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ABSTRACT

Geological and geochemical investigations of the Waunita Hot Springs, located at 

the northeastern border of the San Juan Volcanic Field and west of the Rio Grande Rift, 

were undertaken to understand the origin and transport of hydrothermal fluids in low 

temperature geothermal systems. Geochemical analyses of bulk water chemistry, 

hydrogen, oxygen, and noble gas stable isotopes, were used to characterize thermal and 

meteoric waters, the origin of hydrothermal fluids and geothermal heat, and estimate the 

degree of fluid-rock interactions. X-ray diffraction and scanning electron microscopy 

(SEM) with energy dispersive spectroscopy (EDS) were used to analyze mineral 

precipitates and define mineral suites from geothermal reservoirs that may be in 

equilibrium with fluids sampled near hot spring occurrences. The chemical composition 

of the Waunita Hot Springs hydrothermal system is comparable to other hot spring areas 

in the State of Colorado, and elevated heat flow and geothermal gradients are reasonably 

attributed to extensive Tertiary volcanism in the San Juan Volcanic Field and tectonic 

activity related to the Rio Grande Rift.

Geochemical analyses define two predominant water types near Waunita Hot 

Springs, a calcium bicarbonate meteoric water and a sodium sulfate thermal water, the 

latter sourced from a shallow geothermal reservoir believed to be confined in the Dakota 

Sandstone that emerges from two fault-controlled hot springs. Mixing trends between 

thermal and meteoric waters are defined by linear trends between fluid types on ternary 

diagrams, and reaction path models provide evidence that mixing is a dominant chemical 

process in the near-surface environment. Equilibration temperatures, ranging from 116 to 

135 °C, based on chalcedony and silica geothermometry calculations and saturation index 

models provide a greater understanding of the temperature regime and mineral saturation 

states that exist in the geothermal reservoir at Waunita Hot Springs. Equilibration 

temperatures were used to estimate stored heat in the geothermal reservoir, ranging from

4.4 to 5.1 MW, however reservoir volume estimates are preliminary and much of the 

stored heat is diffuse. Saturated mineral phases were evaluated by reaction path



modeling for hydrothermal fluids, as well as X-ray diffraction and SEM on surface 

precipitates, and include calcite, quartz, thenardite and amorphous silica.

Isotopic shifts of less than 2 per mil (%o) in ôlsO from the global meteoric water 

line indicate only a small degree of fluid-rock interactions, and imply that the meteoric 

waters feeding Waunita Hot Springs follow shallow flow paths. Measured helium 

isotope ratios (R/Ra) of 0.18 are consistent with crustal and atmospheric helium sources, 

and support the conclusion that the system’s heat source is geothermal-gradient derived, 

rather than a magmatic source as previously speculated.

Geochemical evidence presented in this research provides insight to the origin, 

transport, and evolution of hydrothermal fluids and the source of geothermal heat for hot 

springs located in the State of Colorado. These findings may serve as baseline data to 

evaluate the geothermal resource for potential commercial development at Waunita Hot 

Springs. More research should be conducted to determine the sustainability of resource 

production for the Waunita Hot Springs over an extended period of time.
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CHAPTER 1 - INTRODUCTION

The diversification of the United States energy economy over the last decade has 

spurred interest in the assessment and development of geothermal resources, indicated by 

hot spring occurrences in Fig. 1.1, for areas of Colorado with high heat flow and 

geothermal gradients, as mapped by Berkman and Watterson (2010) and Berkman and 

Carroll (2008), respectively. Both federal and state government interests in developing 

Colorado’s geothermal resources have resulted in several research grants issued by the 

U.S. Department of Energy, including Department of Energy Grant # 10-4537 to further 

geothermal exploration of Waunita Hot Springs. The hydrothermal system at Waunita 

Hot Springs, the location of which is shown in Figure 1.1 as the red dashed circle, is 

roughly 39 kilometers east of Gunnison, and occurs proximal to many other hot springs 

in central Colorado, including Poncha Springs to the east, Mt. Princeton, Cottonwood, 

and Hartsel to the northeast, Conundrum to the northwest, and several warm springs 

located to the southeast in the San Luis Basin. A promising aspect of potential 

geothermal use at Waunita Hot Springs is that the political, environmental, and public 

standing are, for the most part, favorable for the development of the geothermal resources 

at this location.

1.1 Research Motivation

The motivation for this research was comprised of three pressing questions that 

have not been answered from previous works and are pertinent to further development of 

the geothermal resource at Waunita Hot Springs and other locations in Colorado:

1



■ First, what are the temperatures of reservoir waters at Waunita Hot Springs and 

the best geothermometer or suite of geothermometers to estimate these subsurface 

equilibration temperatures? Estimating a reliable reservoir temperature range is 

an important exploration technique because these temperature values may be 

combined with reservoir rock properties and dimensions to make interpretations 

of the quantity of thermal heat stored in the system. Of course, calculations such 

as these are necessary in planning, developing, managing, and using geothermal 

resources, and these estimates may also be used to attract potential investors.

■ Second, what are the source, pathway, and chemical evolution of hydrothermal 

fluids that feed the Waunita Hot Springs system? The geothermal reservoir at 

depth consists of a plumbing system for fluids that are the heat transfer 

mechanism for electrical power generation and, thus, it is crucial to understand 

the changes in chemical compositions as fluids replenish the geothermal reservoir, 

heat up, and finally ascend to the surface.

■ And third, what is the source of geothermal heat responsible for Waunita Hot 

Springs? There are many important considerations in extracting heat from a 

geothermal reservoir, such as the porosity, fluid velocity, depth, etc., however it is 

also vital to understand the nature by which heat is replenished to the rocks that 

comprise the geothermal reservoir. The heat source responsible for geothermal 

resources may be attributed to recent/active volcanism and intrusions, tectonic 

activity, or residual heat resulting in high geothermal gradients. Each of these 

potential sources may play a role in determining the feasibility and lifetime of a 

geothermal power development, production rates, and overall sustainability of 

resource development.

1.2 Research Objectives

The questions and research objectives presented in this section are essential to 

providing a resource assessment of the geothermal resource potential at the Waunita Hot

2
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Springs, including the reservoir temperature conditions, the source of hydrothermal 

fluids, geothermal heat, and fluid-mineral equilibrium.

1.2.1 Reservoir Temperature Range

Before choosing an appropriate suite of geothermometers, it is crucial to 

characterize the chemical and physical properties of the system. The delineation of 

chemical spéciation and fluid evolution constitutes an important part of this research and 

focuses on constraining the prevailing chemical processes, mineral saturation conditions, 

and equilibration temperatures of the geothermal reservoir fluids. In order to build 

confidence in the selected geothermometers, several questions must be considered 

regarding processes that determine the chemical characteristics of Waunita Hot Springs, 

including:

■ What is the dominant chemical process in the system? Is the fluid chemistry 
controlled by dissolution/precipitation, ion exchange, rock alteration from CO2 

and acid species, or fluid partitioning due to subsurface boiling?

■ Which minerals and secondary alteration minerals are in equilibrium with water 
and which minerals/alteration minerals are equilibrating?

■ Is dissolved silica present in solution, and do silica minerals precipitate from 
fluids?

■ Do hydrothermal fluids cool by conduction, mixing, or boiling?

■ And, what are the geneses and evolution of geothermal fluids?

Geothermometry is a useful technique to estimate subsurface equilibration 

temperatures, however temperature estimates are often obtained without considering the 

associated assumptions and how violation of those assumptions may affect the results. 

Definition of the reservoir temperature range from geothermometry is a primary objective 

for this research because approximate geothermal reservoir dimensions may be combined 

with other rock properties to calculate stored heat of a potential reservoir (Williams et al.,
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2008) and determine if electrical power generation, direct-use applications, or both are 

suitable. The main geothermometers to be considered in this investigation are the solute 

geothermometers, including the silica geothermometer and cation geothermometers. The 

application of these different geothermometers is dependent on the findings from the 

questions listed above.

1.2.2 Source of Fluids and Geothermal Heat

Stable isotope analyses for water allow for a greater understanding of fluid 

sources and degree of fluid-rock interactions, the latter being a function of resource 

temperature and flow rates (Craig, 1963). Previous studies, summarized by Nicholson 

(1993), indicate that geothermal fluids tend to be primarily meteoric in origin. However 

isotopic data suggests that 5 to 10 % of water can arise from alternative sources at some 

locations. Deuterium and oxygen isotopes provide insight to fluid origin because they are 

directly affected by temperature, latitude, elevation, distance from the fluid source, and 

isotopic exchange reactions (Faure and Mensing, 2005). Waters that plot on or very near 

the global meteoric water line (GMWL) are primarily sourced by meteoric water, and 

conversely large shifts in ôlsO from the GMWL indicates fluid-rock interactions, as the 

isotopic composition of the fluid approaches that of the host rocks with increasing 

temperatures (Faure and Mensing, 2005).

Noble gas isotope analyses are used in this study to determine the source of fluids, 

the environment of fluid origin, manner of physical transport, and phase changes 

associated with chemical interactions in the crustal fluid system (Ballentine and Burnard, 

2002; Ballentine et al., 2002). Noble gas isotopes in the crust are also useful tracers in 

hydrothermal systems, due to their relative abundances, chemical inertness, and unique 

isotopic characters. For example, the release of 3He/4He in the mantle has a constant and 

anomalous value of approximately 1.2 x 10"5 compared to that of tectonically “old” and 

stable crust, which may have a 3He/4He production ratio on the order of 1 O'8 (Ballentine 

and Burnard, 2002).
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Three sources of noble gas isotopes are considered for this research and attributed 

to atmospheric, mantle, and crustal radiogenic/nucleogenic processes. Figure 1.3 is a 

schematic of these three sources of noble gas isotopes, which are defined as end-member 

components. Noble gas isotope samples were collected from Waunita Hot Springs and 

geothermal locations in the nearby Rio Grande Rift to define different sources of 

geothermal heat and understand the relationship between noble gas content and 

geological phenomena, such as tectonic activity, young degassing intrusions, and residual 

heat.

1.2.3 Fluid-Mineral Equilibrium Conditions

Changes in alteration mineralogy and scale deposits are useful for determining the 

chemical, temperature, and paragenetic evolution of hydrothermal systems (Pameix and 

Petit, 1991; Marques et al., 2010; Nishimoto and Yoshida, 2010). Drill core and 

pétrographie information are most useful to determine the evolution of hydrothermal 

alteration minerals from metamorphic fluid interactions followed by subsequent late- 

stage alteration phases. Many hydrothermal systems found in granitic rocks show a 

variety of stages in alteration that are based on the mineralogy of the rocks, temperature 

and pressure, and chemical and isotopic composition of circulating fluids. However, in 

order to understand fully the alteration mineralogy in the subsurface, drill core logs and 

laboratory analyses, such as scanning electron microscopy (SEM) and X-ray diffraction 

(XRD), are needed (Marques et al., 2010). Precipitate mineral samples collected from 

the surface environment are useful to understand the fluid composition from which they 

precipitate, but may not be appropriate to constrain the hydrothermal alteration 

mineralogy of the deeper geothermal system. The application of XRD and SEM is useful 

to identify minerals, crystal structures, paragenesis, and the elemental constituents of 

mineral samples and, thus, may be used to build confidence in selected geothermometers 

by identifying mineral phases that are saturated in solution and will precipitate. Minerals 

that are saturated in solution may be important scale minerals that could inhibit fluid
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production from a geothermal reservoir. X-ray diffraction and SEM were used to identify 

minerals that precipitate from solution and to build confidence in geothermometry.

1.3 Previous Work At Waunita Hot Springs

Several publications that describe geology, aqueous geochemistry, heat flow and 

geothermal gradients, and geophysical surveys at Waunita Hot Springs are discussed in 

the following section and provide important information later used in the construction of 

geologic maps and stored heat calculations. These data include lithologie descriptions, 

structural interpretations, water chemistry, heat flow, measured geothermal gradients, and 

electrical resistivity surveys.

1.3.1 Geology

The geology of Waunita Hot Springs has been studied by Zacharakis (1981), who 

compiled several reports on lithologie descriptions (Nickerson and Associates, 1981), an 

assessment of the geothermal resource potential (GeothermEx, 1981), water chemistry 

analyses and geothermometer interpretations (Barrett and Pearl, 1976; Carpenter, 1981), 

rock properties of the Dakota Sandstone, geophysical anomalies, and a soil mercury 

survey of the area. Publications that predate Zacharakis on the local geology are few, and 

include a paper on pétrographie studies of the Tomichi Dome rhyolite by Stark and Behre 

(1936).

One of the most significant contributions from Nickerson and Associates (1981) 

is the assessment of the potential geothermal reservoir at Waunita Hot Springs, including 

porosity, permeability, and particle density data for the Dakota Sandstone, which is 

considered to be the main geothermal reservoir. These data for porosity and particle 

density of the Dakota Sandstone, discussed in detail in Chapter 2 below, were used for
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this research to estimate the stored heat potential of the Dakota using the volumetric 

method described by Williams et al. (2008).

1.3.2 Aqueous Chemistry

Water chemistry data reported by Carpenter (1981) for Waunita Hot Springs are 

useful as baseline data for some aqueous species, however field measurements for 

bicarbonate and sulfate were not carried out using methods comparable to those 

employed in the current study. Carpenter (1981) reports the thermal spring waters being 

predominately sodium-sulfate-bicarbonate waters, and meteoric waters being calcium 

bicarbonate. Caution should be taken when interpreting these results because details on 

the methodology are vague, for example, sulfate is reported from a barium precipitation 

test, but there is no mention of the method used to measure bicarbonate. Further caution 

should be taken when considering the interpretation by Carpenter that low chloride (~15 

ppm) values for thermal waters indicates a vapor-dominated system, as further evidence 

for this is needed and vapor-dominated systems are rare and usually associated with 

volcanic environments (White et al., 1971). The calculated reservoir equilibration 

temperatures reported by Carpenter (1981) range from 100 to 130 °C, however these 

values should be taken with caution, considering the limited number of samples collected 

and uncertainty in the types of measurements and associated errors that were made.

A geothermal assessment was carried out by Barrett and Pearl (1976) for the 

Upper and Lower Waunita Hot Springs, and includes estimates of reservoir equilibration 

temperatures for both springs. No description of analytical methods or reported 

analytical results was included in the geothermal assessment, and only a brief description 

of the geology and structures were described (Barrett and Pearl, 1976). Estimated 

equilibration temperatures for the Upper Waunita Hot Springs range from 143 to 157 °C, 

based on quartz geothermometry, and the equilibration temperatures for the Lower 

Waunita Hot Springs range from 123 to 130 °C. Reported equilibration temperatures 

using the Na-K and Na-Ca-K geothermometers range from 174 to 179 °C and 159 to 167
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°C, respectively, however reported uncertainties in the extent of mixing between the 

geothermal reservoir renders further interpretation of these results difficult.

1.3.3 Heat Flow and Geothermal Gradients

Elevated heat flow and geothermal gradients at Waunita Hot Springs have been 

estimated and measured (Zacharakis, 1981) however, only sparse regional data are 

available for this area of Colorado. Interpretive heat flow values were estimated based on 

hot spring temperature values, resulting in a range up to 130 to 140 mW/m2 at Waunita 

Hot Springs (Berkman and Watterson, 2010). Geothermal gradient were used to 

construct a map of the depth to the 9 °C isotherm map shown in Figure 1.4 (Morgan and 

Willingham, 2011). This map depicts a thermal anomaly that appears to dip slightly to 

the south and southeast, which is consistent with the plunge of the east limb of an 

anticline in the Dakota Sandstone (Fig. 1.4). It is difficult to estimate the size of a 

geothermal anomaly based solely on geothermal gradients because these data alone do 

not account for the hydrologie aspect of a geothermal reservoir, and, thus, more data from 

electrical geophysical surveys is presented in the following Section 1.3.4.

1.3.4 Geophysical Surveys

An estimate of the boundaries for the geothermal reservoir at Waunita Hot 

Springs was inferred by constraining low resistivity areas, attributed to thermal waters, 

from a dipole-dipole resistivity survey by Amax Exploration, Inc., shown in Figure 1.5 

(Henrichs GEOEXploration Company, 1981). The area inside the red dashed contour is 

the inferred geothermal reservoir in the Dakota Formation, and is defined by an apparent 

resistivity low of 65 ohm-meters. The locations for the transmitting dipoles are shown as 

the dashed green line, and the Upper and Lower Waunita Hot Springs are labeled as red
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and orange circles, respectively. These geophysical data are important to this study 

because they provide an approximation for the areal extent o f the geothermal reservoir, 

and thus may be used to calculate the potential stored heat at depth. The location o f the 

potential reservoir is consistent with the dip o f  the Dakota to the southeast, discussed in 

Chapter 2, (Fig. 2.2.1), and with the temperature isotherm map (Fig. 1.4).

i m m

Figure 1.4 Depth (in meters) to 9 °C isotherm (Morgan and Willingham, 
2011) and the estimated trend o f the plunging anticline in sedimentary rocks.
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Figure 1.5 Resistivity map o f  the Upper (red circle) and Lower (orange circle) Waunita 
Hot Springs, with faults from geologic maps shown as thick solid and dashed lines and 
the potential geothermal reservoir boundary shown inside the red box. Total length o f 

bar scale equals 2 miles. Modified from Amax Exploration, Inc. (Henrichs 
GEOEXploration Company, 1981).
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CHAPTER 2- GEOLOGIC SETTING

Waunita Hot Springs is surrounded by geological provinces that have undergone 

substantial Oligocene andesitic to rhyolitic volcanism and Cenozoic crustal extension, 

and, in some locations, intrusion by mid-Tertiary batholiths (Fig. 2.1; Lipman, 2007). 

The timing and magnitude of these geologic occurrences are important to understanding 

the nature of Waunita Hot Springs, as they may be the primary source of residual heat 

leading to elevated heat flow and geothermal gradients.

2.1 Regional Geology

The Mount Princeton batholith (36.6 ± 0.4 Ma) in Figure 2.1 is the largest 

Tertiary intrusion in the Sawatch Range (Tweto, 1979; McIntosh and Chapin, 2004; 

Lipman, 2007), with dimensions on the order of 25 x 35 km, and age correlations that 

suggest it is the primary source of the Wall Mountain Tuff, a 36.7 Ma rhyolitic ignimbrite 

(Lipman, 2007). The medium-grained equigranular to porphyritic Mount Princeton 

batholith is classified as a granodiorite, with silica content from 65 to 69 % (Lipman, 

2007). The batholith is believed to be the underlying magma chamber that supplied a 

series of caldera centers, some of which have eroded away.

The Southern Rocky Mountain Volcanic Field (SRMVF), a large composite 

volcanic field extending from central Colorado to northern New Mexico, marked as 

Tertiary volcanic rocks in Figure 2.1, experienced extensive volcanism from 38 to 23 Ma. 

The remains of the SRMVF are exposed as several volcanic centers, including the San 

Juan, Sawatch, West Elk, Thirtynine Mile, Latir, and Central Colorado volcanic fields. 

The SRMVF is situated along the eastern margin of the U.S. Cordillera, and appears to be 

associated with mid-Tertiary magmatic and volcanic flare-ups that were triggered by the
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transition from low-angle plate convergence to extensional tectonism (Lipman, 1997, 

2007).

The volcanic centers of the SRMVF that are closest in proximity to Waunita Hot 

Springs are shown in Figure 2.1, and include the Sawatch Mountains to the northeast, the 

San Juan Volcanic Field to the south and southwest, and the West Elk Volcanic Field to 

the west. Multiple caldera centers are found in each field, with the Marshall Creek (33.8 

Ma), Bonanza (33.2), North Pass (32.2 Ma), and Cochetopa (26.9 Ma) calderas of the San 

Juan Volcanic Field (SJVF) and the Mount Aetna caldera (33.8 Ma) of the Sawatch 

Volcanic Field being the nearest documented loci of volcanic activity to Waunita Hot 

Springs. The Mount Aetna caldera (Fig. 2.1), found in the southern region of the Mount 

Princeton batholith (labeled MP in Fig. 2.1), is the source of the 33.8 Ma Badger Creek 

Tuff (Lipman, 2007). The boundary of the Sawatch Range volcanic centers becomes 

more obscure to the southeast of Mount Aetna, where several caldera centers become 

encompassed by the northeastern margin of the central SJVF, namely the Marshall Creek 

and Bonanza calderas (Lipman, 2007). Volcanic activity progressed in volume and age, 

from the Sawatch Range volcanic centers to the southwestern volcanic centers of the San 

Juan Mountains, and then back to the east (Lipman, 2007). Interestingly, the Cochetopa 

caldera never erupted large tuff deposits characteristic of other calderas in the SJVF. 

Instead it passively subsided as magma drained to erupting volcanic centers to the south, 

leaving a well-preserved caldera rim in the north-central region of the SJVF (Lipman, 

2007).

