom temperature anomaly, is likely due to volcanic heating and not solar heating of dense, hypersaline waters.  Future work along these avenues will involve making in situ measurements of soil conductive heat flux beneath the crater lake, modeling equilibrium fluid chemistry of the lake, and addressing the assumptions made to the preliminary energy and mass models.  

4.  Objectives for future field seasons


4.1.  In general

Work will continue along the avenues of instrument development, water chemistry, and physical modeling.  Our efforts during the upcoming 2003 expedition to Licancabur will be focused on supporting or refuting the alternative hypotheses suggested to explain the temperature anomaly in Licancabur crater lake.

The first objective at Licancabur is to collect all of the deployed data loggers.  In 2002, a total of five dataloggers were deployed for one full year of data collection at the summit: two were mounted on the crater wall which record temperature and relative humidity, and three submersible temperature loggers were deployed along the water column.  Data on atmospheric temperature and relative humidity, as well as lake surface temperature will be used to constrain the evaporative mass and energy flux terms in the steady state model (see Appendix B for expressions).  Data from the submerged loggers will be used to construct a time-dependent temperature-depth profile illustrating the frequency and depth-dependence of mixing.  If the lake is meromictic, the upper water column will remain isothermal for periods of time while a temperature gradient will be established below the chemocline.  If not, we will likely observe mixing to depth once or more throughout the year.  In turn, the volcanic hydrothermal hypothesis will be supported if the lake is well mixed throughout the year—in particular if the entire water column in winter is isothermal and warmer than expected under the ice.  Frequent surface water temperature data will also allow us to determine the presence and longevity of ice cover.  


The second objective is to procure and deploy a simple meteorological station.  On site measurements of atmospheric temperature, pressure, wind speed, precipitation, soil heat flux, and solar flux from this will be used to two ends: 1) making a quantitative analogy between the Licancabur summit environment and paleoenvironments on Mars, and 2) whereas we currently are limited to personal experience and regional average, data from the met station will validate values for wind speed (a critical term in evaporative flux estimates) and precipitation (critical to meteoric input estimates).


Third, data will be collected using handheld global positioning system (GPS) units to reaffirm lake location, size, and altitude.  This will allow us to accurately measure the size of the lake; over time, we will have the opportunity to observe changes in water level annually and extract some information about water budget.  Additionally, lake surface area is an important factor in energy budget (e.g. evaporative flux and the effect of insolation).   

Last, the observed enrichment in rock forming elements at the summit lake may not be due to  be explained instead by equilibrium chemistry.  model the equilibrium chemistry of a pH 8.5 freshwater body in contact with andesitic sediments.  We will compare the calculated chemistry with our observations (Table 1; Appendix A): We have also planned two summit attempts on nearby volcanoes to survey other high lakes.  


4.2.  2003

In addition to performing reconnaisance for other high lakes and general mission support, the Geophysics Task has the following objectives for the 2003 Licancabur Expedition: 1) gather environmental and meteorological data to quantify the analogy between this site and ancient lake environments on Mars; 2) provide a physical explanation for the anomalous warmth of the lake waters.  In particular, we will collect data from instruments deployed in 2002, water samples for chemical analysis, and in situ data to investigate the hypotheses that the summit lake a) has saline deep waters warmed by solar heating or b) is heated by a volcanic source.  An additional objective of this task is to characterize environmental constraints on life in the lake, and provide context for the study of the survival strategies it may employ.

5.  Summary

The data presented here support the hypothesis that the Licancabur Volcano crater lake is supported by a hydrothermal system, though other hypotheses can not yet be fully ruled out.  Mass balance predicts a loss of water on the order of cubic meters per day, and energy balance predicts a net energy loss on the order of 106 Watts if volcanic fluids and heating are not taken in to account.  If correct, this input is one to three orders of magnitude less than many active crater lakes (Delmelle and Bernard 2000), but nonetheless may be of biological and physical significance for such a cool, small lake.  Normalized for surface area, Licancabur crater lake has a model output of ~360 W/m2, which is nearly three orders of magnitude greater than Crater Lake, Oregon, which has an has only 0.3-0.6 W/m2.  