The Rio Grande Rift stretches over 1,000 km from Chihuahua, Mexico to 

northern Colorado and exists in a setting that experienced nearly continuous deformation 

in the Cenozoic (Kellogg, 1999). Deformation during the Late Cretaceous Laramide 

Orogeny was characterized by NE-SW compression, and the formation of foreland basins 

and uplifted fault blocks (Seager and Mack, 1986). Around 32 to 30 Ma, a shift to 

backarc extension resulted in rift inception, and was followed by alkali rhyolite and 

basaltic andésite magmatism (30 to 29 Ma) that produced large shield volcanoes, fissures, 

thick flood-basalts, composite volcanoes, cinder cones, and tuffaceous ash layers 

scattered about the margins of the Rio Grande Rift (Aldrich et ah, 1986). The rift is 

composed of a series of north-trending extensional basins that consist of asymmetric
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Figure 2.1 Location o f Waunita Hot Springs, shown as the black star, in relation to 
volcanic centers o f the Southern Rocky Mountain Volcanic Field, the Rio Grande 

Rift, and the Carbondale and Crested Butte earthquake swarms (adapted from 
Lipman, 2007). Abbreviations for labeled features are as follows: MP=Mt. 

Princeton, C=Cochetopa caldera, MC=Marshall Creek caldera, B=Bonanza caldera, 
NP=North Pass caldera, TD=Tomichi Dome.
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grabens (Olsen et al., 1987) bounded on one side by north-striking normal range-front 

faults. The Rio Grand Rift was initially centered on the axial zone between the San Juan 

and San Luis uplifts during the Late Cretaceous and Early Tertiary. As the rift continued 

to propagate, extension was accommodated along older structures, some as old as the 

Proterozoic (Tweto, 1979; Kellogg, 1999). Geothermal anomalies that occur within the 

Rio Grande Rift are associated with transfer and scissor faults between successive basins 

(Poncha Springs), where range-front faults are offset in accommodation zones (Mount 

Princeton; Miller, 1999; Richards et al., 2010), volcanic complexes (Valles caldera; Goff 

and Janik, 2002), and possibly where blind intrusions of magma have risen to mid-crustal 

depths.

The geologic significance of the Mount Princeton batholith, the Sawatch, San 

Juan, and West Elk volcanic centers, and the Rio Grande Rift to Waunita Hot Springs is 

related to the long-lived, voluminous magmatism and extensional tectonics that amplified 

the crustal heat flow leading to anomalous geothermal gradients. Waunita Hot Springs is 

located just outside the northern boundary of the areas in the SJVF and the western 

boundary of the Sawatch volcanic field extensively mapped by Lipman (1997, 2007; 

Lipman and Mehnert 1979). Although explosive volcanism in the SRMVF has long 

since come to an end, tectonic activity in the Rio Grande Rift and along other structures 

throughout the Rocky Mountains in Colorado continues.

The State of Colorado has experienced hundreds of earthquakes since the late 

1800s, and although the seismic activity was generally low in magnitude, the occurrence 

of earthquakes in Colorado is ongoing, as evidenced by the magnitude 3.2 event just 

southwest of Trinidad on October 11,2011, reported by the National Earthquake 

Information Center (NEIC, 2011, http://neic.usgs.gov). Seismic events in Colorado have 

been characterized as often occurring in earthquake swarms, and studies by Bott and 

Wong (1995) over the nearby 1986 Crested Butte earthquake swarm and Goter et al. 

(1988) of the 1984 Carbondale earthquake swarm provide evidence for ongoing tectonic 

activity in the Colorado Rocky Mountains. The Crested Butte swarm was centered in the 

Ruby Mountains, located 60 km west of the Rio Grande Rift, and 78 earthquakes were 

reported that define a 6 km-long northwest trending zone at depths between 2 and 11 km. 

These seismic events are important for understanding the tectonic setting in Colorado,
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and more locally, at Waunita Hot Springs, because they provide evidence for ongoing 

activity along faults that are not restricted to the Rio Grande Rift.

2.2 Local Geology

Geologic maps and lithologie descriptions, cross-sections, resistivity data, and 

water analyses from previous studies have helped to elucidate the geological setting near 

Waunita Hot Springs. Most studies from the Waunita Hot Springs area are outdated e.g.. 

Stark and Behre (1936); however, recent interest in development of the geothermal 

anomaly has sparked new literature review studies by the Bureau of Land Management 

and the U.S. Forest Service (Elser et al., 2010) in an attempt to compile existing data for 

the Waunita Hot Springs area.

2.2.1 Lithology and Stratigraphy

The geologic setting at Waunita Hot Springs (Fig. 2.2.1), is comprised of a 

package of Jurassic and Cretaceous sedimentary rocks, estimated to be 610 to 792 meters 

thick, that rest nonconformably on Precambrian basement rocks (Fig. 2.2.2; Stark and 

Behre, 1957; Nickerson and Associates, 1981; Zacharakis, 1981). The Dakota 

Sandstone, inferred by earlier geophysical studies (Henrichs GEOEXploration Company, 

1981) to be the location of a geothermal reservoir at Waunita Hot Springs, sits between 

the Benton Shale and the Morrison Formation, all of which comprise an 

anticlinal/monoclinal fold system that is extensively faulted, possibly into the basement 

rocks.
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Map Unit Age

Ql Landslide deposits Holocene and Pleistocene --------------- Contact

Fault
Km Mancos Shale Upper Cretaceous

Inferred Fault

Kd Dakota Sandstone Cretaceous

--------- Hot Springs Creek

Kjdm Dakota Sandstone, Burro Canyon 
Formation, Morrison Formation

Cretaceous to Upper Jurassic 

Upper Jurassic
A

Upper Waunita Hot Spring

Jm j Morrison Formation
Lower Waunita Hot Spring

Tm r Tomichi Dome Rhyolite Flows ? - Oligocene '

0 0.3750.75 1.5 2.25 3
Proterozoic Granitesxg Proterozoic |—| |—| |--------

Figure 2.2.1 (continued) Descriptions o f  map units, geologic ages, and map symbols 
shown in the geologic map in Figure 2.2.1.

2.2.2 Precambrian Rocks

The Precambrian strata in the area occur predominantly to the north, northeast, 

and southeast o f the W aunita Hot Spring and Tomichi Dome area (Zacharakis, 1981) as 

shown in Figure 2.2.1. The four main Precambrian rock types found in the area include 

quartz-mica schist, gneissic granite, Pikes Peak Granite, and hornblende diorite.

The quartz-mica schist is finely laminated and variable in composition, 

outcropping 3.5 km to the northeast o f Tomichi Dome (Dings and Robinson, 1957). The 

rock grades from dark quartz-biotite schist to a light quartz-muscovite schist, and Dings 

and Robinson (1957) also reported that the schist grades into gneiss in some locations. A 

tan to pink colored gneiss occurs 3 km to the northeast o f  Tomichi Dome, and is 

described by Dings and Robinson (1957) as fine to coarse grained, having weak but 

defined foliations and a composition o f biotite and lenses o f smoky quartz in a 

groundmass o f  quartz, albite, and potassium feldspars.

Pikes Peak Granite is found roughly 1.5 km to the west o f Tomichi Dome and 

contains pink feldspar phenocrysts that range from 1.3 to 2.5 cm long and a coarse- to
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medium-grained groundmass. Finally, hornblende diorite was reported at several 

locations 2 km to the west and 2.5 km northeast of the Tomichi Dome area (Dings and 

Robinson, 1957). Some textural and compositional varieties were reported, however 

most of the rock is a uniform massive, greenish-black, medium grained hornblende 

diorite. The rock is slightly to very altered in various locations and is cut by a thick 

quartz pyrite vein that trends northwest.

2.2.3 Mesozoic Sedimentary Rocks

Above the Precambrian unconformity rests a sequence of Jurassic to Cretaceous 

sedimentary rocks (Figure 2.2) that ranges in thickness from 610 to 792 meters. The 

Jurassic Morrison Formation is interbedded with red and green shale, sandstone, and 

limestone. The Morrison Formation lies unconformably above the Precambrian 

basement and has been estimated to be approximately 76 to 115 meters thick (Dings and 

Robinson, 1957; Nickerson and Associates, 1981). The Cretaceous Dakota Sandstone is 

found above the Morrison and forms hogbacks that may be a result of anticlinal 

compression during Laramide uplift.

The Dakota Sandstone is a light-gray quartzose sandstone to quartzite and 

exhibits brownish-red staining from the oxidation of pyrite (Dings and Robinson, 1957). 

Thin beds of conglomerate are present in basal sections of the typically medium-grained 

sandstone. The upper section of the Dakota contains some minor beds of poorly exposed 

gray shale. Porosity and particle density data measured for the Dakota Sandstone indicate 

that, out of seventeen samples analyzed, only four show significant porosity (O) and 

permeability (k), with an average porosity of 9.23 % and horizontal permeability of 25 

millidarcys. The wide variation in values from measurements reported by Nickerson and 

Associates (1981) indicates that the porosity and permeability of the Dakota Sandstone 

are not uniform and, thus, fluid flow in the formation may be largely controlled by 

fracture flow. The Dakota Sandstone has been characterized as a tight sandstone, or 

quartzose sandstone (Zacharakis, 1981), with relatively low porosity and permeability.
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The estimated flow of more than 3,750 L/min of thermal fluids from the two springs at 

Waunita is substantial for a formation with such low porosity and permeability, and, thus, 

may emanate from a geothermal reservoir that is predominately fault and fracture 

controlled, as the Dakota Sandstone is reported to be have N-S and E-W trending joint 

sets with near vertical dips (GeothermEx, 1981).

The Cretaceous Pierre and Benton Shales are the confining formations above the 

geothermal reservoir in the Dakota Sandstone. The Benton Formation contains light- 

gray, calcareous clay-shale in the lower section that grades into thin, alternating beds of 

shale and calcareous chocolate-brown sandstone. The Niobrara Limestone and Pierre 

Shale make up the Mancos group that marks the youngest sedimentary rock units found 

in the area. The Niobrara is a chalky white limestone with thin, shaley beds throughout 

and the Pierre Shale is a dark-brown to black fissile shale with interbedded sands that 

increase in size and frequency toward the top of the section (Nickerson and Associates, 

1981).

2.2.4 Tertiary Igneous Rocks

The age of several igneous rocks in the area is generally considered to be Tertiary 

(Stark and Behre, 1936; Nickerson and Associates, 1981). A thick section of rhyolite 

caps the Tomichi Dome, a monzonite dike has been reported to the northeast of Tomichi 

Dome, and pyritic quartz veins have been documented in various mining pits surrounding 

the hot springs area (Stark and Behre, 1936).

A small sill crops out on the northern and western slopes of Tomichi Dome and is 

described as light gray and aphanitic with a glass matrix and phenocrysts of feldspar, 

biotite, and quartz (Stark and Behre, 1936). The shales above and below the contact with 

the sill are extensively contact metamorphosed, brecciated, and silicified providing 

further evidence for a sill, rather than a pyroclastic deposit. The sill is found within the 

Benton Formation and varies from 20 to 35 feet thick, appearing conformable to the 

regional dip of the bedding.
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Similar in composition to the sill is the massive rhyolite that makes up a 550 

meter thick cap on Tomichi Dome. Three textural facies have been described for the 

section, and the basal section of the rhyolite is described as being tuffaceous in texture 

and it is speculated that the highly brecciated and silicified tuff was part of a pyroclastic 

ash later cemented by silica (Stark and Behre, 1936). The middle facies is reported to 

have a texture similar to spherules ranging from 0.13 to 0.25 centimeters in diameter.

The transition into the upper textural facies is marked by an increase in density. In 

general the rhyolite is fine-grained and textural variations seem to be correlated with 

stratigraphie position (Stark and Behre, 1936).

Northeast of Tomichi Dome, a Tertiary monzonite dike cuts the Late Cretaceous 

Mancos Shale. The dike is approximately 8 meters thick and contains altered 

phenocrysts of white feldspar (Nickerson and Associates, 1981). Numerous pyritic 

quartz veins have been documented in mining pits in the area, but their nature and timing 

of emplacement is poorly understood.

2.2.5 Structure

The most prominent regional structural feature proximal to the Tomichi Dome 

area is the Crookton fault. The Crookton fault represents a thrust fault because it thrusts 

Precambrian granite over Mesozoic sedimentary rocks. The dip on the fault has not been 

directly measured, but is estimated to be no less than 45 degrees. Although the fault is 

not low-angle, it has been called a thrust fault due to the displacement and drag of the 

adjacent beds that suggest extensive movement.

The Tomichi Dome-Waunita Hot Springs area is extensively faulted and 

deformed, and these faults likely serve as conduits for thermal fluid movement to the 

surface. Tomichi Dome is positioned in a sedimentary basin that may have an underlying 

graben structure (Nickerson and Associates, 1981). The dome is faulted by several 

structures, with displacement that varies from tens of feet to several hundred feet 

(Zacharakis, 1981). The Waunita Hot Springs area rests at the intersection of several
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faults. Northeast and northwest trending faults intersect to the south of the springs, and 

other faults to the north follow a similar strike of the northeast trending fault. The hot 

springs are localized at this fault intersection but the structural and temporal relationship 

of the faults is poorly understood.
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CHAPTER 3 -  METHODOLOGY

The research objectives for this investigation were met by employing the 

methodologies for field sampling and laboratory methods discussed below. Included in 

the discussion are details on the sample locations for the Upper and Lower Waunita Hot 

Springs, as well as limits of detection, precision for instrumental analyses, and charge 

imbalance calculations.

3.1 Field Work

Water, mineral, and noble gas samples were collected during this research from 

three areas (Fig. 3.1) during the months of October and November 2010 and January and 

July 2011. The red box labeled with the letter A shows the study area and sample 

locations 1 to 3 in the vicinity of the Upper Waunita Hot Spring, which is shown in 

further detail in Figure 3.2. Figure 3.3 details the red box labeled B, showing sample 

locations 4 through 11 near the Lower Waunita Springs. Both Upper and Lower Waunita 

Springs flow into Hot Springs Creek (blue line) having the flow direction marked with 

blue arrows. Fault structures are shown as solid and dashed orange lines.

3.1.1 Description of Sample Locations

Sample location 1 is Hot Springs Creek, believed to be a meteoric stream, roughly 

0.5 km upstream of the Upper Waunita Hot Springs. Sample locations 2 and 3 at the 

Upper Waunita Hot Springs, are a small seep at the base of a cooling tank and the cooling

25



tank, respectively. Both locations discharge thermal waters into the creek. Sample 

location 4 is Hot Springs Creek upstream from Lower Waunita Hot Springs, but 

influenced by thermal waters from Upper Waunita Hot Springs. Three large soaking 

pools situated next to the creek at Lower Waunita Hot Springs are sample locations 5, 6, 

and 7. Sample location 8 is Hot Springs Creek roughly 0.3 km downstream of the main 

springs area, and represents a mixture of thermal water that discharges from the springs 

and meteoric water from Hot Springs Creek. Sample locations 9, 10, and 11 are situated 

on a hillside of flowing thermal water and highly altered clay material. Sample locations 

9 and 10 are located on the steepest part of the slope about 9 meters above the creek, and 

sample location 11 is marked by a shallow hand-dug well on the gently sloping portion of 

the hillside just a few meters above the creek. Finally, sample location 12, is an artesian 

cold spring, marked in Figure 3.1 by the blue circle labeled “Cold Spring.” Location 12 

represents local groundwater and was sampled only once in November 2010. In the 

following discussion, specific samples are identified by location and the month collected; 

for example, Sample 1 for October datasets corresponds to sample location 1, or Hot 

Springs Creek upstream of Upper Waunita Hot Spring.

Additionally, two samples for noble gas isotope analyses were collected from 

sample location 11 at the Lower Waunita Hot Springs. A sample of a mineral scale was 

also collected from this location for analysis using XRD and SEM.

3.1.2 Description of Sample Collection and Procedure

The water samples collected at Waunita Hot Springs were analyzed by ICP-AES, 

anion-exchange chromatography, and cavity ringdown spectrometry for hydrogen and 

oxygen isotopes. Sampling methodologies, analytical procedures, and error analysis are 

discussed below.

2 6
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3.1.2.1 Water Samples

Samples collected during field research from October 2010 to July 2011 followed 

the field methodology described below:

■ Record GPS coordinates

■ Perform field measurements using a YSI 556 portable field meter including 
temperature, pH, Eh (oxygen reducing potential), conductivity, and dissolved 
oxygen

■ Sample containers were rinsed with the sample three times in order to minimize 
contamination during the sample collection.

■ Filter and split samples into three pre-rinsed 50 mL sterile HOPE vials for 
analysis.

■ Acidify ICP-AES samples with ten drops of 50 % trace metals grade nitric acid 
using a 1 mL volumetric pipette

■ Place samples in cooler and refrigerate until approximately 30 minutes before 
analysis

■ Perform field alkalinity titration (using HACH automatic titrator with 0.16 mg/L 
sulfuric acid for low alkalinity and 1.6 mg/L sulfuric acid for high alkalinity)

The analytical errors for field methodologies were addressed by collecting 9 replicate 

samples at random throughout the course of sampling. The results of the error analysis 

are discussed in Section 3.3.

3.1.2.2 Noble Gas Isotope Samples

Noble gas isotope samples were collected using a copper tube and clamp 

assembly following the procedure outlined by Kennedy et al. (1985). After securing the 

copper tube in a metal channel and loosely tightening the clamps, Tygon tubing was 

placed over each end. Water was flushed directly from the springs through the copper
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tube by gravity flow for approximately two minutes to allow for thermal equilibration 

with the copper tube. Any air bubbles that collected in the rubber tubing were pinched 

out. Also, before securing the Tygon tubing, a wrench was lightly tapped on the metal 

channel holding the copper tubing in order to release any air bubbles adhering to the 

inner wall of the copper tube. The Tygon tubing was then clamped shut with two 

oversize binder clips, securing the down flow clip first, and the copper tube clamps were 

tightened down evenly using a socket wrench until they pinched together as a cold weld, 

but not so tight that they cut off the ends. The ends of the copper tubes were filled with 

DI water and secured with rubber caps.

3.2 Laboratory Work

Samples collected for this investigation were analyzed for major ion water 

chemistry in the Department of Chemistry and Geochemistry at the Colorado School of 

Mines. The ICP-AES samples were analyzed for metals and cations on a Perkin Elmer 

Optima 3000 and were analyzed for major anions using an Dionex ICS-90 ion 

chromatography system equipped with sodium hydroxide eluent suppression. The 

detection limits for ICP-AES and anion-exchange chromatography for various analytes 

are shown in Tables 3.2.1 and 3.2.2 below.

Deuterium and oxygen isotopic ratios were measured for local hot spring and 

meteoric waters at Waunita and then compared to the global meteoric water line 

(GMWL). Oxygen and hydrogen isotopes were analyzed in the Department of Geology 

and Geological Engineering using a Picarro Cavity Ringdown Spectrometer Isotopic ELO 

Liquid model LI 102-i. Precision from statistical analyses is ± 0.06 per mil ( % o )  for ôlsO 

and ± 0.32 % o  for ÔD. Mineral samples were analyzed in the Department of Geology and 

Geological Engineering using an XDS-2000 0-0 X-ray diffractometer, with operating 

conditions set to 40kV accelerating potential, 40 mA filament current, and Cu Ka 

radiation. The XRD analysis was run at a scan rate of 1° 20 per minute from 4.0 to 60.0 

degrees 20. The step size was 0.02 ° 20 and the count time per step was 1.2 seconds.
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Table 3.2.1 Detection limits (ppm) o f analytes measured using ICP-AES.

0.0043 
0.0017 
0.1043 
0.0176 
0.0434 
0.0133 
0.0393 
0.0060 
0.0127 
0.0001 
0.0003 
0.0009 
0.0008 
0.0083 
0.0003 
0.0060 
0.0920

Table 3.2.2 Detection limits o f analytes measured using anion-exchange chromatography.

0.05
0.10
1.00

Whole pieces o f  scale deposits were analyzed using a JEOL 840A scanning electron 

microscope (SEM) configured with a Princeton Gamma Tech (PGT) EDS System.

Limits o f detection are roughly 0.5 % for elements having atomic numbers greater than 9.

Dissolved noble gas samples and standards were measured on a 125-50 Mass 

Analyzer Products gas-source magnetic sector mass spectrometer in the United States 

Geological Survey’s Noble Gas Laboratory. Bulk gases in the samples and standards 

were separated by a Balzers Prisma quadrupole mass spectrometer before being expanded 

into the extraction line. The lab standard for these analyses was an air-equilibrated water 

standard from Riverside, California. Samples were released under vacuum from the 

copper tubes using an ultrasonic bath to separate the gas from fluid. The water vapor in

As 193.696
B 249.772 

Ba 455.403 
Be 313.107 
Ca 317.933
Cd 214.440
Co 228.616
Cr 205.560
Cu 324.752

Li 670.784

Mo 202.031

0.0078
0.0366
0.0034
0.0001
0.0001
0.0035
0.0011
0.0023
0.0026
0.0005
0.0021
0.0635
0.0007
0.0002
0.0003
0.0039

Ni 231.604
P 177.434

Pb 220.353
S 180.669

Sb 217.582

Sn 189.927
Sr 421.552
oymsi

Zn 213.857

U 367.007
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the sample was frozen out using a liquid nitrogen cryogenic trap. The dry sample gas 

was expanded into the extraction lines, where the total pressure of the gas was measured. 

An aliquot of sample gas was analyzed by a quadrupole mass spectrometer to determine 

bulk gas composition. Next, the bulk gas was purified to remove reactive gases using 

STS707 pellets heated to 350 °C, separating the noble gases. A 2/10 cubic centimeter 

(cc) aliquot of purified gas was expanded into the Mass Analyser Products 215-50 gas- 

source magnetic sector mass spectrometer to measure argon isotopes for elemental and 

isotopic composition. The sample gas was then exposed to an activated charcoal trap and 

cooled to liquid nitrogen temperatures to separate the heavy argon, krypton, and xenon 

fractions from the light helium and neon fractions. The helium and neon fraction was 

exposed to another activated charcoal trap at -264.15 °C and then heated to -248.15 °C to 

release helium and leave neon behind. The helium was then expanded into the MAP 215- 

50 mass spectrometer to measure the elemental concentration and isotopic ratio. Finally, 

the charcoal trap was heated to -153.15 °C to release neon into the MAP 215-50 mass 

spectrometer, where the elemental and isotopic compositions were measured. Gases 

separated using the quadrupole mass spectrometer were reported with an error of 5%, and 

gases and isotopic compositions measured using the MAP 215-50 were reported with an 

error of less than 1%.

3.3 Error Analysis

Charge imbalance errors and field duplicates, as well as internal and external 

instrumental standards address the evaluation of error in field and laboratory analyses. 

Converting the concentrations of major ion components from mg/1 to miliequivalents per 

liter (meq/1) and applying the following charge imbalance equation (3.3) allowed for the 

determination of charge imbalance errors associated with field and lab measurements:

> cations -  anions 
% Error —  xl00%

cations + anions (3.3)
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The results from the charge imbalance error calculations are presented in Appendix A - 1. 

For five of the samples, reported charge imbalance errors ranged between 12 and 18 %. 

For all of the remaining 34 samples, charge imbalance calculations were less than 5 % 

and were considered acceptable for the purpose of this research. Any samples with 

charge imbalances higher than 5 % were considered unacceptable and were not used in 

calculating geothermometer equilibration temperatures, saturation indices, or reaction 

path models.

Field duplicates were collected during sampling at Waunita in order to ensure 

field precision and accuracy of sampling techniques. The relative percent errors of the 

field duplicates for ICP-AES, anion exchange, as well as ÔD and ôlsO of each month 

were calculated by taking the absolute value for the average of the range between 

duplicate values. Appendices A -  2 through A - 12 provide the relative percent errors for 

samples collected in October 2010, November 2010, January 2011, and July 2011, and 

analyzed using ICP-AES, anion-exchange chromatography, as well as measurements for 

hydrogen and oxygen isotopes. Analytes that were measured for this research but not 

reported in the data tables because they were below the instrument limits of detection 

(Table 3.2.1) include Ag, As, Co, Cr, Ni, P, Pb, Sb, Se, Sn, Ti, V, Zn, and U.

Finally, the laboratory external and internal standards used for these analyses 

included Continuing Calibration Verification (CCV)-metals and CCV-nonmetals, as well 

as a scandium standard. The CCV-metals and CCV-nonmetals are multi-element 

standard solutions that allow for external monitoring of accuracy and precision, as well as 

instrument drift. The external standards are not used to calibrate the instrument, but are 

useful in determining if the instrument drifts outside of acceptable analytical error. An 

internal scandium standard, presented in the analytical data sets in Appendices A-2, A-5, 

A-8, and A-l 1 was run for each sample during the analysis and used to monitor, 

calibrate, and adjust the instrument for instrument drift.
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CHAPTER 4 -  ANALYTICAL RESULTS

Data from geochemical analyses, including ICP-AES, anion-exchange 

chromatography, hydrogen and oxygen isotopes, XRD, SEM, and noble gas isotope mass 

spectrometry are presented in this chapter. Data tables for each month and each type of 

analysis are presented first, followed by data for analytical errors and spring discharge 

measurements. Analytical results are also included in spreadsheet form on a disc in the 

pocket. Interpretations of these data are presented in Chapter 5, followed by a discussion 

in Chapter 6 that relates the data and interpretations to the initial research objectives, and 

to other geothermal systems.

4.1 Geochemical and Field Data

Tables 4.1.1 through 4.1.15 show results from ICP-AES, anion-exchange 

chromatography, and hydrogen and oxygen isotope analyses, where sample numbers for 

the various collection dates identify the sample locations discussed previously in section 

3.1.1. Data for metals and cations are presented first, followed by anion data, field data, 

and isotope data. Field data presented for January 2011 is limited to temperature and 

alkalinity, due to problems with sampling equipment. Hydrogen and oxygen isotope data 

are not reported for July 2011.

Uncertainties reported for analytes are presented in Tables 4.1.1 and 4.1.2 and 

Figures 4.1.16 and 4.1.17, where the values of measured standards are reported for 

samples measured using ICP-AES, and for samples measured using anion-exchange 

chromatography, respectively. The mean value of the measured standards, the standard 

value, and the standard deviation are presented in Figures 4.1 and 4.2 and reported in 

ppm. The Colorado School of Mines Department of Chemistry and Geochemistry ICP-

34



AES laboratory reports precision o f analyses as less than 2 %, and accuracy, determined 

by comparing laboratory results to outside laboratories, such as the regional ERA lab and 

the USGS, is reported as being between 5 and 10 %, as long as the concentration is 10 

times the detection limit (Tom W ildeman, Personal Communication).

Stream discharge for upstream (sample location 1, Fig. 3.2), midstream (sample 

location 4, Fig. 3.3), and downstream locations (sample location 8, Fig. 3.3) o f Waunita 

Hot Springs were measured to quantify the thermal water gain o f Hot Springs Creek from 

the hot springs. Stream discharge measurements for Upper and Lower Waunita are 

presented in Table 4.1.18, which reports the incremental and total discharge 

measurements in ft3/sec and kg/sec for November 2010. Discharge measurements were 

obtained by dividing the stream into 1-foot wide increments, then measuring the depth 

and velocity at each increment. The discharge o f each increment was calculated by 

taking the product o f  the width, depth, and velocity and the sum o f the products for each 

increment yields the total discharge for that section o f the stream. The difference o f the 

downstream section and the upstream section yields the gain o f flow by Hot Springs 

Creek from each hot spring, which may be used to calculate surface heat loss from the 

springs, as discussed in Chapter 6.

Table 4.1.1 ICP-AES results in mg/L (ppm) for samples collected in October 2010.

112.28 111.23 111.52 111.84 105.02 102.80 99.17 103.12 105.51 108.87 109.86
BDL 0.02 BDL BDL 0.02 0.02 0.03 0.02 0.02 0.04 0.04
0.04 0.09 0.07 0.15 0.13 0.11 0.09 0.08 0.07 0.05 0.04
0.04 0.03 0.04 0.06 0.06 0.06 0.05 0.05 0.06 0.06 0.06

24.00 5.11 12.37 7.39 8.99 8.42 8.75 10.95 7.82 8.49 9.14
0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.02 0.00 0.00 0.00
1.28 8.79 7.10 8.30 8.84 8.59 8.74 8.27 8.16 8.31 8.47
0.00 0.19 0.14 0.18 0.19 0.18 0.19 0.17 0.17 0.18 0.18
7.91 0.09 2.48 0.37 0.66 0.44 0.47 1.44 0.38 0.40 0.48
0.07 0.01 0.02 0.03 0.05 0.02 0.02 0.02 0.03 0.03 0.04
BDL 0.04 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
5.69 157.30 121.77 152.55 148.39 147.81 151.37 135.42 139.75 145.86 146.89
7.49 56.46 40.60 40.92 39.88 42.10 43.46 40.39 41.24 43.31 42.67
0.11 0.16 0.16 0.18 0.20 0.19 0.20 0.19 0.18 0.19 0.20
7.73 0.09 2.39 0.36 0.64 0.42 0.45 1.38 0.36 0.38 0.45
7.45 0.08 2.30 0.34 0.62 0.41 0.44 1.33 0.35 0.37 0.44
0.11 0.15 0.15 0.18 0.21 0.20 0.21 0.19 0.19 0.20 0.21

Note: Scandium (Sc) is the internal standard used to calibrate the ICP-AES.
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Table 4.1.2 Anion-exchange chromatography (AEC) results in ppm for samples collected
in October 2010.

A n a lv t e  N a m e

I 0.14 19.19 18.92 12.74 15.04 16.29 15.95 14.70 15.65 15.95 15.34
1.06 14.59 14.43 11.42 12.94 13.83 13.26 12.47 13.26 13.15 12.84

| 5.45 177.79 176.40 129.34 166.85 171.09 171.09 154.75 166.25 168.06 164.43

Table 4.1.3 Results for field data measured in October 2010.

4 .3 7 .6 2 4 3 . 5 1 0 .0 4  ( p p m ) 0 .2 1 0 2 .5

5 8 . 2 8 .6 - 7 6 .2 2 . 3 0 . 8 1 1 7 .1

5 1 . 9 8 .6 - 1 4 3 .1 1 .1 0 .8 1 1 7 .1

1 1 .0 8 .4 3 8 . 3 9 4 . 0 0 .6 1 6 5 .9

5 7 . 8 8 .4 - 9 5 .0 4 4 . 5 0 .8 1 3 4 .7

3 8 . 5 8 .6 - 4 0 .0 6 8 . 7 0 .8 1 3 7 .6

3 1 . 3 8 .7 - 1 8 5 .0 8 4 .2 0 .8 1 3 4 .2

3 2 . 6 8 .8 - 3 0 .8 9 0 . 6 0 . 7 1 2 9 .3

6 1 . 5 8 .1 - 2 5 5 .0 1 4 .3 0 .8 1 3 4 .2

6 1 . 0 8 .3 - 1 6 1 .5 3 3 .1 0 .8 1 3 6 .6

6 6 . 9 8 .1 - 2 6 0 .7 1 6 .3 0 .8 1 3 6 .6

Table 4.1.4 Results for hydrogen and oxygen isotope samples collected in October 
2010, reported as per mil (SMOW).

Sample # 
2
4
5
7
8

d 180 (%«SMOW) dD (%oSMOW)
-124.46
-112.85
-126.21
-122.78
-121.34

Table 4.1.5 ICP-AES results in ppm collected in November 2010.

■ m i
112.46 109.86 109.74 112.13 110.74 110.31 110.37 110.69 111.04 111.50 111.27 112.98
0.12 0.14 0.12 0.10 0.09 0.09 0.09 0.18 0.15 0.13 0.10 0.06
0.05 0.03 0.03 0.03 0.06 0.06 0.05 0.05 0.06 0.06 0.06 0.27
23.54 5.13 5.35 13.72 8.44 7.95 8.08 10.01 7.42 7.60 8.03 18.16
0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
0.01 BDL BDL 0.02 0.00 BDL 0.02 0.01 0.00 0.00 0.00 0.00
1.22 8.80 8.64 6.20 8.68 8.68 8.77 7.92 8.33 8.43 8.40 0.47
0.01 0.19 0.18 0.12 0.18 0.18 0.18 0.17 0.18 0.18 0.17 0.00
7.99 0.09 0.12 3.13 0.62 0.40 0.42 1.39 0.37 0.37 0.43 2.92
0.09 0.01 0.01 0.01 0.04 0.02 0.02 0.01 0.03 0.03 0.04 0.00
0.00 0.04 0.04 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 BDL
5.54 157.33 152.30 104.28 153.88 158.12 159.51 141.26 152.39 152.82 152.72 2.71
8.11 56.32 54.69 35.23 39.09 42.10 42.49 38.94 40.90 41.08 39.74 6.05
0.11 0.16 0.16 0.15 0.20 0.19 0.19 0.18 0.18 0.19 0.19 0.09
7.82 0.09 0.12 3.04 0.59 0.40 0.40 1.33 0.36 0.36 0.42 2.85
7.58 0.08 0.11 2.95 0.58 0.38 0.39 1.29 0.34 0.34 0.40 2.73
0.09 0.15 0.16 0.14 0.19 0.19 0.19 0.18 0.18 0.18 0.19 0.08

Note: Scandium (Sc) is the internal standard used to calibrate the ICP-AES.
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Table 4.1.6 AEC results in ppm for samples collected in November 2010.

0 . 1 2 1 9 . 1 0 1 8 . 5 4 1 2 . 3 0 1 5 . 4 0 1 6 . 5 0 1 6 . 6 0 1 4 . 8 0 9 . 9 0 1 5 . 9 0 1 5 . 7 0 0 .1 1

1 . 0 5 1 4 . 8 1 1 4 .3 1 1 0 . 4 6 1 3 . 4 9 1 4 . 0 4 1 4 . 3 2 1 2 . 6 6 8 .1 1 1 3 . 5 5 1 3 . 3 8 1 . 1 8

6 . 9 8 1 7 8 . 3 7 1 7 1 . 8 6 1 2 1 . 6 2 1 6 7 . 5 9 1 7 3 . 5 7 1 7 5 . 7 4 1 5 5 . 5 8 1 0 7 . 9 1 1 6 8 . 0 0 1 6 7 . 2 1 3 . 7 9

Table 4.1.7 Results for field data measured in November 2010.

4 . 2 9 7 .6 3 2 4 3 . 5 1 0 .0 4 0 . 2 0 2 1 0 2 .4 8

5 8 . 2 8 .6 2 - 7 6 .2 2 . 2 5 0 . 8 4 8 1 1 7 .1 2

4 7 . 8 8 . 5 6 - 1 4 3 .1 1 .1 0 . 8 4 3 1 1 6 .6 3 2

6 . 5 9 7 . 9 9 2 5 4 . 8 1 0 .2 5 0 . 5 8 8 8 4 . 4 2 4

5 1 . 9 8 . 4 1 9 1 .4 2 . 3 9 0 . 8 5 6 1 4 1 . 5 2

3 4 . 5 8 .6 1 1 3 7 .9 4 . 0 5 0 . 8 3 8 1 4 0 . 0 5 6

2 9 . 5 8 . 4 7 - 4 8 .1 5 . 4 0 . 8 2 2 1 3 6 . 6 4

3 0 . 6 4 8 . 5 2 1 1 0 .9 5 . 2 3 0 . 7 4 7 1 2 9 .3 2

4 9 8 . 1 6 - 8 9 .5 0 . 8 3 0 .8 4 1 1 3 6 . 1 5 2

4 8 . 5 8 . 3 4 6 3 . 8 1 .7 8 0 . 8 4 6 1 2 7 . 3 6 8

4 3 . 9 8 . 2 2 - 9 1 .2 1 .3 6 0 . 8 5 2 1 4 2 . 4 9 6

1 1 .3 7 . 1 2 1 6 9 .2 8 . 4 5 0 . 1 4 5 7 . 5 8 4

Table 4.1.8 Results for hydrogen and oxygen isotope samples collected in November
2010, reported as per mil (SMOW).

- 15.54 - 126.91
- 16.01 - 126.28
- 15.68 - 125.27

; - 15.63 - 123.84
- 16.45 - 127.41
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Table 4.1.9 ICP-AES results in ppm for analytes measured in January 2011.

Analyte 
Sc 361.383 
B 249.772 
Ba 455.403 
Ca 317.933 
Cd 214.440 
K 766.490 
Li 670.784 
Mg 279.553 
Mn 257.610 
Mo 202.031 
Na 589.592 
Si 251.611 
Sn 189.927 
Sr 421.552 
Zn 213.857 
Mg 279.077 
Mg 285.213 
Sr 460.733

104
0.093

EM U
0.053
15

0.006

0.03

55.37
BDL
0.159
0.002
0.131
0.125
0.156

5.921
0.118
3.664
0.006
0.014
90.9
33.29
BDL
0.143
0.007
3.638
3.553
0.142

106.3
0.102
0.086
8.602
0.007
8.912
0.186
0.621
0.042
0.029
146.1
39.19
BDL
0.196
0.004
0.618

0.6
0.198

106.7
0.089
0.089
8.427
0.007
8.909
0.187
0.522
0.02
0.028
148.7
40.68
BDL
0.195
0.006
0.512
0.504
0.198

106.3
0.079
0.08
8.525
0.007
8.998
0.188
0.54

0.022
0.03
149.3
40.87
BDL
0.197
0.004
0.528
0.521
0.198

10 11
107.2 106.4 106.1 107.3
0.06
0.069
10.3
0.007
7.69
0.155
1.595
9E-04
0.024
125.9
36.8
BDL
0.166
0.001
1.552
1.532
0.167

0.067
0.085
7.698
0.007
8.669
0.181
0.382
0.028
0.029
146
40.96
BDL
0.186
BDL
0.374
0.366
0.188

0.061
0.083
7.79
0.007
8.701
0.182
0.37
0.027
0.029
146.7
41.54
BDL
0.188
0.004
0.365
0.355
0.19

0.062
0.088
8.154
0.007
8.641
0.178
0.429
0.032
0.028
145.3
39.55
BDL
0.189
BDL
0.418
0.412
0.187

Note: Scandium (Sc) is the internal standard used to calibrate the ICP-AES. 

Table 4.1.10 AEC results in ppm for samples measured in January 2011.

", Y T  ‘
I 18.816 10.859 15.749 16.331 16.456 14.363 16.431 16.437 16.03

m S M 14.43 9.2785 13.789 14.118 14.336 12.343 13.806 13.813 13.827
1 174.98 108.99 170.87 175.25 176.89 150.71 172.13 173.28 170.94

Table 4.1.11 Results for field data measured in January 201

Sam ple #
3
4
5
6 
7

Tem p C Aik (ppm  HC03)
103.7
73.2
134.2
118.3
128.1
122.0
117.1
119.6
122.067.6

Table 4.1.12 Results from hydrogen and oxygen isotope samples collected in January
2011, reported as per mil (SMOW).

Sample #
3
4
5
6

- 16.15
- 15.54
- 16.07
- 15.77
- 16.31
- 15.68
- 15.72
- 16.42
- 16.35

- 126.48
- 127.38
- 126.68
- 127.69
- 125.63
- 125.53
- 127.40
- 127.10
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Table 4.1.13 ICP-AES results in ppm for analytes measured in July 2011.

Sc 361.383 
Al 308.215 
B 249.772 
Ba 455.403 
Ca 317.933 
Cd 214.440 
Fe 238.204 
K 766.490 
Li 670.784 
Mg 279.553 
Mn 257.610 
Mo 202.031 
Na 589.592 
P 177.434 
Si 251.611 
Sn 189.927 
Sr 421.552 
V 292.402 
Zn 213.857 
Mg 279.077 
Mg 285.213 
Sr 460.733

104.23 97.30 101.74 100.19 96.09 98.24 99.33
0.06 0.06 0.05 0.02 0.03 0.03 0.02

BDL 0.08 0.08 0.09 0.08 0.19 0.12
0.14 0.10 0.07 0.07 0.20 0.11 0.09
26.47 4.93 11.95 8.07 7.05 7.07 7.28
0.00 0.01 0.01 0.01 0.01 0.01 0.01
0.01 BDL 0.12 0.03 BDL BDL 0.03
1.84 8.62 6.04 7.92 8.58 8.41 8.49
0.00 0.19 0.12 0.16 0.18 0.18 0.18
7.86 0.12 2.98 1.07 0.34 0.37 0.46
0.21 0.01 0.06 0.01 0.02 0.03 0.04
0.01 0.04 0.03 0.04 0.04 0.04 0.04
5.98 152.73 110.02 143.07 155.25 149.48 149.83
BDL BDL 0.26 0.14 BDL BDL BDL
8.54 55.24 36.64 39.60 42.11 39.78 39.10
BDL BDL BDL BDL BDL BDL BDL
0.15 0.16 0.12 0.15 0.19 0.19 0.19
0.00 BDL 0.01 0.00 BDL BDL BDL
0.01 BDL 0.01 0.00 0.00 0.00 0.00
7.84 0.12 2.94 1.05 0.34 0.37 0.46
7.75 0.12 2.90 1.04 0.34 0.36 0.45
0.19 0.18 0.12 0.15 0.21 0.21 0.20

Note: Scandium (Sc) is the internal standard used to calibrate the ICP-AES.

Table 4.1.14 AEC results in ppm for analytes measured in July 2011.

o.2i 18.66 13.99 16.14 16.40 15.83 59.69
, 1.41 14.31 11.79 13.89 13.89 13.73 13.52

5.48 174.72 126.32 164.43 172.90 169.88 168.67

Table 4.1.15 Results from field data measured in July 2011.

22.4 7.5 5.9 0.2 114.0
61.0 8.4 1.6 0.8 108.0
19.8 8.6 8.0 0.6 129.6
35.0 9.0 5.2 0.7 128.4
62.0 8.6 1.7 0.8 120.0
58.0 8.1 0.8 0.8 128.4
69.0 8.2 0.9 0.8 136.8
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Table 4.1.16 Concentrations o f external standards and measured values from the 
beginning, middle, and end o f ICP-AES analyses reported in ppm. The average o f 

measured standards and the standard deviation are reported in ppm for each analyte.