Our model, however, is not well constrained by empirical data, neglects periodic freezing, and there may be other heating/mass terms affecting the system that were not taken in to account.  Water chemistry of the summit lake water shows that major rock forming elements, as well as the principle anions expected from magmatic hydrothermal fluids are enriched compared to local springs and meteoric water.  Further work is required in this regard to model the chemical effects of local biological processes, evaporative concentration, and leaching from local soil.  
As a terrestrial analog to martian paleolakes, Licancabur represents a tremendous scientific opportunity.  It is a unique site that combines a qualitatively similar environment to ancient Mars, with harsh UV radiation, arid climate, low temperature, and a rarefied atmosphere.  Hydrothermal systems on Mars may have provided a source of heat energy and liquid water in an environment otherwise ill suited for life.  The main thrusts of our future work as it relates to Mars is to a) quantify the environmental parameters that underlie the analogy to ancient Mars and, in particular, martian paleolakes.  b) Study the interaction between endemic biology and the physical environment.  Therein, our aim is to understand not only how a system like this is physically stable, but also how the physical environment supports the biological community.  
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Figure 1.  Simplified model of a crater lake atop a passively degassing volcano.  From the International Association of Volcanology and Chemistry of the Earth’s Interior Committee on Volcanic Lakes website: http://www.ulb.ac.be/sciences/cvl/
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Figure 2.  Crater Lake, Oregon and Laguna Calientes, Costa Rica represent opposite ends of the spectrum of stable volcanic lake types.  Crater Lake has neutral pH, dilute waters with a nearly indiscernible volcanic input; the volcanic input to the hyperacid, near-boiling Calientes is about an order of magnitude more.
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Figure 3. Schematic “box model” of energy and mass balance in a volcanic crater lake; the terms represent those used for this model, and are described in the following text.  The two volcanic input arrows at the bottom of the lake represent unknowns, and are solved for in the model.  Wout and Wseep are set to zero as a conservative estimate.
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Figure 4.  Physicochemical classification scheme for volcanic lakes (from Pasternack and Varekamp 1997).  Dashed lines indicate physically-imposed thresholds; representative temperature (T) and total dissolved solids (TDS) values are given.
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Figure 1.  Context images for Licancabur Volcano (indicated by the red triangle in A).  B shows Licancabur to the right of its neighbor, Volcan Juriques in the distance.  Some parts of the Bolivian Altiplano, pictured here in the foreground, have never seen precipitation in recorded history.  C is an image of the summit lake of Licancabur, taken during the austral spring of 2002.  Note the clarity and green color, as well as the fact that there is no ice cover, despite the predicted average air temperature of nearly -13 centigrade.  Map adapted from de Silva and Francis (1991).
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Figure 6.  Thermopile temperature gradient probe deployment (buried probe top indicated by red arrow).  Surface and underwater soil heat flux measurements were made using this lightweight, high-sensitivity probe at lower elevation lagunas and hot springs.  Preliminary calculations show conductive heat flux values ranging from near global average (~0.06 W/m2) to nearly two orders of magnitude greater near the hot spring.
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Figure 7.  Chemical features of Licancabur crater lake waters compared with other volcanic lakes.  7A (from http://www.ulb.ac.be/sciences/cvl/fundamentals.htm ) shows a ternary plot of prevalent anions and their relative concentrations in selected volcanic crater lakes, depicting sulfate as the prevalent anion in many hot acid-sulfate lakes.  At Licancabur (indicated as a large dark red triangle in both plots), it is likely that the source hydrothermal fluids were diluted and conductively cooled by contact with cold meteoric water on its way to the summit.  Therefore we still see high relative concentrations of sulfate, but the temperature and acidity remain neutral.  7B is reproduced from Varekamp et al. (2000), and shows where the Licancabur crater lake waters plot in terms of the compositional range of other volcanic lakes.  Here, it is clear that chloride and sulfate concentrations, as well as pH pair the Licancabur waters very strongly with the quiescent, or dilute-geothermal lake type.
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Table 1.  Results of the energy model.  Notable findings are that both mass and energy have net losses.  Additionally, the value for Emet is likely undervalued, since we did not take in to account the latent heat of melting frozen precipitation (snow).  If we equate the net flux values with volcanic heating and fluid input, they are small compared to “active” crater lakes, but the contribution is nonetheless significant. 
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Table 2.  Results from IC and ICP-MS analysis of water samples.  All values are in ppm unless otherwise stated.  Four samples’ runs are shown here (data for additional sites and constituents are available upon request); bulk properties of the sample are depicted in the upper rows, cation concentration in the middle rows, and major anions in the bottom rows.  Note that the far right column is a sample of local meteoric snow, for comparison.
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chemistry