[Standard,ppm 80.0 20.0 50.0 20.0 50.0 20.0 20.0
October 81.3 20.3 46.5 215 419 19.5 17.9

81.3 21.4 418 21.5 515 19.1 19.3
83.4 19.6 44.7 20.1 410 19.2 17.6

November 86.3 10.1 417 216 414 213 19.1
85.5 20.3 47.1 218 413 20.1 19.0
814 20.0 418 215 418 19.6 114

January 79.9 20.1 47.1 20.1 47.7 113 19.4
804 19.9 46.0 210 419 19.1 19.1
79.7 20.9 46.8 217 49.1 19.6 119

July 84.6 19.3 49.5 19.6 51.3 20.1 19.4
87.0 110 418 115 419 118 116

Average 810 19.1 418 213 413 19.5 118
Stand. Dev. 2.7 3.1 1.7 0.8 1.5 0.5 0.6
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Figure 4.1.1 Measured values (ppm) o f standards versus the value o f the standard (ppm) 
for ICP-AES analyses. The symbols for each sample represent the average o f  measured 
samples in ppm, and error bars represent plus and minus one standard deviation (ppm).
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Table 4.1.17 Values o f external standards and measured values from anion-exchange 
analyses reported in ppm. The average o f measured standards and the standard deviation

are reported in ppm for each analyte.

Analyte
[Standard,ppm 20 100 100

October 19.2 96.0 104.5
November 2 1 . 0 93.8 1 0 1 . 8

21.3 95.1 102.4
January 21.4 95.4 103.7

2 2 . 1 98.4 106.4
July 19.2 96.0 104.5

Average 20.7 95.8 103.9
Stand. Dev. 1 . 1 1.4 1.5
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Figure 4.1.2 Measured values (ppm) o f standards versus the value o f the standard (ppm) 
for anion-exchange chromatography analyses. The symbols for each sample represent 
the average o f measured samples in ppm, and error bars represent plus and minus one

standard deviation (ppm).
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Table 4.1.18 Stream flow measurements for Hot Springs Creek.

Upstream Width (ft) 1.00 1.00
Upper Waun. Depth (ft) 0.66 0.15

Velocity (ft/s) 0.30 0.28
Q1/Q2 0.20 0.04
Total Q = 0.24 ft3/sec

Mid-Stream Width (ft) 1.00 1.00 1.00
Depth (ft) 1.17 1.05 1.18
Velocity (ft/s) 0.35 0.30 0.26
Q1,Q2,Q3 0.41 0.32 0.31
Total Q = 1.031 ft3/sec

Downstream Width (ft) 1.00 1.00 1.00 1.00
Lwr. Waunita Depth (ft) 1.81 2.10 0.71 0.54

Velocity (ft/s) 0.30 0.65 0.32 0.48
Q1,Q2,Q3,Q4 0.54 1.37 0.23 0.26
Total Q = H 2.39 ft3/sec

EQupper w a u n i t a = [0 .7 9 ft3/sec = 22.4 kg/sec
Z Q  LOWER WAUNITA = |_1.36 ft3/sec = 38.6 kg/sec
Z Q w A U N I T A  HOT S P R IN G S = r  2.15 ft3/sec = 61.0 kg/sec

4.2 Hydrogen and Oxygen Isotope Analyses

Hydrogen and oxygen isotopic compositions o f sampled waters were determined 

to constrain fluid sources and fluid-rock interactions at Waunita Hot Springs. Figure 4.2 

shows the measured ÔD and ô l80  isotope values, expressed as the delta (ô) notation 

relative to standard mean ocean water (Faure and Mensing, 2005). The global meteoric 

water line (GMW L) from Craig (1963) is plotted in Figure 4.2 according to equation 4.2:

0D = 8 ( 0 ^ 0 ) +  10 (4.2)

Isotope data for meteoric water data reported by Manning et al. (2011) from Elk 

Creek in Gunnison County, roughly 50 km northwest o f W aunita Hot Springs, are also 

included in (Fig. 4.2) to show the relationship o f samples collected at Waunita Hot 

Springs to alpine to subalpine waters in a nearby drainage basin.
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Figure 4.2 Hydrogen and oxygen isotope data for waters at W aunita Hot Springs 
compared to meteoric waters from Elk Creek (Manning, 2011) and the GMWL (Craig, 
1963). Errors reported for Manning et al. (2011) are ± 0.2 for ô l80  and ± 1.0 for ÔD and

represent 3a.

4.3 Noble Gas Isotopes Analyses

Samples locations for noble gas isotopes collected in the Rio Grande Rift and at 

W aunita Hot Springs are shown in Figure 4.3 as black points and a red square, 

respectively. Samples from the Rio Grande Rift were collected in April and May o f 2011 

near Taos, New Mexico and Poncha Springs, Colorado. Samples collected at Poncha 

Pass and the Joyful Journey Hot Spring represent the northern end o f the San Luis basin, 

while samples collected from Big Arsenic Spring and Manby Spring represent the 

southern end o f  the basin. Structural features represent Quaternary faults within the Rio 

Grande Rift.

The results from noble gas isotope analyses for samples at Waunita Hot Springs 

and the Rio Grande Rift, as well as data from Karlstrom et al. (2011) are presented in
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Table 4.3. These data are reported as cubic centimeters per gram (cm3/g) at standard 

temperature (0 °C) and pressure (1 atm) for molecular gases, which were separated by 

quadrupole mass spectrometry. Isotopes of each element are reported in ccSTP/g for 

isotopes measured by time-of flight mass spectrometry, or as an isotopic ratio. The R/Ra 

values are reported for helium, defined as the ratio of 3He/4He in the sample to 3He/4He in 

the standard (atmosphere), in this case a laboratory air standard from Riverside, 

California. A mass balance for the total helium system is reported as percent air- 

saturated water (ASW), percent crustal, and percent mid-ocean ridge basalt (MORE), and 

the mass balance for excess helium, or the total helium system minus the ASW 

component, is reported as the fraction of crustal and MORE helium.

4.4 Mineral Scale and Fluid-Mineral Equilibrium

X-ray diffraction was performed on a randomly-oriented powder mount to 

identify potential scale minerals that precipitate from hydrothermal fluids and to support 

saturation index models discussed in Chapter 5. The diffraction pattern for the bulk- 

mounted sample is presented in Figure 4.4.1. Peaks corresponding to the identified 

minerals are labeled and include those for thenardite (T), quartz (Q), calcite (C), and 

possibly albite (Ab). The broad, gradual hump from 15° to 30° 20 in the XRD pattern is 

interpreted to be amorphous silica. The low intensity peaks found at 25.4°, 42.1°, and 

52.4° 20 may correspond to reflections for anhydrite or, possibly, contamination of 

sodium plagioclase.

Scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS) 

was performed to understand better the textural features of minerals identified using XRD 

and to confirm the presence of amorphous silica. Figure 4.4.2 shows a thin deposit of 

what appears to be an amorphous phase covering a fine-grained assemblage, including a 

mineral with a blade-like habit. SEM-EDS analysis indicates that the coating phase 

contains silicon with minor amounts of calcium, sodium, sulfur, potassium, and chlorine,
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Figure 4.3 Sample locations for noble gas isotopes collected in the Rio Grande Rift and
W aunita Hot Springs.
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Table 4.3 Results for noble gas isotope samples from the W aunita Hot Springs and the 
Rio Grande Rift. W aunita A and W aunita B refer to samples collected from Sample 

Location 11 in January 2011 and July 2011, respectively. The label [1] denotes helium 
isotope data from Karlstrom et al., 2 0 1 1 .

Location CH4 N2 4He Ne Ar 36 A r 2(INe
ccSTP/g ccSTP/g ccSTP/g ccSTP/g ccSTP/g ccSTP/g ccSTP/g

Manby Spring 1.419E-05 8.348E-03 2.Û24E-06 1.257E-07 2.135E-04 4.113E-07 1.141 E-07
Big Arsenic Spring 2.761 E-06 1.207E-02 4.885E-08 1.686E-07 2.702E-04 5.472E-07 1.528E-07
Joyful Journey 5.304E-04 1.195E-02 3.733E-07 1.057E-07 2.033E-04 6.777E-07 9.604E-08
Poncha Spring 7.836E-05 4.815E-03 1.131 E-07 8.758E-08 9.888E-05 - 7.967E-08
Waunita A 1.368E-04 8.801E-03 3.725E-07 1.074E-07 2.480E-04 8.513E-07 9.775E-08
Waunita B 7.535E-05 7.145E-03 3.917E-07 1.022E-07 2.444E-04 8.149E-07 9.172E-08
cottonwood [ 1 ] - - 9.300E-06 - - - -

Mt Princton [ 1 ] - - 3.540E-07 - - - -

Poncha [1] - - 1.040E-06 - - - -

Waunita [1] - - 6.390E-06 - - - -

20Ne/36Ar R/Ra 20Ne/22Ne 40Ar/36Ar He/Ne *air N2/Ar Rc/Ra
Manby Spring 2.7741 >01 0.319 9.859 518.1 55.454 34.093 0.307
Big Arsenic Spring 2.792E-01 0.994 9.661 492.8 0.998 44.666 3.457
Joyful Journey 1.417E-01 0.728 9.958 299.0 12.162 58.793 0.704
Poncha Spring - 1.902 10.066 - 4.446 48.691 2.164
Waunita A 1.148E-01 0.174 10.165 290.3 11.947 35.492 0.099
Waunita B 1.126E-01 0.175 9.785 298.9 13.301 29.236 0.119
cottonwood [1] - 0.58 - - - - 0.582
Mt Princton [1 ] - 0.57 - - - - 0.636
Poncha[1 ] - 2.16 - - - - 2.239
Waunita [1] - 0.18 - - - - 0.181

Helium System Mass Balance Mass Balance of Excess He
% A S W % CrustaI % M O R B 4H e excess C rustal (.02) MORB (8)

Manby Spring 0.017 0.947 0.035 "1.988E W 0.964 0.036
Big Arsenic Spring 0.966 0.019 0.014 2.570E-10 0.569 0.431
Joyful Journey 0.079 0.842 0.079 3.428E-07 0.914 0.086
Poncha Spring 0.217 0.573 0.210 8.785E-08 0.731 0.269
Waunita A 0.081 0.910 0.009 3.416E-07 0.990 0.010
Waunita B 0.073 0.915 0.011 3.622E-07 0.988 0.012
cottonwood [1] 0.004 0.926 0.070 9.263E-06 0.930 0.070
Mt Princton [1] 0.104 0.827 0.069 3.172E-07 0.923 0.077
P oncha[1] 0.035 0.696 0.268 1.003E-06 0.722 0.278
Waunita [1J 0.006 0.974 0.020 6.353E-06 0.980 0.020

consistent with this phase being amorphous silica. The presence o f amorphous silica is 

likely due to a temperature or evaporative effect, arising from the hot fluids being in 

direct contact with the much cooler atmosphere, which results in a temperature change 

that may be on the order o f  70 °C.

The image shown in Figure 4.4.3 is an enlarged view o f the area inside the blue 

box in Figure 4.4.2 showing additional detail o f  the phase with the blade-like habit. The 

EDS analyses indicate the presence o f  sulfur and sodium, as well as minor amounts o f 

silicon, consistent with thenardite and a silica phase. A conclusion similar to that o f 

amorphous silica can be made for thenardite, which remains undersaturated at these 

conditions and may be precipitating because cooling and evaporation drives the mineral 

to saturation. Other grain morphologies having similar elemental composition to
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thenardite were observed, and are shown in Figure 4.4.4 below. Finally, the image in 

Figure 4.4.5 appears to be calcite, based on the abundance of calcium detected using 

EDS, calcite peaks in the diffraction pattern in Figure 4.4.1, and the slight effervescence 

of the mineral sample when tested with hydrochloric acid in the field. The most 

complicated aspect of these analyses is quartz because, although it was detected using 

XRD, no identifiable crystal morphologies were found using SEM-EDS.
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Figure 4.4.2 SEM image (1,000 x) interpreted to be amorphous silica. An enlarged image
of the blue box is shown in Figure 4.5.3.

Figure 4.4.3 Enlarged image (2,000 x) of the blue box in Figure 4.4.2 shows a presumed 
sodium sulfur mineral, based on XRD peaks for thenardite, with minor amounts of silica.
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Figure 4.4.4 SEM image o f various morphologies o f sodium, sulfur, and silica minerals 
that correspond to thenardite and quartz identified in XRD. Small, clustered phases 

correspond to Na, Si, and S, whereas long, ropey shapes correspond to Na and Si.

Figure 4.4.5 SEM image o f calcite, shown by the black arrow.



CHAPTER 5 -  INTERPRETATION

Section 5.1 presents interpretations of water types and mixing trends, including a 

Piper diagram, anion and cation ternary diagrams, and binary plots of fluid components 

versus temperature. These diagrams illustrate mixing trends in aqueous components 

between meteoric end-members and thermal water end-members at Waunita Hot Springs. 

A discussion of the spatial and temporal variations of aqueous components is presented in 

Section 5.2, and allows for recognition of seasonal variations in different fluid 

components for some sample locations. In Section 5.3, a discussion of selected 

geothermometers, associated limitations and assumptions, and equilibration temperatures 

is presented. Also included in Section 5.3, are saturation index models for silica phases 

created in GWB to interpret geothermometer equilibration temperatures. In Section 5.4, 

ÔD and ôlsO are used to interpret the origin of hydrothermal fluids at Waunita Hot 

Springs, and to understand fluid-rock interactions. Finally, Section 5.5 describes an 

interpretation of noble gas isotope results to identify sources of geothermal heat.

5.1 Water Types and Mixing Trends

The Piper diagram in Figure 5.1.1 summarizes the composition of all samples 

collected during the months of October 2010, November 2010, January 2011, and July 

2011. The major cation component for meteoric waters is calcium (58 to 70 %), followed 

by magnesium (20 to 35 %) and Na+K (10 to 15 %). The bicarbonate composition for 

meteoric waters ranges from roughly 81 % to 96 %, with sulfate composition ranging 

from 4% to 20 %, and chloride composition of less than 3 %. The Na+ and K+ cation 

components (Fig. 5.1.1) range from 80 % to 100 % for thermal waters and are low (< 20 

%) in calcium and magnesium. The sulfate composition for thermally influenced waters
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ranges from 25 % to 62 %, with bicarbonate content ranging from 30 % to 70 %, and 

chloride composition ranging from 9 to 1 %. It is important to note that chloride content 

is very low (14 to 16.2 ppm) in this system compared to chloride-rich thermal waters 

found in volcanically hosted hydrothermal systems (Amorsson et al., 1983), because it 

suggests that the Waunita Hot Springs lacks a magmatic component.

Figure 5.1.2 depicts the relationship between sulfate, chloride, and bicarbonate, 

with thermal waters plotting inside the dashed red area and meteoric and groundwater 

plotting in the dashed blue area. The major anion component (Fig. 5.1.2) of the thermal 

water assemblages is sulfate (25 to 62 %), which, again, may be attributed to thermal 

waters flowing through sulfate-bearing shales, or as speculated by Zakarakis (1981), 

sulfide-rich rock, such as fractured granite or gneiss basement. Mixing trends between 

thermal and meteoric waters plot as linear relationships, and are most evident in the Mg- 

(Na + K)-Ca and SO^HCOg + CC>32")-C1 ternary plots of major cations and anions.

The pH measurements at Waunita Hot Springs were performed using a YSI-556 

multimeter that automatically corrects the field pH for temperature up to 50 °C. Any 

samples above 50 °C were cooled to 45 °C and then measured for pH. The pH range for 

all waters found near Waunita Hot Springs, shown on the left vertical axis in Figure 

5.1.3, is restricted, with a maximum measured pH of 9 for thermal spring water and a 

minimum pH of 7.1 for groundwater. The maximum temperature, shown on the right 

vertical axis (Fig. 5.1.3), was measured at 74 °C (July) for sample site 2, and the 

minimum temperature was measured to be 4.0 °C (January) in Hot Springs Creek at 

sample site 1. At some sample locations, it appears that only one sample is reported, for 

example sample location 6, however, the measured pH values for each month are the 

same and, thus, samples plot directly on top of each other. Error bars in Figure 5.1.3 

represent one standard deviation (o) for pH, reported to be 0.2, and for temperature, 

reported to be 0.15 °C for the YSI-556 multimeter. In general, the pH of thermal waters 

ranges from 8 to 9 and the pH of meteoric and groundwater ranges from 7.1 to 7.6. The 

temperature of thermally influenced waters ranges from 22 °C to 74 °C (for all sample 

locations excluding locations 1 and 12) and meteoric water temperatures range from 4.3 

to 22 °C (for sample locations 1 and 12).
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Figure 5.1.1 Piper diagram for Waunita Hot Springs, showing thermal and meteoric water 
types as the red and blue areas, respectively.



SOJ (mg/kg) ------

Figure 5.1.2 Ternary diagram o f  waters at Waunita Hot Springs, with thermal and 
meteoric waters plotted inside red and blue areas, respectively, with the black line 

representing a constant sulfate to chloride ratio.

Meteoric waters collected from Hot Springs Creek show very little seasonal 

variation in pH, whereas the most seasonal pH variation is generally observed in samples 

that are known to be o f a mixed thermal and meteoric water composition, such as samples 

collected from locations 4 and 8 . Seasonal variations in temperature are shown by all 

sample locations that were sampled during all four months o f sample collection.

Meteoric surface waters show the highest temperature in July, likely due to higher 

average air temperatures. All other samples in Figure 5.1.3 show nonsystematic variation 

in temperature that may be due to varying proportions o f  mixing, and evaporative cooling 

for samples 5, 6 , and 7.
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Figure 5.1.3 The measured pH (squares; left axis) and temperature (circles; Celsius; right 
axis) versus sample location for samples collected in October 2010 (blue), November 

2010 (red), January 2011 (green) and July 2011 (purple) at Waunita Hot Springs.

The composition o f aqueous silica (ppm), depicted in Figure 5.1.4, versus 

temperature for all samples collected at Waunita Hot Springs. Four trends in the aqueous 

silica composition are observed in Figure 5.1.4: (a) meteoric waters with a concentration 

between 10 and 15 ppm SiOz shown in the dashed blue line, (b) waters from Lower 

W aunita Hot Springs with concentrations between 56 and 73 ppm SiOz shown inside the 

dashed orange line, (c) waters from Upper W aunita Hot Springs with SiOz concentrations 

between 92 and 96 ppm SiO? shown within the dashed red line, and (d) mixed surface 

waters from Hot Springs Creek with SiOz content ranging from 56 to 6 6  ppm shown in 

the dashed green line. These trends in SiO? contrast the meteoric and thermal end- 

members, shown as the blue and red dashed lines, respectively, and illustrate mixing o f 

various proportions o f these end-members shown as samples enclosed by the green and 

orange dashed lines. Samples that plot as the thermal end-member trend (red line) were 

collected from the Upper W aunita Hot Springs, and this trend may suggest that these 

sample locations (2 and 3) are closer in proximity to the geothermal reservoir, and, thus.

55



are less dilute than mixed waters collected from Lower W aunita Hot Springs (orange 

line). It appears that dissolved silica concentration reaches a constant value at 

approximately 96 ppm SiCL at the Upper Waunita Hot Spring. The temperature range for 

each trend is variable, being a function o f seasonal variation, mixing, and evaporative 

effects.
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Figure 5.1.4 Aqueous silica (ppm) versus temperature (C) for samples collected at 
Waunita Hot Springs, with October 2010 samples shown as blue diamonds, November 

2010 samples shown as red squares, January 2011 samples shown as green triangles, and 
July 2011 samples shown as purple circles. Error brackets represent 1 standard deviation, 

and the error for temperature measurements is smaller than the size o f the sample point.

Figure 5.1.5 illustrates the relationship between sodium concentrations (ppm) 

versus temperature (°C). Low sodium values o f  less than 5 ppm, and temperature ranges 

from 4.3 °C to 22 °C, define meteoric waters shown by the blue dashed line. Thermally 

influenced waters have a sodium range from 135 ppm to 160 ppm, and temperatures 

ranging from 30 °C to 75 °C, as shown by the red dashed line. Mixing o f  thermal and 

surface meteoric waters are observed for lower temperature sample locations, such as 4 

and 8 , and plot inside the green dashed line. The sodium concentration in Figure 5.1.5 

appears to reach a constant value for waters that plot in the thermally influenced line, as
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there is no obvious increase in sodium concentration with increasing temperature above 

roughly 30 °C.
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Figure 5.1.5 Sodium (ppm) versus temperature (°C) for samples collected at W aunita Hot 
Springs, with October 2010 samples shown as blue diamonds, November 2010 samples 

shown as red squares, January 2011 samples shown as green triangles, and July 2011 
samples shown as purple circles. Error brackets represent 1 standard deviation, and the 

error for temperature measurements is smaller than the size o f  the sample point.

The relationship between potassium and temperature (Fig. 5.1.6) is similar to that 

o f sodium. Concentrations for potassium are higher (5.8 to 8.9 ppm) in thermal waters 

and plot in the red dashed line, whereas meteoric waters are defined by low (< 2  ppm) 

potassium concentrations that plot inside the blue dashed line. Samples that are 

comprised o f a mixture o f thermal and meteoric waters plot inside the green dashed line. 

As observed for sodium and silica, the potassium concentrations at W aunita Hot Springs 

appear to reach an upper limit, and there is no clear distinction between the Upper and 

Lower W aunita Hot Springs based on potassium concentration.

A different behavior is observed in Figures 5.1.7 and 5.1.8, which plot 

magnesium and calcium compositions, respectively, versus temperature for samples 

collected at Waunita Hot Springs. For both calcium and magnesium, the thermal waters
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Figure 5.1.6 Potassium (ppm) concentration versus temperature for samples collected at 
W aunita Hot Springs, with October 2010 samples shown as blue diamonds, November 

2010 samples shown as red squares, January 2011 samples shown as green triangles, and 
July 2011 samples shown as purple circles. Error brackets represent 1 standard deviation, 

and the error for temperature measurements is smaller than the size o f the sample point.

are characterized by lower concentrations (0.1 to < 2 ppm for magnesium and 4.9 to 11 

ppm for calcium), while meteoric waters plot at higher values o f magnesium ( ~ 8  ppm) 

and calcium (24 to 26 ppm). The thermal water trends show relatively constant values 

for magnesium and calcium composition above 30 °C, whereas meteoric waters plot at 

nearly the same concentration for varying temperatures below approximately 25 °C. 

Waters o f mixed thermal and meteoric composition have magnesium concentrations 

ranging from 1 to 4 ppm and calcium concentrations from 10 to 18 ppm, both with a 

temperature range o f 4° to 20 °C. The calcium and magnesium trends are similar to that 

o f silica, sodium, and potassium, only reversed, where the thermal water samples have 

lower concentrations than the meteoric water samples.

A comparison o f anion components is shown in Figures 5.1.9 to 5.1.12, where the 

concentrations o f fluoride, chloride, bicarbonate, and sulfate are plotted versus sample 

temperature. In Figure 5.1.9, fluoride (black points) and chloride (gray points) are 

plotted on the same axis in order to show the relatively consistent ratio o f fluoride to
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Figure 5.1.7 Magnesium concentration (ppm) versus temperature for samples collected at 
W aunita Hot Springs, with October 2010 samples shown as blue diamonds, November 

2010 samples shown as red squares, January 2011 samples shown as green triangles, and 
July 2011 samples shown as purple circles. Error brackets represent 1 standard deviation, 

and the error for temperature measurements is smaller than the size o f the sample point.
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Figure 5.1 . 8  Calcium concentration (ppm) versus temperature for samples collected at 
Waunita Hot Springs, with October 2010, November 2010, January 2011, and July 2011 
plotted as blue diamonds, red squares, green triangles, and purple circles, respectively. 

Error brackets represent 1 standard deviation, and the error for temperature measurements
is smaller than the size o f the sample point.
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chloride, with the fluoride concentration being greater than chloride concentration in all 

sampled waters with the exception o f meteoric waters (blue dashed enclosure), which 

have chloride being greater than fluoride. The highest fluoride and chloride 

concentrations plot as thermal waters, ranging from 17 to 19 ppm and 14 to 15 ppm, 

respectively, and correspond to samples from Upper Waunita Hot Springs. The lowest 

concentrations for fluoride and chloride range from 0 . 1  to 0 . 2  ppm and 1 . 1  to 1 . 2  ppm, 

respectively, and plot as the meteoric end-member (blue line). Mixing trends for surface 

water samples are shown in the dashed green line. Spatial variations for fluoride and 

chloride between the Upper and Lower W aunita Hot Springs are discussed further in 

Section 5.2.
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Figure 5.1.9 Fluoride and chloride (ppm) versus temperature, where fluoride and chloride 
are plotted as black and gray points, respectively. Error brackets represent 1 standard 

deviation, and the error for temperature is smaller than the size o f the sample point.

The major anion components o f bicarbonate and sulfate versus temperature are 

shown in Figures 5.1.10 and 5.1.11, respectively. Bicarbonate values for meteoric waters 

(Fig. 5.1.10) range from roughly 57 ppm to 114 pm HCO 3 " (dashed blue line), and 

slightly overlap with the concentrations o f thermal waters (dashed red line), which range
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from 101 to 142 ppm HCO 3". The composition o f the meteoric end-member is 

ambiguous, and the separation o f meteoric waters (blue dashed line) by the mixing trend 

(green dashed line) is not well understood, however, may be a result o f  poor accuracy in 

performing alkalinity titrations in the field. For the thermal end-member (red line) the 

concentration o f bicarbonate appears to reach an upper limit at 142 ppm for temperatures 

above 30 °C.
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Figure 5.1.10 Bicarbonate (ppm) versus temperature, with October 2010, November 
2010, January 2011, and July 2011 plotted as blue diamonds, red squares, green triangles, 

and purple circles, respectively. Error brackets represent 1 standard deviation, and the 
error for temperature measurements is smaller than the size o f the sample point.

The range o f sulfate in waters from W aunita Hot Springs (Fig. 5.1.11) highlights 

two trends for meteoric and thermal waters, with meteoric waters (blue dashed line) 

typically having less than 2 0  ppm sulfate, and thermal waters (red dashed line) ranging 

from 138 to 178 ppm sulfate. The mixing trend between the meteoric and thermal end- 

members is shown as the dashed green line, and represents sulfate compositions from 1 1 2  

to 150 ppm. Similarly to the observed behaviors for bicarbonate, fluoride, chloride, 

sodium, potassium, and silica, sulfate plateaus at just below 180 ppm for temperatures in 

excess o f 30 °C. The achievement o f  a constant concentration may be a result o f
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temperature, the total dissolved solids in solution, the availability o f  cations and anions 

from reaction with country rocks, or the fluid-rock interaction time as water flows 

through the geothermal reservoir.
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Figure 5.1.11 Sulfate (ppm) versus temperature, with October 2010, November 2010, 
January 2011, and July 2011 plotted as blue diamonds, red squares, green triangles, and 
purple circles, respectively. Error brackets represent 1 standard deviation, and the error 

for temperature measurements is smaller than the size o f the sample point.

Figure 5.1.12 plots fluoride concentration (ppm) versus chloride (ppm) 

concentration, and the two end-members shown as blue (meteoric) lines and red (thermal) 

lines. Similarly to the relationship o f fluoride and chloride in Figure 5.1.9, the Upper 

W aunita Hot Springs has the highest values for fluoride, and is considered representative 

o f the thermal end-member. The samples that plot inside the thermal end-member show 

a mixing trend that relates samples collected from the Upper and Lower Waunita Hot 

Springs to a mixing event occurring primarily in the subsurface. The green dashed line 

also represents a mixing trend, however in this case mixing occurs at the surface on the 

downstream side o f  where the hot springs flow into Hot Springs Creek.

Figure 5.1.13 plots lithium versus boron, two elements traditionally considered to 

be conservative in hydrothermal systems (Amorsson et al., 1983). Two trends are
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Figure 5.1.12 Fluoride versus chloride (ppm) for samples collected at the Upper and 
Lower W aunita Hot Springs, with October 2010, November 2010, January 2011, and July 

2011 plotted as blue diamonds, red squares, green triangles, and purple circles, 
respectively. Error brackets represent 1 standard deviation.

observed in this plot, with thermal waters (red) plotting between lithium concentrations 

o f 0.15 and 0.2 ppm, and meteoric waters (blue) plotting below 0.01 ppm lithium. Mixed 

waters plot between 0.12 and 0.15 ppm lithium. In contrast to other hydrothermal 

systems, the use o f boron as a conservative species is not practical at W aunita Hot 

Springs presumably because o f the release o f boron from clay-bearing shales in the 

sedimentary rock section.

5.2 Temporal and Spatial Variations

Analysis o f temporal and spatial variations in fluid chemistry at Waunita Hot 

Springs allows for understanding better the significance o f spring location relative to the 

geothermal reservoir. In Figures 5.2.1 to 5.2.7, temporal and spatial variations for each
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Figure 5.1.13 Lithium versus boron (ppm) for samples collected at the Upper and Lower 
W aunita Hot Springs. Due to the small range o f values for lithium and boron, error bars

are not included.

sample location, and the isotopic composition and compositions o f aqueous silica, 

fluoride, and chloride for the Upper and Lower Waunita Hot Spring are plotted to show 

how seasonal precipitation and temperature fluctuations affect the composition o f 

aqueous components.

In Figures 5.2.1 through 5.2.4, the concentrations o f major aqueous components 

are plotted for samples collected at the Upper and Lower W aunita Hot Springs. Figure

5.2.1 shows that the concentration o f aqueous silica, plotted as open diamonds, changes 

very little over the course o f  sampling periods, with a variation o f 1 to 9 ppm for sample 

concentrations ranging from 58 to 98 ppm, indicating that seasonal fluctuations in 

precipitation and temperature do not greatly affect the silica composition for thermal 

fluids at W aunita Hot Springs. For sample locations 1 through 11, October (blue) 

samples show the highest silica concentrations and July (purple) and January (green) 

show the lowest silica concentrations. For sample location 1, this trend is reversed, with 

July having the highest silica concentration and October having the lowest. The sample 

location that shows the greatest variation in the silica composition is sample location 4,

Thermal
-A -

♦ U / X v
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which results from mixing between Hot Springs Creek and the Upper Waunita Hot 

Spring. Samples collected from Upper Waunita Hot Springs (locations 2 and 3) contain 

the highest concentration of silica, followed by samples collected from the Lower 

Waunita Hot Springs (samples 5, 6, 7, 9, 10, and 11). Samples collected from sample 

locations 4 and 8 show the most variation in silica, and likely are a result of variable 

mixing with meteoric surface water. Finally, the lowest and most consistent values for 

silica are found at sample location 1, which was collected from Hot Springs Creek.

In Figure 5.2.1, the concentration of sodium, shown as solid squares, shows 

seasonal variation from 8 to 19 ppm for sample concentrations that range from 102 to 160 

ppm. Similar to silica, the highest variation in sodium is found at sample location 4 and 

the least variation is found at sample location 1. For all sample locations except for 1, 3, 

4, and 8, the highest sodium values are found for samples collected in November (red). 

For sample locations 3 and 4, the highest sodium values correspond to October (blue) 

samples, and for samples 1 and 8 the highest sodium values correspond to July (purple). 

For sample locations 1,6,9,  and 10 the lowest sodium values correspond to samples 

collected in October and for sample locations 2, 4, 5, 7, 8, and 11 the lowest sodium 

values are found in January samples. The low value for sample location 3 corresponds to 

the November sample, however this sample location was only sampled during October 

and November.

The concentration of sulfate (Fig. 5.2.1), plotted as open squares, shows variations 

of 10 to 36 ppm for sulfate concentrations ranging from 120 to 180 ppm. The largest 

variation of 36 ppm is observed at sample location 3, which has sulfate concentrations 

ranging from 136 to 172 ppm. The least variation of 4 ppm is observed for sample 

location 5, which ranges from 165 to 169 ppm. The large variation for sample site 3 may 

be attributed to several factors, including evaporative cooling, changes in the flow of 

thermal water to the cooling pool, or precipitation of sulfate minerals, while the small 

variation for sample location 5 may be a result of a relatively constant water level in the 

hot spring pool.

Figure 5.2.2 plots the concentrations of potassium, magnesium, and chloride for 

samples from each location at Waunita Hot Springs. The concentration for potassium 

(open triangles) ranges from 1.5 to nearly 9 ppm and varies by 1 ppm or less for each
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sample location, with an exception being sample location 4, which shows a variation of 2 

ppm for concentrations ranging from 5.8 to 7.8 ppm. January corresponds to the high 

values for sample locations 2, 5, 6, 7, 9, 10, and 11 with low values corresponding to 

samples collected in October and November. For sample locations 4 and 8 high 

potassium values correspond to October and low values correspond to January. For 

location 1 the high potassium concentration coincides with July, while the low coincides 

with October.

Magnesium (solid triangles) shows a similar trend, with concentrations ranging 

from 8 to less than 1 ppm and variations of 0.5 ppm or less for most samples. Again, an 

exception is apparent for samples collected from sample site 4, which shows magnesium 

concentrations ranging from 2.8 to 3.7 ppm and a variation of 0.9 ppm. For sample 

locations 4,6,7,  and 8 the high magnesium value is shown for samples collected in 

January, while the low magnesium values are shown for July and November. For all 

other sample locations, the variance in the magnesium concentration is negligible, and, 

thus, no high or low values are considered because the variance is less than 0.1 ppm.

The concentration for chloride (solid squares) varies the most among the three 

components plotted in Figure 5.2.2, with a variance of 0.3 to 2.5 ppm for sample 

concentrations ranging from 1.5 to nearly 15 ppm. Sample locations 4 and 8 show the 

greatest variation in the chloride composition. For sample locations 1,5,6,  7, 9, and 11 

samples collected in July correspond to the highest chloride concentrations, and samples 

collected in October correspond to the lowest chloride concentrations. Sample locations 

4, 8, and 10 show July as being the month with the highest chloride concentrations, with 

January corresponding to the low chloride value for locations 4 and 8, and October being 

the low for location 10. In Figure 5.2.2, seasonal variations for potassium, magnesium, 

and chloride are most evident for sample location 4, which, similarly to the components 

discussed in Figure 5.2.1, results from surface mixing of thermal and meteoric waters.

Figure 5.2.3 plots the calcium and fluoride concentrations for samples from each 

location at Waunita Hot Springs. The concentration of calcium (solid circles) varies the 

most by 2 to 3 ppm for concentrations ranging from 26 to 10 ppm at sample locations 1, 

4, and 8, all of which are affected by seasonal variations in discharge volume of Hot 

Springs Creek. All other sample locations are characterized by only slight variations of
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0.2 to 1 ppm for calcium concentrations ranging from 9 to 5 ppm. Seasonal variation in 

calcium values are not very systematic, but vary significantly from one sample location to 

another. October represents the high calcium values for sample location 4 and locations 

7 through 11. For sample locations 1, 2, and 3 the high calcium values are found 

corresponding to the months of July, January, and November, respectively. Sample 

locations 2, 4, and 8 through 11 show that the low values for calcium are consistently 

found in July. Sample location 1 and locations 5 through 7 display the lowest calcium 

values in November, while the low calcium value for location 3 is observed in October. 

These irregular variations in calcium concentrations may be a result of large seasonal 

fluctuations in the availability of calcium from calcium bicarbonate meteoric waters, 

solubility and saturation of calcium-bearing minerals that determines if dissolution or 

precipitation will occur, or both.

The concentration of fluoride (Fig. 5.2.3) is less than 0.2 ppm for meteoric water 

and does not vary significantly for sample location 1. The most variation in fluoride, 2 to 

3 ppm, is seen in sample locations 4 and 8 with concentrations ranging from 11 to 16 

ppm. For all other samples, fluoride concentrations ranging from 11 to 19 ppm vary by 1 

ppm or less. The seasonal variations attributed to the highest fluoride values are 

observed for sample locations 1 ,4 ,8 , and 9 in July. The highest concentration for sample 

location 2 is found in October, while sample locations 3, 6, and 7 show high values in 

November. January is associated with the highest fluoride values corresponding to 

locations 5, 10, and 11. The month of October coincides with the most consistently low 

fluoride values for sample locations 1 ,3 ,5 , 6, 7, 9, and 11, while locations 2, 4, and 8 

coincide with the month of January and site 10 with the month of July.

Figure 5.2.4 plots the concentration of bicarbonate at each sample location at 

Waunita Hot Springs. Bicarbonate shows the largest variations in concentration, with the 

highest variation of nearly 90 ppm for concentrations ranging from 75 to roughly 165 

ppm for sample location 4. The least amount of variation for bicarbonate is reported for 

sample location 3 and is less than 2 ppm for bicarbonate concentrations near 117 ppm. 

Seasonal highs in bicarbonate concentration are most evident for samples collected in 

November at locations 2, 3, 5 through 9, and sample 11. Locations 4 and 10 have the 

highest bicarbonate concentrations in October, and location 1 shows the highest
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concentration in July. Samples collected in January consistently correspond to all sample 

locations, with the exception of locations 1 and 3, neither of which was sampled for that 

month. For these two locations, the lowest bicarbonate concentration corresponds to the 

month of November. The large degree of variation for bicarbonate may be a result of 

several factors; 1) seasonal highs in the Hot Springs Creek discharge of meteoric water 

during from late spring to mid-summer and lows during the fall and winter months, 2) 

high temperatures in the summer and extreme lows in winter months, which may affect 

the partial pressure of CO2 (g), and 3) greater uncertainty in the accuracy of field 

alkalinity titrations compared to instrumental analyses performed in the lab.

The largest seasonal variations at Waunita Hot Springs are attributed, for the most 

part, to seasonal changes in the discharge volume of Hot Springs Creek and are most 

evident for sample locations 1, 4, and 8, all of which are located in the creek. The least 

seasonal variations in fluid composition correspond to hot spring pools, namely locations 

3, 5, 6, and 7, and may be a result of the nearly constant water level and inflow and 

outflow. The sample locations that consistently show moderate variation in fluid 

composition are 2, 9, 10, and 11, which are natural thermal springs and seeps that result 

from mixing of thermal water and groundwater of varying proportions.

Figure 5.2.5 shows the relationship of ÔD versus ôlsO, plotted for the Upper (red 

points) and Lower (orange points) Waunita Hot Springs. The GMWL and the ÔD versus 

ô180  isotope value for the cold spring are shown as a reference to global isotopic 

averages (GMWL) and local groundwater. Samples from the Upper Waunita Hot 

Springs are enriched in ôlsO, ranging from -16.1 % o  to -15.6 % o  with respect to the 

GMWL and samples from the Lower Waunita Hot Springs are more depleted in ôlsO, 

ranging from -16.4 % o  to -16.1 % o .  An exception to this trend is one sample from Lower 

Waunita Hot Springs that plots at a ôlsO value o f -15.7 % o  and a ÔD value o f -125.5 % o .  

This sample was collected in January from sample location 9, and its position in Figure 

5.2.5 may be attributed to different mixing proportions of thermal and meteoric water or 

cooler air temperatures during the month of January. Variation in the ÔD values for 

Upper Waunita Hot Springs ranges from -124.5 to -127.3 per mil (%o). Excluding the 

January sample 9, samples from Upper Waunita are more enriched in ôlsO and, thus, 

have undergone more fluid-rock interaction, likely due to higher temperatures.
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Figure 5.2.5 Hydrogen and oxygen isotope values for samples from the Upper (red 
points) and Lower (orange points) W aunita Hot Springs.

The relationship between aqueous silica (SiCL (aq)) and fluid temperature is 

presented in Figure 5.2.6, with samples from the Upper W aunita Springs plotted as red 

points and samples from Lower W aunita Springs plotted as orange points. Samples from 

Upper W aunita show consistently higher silica concentrations when compared to the 

Lower Waunita Springs, and further support the observation that the Upper Waunita 

Springs are less dilute and may be closer in proximity to the geothermal reservoir. Based 

on the DC resistivity data presented in Chapter 1, the suspected geothermal reservoir is 

positioned to the south and southeast o f Waunita Hot Springs, with the Upper Waunita 

Springs being the closest, at 1.12 km to the northwest o f the low resistivity boundary, and 

Lower W aunita at 1.77 km.

Results for the spatial and temporal variation o f  fluoride and chloride with respect 

to temperature are presented in Figure 5.2.7 and 5.2.8, respectively, for the Upper (red) 

and Lower (orange) W aunita Hot Springs. Figure 5.2.7 shows that fluoride compositions 

for samples collected at Upper Waunita are higher than fluoride found in samples at 

Lower W aunita and, similarly, the chloride content (Fig. 5.2.8) at Upper W aunita is

73



E
Q .a.

fN
O
i7)
d"<

1 2 0
♦  Oct

■  Nov100

AJan

80
•July

60

40

20

0
20 30 40 50 60 70 80 90 100

Temperature (C)

Figure 5.2.6 Aqueous silica (ppm) versus temperature for the Upper (red) and lower 
(orange) W aunita Hot Springs. The month o f sample collection is shown as diamonds for 

October, squares for November, triangles for January, and circles for July.

greater than that o f Lower Waunita. Again, this trend is comparable to that o f aqueous 

silica, and appears to be a relationship between the concentration and temperature o f each 

sample as a function o f mixing ratios and, in all likelihood, distance to the geothermal 

reservoir. From Figures 5.2.7 and 5.2.8 it may be concluded that there is little spatial 

variation in the fluoride and chloride content, regardless o f differences in temperature.

5.3 Fluid-Mineral Equilibrium, Reservoir Temperatures, and Mineral Saturation

An understanding o f fluid-mineral equilibrium is essential when interpreting 

equilibration temperatures from selected geothermometers. The relationship o f fluid- 

mineral equilibrium to geothermometer results are discussed in this section, which also 

includes a discussion o f  the chemical reactions and equations for each geothermometer,
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Figure 5.2.7 Fluoride versus temperature for Upper (red) and Lower (orange) Waunita 
Hot Springs. The month o f sample collection is shown as diamonds for October, squares 

for November, triangles for January, and circles for July.
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Figure 5.2.8 Chloride versus temperature for Upper (red) and Lower (orange) Waunita 
Hot Springs. The month o f sample collection is shown as diamonds for October, squares 

for November, triangles for January, and circles for July.
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as well as an interpretation of the validity or violations of assumptions considered in the 

application of different geothermometers. Mineral saturation models presented in this 

section provide a graphical interpretation of the silica geothermometers, and show 

consistency between numerical and empirical methods for estimating equilibration 

temperatures.