		Name		Licancabur Volcano crater lake		Thermales Hot Spring		Laguna Blanca Cold Spring		Snow

		Elevation		5867		4328		4340		5700

		Temperature (°C)		4.9		36.2		17.7		--

		pH		8.5		8		7.3		--

		TDS		1050		2120		2740		--

		Li		0.0395		4.17		7.46		0.0168

		B		7.16		26.9		28.8		1.39

		Na		67.5		422		57.2		1.59

		Mg		39.6		22.9		48.1		0.229

		Al		1.75		0.00592		0.0387		0.188

		Si		11.9		97		53.1		0.433

		K		26.2		72		38.9		0.32

		Ca		230		104		107		1.72

		Mn		0.0427		0.000234		0.0031		0.0139

		Fe		0.902		0.125		0.175		0.0719

		As		0.0276		0.519		1.56		0.0125

		Rb		0.02		0.292		0.211		0.00117

		Cs		0.000398		0.29		0.25		0.000434

		SO4		588.97		545.44		233.57		4.37

		F		0.56		0.33		0.2		--

		Cl		57.79		203.72		381.37		0.54





physics

		Mass Balance

		Input Term:		Mass Influx (m3 H2O/day)		Output Term:		Mass Outflux (m3 H2O/day)		Net Mass Flux (m3 H2O/day)

		Wmet		28.94		Wevap		35.68		6.74

						Wout		0

						Wseep		0*

		Energy Balance

		Input Term:		Energy Influx (106 W)		Output Term:		Energy Outflux (106 W)		Net Energy Flux (106 W)

		Esw		1.13		Erad		1.55		1.81

		Elw		0.691		Eevap		0.938

						Econd		1.13

						Emet		0.0146
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chemistry

		Name		Licancabur Volcano crater lake		Thermales Hot Spring		Laguna Blanca Cold Spring		Snow

		Elevation (m)		5867		4328		4340		5700

		Temperature (°C)		4.9		36.2		17.7		--

		pH		8.5		8		7.3		--

		TDS		1050		2120		2740		--

		Li		0.0395		4.17		7.46		0.0168

		B		7.16		26.9		28.8		1.39

		Na		67.5		422		57.2		1.59

		Mg		39.6		22.9		48.1		0.229

		Al		1.75		0.00592		0.0387		0.188

		Si		11.9		97		53.1		0.433

		K		26.2		72		38.9		0.32

		Ca		230		104		107		1.72

		Mn		0.0427		0.000234		0.0031		0.0139

		Fe		0.902		0.125		0.175		0.0719

		As		0.0276		0.519		1.56		0.0125

		Rb		0.02		0.292		0.211		0.00117

		Cs		0.000398		0.29		0.25		0.000434

		SO4		588.97		545.44		233.57		4.37

		F		0.56		0.33		0.2		--

		Cl		57.79		203.72		381.37		0.54





physics

		Mass Balance

		Input Term:		Mass Influx (m3 H2O/day)		Output Term:		Mass Outflux (m3 H2O/day)		Net Mass Flux (m3 H2O/day)

		Wmeteoric		28.94		Wevap		35.68		6.74

						Woutflow		0

						Wseep		0*

		Energy Balance

		Input Term:		Energy Influx (106 W)		Output Term:		Energy Outflux (106 W)		Net Energy Flux (106 W)

		Esw		1.13		Erad		1.55		1.81

		Elw		0.691		Eevap		0.938

						Econd		1.13

						Emeteoric		0.0146
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