Geothermometry is often applied in geothermal exploration as a tool to interpret 

the equilibrium temperature condition of a geothermal resource. The main solute, or 

chemical, geothermometers considered for this research include the silica (amorphous 

silica, chalcedony, quartz) and alkali (Na-K and K-Mg) geothermometers, which are 

based on both theoretical and empirical studies of solubility and exchange reactions, 

respectively (Giggenbach, 1988; Fournier, 1977). For all chemical geothermometers 

discussed below, there are important assumptions, as well as inherent limitations that 

should be considered when interpreting the reliability of equilibrium temperatures 

(D’Amore and Amorsson, 2000). First, it is assumed that conductive cooling and mixing 

do not modify water composition (Fournier, 1977). Processes such as mixing may affect 

some geothermometers more than others, generally by lowering the equilibration 

temperature, and are discussed in detail below. Boiling, another process that invariably 

changes the composition of ascending geothermal waters is assumed to be adiabatic for 

the application of solute geothermometers, however boiling is not likely a concern at 

Waunita Hot Springs. One of the most fundamental assumptions for the application of 

geothermometry is that temperature dependent chemical equilibria always prevail in the 

geothermal reservoir and that there is an adequate supply of all reactants (Fournier, 1977; 

D’Amore and Amorsson, 2000).

Considering the assumptions presented previously, limitations may arise for the 

application of geothermometers at Waunita Hot Springs. One limitation is that the 

mixing of thermal and meteoric waters is suggested from the linear relationships 

presented on ternary diagrams in Figure 5.1.1 and 5.1.2, and, thus, calculated 

equilibration temperatures represent a minimum temperature estimate. Precipitation of 

mineral phases that correspond to selected geothermometers is another chemical process 

that limits the confidence in chemical geothermometers for Waunita Hot Springs. When
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applying specific geothermometers to waters at Waunita Hot Springs, it is important to 

verify or disprove the validity of these assumptions and limitations.

5.3.1 Silica Geothermometers

The silica solute geothermometers are a useful application considering that silica 

is found in many stable phases in natural and experimental conditions, including quartz, 

chalcedony, tridymite, moganite, cristobalite, coesite, stishovite, opal, and amorphous 

silica (Drees et al., 1989). The dissolution-précipitation equilibrium reactions of 

multiple-phase mineral assemblages depend on several factors, including fluid-rock 

interaction time and the kinetics of mineral solubilities (Stumm and Morgan, 1981; 

Verma, 2000). The silica mineral assemblage yields two end-member conditions, quartz 

being the most stable and least soluble phase, and amorphous silica being the least stable 

and most soluble phase (Verma, 2000). The stability and solubility of other silica phases 

fall between these two end-members. Many have suggested (e.g., Fournier and Rowe, 

1966; Mahon, 1966; Fournier and Truesdell, 1970; and Amorsson, 1975) that the 

residence time for fluids in geothermal reservoirs is sufficient to reach equilibrium with 

quartz. For the purpose of this research, the solubility reaction for all silica phases is 

expressed as:

S i02, SOLID + 2 H2O = H4SiO40

where, for pH values less than 9 measured at 25 °C, the concentration of HjSiO/' (un- 

ionized silica) is expressed as the concentration of aqueous SiOi (D’Amore and 

Amorsson, 2000). From this silica solubility reaction, several expressions were derived 

by Fournier (1977) to describe the equilibrium temperatures (in degrees Celsius) for silica 

phases, including amorphous silica, chalcedony, and quartz for temperatures ranging 

from 0 to 250 °C. The measured silica concentrations are entered into the following 

equations as S, which is expressed in mg/L.
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Am orphous S ilica T  =  -1 2 1 .6  +  0 .2 6 9 4 5  -  1.8101E"45 2 +  

7.5221x l0" 8S 3 +  55.1141og5

D ’A m ore and 

A m orsson  (2000)

C halcedony T ----------— ----------273.15
4.69 -  log 51

Fournier (19 7 7 )

Quartz (no steam  loss) T = ------ — ------ -273.15
5.19-logS

Fournier (19 7 7 )

These silica geothermometers yield minimum estimates of equilibrium temperature for 

Waunita Hot Springs because of mixing and potential phase precipitation that ultimately 

lower the concentration of aqueous silica.

Equilibrium temperature calculations for Waunita Hot Springs are shown in Table

5.3.1 below, and range from 0 to 135 °C. The temperature estimates for amorphous silica 

are not reliable because in many cases, negative values or values less than the surface 

temperature measurements are reported. The most reliable temperatures calculated using 

the silica geothermometers fall between the chalcedony and quartz (no steam loss) 

temperatures, which range from 107 to 135 °C, respectively, for the Upper Waunita Hot 

Springs. Equilibration temperatures for Lower Waunita Hot Springs are not considered 

here because of the affects of mixing on the silica concentration. Further consideration of 

mixing is presented in Section 5.3.3, which describes a silica-enthalpy correction for the 

quartz geothermometer for waters affected by mixing.

Mineral saturation models for quartz, tridymite, chalcedony, cristobalite, and 

amorphous silica were created using GWB and are plotted as a function of temperature in 

Figures 5.3.1.1, 5.3.1.2 to show the equilibrium temperature for the fluid. Saturation 

calculations for each sampling period resulted in amorphous silica being undersaturated 

above 15 °C and saturated below 15 °C, a result that is consistent with the suspected 

amorphous silica “hump” in XRD and the amorphous silica phase in SEM analyses. This 

implies that the amorphous silica geothermometer for these samples would render 

erroneously low equilibration temperatures, and, thus, the amorphous silica 

geothermometer was excluded from consideration. The most viable equilibration 

temperatures for this research fall between chalcedony and quartz mineral saturations, 

ranging from 107 to 135 °C shown in the models below. Seasonal variations do not
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affect the outcome o f  geothermometer models for sample location 2 because o f  the 

consistency in silica concentrations measured at this sampling site.

Table 5.3.1 Equilibrium temperatures calculated for Upper and Lower 
Waunita Hot Springs according to the amorphous silica, chalcedony 

and quartz (no steam loss) geothermometers.

Month Sample
Amorphous Silica 

(D'Amore and Amorsson, 2000)
Chalcedony 

(Fournier, 1977)
QTZ no steam loss 

(Fournier, 1977)
U P P E R  W A U N I T A  H O T  S P R I N G S

O ct 2 1 5 1 0 7 1 3 5

3 1 5 1 0 7 1 3 5

N o v 2 1 5 1 0 6 1 3 5

3 1 3 1 0 5 1 3 3

J a n 2 1 4 1 0 6 1 3 4

J u l 2 1 4 1 0 5 1 3 4

L O W E R  W A U N I T A  H O T  S P R I N G S

O ct 9 0 9 0 1 1 8

1 0 3 9 2 1 2 1

11 2 9 2 1 2 0

N o v 9 0 8 9 1 1 8

1 0 0 9 0 1 1 8

11 -1 8 8 1 1 6

J a n 9 0 8 9 1 1 8

1 0 1 9 0 1 1 9

11 -1 8 8 1 1 6

J u l 9 1 9 1 1 1 9

1 0 -1 8 8 1 1 6

11 - 2 8 7 1 1 6

5.3.2 Alkali Geothermometers

Exchange reaction geothermometers are little affected by dilution or mixing if, 1) 

the thermal water has high concentrations o f  indicator elements compared to the cold 

water that it mixes with and, 2) after mixing no further reaction occurs (Fournier, 1977). 

The application o f alkali geothermometers was developed to express the relationship o f 

equilibrium for exchange reactions between a fluid and several mineral phases including 

potassium feldspar, albite, muscovite, clinochlore, and quartz.

Equilibrium is expressed for Na-K and K-Mg on a cation ternary diagram, shown 

in Figure 5.3.2, developed by Giggenbach (1988), which may be used to estimate the 

degree o f fluid equilibrium, as well as equilibrium temperatures. The release o f sodium
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Figure 5.3.1.1 Minerai saturation of amorphous silica, cristobalite, 
chalcedony, tridymite, and quartz versus temperature for sample 

site 2 collected in October 2010.
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Figure 5.3.1.2 Mineral saturation of amorphous silica, cristobalite, 
chalcedony, tridymite, and quartz versus temperature at sample site 2 

for samples collected in July 2011.
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and potassium are controlled by exchange reactions for feldspars, according to the 

reaction:

albite + K+ = K-feldspar +Na+

The corresponding equilibrium expressions for minerals in the albite-K-feldspar system, 

assuming the activity of minerals to be unity, or 1, were derived by Giggenbach (1988) to 

obtain an expression for the Na-K geothermometer according to Equation 5.3.1 :

where cNa+ and clC are the concentrations of sodium and potassium, respectively, in mg/L 

and T is the absolute temperature in Kelvin. Isotherms corresponding to different 

temperatures in degrees Celsius for the Na-K geothermometer are plotted on the Giggenbach 

ternary diagram in Figure 5.3.2. The Na-K geothermometer is considered the most suitable 

for application at Waunita Hot Springs because of the relatively slow chemical response to 

re-equilibrium, which in turn, preserves the deep equilibration ratios of Na/K. Equilibrium is 

interpreted (Fig. 5.3.2) by plotting the water chemistry of selected samples, which may fall 

into three categories corresponding to immature waters, partially equilibrated fluids, or fully 

equilibrated fluids. The full equilibrium line represents equilibrium between the fluid and 

feldspar minerals, which is achieved at temperatures in excess of 180 °C (Giggenbach, 1988).

The most equilibrated fluids in Figure 5.3.2, shown by Samples 2 and 3, were 

collected from the Upper Waunita Hot Springs. Samples collected from the Lower 

Waunita Hot Springs plot as immature fluids, and Samples 1 and 12 are the most 

immature water samples collected from Hot Springs Creek and the cold spring, 

respectively. The equilibration temperature for Upper Waunita is summarized (Fig.

5.3.2) by extrapolating the Na/K ratio for samples to the full equilibrium line, which 

yields an equilibration temperature of roughly 190 °C for a mixing trend with constant 

Na/K ratios. The equilibration temperature estimated from the Na-K system is much
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higher than that of the quartz geothermometer previously mentioned, and will be further 

addressed by the silica-enthalpy model presented in the following Section 5.3.3.

Na

Full Equilibrium U ne

140

Immature Waters

10 K
12

Figure 5.3.2 Giggenbach ternary diagram showing potassium, sodium, and magnesium 
for samples collected at Waunita Hot Springs in November 2010. Temperature 

isotherms correspond to equilibration temperatures for the Na-K mineral assemblage 
and the black line represents constant sodium to potassium ratios. Vertical isotherms 
that correspond to the K-Mg mineral assemblage are omitted. Diagram adapted from

Powell and Gumming (2010).

The release of sodium, potassium, and magnesium is controlled by equilibrium 

for magnesium chlorite (clinochlore) and muscovite with feldspars, according to the 

exchange reactions described by Giggenbach (1988). The release of potassium and 

magnesium are controlled by exchange reactions according to the following reaction 

described by Giggenbach (1988) as:

O.SMuscovite + 0.2Clinochlore + 5.4Silica + 2K+ = 2.8K-spar +1.6H20  + Mg2+.

This reaction is used to calculate the equilibrium expressions, assuming unity for mineral 

activities. The equilibrium expressions reported by Giggenbach (1988) are simplified to
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the following Equation 5.3.2 that estimates the K-Mg equilibration temperature based on 

the concentrations of K+ and Mg2+:

4410
T (5.3.2)

where c2lC is the square of the potassium concentration in mg/L, cMg2+\s the magnesium

concentration in mg/L, and T is the temperature in Kelvin. The K-Mg geothermometer 

temperature isotherms are not plotted in Figure 5.3.2 because of the rapid equilibration of 

the K-Mg system, indicated by the short distance from the partial equilibration to full 

equilibration lines, even at low temperatures. This complicates the interpretation of the 

K-Mg geothermometer because mixing and subsequent re-equilibration may skew 

equilibration temperatures and, so, this system is not further considered for estimating the 

temperature of the geothermal reservoir.

Finally, the relationship between sodium and magnesium, is defined by 

Giggenbach (1988) according to the exchange reaction:

O.SMuscovite + 0.2Clinochlore + 5.4Silica + 2Na+ = 2Albite + O.SK-spar + 1.6H20  + Mg2+

The equilibrium expression for the exchange reaction, assuming unity for the activity of 

all minerals, was used to calculate an expression for the Na-Mg geothermometer, based 

on the aqueous concentrations of Na+ and Mg2+ in mg/kg according to Equation 5.3.3:

where c is the solute concentrations in mg/kg and T is the temperature in degrees Kelvin. 

Although the Na-Mg system is considered on the Giggenbach ternary diagram in Figure 

5.3.2, it is not considered useful as a geothermometer because of its excessive sensitivity 

to the addition/mixing of shallow non-equilibrated waters (Giggenbach, 1988). This 

sensitivity to mixing does make the Na-Mg system useful, however, for distinguishing

(5.3.3)

83



between equilibrated and immature waters, and, thus, it is used to define the line that 

separates the partially equilibrated and immature fluid field on the Giggenbach ternary 

diagram (Fig. 5.3.2; Giggenbach, 1988).

5.3.3 Silica-Enthalpy Mixing Models

An attempt to reconcile the disagreement between the quartz and Na-K 

geothermometer equilibration temperatures was made using a silica-enthalpy diagram 

from Truesdell and Fournier (1977). This method is an approach to using the silica 

geothermometer and also account for mixing. A mixing correction is not needed for the 

Na-K geothermometer because it is based on an exchange reaction that is very slow and 

the thermal waters have a sufficient supply of the indicator elements compared to 

meteoric and groundwater.

The silica-enthalpy diagram in Figure 5.3.3 plots the silica concentration in mg/1 

versus the fluid enthalpy in cal/g. Fluid enthalpies were estimated from the measured 

temperature of hot springs using steam tables, and data used for this calculation are 

summarized in Table 5.3.3. Three data points were used to show a mixing trend between 

a groundwater spring (blue), a warm spring from Lower Waunita (orange) and a hot 

spring from Upper Waunita (red). After plotting the samples, a straight line was drawn 

through each sample point to intersect the quartz solubility curve. The enthalpy value at 

which the mixing line intersects the quartz solubility curve is 192 cal/g, which 

corresponds to temperatures between 185 and 190 °C (based on steam tables).

The silica-enthalpy correction for mixed waters yields a quartz equilibration 

temperature for Waunita Hot Springs that corresponds to the Na-K geothermometer. 

Before applying the correction, the quartz geothermometer yielded an equilibration 

temperature of 135 °C, which is considerably lower than the alkali geothermometer 

temperatures. Also, the quartz geothermometer represents a minimum temperature 

estimate, due to processes related to mixing and mineral precipitation. Thus, the silica-
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enthalpy diagram is useful for accounting for mixing processes that ultimately lower the 

equilibration temperatures for the silica geothermometers.

800
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Figure 5.3.3 Diagram o f  a silica-enthalpy model from 
Truesdell and Fournier (1977) used to correct quartz 

geothermometer for mixing. Colored points correspond 
to samples listed in Table 5.3.3 below.

Table 5.3.3 Silica concentrations and temperature for sample locations plotted on the 
silica-enthalpy diagram (Fig 5.3.3). Below 100 C the temperature is equivalent to the 

enthalpy in cal/g. Samples from November 2010 were used to construct the diagram and 
correspond to Sample location 3 (Upper W aunita), Sample location 9 (Lower Waunita),

and Sample location 12 (cold spring.)

Cold Spring (blue) 10 11

Warm spring -  Lower W aunita (orange) 70 62

Hot Spring -U pper W aunita (red) 94 75
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5.4 Source of Hydrothermal Fluids and Geothermal Heat

The ÔD values reported for Waunita Hot Springs range from -117 to -129 per mil 

(%o), while the ô lsO  values range from -14.2 to -16.5 %o (Fig. 4.2). Figure 5.2.5 shows 

that samples from the Upper Waunita Hot Springs are the most enriched in ô lsO  with 

respect to the GMWL, and as previously stated, is consistent with the Upper Waunita Hot 

Spring being closer to the geothermal reservoir. Also, the small shift in the ô 180  values, 

the maximum shift being only 1.2 %o from the GMWL, indicates that fluids emerging 

from thermal springs at Waunita Hot Springs have undergone only a minor degree of 

fluid-rock interaction. The small shift in lsO from the GMWL implies that hydrothermal 

fluids at Waunita Hot Springs are sourced from local meteoric water. In Chapter 6 a 

comparison of Waunita Hot Springs to high-temperature systems is used to analyze the 

extent of fluid-rock interactions.

The source of geothermal heat at Waunita is a puzzling question. The Tomichi 

Dome rhyolite flows have been commonly mislabeled as Tertiary-aged quartz monzonite 

(Tweto, 1983), however Stark and Behre (1936) provide convincing evidence based on 

descriptions of glass in thin sections that Tomichi Dome is a series of rhyolite flows. A 

sill is also reported proximal to Waunita Hot springs on the margins of Tomichi Dome 

(Stark and Behre, 1936), however it is not believed that it is responsible for the 

geothermal anomaly. It has been proposed that Waunita’s heat source may be an 

intrusive pluton that has not reached the surface, however results from helium isotope 

analyses presented below indicate that geothermal heat may be derived from elevated 

thermal gradients, and are not related to residual heat from a young (< 5 Ma) magmatic 

heat source. Therefore, the source of geothermal heat is likely to be deep circulation of 

water in an area of elevated temperature gradients that are a result of regionally high heat 

flow from Early to Middle Tertiary magmatism and/or high upper crustal radiogenic heat 

production.

A three end-member helium system is used to interpret samples from Waunita 

Hot Springs and the Rio Grande Rift. In this model (Fig. 5.4.1) R/Ra is plotted versus 

the ratio 4He/Ne*air, or the 4He/Ne in the sample normalized to the He/Ne in the 

atmosphere. Samples attributed to the atmospheric end-member plot close to an R/Ra
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value of 1.0 shown by the blue dashed circle (Fig. 5.4.1), but may also vertically deviate 

from 1.0 if they are enriched by tritiogenic 3He, shown by the solid blue vertical arrow. 

Samples derived from the mantle, represented schematically in Fig. 5.4.1 by the mid

ocean ridge basalt, or MORB end-member have higher R/Ra values that may reach 8.0, 

as shown by the red dashed box. The crustal end-member (dashed green line) is indicated 

by R/Ra values of 0.02. While all three end-members are represented in Figure 5.4.1, 

only the magmatic and crustal end-members can reconcile heat associated with a 

geothermal anomaly.

Figure 5.4.2 shows helium analyses for collected samples from the Waunita Hot 

Springs and Rio Grande Rift on a ternary plot of the helium system end-members. This 

figure was generated from defining the measured helium isotopic compositions as a 

weighted percent between the atmospheric (air-saturated water), crustal, and mantle end- 

members from atmospheric, mantle, and crustal helium production rates. The red circle 

that encompasses the two samples from Poncha Springs represents the highest 

contribution (21 to 26 %) of mantle helium (3-He) to the total system, while the blue 

circle that encompasses the Big Arsenic Spring represents the lowest mantle (~1 %) 

helium contribution.

All samples, except Big Arsenic Spring, plot at a crustal value of greater than 55 

%, indicating that these samples come from springs that are fed by deeply circulating 

fluids that have attained a large crustal helium signature. Springs fed from shallow, local 

recharge, such as the Big Arsenic Spring, show only a small crustal helium signature (< 

2%) and a large air-saturated water helium signature (~ 97%). The small mantle helium 

component (-1%) for Big Arsenic Spring is likely not related to helium-3 degassed from 

the mantle but rather from meteoric waters picking up mantle helium retained in the thick 

Late Tertiary flood basalts that blanket the Taos Plateau. Interestingly, the samples 

collected from thermal springs at Waunita Hot Springs have the lowest (<, 1.1 %) mantle 

helium signatures, while thermal spring samples from the Rio Grande Rift contain higher 

mantle helium (roughly 4 to 27 %). This observation implies that the samples from the 

Rio Grande Rift, especially Poncha Springs, are linked to a mantle helium reservoir, 

perhaps by faults that deeply penetrate the crust. The samples from hot springs that plot
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Figure 5.4.1 R/Ra versus 4He/Ne*air to show the relationship between the crustal, 
atmospheric, and mantle end-members for noble gas isotopes. Error bars ( l a )  for most 

samples are smaller than the size o f the sample point, with the exception o f samples from
Poncha and M anby Springs.

near the crustal end-member indicate that geothermal heat from these systems is thermal 

gradient-derived, in other words, they lack a mantle heat source. The crustal helium 

isotope signatures at W aunita Hot Springs provide an answer to the long disputed source 

o f geothermal heat, and confirm that these hot springs are heated by elevated thermal 

gradients in areas o f anomalous heat flow.

Figure 5.4.3 shows another three end-member gas system, with the argon end- 

member representing meteoric waters, the methane end-member representing 

sedimentary rocks, and the helium end-member representing a mantle or crustal fluid 

system. Samples collected for Waunita Hot Springs are shown as blue circles that plot 

near the argon-air-saturated meteoric water (ASMW) end-member and orange circles 

represent samples collected in the Rio Grande Rift. The Big Arsenic Spring in north- 

central New Mexico (Fig. 4.3) plots directly on the argon end-member, further suggesting 

that the fluid is o f meteoric origin from local recharge that follows shallow flow paths.
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Figure 5.4.2 Ternary plot o f the helium system mass balance broken down into the 
crustal, mantle, and atmospheric end-members. Blue circles are results from this study 

and red circles are data from Karlstrom et al. (2011).

The samples from W aunita Hot Springs show a very small percentage (<5 %) o f 

methane, which may be attributed to thermogenic methane production in sedimentary 

rocks as hydrothermal fluids ascend to the surface. The sample from Joyful Journey has 

an even higher percentage (~ 20 %) o f methane, however further studies on isotopic 

carbon may be necessary to define the source o f methane in these systems. Also 

noteworthy is the Manby Hot Spring, located on the east bank o f the Rio Grande River 

roughly 3 km west o f Arroyo Hondo. Manby shows nearly 10 % helium on the ternary 

diagram, which suggests that fluids feeding this spring have a deep flow path, allowing 

for accumulation o f mostly crustal helium (based on R/Ra values for helium discussed 

above) from mountain block recharge. From these results, it may be concluded that the 

samples analyzed during this study are o f  meteoric origin, with minor contributions o f
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methane and a helium component o f roughly 2 % that is attributed to crustal helium 

signatures.

Finally, Figure 5.4.3 also shows a comparison o f  total helium, methane, and argon 

(modified from G off and Janik, 2002) for gases at different geothermal fields. The 

relationships o f these three end-members are plotted for several geothermal fields in 

North America, including the Geysers, Yellowstone, Long Valley, and the Valles Caldera 

to show where samples from W aunita and the Rio Grande Rift fall in comparison to other 

geothermal fields in volcanic settings. Samples collected from Waunita Hot Springs and 

in the northern Rio Grande Rift show large argon components, and indicate that these 

samples have a large air component, likely due to mixing or contamination o f meteoric 

water.
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Figure 5.4.3 Ternary plot o f helium, methane, and argon for samples collected at Waunita 
Hot Springs (blue circles) and the Rio Grande Rift (orange circles). Shaded areas reflect 

measured the range o f measured values for the Geysers, Yellowstone, and the Valles 
caldera. After G off and Janik (2002).
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CHAPTER 6 -  DISCUSSION

A discussion of the Waunita Hot Springs compared to regional and global 

geochemical data, surface heat loss and stored heat calculations, and hydrogen, oxygen, 

and helium isotopes is presented in this chapter. Also included are results of mixing 

models created using GWB that validate mixing of thermal water and groundwater as a 

predominant process that controls water chemistry at Waunita Hot Springs.

6.1 A Regional and Global Chemical Perspective

A comparison of water chemistry at Waunita Hot Springs to other hot springs in 

the Rio Grande Rift, including Mount Princeton, Poncha Springs, and Cottonwood, is 

shown in Table 6.1. The pH, lithium, and fluoride values for these springs vary only 

slightly, whereas a wide range of values are reported for temperature, helium, chloride, 

and silica. Helium, chloride, and silica data for Poncha Springs are higher than the other 

springs presented in Table 6.1, which supports the hypothesis that Poncha Springs may 

be an area influenced by or coupled to igneous activity.

Chloride has been considered a conservative component in hydrothermal systems 

(Ellis and Mahon, 1964; Fournier, 1977; Amorsson et al., 1990), however previous works 

on conservative species have been conducted mostly in volcanic geologic environments 

in which the primary source of chloride is gaseous HC1. At Waunita Hot Springs, there is 

not a magmatic component to release gaseous HC1 and the source of chloride is 

ambiguous. The chloride content at Waunita Hot Springs is low compared to springs in 

the Rio Grande Rift, such as Poncha Hot Springs, which has chloride values near 50 ppm. 

Mt. Princeton and Cottonwood Hot Springs are situated within the Rio Grande Rift north 

of Poncha Springs, and also show chloride values higher than those at Waunita Hot
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Springs. The elevated chloride values for hot springs in the Rio Grande Rift are 

significant because they may possibly be linked to a magmatic source, considering the 

elevated mantle helium values found at Poncha Springs. More research should be 

conducted to determine the source, behavior, and significance o f chloride in the Rio 

Grande Rift springs and Waunita Hot Springs.

The relationship between fluoride occurrences and hydrothermal systems in 

Colorado is not entirely understood, however two sources o f fluorine have been 

identified, including gaseous HF associated with magmatism and leaching o f fluorine 

from basement granite (Van Alstine, 1976). Van Alstine (1976) notes the presence o f 

over 45 major fluorite districts in the Rio Grande and other rift basins, however the 

relationship o f these fluorite deposits to active hydrothermal systems and rifting is poorly 

defined. It is logical that the presence o f fluoride in thermal waters at Waunita Hot 

Springs is attributed to leaching o f  fluorine from old basement rocks, considering that 

helium isotope data suggest that W aunita Hot Springs is not related to young intrusions. 

Oligocene magmatic activity in the nearby San Juan Volcanic Field and Cenozoic 

extension in the Rio Grande Rift are possible sources for HF gas.

Table 6.1 Geochemical data for W aunita, Mt. Princeton, Poncha, and Cottonwood Hot 
Springs. Aqueous components including chloride, fluoride, aqueous silica, and lithium 
are reported as mg/L. All data except for temperature is an average o f the data reported

in Barret and Pearl (1976).

PH 8.1 8.0 7.6 8.1
Temp Range C 60 - 80 52 - 84 50- 71 42 - 59

Helium R/Ra 0.18 0.57 2.16 0.58
Cl- 17 26 50 26
F- 18 12 12 11

Si02(aq) 73 65 81 49
Li+ 0.2 0.1 0.2 0.1

The Piper diagram in Figure 6.1.1 shows that the water chemistry at Waunita Hot 

Springs is similar to that in the nearby Rio Grande Rift hot springs, with the exception 

that the Rio Grande Rift thermal springs have higher chloride and bicarbonate values, and 

slightly lower sulfate. The elevated chloride content in the Rio Grande Rift thermal
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springs may be attributed to connate brines, or possibly, closer proximity to an igneous 

rock source. Lower sulfate values for the Rio Grande Rift springs may be attributed to 

less interaction with sedimentary rocks, as these springs are known to emerge near 

Precambrian basement rocks. The hypothesis that the Rio Grande Rift springs may be 

closer in proximity to a young igneous source is further addressed by regional helium 

isotope analyses discussed below. Finally, although there are slight variations in the 

ratios o f major ion components, mixing trends between thermal and meteoric water end- 

members are similar to those shown for W aunita Hot Springs in Figure 4.2.1.

#  j f  f

Figure 6.1.1 A Piper diagram o f thermal (red dashed lines) and meteoric (blue dashed 
lines) waters from W aunita Hot Springs (gray points) and Mount Princeton (squares). 

Cottonwood (diamonds), and Poncha Springs (stars).
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A ternary plot of alkali cations and magnesium at Waunita Hot Springs and alkali 

cations at the Miravalles, Costa Rica and Wairakei, New Zealand geothermal fields 

(Powell and Gumming, 2010) is shown in Figure 6.1.2 to highlight differences in 

amagmatic systems and volcanic systems. The Miravalles and Wairakei samples from 

geothermal wells plot above the full equilibrium line between 245 and 250 °C, a 

temperature range that indicates full equilibrium between geothermal waters and 

feldspars, chlinochlore, and muscovite (Giggenbach, 1988). These temperatures 

correspond very closely to the sampling temperature of the reservoir fluids from 

geothermal wells, which were measured to be 245 °C for the Miravalles well and 240 °C 
for the Wairakei well. Samples from hot springs at Miravalles and Wairakei plot as 

partially equilibrated waters, however only the Wairakei spring sample closely 

corresponds to the measured reservoir fluid temperature and the full equilibration 

temperature. The Miravalles spring sample does not coincide with the full equilibration 

temperature or the measured reservoir fluid temperature, possibly due to disequilibrium 

between the Na-K and K-Mg mineral assemblages, or mixing with dilute meteoric waters 

in the near-surface environment. This is an important observation because it suggests 

that the K-Mg geothermometer equilibration temperatures may be drastically affected by 

mixing in the near-surface environment, a process that is an important control on fluid 

chemistry at Waunita Hot Springs.

6.2 Surface Heat Loss and Stored Heat in the Dakota Sandstone

A first-order approach to quantifying a geothermal resource is to estimate the heat 

loss from thermal springs. The calculated heat loss, in Joules, may be converted to a 

power output by converting J/sec to Watts/sec. The heat loss for flowing thermal springs 

may be estimated (Williams et al., 2008) from the product of measured discharge, surface 

temperatures, and the specific heat capacity of water (4.19 kJ/kg K), to yield the 

following Equation 6.2.1:
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Figure 6.1.2 Giggenbach ternary plot o f potassium, sodium, and magnesium for water 
samples at M iravalles, Costa Rica, and Wairakei, New Zealand from geothermal wells 
(MV, WK) and springs (mv, wk). Samples from W aunita Hot Springs are numbered

according to the sample location.

Q lo s s  = m Cp [t -  to] (6.2.1)

Where Qloss is the surface heat loss, in kJ/sec, m is the mass flow rate (kg/sec), Cp is the 

specific heat capacity o f water, and [t -  to] is the difference o f the measured surface 

temperature and ambient temperature in degrees Kelvin, respectively.

The discharge o f Upper W aunita Hot Springs measured in November 2010 was 

used to quantify surface heat loss. The discharge from Lower Waunita Hot Springs is not 

considered because it includes a fraction o f heat loss from the Upper W aunita Hot Spring, 

based on the spatial variations presented in Chapter 5. The discharge for Upper Waunita 

was measured at 22.4 kg/sec, with a measured surface temperature o f 58 °C (331.15 K) 

and an ambient air temperature o f 4.4 °C (277.59 K). Using the heat loss equation above
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with these defined parameters, the heat loss from the Upper Waunita Hot Springs is 

estimated to be roughly 5 MW.

Estimates of production capacity are correlated to surface heat loss for Waunita 

Hot Springs and other geothermal systems in Figure 6.2. Waunita Hot Springs plots 

along a trend that is defined for undeveloped geothermal systems, with a surface heat loss 

of 5 MW (black dashed vertical line) that corresponds to an estimated production 

capacity of roughly 10 MW, shown as the upper red dashed line in Figure 6.2. Mount 

Princeton is also shown in Figure 6.2, and surface heat loss values at this spring are 

higher than those for Waunita Hot Springs. High-temperature volcanic systems, such as 

the Jemez springs associated with the Valles caldera in the Rio Grande Rift, plot at high 

surface heat loss values and correspond to production capacities of over 500 MW. It is 

important to note that the surface heat loss and production capacity relationship is based 

on non-developed systems and are not well constrained. This type of comparison of 

surface heat loss and production capacity is useful for making preliminary 

approximations of production capacity, but estimates should be made with caution, as the 

relationship between heat loss and production potential may vary on a case to case basis.

Estimating reservoir volume to calculate the stored heat in the geothermal 

reservoir is essential in marketing the geothermal resource for potential investors and 

development opportunities. Currently, there is only enough data available to crudely 

estimate the stored heat in the shallow geothermal reservoir confined in the Cretaceous 

Dakota Sandstone, based on available resistivity (Henrichs GEOEXploration Company, 

1981) and interpretations of reservoir temperatures from geothermometry.

To make this stored heat estimate, resistivity data from dipole mapping (Figure 

1.5) was used to estimate a minimum area for the shallow geothermal reservoir of 0.2 

km2. Several complications arise in estimating the reservoir dimension, first the 

thickness of the Dakota formation in the vicinity of Waunita Hot Springs is not well 

known, and secondly, the Dakota is believed to be an extensively faulted anticline that 

plunges to the south at an unknown angle. The thickness of the aquifer was estimated to 

be 70 meters based on stratigraphie descriptions (Stark and Behre, 1936; Zakarakis,

1981), giving an approximate reservoir volume of 0.014 km3.
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Ĥ r‘ HiikbZ"^"

Ptiue Valley- Bully C r e e k X "  Alum

Brady's H S“ V  ^ S te a m b o a t Springs tHkana

•  M oka,

Long Valley

■ Rototarwa

Soda Lake
Beowawe e  Stillwater

l - ^ M W e r a w t e y .
East B raw icy  Cove Fort ® Desert Peak

5 MW
b Roosevelt

« Empire

1.0E+006 1.0E*007
Surface Heat Loss, Watts

1.0E+008

Figure 6.2 Production capacities versus surface heat loss for Waunita Hot Springs and 
other geothermal systems. The surface heat loss for Waunita Hot Springs is plotted as a 
pink circle, Great Basin systems are plotted as red boxes, black boxes represent existing 

power plants, and black circles represent data from magmatic systems. Green points 
show data collected by AMAX, Inc. After Wisian (2001).

The stored heat in the geothermal reservoir is defined in equation 6.2.2 as the total 

heat stored in the reservoir rock (A Q r) plus the total stored heat in the reservoir fluid 

(AQf) (W illiams et al., 2008), or:

AQtotai -  AQr +  AQf (6.2.2)
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The stored heat in the reservoir rock was calculated using Equation 6.2.3 (Williams et al., 

2008):

AQr = (1 - <E>) PpCr [Tz — Tzo] (6.2.3)

which is dependant on the porosity (O), particle density (pp), specific heat (Cr), and

temperature differential [Tz -  Tzo] estimates from geothermometry (Williams et al., 

2008). The porosity was estimated to be 9 % and the particle density (pp) was estimated 

at 2.63 x 1012 kg/km3 based on data from the Dakota Sandstone reported by Zakarakis 

(1981). A value of 0.92 kJ/kg K was used for the specific heat (Cr) of sandstone and a 

minimum and maximum temperature differential [Tz -  Tzo] of 103 K and 131 K was 

estimated from the chalcedony (107 °C) and quartz (135 °C) geothermometer 

equilibration temperatures and a mean ambient temperature of 4 °C. A minimum and 

maximum value for the total heat stored in the reservoir rocks was calculated to be 

roughly 2.6 x 1014 and 2.9 x 1014 kJ/km3, respectively.

Next, the heat stored in fluids in the geothermal reservoir was calculated 

according to the following Equation 6.2.4 (Williams et al, 2008):

AQf =  (O )p lS l [Hz -  Hzo] (6.2.4)

where pL is the density of the fluid, Sl is the mass fraction of water, and [Hz -  Hzo] is the

change in enthalpy from the geothermal reservoir to ambient conditions (277.4 K). Fluid 

density (pQ was estimated to be 9.39 x 1011 kg/km3, the mass fraction of water (S l) was 

set to one, and the change in enthalpy [Hz -  Hzo] from the geothermal reservoir to 

ambient conditions (277.4 K) was set to a minimum of 431 kJ/kg and a maximum of 550 

kJ/kg, based on thermodynamic data for the fluid density and reservoir enthalpy from a 

steam table spreadsheet (www.x-eng.com).

Total heat stored in the reservoir fluid ranged from a minimum of 3.7 x 1013 

kJ/km3 to a maximum of 4.8 x 1013 kJ/km3. The total heat stored by a cubic kilometer of 

the geothermal reservoir ranges therefore from 3.0 x 1014 kJ/km3 to 3.4 x 1014 kJ/km3, 

calculated from the minimum and maximum values for both Qr and Qf. Finally, the
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calculation of heat in a geothermal reservoir with a volume of 0.014 km3 as defined 

previously was carried out according to Equation 6.2.5:

Qlleservoir — A Q t o t a i  ( V )  ( 6 . 2 . 5 )

Where A Q totai is the total heat stored (kJ/km3) and V  is the reservoir volume in km3. The 

shallow geothermal reservoir production potential in the Dakota Sandstone is calculated 

by dividing the heat stored, roughly 4.2 x 1015 to 4.8 x 1015 J, by the project life, an 

estimated 30 years (or 9.5 x 108 seconds), which yields a production potential range from 

4.4 to 5.1 MW. A production capacity of roughly 5 MW is plotted in Figure 6.2 as the 

lower dashed red line, and provides a constraint on the potential range of production 

capacity based on the heat loss and volumetric stored heat methods. It is important to 

note that the volumetric stored heat calculations of the Dakota are static estimates of the 

shallow reservoir, and many more recoverable reservoir volumes may be produced if 

sufficient fluid flow is established in the geothermal reservoir.

The estimate of stored heat at Waunita Hot Springs may be compared to other 

geothermal systems that have been evaluated similarly by various groups, including state 

geological surveys, universities, and companies in the private sector. For the purpose of 

this research, it is important to compare Waunita Hot Springs to other geothermal 

systems with a similar geologic environment and temperature range. The geothermal 

system at Chena, Alaska may be a useful case study to apply to Waunita Hot Springs 

because the heat source at Chena is believed to be related to elevated geothermal 

gradients from the radioactive decay of K, U, and Th in granitic plutons and basement 

rocks (Kolker et al., 2007). Also, most spring data for Chena yielded equilibration 

temperatures ranging between 121 and 126 °C (Chena Power Company, 2006) and were 

calculated using Na-K-Ca and quartz geothermometers. The geothermal fluids at Chena 

(TDS = 300 to 388 ppm) are more dilute than Waunita (TDS = 560 ppm), which may be 

attributed to the geothermal reservoir at Chena being hosted in igneous rocks directly 

overlain by a thin layer of Quaternary alluvium.

Unfortunately, geophysical resistivity surveys performed in 2005 by Zonge 

Engineering at Chena Hot Springs did not penetrate deep enough to identify the
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boundaries of the geothermal anomaly below the shallow unconfined warm aquifer, and 

thus the volumes of these two systems cannot be compared. Based on heat loss 

calculations for Chena Hot Springs, however it was estimated that sustainable production 

for the project ranges from 1 to 5 MW (Faulder, 2005). Two 200 kW Organic Rankine 

Cycle (ORC) power plants have been installed at Chena Hot Springs since 2006, with a 

combined capacity of 400 kW. Plant operation during 2007 produced 578,550 kW-hrs for 

a period of 3,000 hours, corresponding to roughly 193 kW for a 125-day period. It is 

possible that these production rates are obtainable at Waunita Hot Springs, as flow rates 

from thermal springs are greater in volume (over 1,000 gal/min) than at Chena Hot 

Springs, which are estimated to be between 400 and 600 gal/min (Holdmann et al., 2007).

6.3 Understanding Fluid Mixing

Geochemical reaction path models created using GWB allow simulating changes 

in chemical composition of the hydrothermal system at Waunita Hot Springs during 

processes such as mixing, mineral dissolution, and precipitation. Mixing of fluids from 

the geothermal reservoir with shallow groundwater plays a major role in this system, as 

mixing trends are observed between several aqueous components. Several reaction path 

models, including a forward mixing model and a reservoir fluid-mixing model, were 

created to understand the changes in fluid chemistry at different depths in the 

hydrothermal system. Forward mixing models allow interpreting mixing in the shallow 

geothermal system, as the model is well constrained by measured water chemistry data 

presented in Chapter 4.

In order to predict the behavior of major ion components in the shallow 

subsurface, a simple forward reaction path model was created using REACT to simulate 

the addition of groundwater to a hot spring water of mixed composition. The forward 

mixing model was created in REACT by speciating the groundwater (November, Sample 

12), and entering that as the composition of the reactants for the mixing model. Second, 

the composition of the mixed thermal spring water from November sample location 2
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was entered as the basis species and the speciated groundwater was entered as the 

reactants. The temperature of the groundwater reactant was set to 11 °C and the 

temperature of the basis species was set to 67 °C, the measured temperatures for these 

two samples.

The reaction path for the forward mixing model, shown on a Piper diagram in 

Figure 6.3.1, tracks changes in major ion relationships throughout the course of the 

mixing reaction. Data from samples collected at Waunita Hot Springs, and the reaction 

path trace are plotted on the Piper diagram, as thermal Na-K-SC>4 water evolves toward 

Ca-Mg-HCOs water. The linear mixing trend is clearly defined by the cation and anion 

ternary diagrams, and corresponds to the composition of samples collected at Waunita 

Hot Springs, supporting the hypothesis of mixing as a primary control on fluid 

composition. This model is the most applicable to near-surface and surface dilution of 

water emanating from the geothermal reservoirs.

In Figure 6.3.2. A, the pH of the forward mixing model is plotted against 

temperature to show predicted pH changes relative to extent of mixing, which is assumed 

to be a function of temperature. Higher temperature samples have a more alkaline pH 

and as the thermal water is mixed with groundwater the pH begins to drop, indicating the 

neutralization of the thermal waters by fluid mixing during the simulation. The 

inflections in the reaction path at temperatures of roughly 52 °C, 35 °C, and 30 °C are 

reconciled in Figure 6.3.2.B, which plots the concentration of aqueous CO2 versus 

temperature and shows the inflections to be related to the formation of carbonic acid from 

dissolved CO2, which, in turn, reduces the pH of the overall system. The pH of the 

hydrothermal system and its effect on carbonate behavior at Waunita Hot Springs should 

be an important aspect in future commercial development, as the pH of fluids may 

control the solubility of many minerals, such as calcite, a common scale-forming mineral.
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Figure 6.3.1 Piper diagram o f the mixing reaction path, plotted as the red line, as thermal 
water evolves toward the meteoric end-member. Black points represent samples 

collected from the Upper and Lower W aunita Hot Springs.
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6.4 Source of Hydrothermal Fluids and Fluid-Rock Interaction

A comparison of the isotopic composition for waters at Waunita Hot Springs to a 

global distribution of the average isotopic values of meteoric waters and hydrothermal 

fluids is illustrated by Figure 6.4, and allows for understanding better the degree of fluid- 

rock interactions by comparison to other global systems. Isotope data from Craig (1963) 

for several geothermal fields in the United States, including Steamboat, Lassen, Niland, 

and the Geysers, and other global geothermal fields, such as Iceland and Larderello, Italy 

are included. In Figure 6.4, the samples that plot on or near the GMWL are marine or 

meteoric waters and samples that plot in the positive ôlsO direction of the GMWL are 

geothermal fluids that have undergone fluid-rock interactions, with large ôlsO shifts 

indicating more fluid-rock interaction.

The hydrogen and oxygen isotope data from Waunita Hot Springs (Figs. 4.2, 

5.2.5, and 6.4) show a similar trend to oxygen and hydrogen isotopes for hydrothermal 

systems reported by Craig (1963), where geothermal waters plot on the ô180-enriched 

and ôD-depleted side of the GMWL. When comparing hydrogen and oxygen isotopes for 

samples at Waunita to other geothermal fields, the most similar system is in samples from 

Steamboat, Nevada. This similarity may be attributed to the inland location of Waunita 

Hot Springs and Steamboat. Data from near-maritime locations such as Larderello, The 

Geysers, and Iceland are the most enriched in both ÔD and ô180  with respect to samples 

from the Niland and Lassen geothermal fields, which are slightly more depleted in ÔD 

and ôlsO. Meteoric-derived hydrothermal fluids that boiled during fluid ascent, and 

possibly very minor traces of juvenile waters may have also influenced isotopic values in 

hydrothermal fluids from these locations to some degree.

Waunita Hot Springs (Fig. 6.4) has the most isotopically depleted ÔD and ô180  

values, undoubtedly attributed to Rayleigh fractionation effects, temperature effects, and 

distance effects on isotopic fractionation. Isotopic shifts in ôlsO for the data plotted by 

Craig (1963) range from a minimum of 2.5 %o for Steamboat to over 10 %o for the Niland 

geothermal field, indicating that larger shifts may be attributed to high-temperature 

boiling magmatic systems, while the smaller ôlsO shift represents low temperature sub

boiling systems like Waunita Hot Springs. None of the ôlsO shift trajectories for thermal
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water samples in Figure 6.4 reach the isotopic values reported by Truesdell and Hulston 

(1980) for magmatic, metamorphic, or juvenile waters (ô180 :  +5 to +10%o; ÔD: -40 to - 

80%o), indicating that waters in all the systems mentioned here are predominately 

composed o f  meteoric waters.

-20
♦  S te a m b o a t

A Niland-40
O  Iceland

□  G eysers 

•  Lardere llo
-60

© W a u n ita

o  -80 
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Figure 6.4 Hydrogen and oxygen isotope values for samples at W aunita Hot Springs (red 
circles), compared to other geothermal fields, including Steamboat (diamonds), Lassen 

(solid squares), Niland (triangles), Iceland (open circles), the Geysers (open squares), and
Larderello (solid circles).

In summary, samples from W aunita Hot Springs show a similar trend in ÔD and 

ô lsO when compared to other inland geothermal systems, such as Steamboat. These 

systems show only a slight degree o f fluid-rock interaction, as indicated by small (<2.5 

%o) shifts in ô 180  from the GMWL. An important aspect o f all geothermal systems, both 

in continental and maritime locations, is that most are comprised o f waters o f meteoric 

origin, rather than juvenile, magmatic, or metamorphic water (Truesdell and Hulston, 

1980). In all o f  these geothermal systems, the ô 180  o f the fluid shifts in the direction o f 

the ô lsO value o f the minerals through which the fluids pass, and the degree o f fluid 

attainment o f  the mineral isotopic composition is principally a function o f temperature
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(Faure and Mensing, 2005). Other complications in fluid-rock interactions arise when 

considering kinetics, water-rock ratios, and isotopic equilibrium expressions.

6.5 Tracers for Hydrothermal Fluids and Geothermal Heat

In the discussion that follows, results from 3He/4He isotope analyses for Waunita 

are compared to isotope data collected in several Rio Grande Rift localities in order to 

identify similarities or differences in isotope signatures from different geological 

provinces. Although Waunita Hot Springs is outside of the Rio Grande Rift fault 

system, it is aligned with Poncha Springs and the Villa Grove accommodation zone of the 

Rio Grande Rift in an east-west trend (Tweto, 1983). Structural accommodation zones in 

the Rio Grande Rift are related to extensional tectonics and propagate along older 

structures (Kellogg, 1999), suggesting that perhaps Waunita and Poncha Springs are 

connected in the crust by a deep structure that allows for leakage of noble gas isotopes 

and possible other components between the two systems, or from one system to another.

Radiogenic and nucleogenic reactions in the crust account for approximately 50 to 

75% of the total crustal heat budget (Ballentine and Bumard, 2002; O’Nions and 

Oxburgh, 1983; Turcotte and Schubert, 1982), and the remainder may be attributed to 

localized phenomena, for example, plutons at depth, volcanism, extensional basin 

tectonics, etc. Understanding the differences in these sources of geothermal heat and 

identifying mantle signatures, which often are masked by crustal processes, are important 

aspects of geothermal exploration because it is essential in resource characterization to 

discern high radiogenic crustal heat flow from heat flow of young magmatic origin 

related to intrusions into the crust (Ballentine et al., 2002). Helium isotope values from 

Waunita Hot Springs lack a mantle signature but have large crustal isotopic percentages. 

Although mantle helium isotope signatures related to magmatism in the Southern Rocky 

Mountain Volcanic Field are not found in the system at Waunita Hot Springs, it is 

possible that they are connected, as noble gases and heat are transported via different 

mechanisms at different rates through the crust (Ballentine and Bumard, 2002). Thus, it
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is possible that heat from the SRMVF may be responsible for elevated geothermal 

gradients and heat flow, even if a mantle helium signature is absent, indicating that 

enough time has elapsed for the volatile mantle gases to escape the system.

The relationship between helium, argon, and methane in Figure 5.3.3 provides 

further evidence that Waunita Hot Springs is an amagmatic system because samples plot 

so close to the air-saturated water meteoric, with only a small deviation toward methane 

and an even smaller helium contribution. Samples from Waunita Hot Springs are the 

most argon-rich when compared to samples from Yellowstone, the Valles caldera, the 

Geysers, and other volcanic-hosted systems in the United States. These high argon 

values are likely a result of air contamination resulting from mixing with fluids of 

meteoric origin. High helium and methane values for these volcanic systems may be 

associated with recent or active volcanic eruptions, or in the case of Yellowstone, mantle 

plumes associated with hot spot track volcanism.
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CHAPTER 7 -  CONCLUSIONS

The results of this investigation of Waunita Hot Springs allow for understanding 

of the processes that control fluid chemistry, the potential for the formation of mineral 

scale deposits, the origin and evolution of hydrothermal fluids and geothermal heat, 

reservoir temperature conditions, and estimates of stored heat in the geothermal reservoir. 

The following conclusions were established based upon the geochemical studies carried 

out at Waunita Hot Springs and answer many important questions presented as the 

motivation and objectives for this research:

1) Thermal fluid chemistry is dominated by dissolution/precipitation of sodium 

sulfate minerals, and largely by mixing with local meteoric water.

2) At sampling temperature, calcite and quartz are saturated in solution. Low 

temperature varieties of silica, including amorphous silica, appear to be associated 

with large temperature changes when thermal fluids are exposed to the 

atmosphere. Other silica polymorphs, such as chalcedony, cristobalite, and 

tridymite may be saturated in solution, but were not identified using the analytical 

techniques of this study.

3) Hydrothermal fluids at Waunita Hot Springs cool predominately by mixing with 

groundwater and by conduction and there is no evidence for boiling in this 

system.

4) Hydrogen and oxygen isotopic evidence indicates that geothermal fluids in the 

Waunita Hot Springs system originate as calcium carbonate-rich meteoric waters, 

which evolve to the sodium sulfate-rich thermal waters that emerge from the 

springs after mineral interaction within the sedimentary rock section.

5) The best geothermometer to apply at Waunita Hot Springs is the quartz with no 

steam loss geothermometer, which yields subsurface equilibration temperatures of 

roughly 135 °C for Upper Waunita, and 116 °C for Lower Waunita. Using these
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temperature ranges, the volumetric stored heat at Waunita Hot Springs is 

estimated to be 4.4 to 5.1 MW.

6) The source of geothermal heat at Waunita Hot Springs is interpreted to be 

elevated geothermal gradients, likely to be a result of voluminous Oligocene 

volcanism in the nearby Southern Rocky Mountain Volcanic Field and ongoing 

regional tectonic activity within the Rio Grande Rift.

7) Based on XRD and SEM, minerals that may be potential scale-forming deposits 

include calcite, thenardite, and quartz.

In order to continue the research in evaluating the geothermal resource at Waunita 

Hot Springs, several recommendations for future work are presented. These 

recommendations for future studies are presented according to economic considerations 

and the order of importance:

1) Perform large-scale DC-resistivity and self-potential geophysical surveys to 

identify the geothermal reservoir boundaries, and areas of recharging meteoric 

and upwelling thermal waters.

2) Perform detailed hydrologie surveys to identify main recharge areas, groundwater 

flow directions, and groundwater flow rates, which may be used to construct 

conceptual flow models of geothermal reservoir.

3) Collect a transect of surface minerals starting outside and going across the main 

hydrothermally altered region around each spring and analyze by XRD to identify 

changes in the surface mineral alteration.

4) Drill shallow exploratory wells near the prospective geothermal reservoir to 

obtain drill core and to sample hydrothermal fluids from the geothermal reservoir. 

These samples may be further studied to identify alteration mineralogy, to 

characterize the deep reservoir fluids, and to carry out geochemical reaction path 

models of reservoir fluid evolution.

Carrying out these suggestions for future work will allow for a more complete 

understanding of geochemical processes at Waunita Hot Springs and a more integrated 

perspective of hydrologie processes and geological structures. Results from
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recommendations 1 through 3 should be considered before proceeding with drilling of 

shallow exploratory wells.
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APPENDIX

Table A -  1 Charge imbalance errors for samples collected at W aunita Hot Springs.

Oct 1 18.0 Nov 1 0.0 Jan 1 na July 1 16.9
2 1.7 2 1.5 2 1.6 2 3.7
3 5.2 3 1.7 3 na 3 na
4 0.0 4 15.2 4 16.0 4 0.2
5 4.1 5 4.5 5 0.2 5 na
6 0.0 6 2.9 6 2.7 6 na
7 1.7 7 3.9 7 0.7 7 na
8 0.0 8 5.4 8 0.0 8 -2.3
9 0.0 9 12.0 9 3.0 9 6.2
10 0.3 10 4.2 10 2.1 10 3.0
11 4.1 11 3.4 11 2.3 11 2.3
12 na 12 0.0 12 na 12 na

Table A -  2 October 2010 Field Duplicates -  ICP-AES
■a.Ml'WJpi SMPL 1 1 DUP %  ERROR SMPL 2 2 DUP %  ERROR SMPL 8 8 DUP %  ERROR

1 112.2823 113.04 37.97 111.23 111.55 16.21 104.27 104.43 7.82
BDL BDL - 0.02 0.02 0.31 0.02 0.02 0.02

F  0.0427 0.07 1.30 0.09 0.09 0.02 0.08 0.08 0.27
| 0.0437 0.04 0.00 0.03 0.03 0.00 0.05 0.05 0.03

j  24.0013 23.94 3.21 5.11 5.15 1.94 10.95 10.83 5.87
r  0.0021 0.00 0.03 0.01 0.01 0.03 0.01 0.01 0.02
F  0.0025 0.00 0.05 0.00 0.00 0.01 0.00 0.00 0.00
F  0.0036 0.00 0.01 0.00 0.00 0.02 0.02 0.03 0.42

1.2772 1.30 1.20 8.79 8.83 1.57 8.27 8.14 6.43
0.0030 0.00 0.02 0.19 0.19 0.00 0.17 0.16 0.14

, 7.9144 7.92 0.06 0.09 0.10 0.29 1.44 1.42 0.86
F  0.0687 0.07 0.01 0.01 0.01 0.01 0.02 0.02 0.00

BDL BDL - 0.04 0.04 0.03 0.04 0.04 0.02
■ | 5.6896 5.69 0.08 157.30 157.14 8.26 135.42 133.26 108.30

F  7.4928 7.49 0.05 56.46 56.49 1.21 40.39 39.87 26.19
0.1131 0.11 0.02 0.16 0.16 0.00 0.19 0.18 0.14
7.7271 7.73 0.38 0.09 0.09 0.11 1.38 1.37 0.55

F  7.4549 7.44 0.55 0.08 0.09 0.26 1.33 1.31 0.73
I 0.1083 0.10 0.36 0.15 0.15 0.08 0.19 0.19 0.36

Table A -  3 October 2010 Field Duplicates - Anion Exchange Chromatography
SMPL 2 2 DUP %ERROR SMPL 3 3 DUP %  ERROR SMPL 8 8 DUP %  ERROR
19.19 19.01 9.09 18.92 14.18 236.93 14.70 14.74 1.89
14.59 14.48 5.61 14.43 11.65 138.76 12.47 12.73 13.10
177.79 176.24 77.20 176.46 136.44 2001.28 154.75 155.36 30.25

Table A -  4 October 2010 Field Duplicated -  H/O Stable Isotopes

Analyte SMPL 4 DUP 4 %  ERROR SMPL 8 8 DUP %  ERROR
-14.95 -15.02 3.5 -14.89 -14.95 3

-121.25 -121.00 12.5 -121.34 -121.06 14
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Table A -  5 November 2010 Field Duplicates -  ICP-AES
■Efip33|WSMPL 4 4 DUP %  ERROR SMPL 7 7 DUP %  ERROR SMPL 10 10 DUP %  ERROR

1 112.13 111.09 51.75 110.37 109.68 34.47 111.50 111.13 18.18
0.10 0.08 0.82 0.09 0.09 0.15 0.13 0.12 0.55
0.03 0.03 0.01 0.05 0.05 0.07 0.06 0.06 0.05
0.00 BDL - 0.00 0.00 - 0.00 0.00 -
13.72 13.71 0.65 8.08 8.08 0.04 7.60 7.58 0.99
0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.02
0.00 0.00 0.03 0.00 0.00 0.03 0.00 0.00 0.07
0.02 0.02 0.20 0.02 0.00 0.69 0.00 BDL -
6.20 6.34 6.78 8.77 8.76 0.42 8.43 8.37 2.64

1 0.12 0.12 0.01 0.18 0.18 0.02 0.18 0.18 0.01
3.13 3.12 0.16 0.42 0.42 0.01 0.37 0.37 0.00
0.01 0.01 0.00 0.02 0.02 0.07 0.03 0.03 0.14
0.03 0.03 0.08 0.04 0.04 0.10 0.04 0.04 0.02

1 104-28 104.43 7.21 159.51 160.37 43.13 152.82 152.94 6.13
35.23 35.14 4.35 42.49 42.60 5.29 41.08 41.02 3.33
0.15 0.15 0.00 0.19 0.20 0.04 0.19 0.19 0.03

1 3.04 3.03 0.25 0.40 0.40 0.06 0.36 0.35 0.14
: 2.95 2.94 0.40 0.39 0.39 0.02 0.34 0.34 0.02

0.14 0.14 0.00 0.19 0.19 0.01 0.18 0.18 0.24

Table A -  6 November 2010 Field Duplicates Anion Exchange Chromatography
SMPL 3 3  DUP 0/oERROR SMPL 4 4  DUP °/o ERROR SMPL 6 6  DUP °/o ERROR SMPL 7 7 DUP %  ERROR

1 8 .5 1 8 .2 16 .1 1 2 .3 1 2 .2 4 .0 16 .5 16 .5 0 .5 1 6 .6 1 6 .7 1 .6
1 4 .3 1 4 .0 1 7 .8 1 0 .5 1 0 .2 1 4 .3 14 .0 14 .3 10 .9 14 .3 1 4 .3 2 .8

1 7 1 .9 1 7 1 .7 7 .1 1 2 1 .6 1 2 0 .8 4 1 .6 1 7 3 .6 1 7 4 .4 4 2 .3 1 7 7 .8 1 7 5 .7 1 0 2 .5

Analyte
F
Cl

S04

Table A -  7 November 2010 Field Duplicates Isotopes

A n a ly t e  SMPL 4 DUP 4 %  ERROR
-1 4 .9 5 -1 5 .0 2 3 .5

- 1 2 1 .2 5 -1 2 1 .0 0 12 .5

Table A -  8 January 2011 Field Duplicates -  ICP-AES

1 SMPL 4 4 DUP % ERROR SMPL 3 3 DUP % ERROR
107.32 108.13 40.34 105.32 107.60 114.15
BDL BDL - 0.03 0.03 0.31
0.06 0.06 0.16 0.17 0.07 4.62
0.09 0.11 1.01 0.07 0.07 0.03
8.15 8.12 1.53 5.53 5.40 6.55
0.01 0.01 0.00 0.01 0.01 0.07
8.64 8.62 0.99 8.94 8.71 11.55
0.18 0.18 0.02 0.20 0.19 0.73
0.43 0.43 0.04 0.13 0.13 0.19
0.03 0.03 0.01 0.01 0.01 0.02
0.03 0.02 0.16 0.03 0.03 0.02
145.30 144.66 32.04 146.15 143.39 138.21
131.97 132.06 4.72 187.30 180.23 353.48

! 39.55 39.73 8.96 55.37 54.14 61.61
0.19 0.19 0.01 0.16 0.16 0.11
0.42 0.42 0.16 0.13 0.13 0.15
0.41 0.41 0.06 0.13 0.12 0.19

! 0.19 0.19 0.07 0.16 0.16 0.31

118



Table A -  9 January 2011 Field Duplicates - Anion Exchange Chromatography
A n aly te

FCl
S04

SMPL 3 3 DUP o/oERROR SMPL 4 4  DUP %  ERROR SMPL 11 11 DUP %  ERROR SMPL 14 14 DUP %  ERROR
18.3 18 .8 2 4 .5 4 3 10 .9 10 .8 5 .4 16 .0 15 .9 5.1 16.3 16 .4 7 .2
14.1 14 .4 1 8 .3 1 4 9.3 9 .3 0 .2 13 .8 13 .7 7.6 13.6 13 .8 6 .5

1 7 1 .2 175 .0 1 8 8 .9 4 1 09 .0 1 09 .2 8 .8 170 .9 169 .8 56 .9 168 .9 1 70 .5 81 .2

Table A -  10 January 2011 Field Duplicates -  H/O Stable Isotopes
A n a l y t e S M P L  3 D U P  3 %  E R R O R S M P L  1 1 1 1  D U P %  E R R O R S M P L  1 2 1 2  D U P %  E R R O R

-16.2 -16.4 10.0 -16.4 -16.3 1.0 -16.4 -16.3 2.5
-127.3 -126.9 19.0 -127.1 -127.1 1.5 -127.4 -127.3 6.5

Table A -  11 July 2011 Field Duplicates -  ICP-AES
Analyte Name 
Sc 361.383 
Al 308.215 
B 249.772 
Ba 455.403 
Be 313.107 
Ca 317.933 
Cd 214.440 
Cu 324.752 
K 766.490 
Li 670.784 
Mg 279.553 
Mn 257.610 
Mo 202.031 
Na 589.592 
Se 196.026 
Si 251.611 
Sr 421.552 
Zn 213.857 
Mg 279.077 
Mg 285.213 
Sr 460.733

9 8 . 2 3 8 1 0 2 . 4 4 3 2 1 0 . 2 7 1
0 . 0 3 3 0 . 0 1 2 1 . 0 5 5
0 . 1 8 7 0 . 1 4 8 1 . 9 3 3
O . l l l 0 . 0 8 0 1 . 5 3 4
0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
7 . 0 7 2 6 . 8 5 4 1 0 . 9 1 4
0 . 0 0 6 0 . 0 0 6 0 . 0 1 8
0 . 0 0 1 0 . 0 0 1 0 . 0 0 7
8 . 4 0 5 8 . 1 3 0 1 3 . 7 7 8
0 . 1 7 8 0 . 1 7 1 0 . 3 7 0
0 . 3 6 7 0 . 3 5 3 0 . 7 2 0
0 . 0 2 9 0 . 0 2 9 0 . 0 0 5
0 . 0 3 7 0 . 0 3 6 0 . 0 2 6

1 4 9 . 4 8 2 1 4 3 . 8 3 5 2 8 2 . 3 2 4
0 . 0 9 3 0 . 0 7 5 0 . 9 3 0

3 9 . 7 8 1 3 8 . 1 2 1 8 2 . 9 8 9
0 . 1 8 7 0 . 1 8 0 0 . 3 3 2
0 . 0 0 2 0 . 0 0 4 0 . 1 0 6
0 . 3 7 5 0 . 3 4 6 1 . 4 1 7
0 . 3 6 0 0 . 3 4 6 0 . 7 2 7
0 . 2 0 9 0 . 1 7 6 1 . 6 5 0

Table A -  12 July 2011 Field Duplicates - Anion Exchange Chromatography

Analyte
F

Cl
S 0 4

SMPL 3 3 DUP %ERROR
15.8 16.1 11.31
13.7 13.8 5.24

169.9 171.1 60.5
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