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ABSTRACT 

 

 

 

 Chaffee County lies in the Upper Arkansas River Basin in central Colorado.  This 

area is the northern-most extension of the Rio Grande rift system, and is a structurally 

asymmetric graben, which collects yearly precipitation and runoff forming the 

headwaters of the Arkansas River.  The water resources within the semi-arid climate are 

highly regulated and recent population growth within the scenic valley has encouraged 

the development of this historically agricultural basin.  This development has alarmed 

residents within the valley, who have demanded a better scientific understanding of the 

available ground water resources in order to ensure a sustainable water supply within the 

valley.  

 Geothermal springs near Mt. Princeton have unique geochemical signatures 

compared to the other ground waters in Chaffee County.  By completing a multivariate 

hierarchical cluster analysis of Na+, Ca2+, K+, Mg2+, HCO3
-, SO4

2-, Cl-, NO3
-, and F- 

concentrations found within water samples throughout the valley, five distinct water 

types were speciated.  In addition, the use of geochemical modeling indicates 

mineralization should occur within the aquifer, limiting geochemical constituents from 

being conservative tracers.  The spatial distribution of water clusters, geochemical 

parameters, and pertinent saturation indices give evidence that ground water movement 

within the Upper Arkansas River Basin is not uniform.  Completed analyses highlight 

that ground water recharge occurs primarily on the western side of the basin.  

Additionally, ground water between the hot springs along Chalk and Cottonwood Creeks 

is not influenced by geothermal waters, and has little interaction with Chalk Creek, 

Cottonwood Creek or the Arkansas River.  Finally, anthropogenic effects (agriculture, 

quarrying and mixing with waste water) were observed in ground waters within the 

valley.  These observations allow regional ground water flow paths to be ascertained, 

which can assist county planners in selecting specific regions within Chaffee County to 

fully hydrologically characterize in order protect ground water resources for the future.    
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CHAPTER 1 

PROJECT INTRODUCTION 

 

 The Upper Arkansas River Basin lies in central Colorado and collects yearly 

precipitation and runoff, which form the headwaters for the Arkansas River.  The basin 

primarily rests within Chaffee County, Colorado and has an area of approximately 2660 

km2 (Healy 1980).  The largest towns within Chaffee County are Buena Vista, Salida, and 

Poncha Springs.  According to Kenneth Watts (2005), the population in Chaffee County 

has grown by 23 percent between 1980 and 2000 and is expected to increase by an 

additional 70 percent by 2030.  This rapid growth is primarily due to the scenic nature, 

close proximity to Denver and Colorado Springs, and small-town feel.  While the beauty 

within the valley abounds, water resources available are limited. 

 

1.1 Project Location 

 Most of Colorado is classified as a semiarid climate and Chaffee County is no 

exception.  Precipitation in the valley averages 25 cm/yr (1948-2003), while the 

surrounding peaks average between 76-102 cm/yr with most of the precipitation 

occurring as snow.  Yearly mean runoff precipitation values vary with side (east or west), 

latitude, and elevation of the basin and thus range from less than 5 to 76 cm.  Summer 

temperature highs vary between 25 and 29º C, with the average winter temperature lows 

resting well below 0º C (Watts, 2005).  The water resources within the valley and Chaffee 

County are valuable for both human development and natural processes.  Figure 1.1 

shows the location of Chaffee County and the general study area. 
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Figure 1.1:  Map of the General Project Location (Watts 2005) 

 

 With recent growth and a severe drought in 2002, ground water levels and well 

production rates have fluctuated within Chaffee County.  In general, the citizens and local 

governments have become alarmed and are proactive towards scientific investigation of 
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the regional geology and hydrology.  The Colorado Geological Survey is in the process 

of completely mapping the geology of quadrangles within the Upper Arkansas River 

Basin at a scale of 1:24,000 (Keller, 2004 and McCalpin, 2005).  In 2005, Kenneth Watts 

completed a report on the regional hydrology within the Upper Arkansas River Basin.  

Additionally, the Colorado School of Mines Geophysical Engineering Field Camps have 

taken place near Buena Vista in both 2005 and 2006.  The residents of Chaffee County 

realize the key to protecting their future is to better comprehend the water resources that 

are available, both now and in the future.    

 

1.2 Geologic Background 

 The Upper Arkansas River Basin is considered the northernmost structural basin 

of the Rio Grande Rift System.  The rifting has uplifted the Sawatch Range to the west 

and the Mosquito Range to the east, delineating the margins of the Upper Arkansas River 

Basin and creating a structural graben (downthrown basement) in between.  The Sawatch 

Range is topographically higher, and coincides with the deepest portion of the graben on 

the western side of the valley.  To the south, the valley is bounded by Poncha Springs 

Pass, which is regarded as a transfer fault zone in the Rio Grande Rift System (Watts, 

2005). 

 The Upper Arkansas River Valley is bordered by bedrock to the north, east, and 

west.  The bedrock consists of Precambrian aged crystalline rocks (igneous and 

metamorphic) as well as sedimentary rock from the Paleozoic age and igneous rocks 

from the Tertiary age (Watts, 2005).  The principle Precambrian rock types are granite 

and gneiss with some additional metamorphosed sedimentary rocks.  The Paleozoic rocks 

mentioned are on the eastern flank of the basin (in the Mosquito Range), and the 

existence of these sediments below the basin fill is unknown.  Paleozoic rocks will not be 

discussed further in this paper.  The Tertiary aged rocks originated from the Mt. 

Princeton batholith and contain rhyolite and tuff deposits.  Rhyolite is the extrusive 

equivalent of granite, and tuff is an ash-flow deposit.  The Mt. Princeton batholith is 

intrusive and is primarily composed of granite and quartz monzonite.  The bedrock as 

described here is faulted and fractured throughout the basin (Watts, 2005). 
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 The Rio Grande Rift began propagating through the continental United States in 

the Oligocene-Miocene age and has created an asymmetric rift through the described 

bedrock sediments (McCalpin, 2005).  The deepest know sediments in the basin are 

called the Dry Union Formation, which are Tertiary in age.  The Dry Union Formation is 

vertically and horizontally heterogeneous and is composed of varying color clay, silt, 

sand, and gravel layers, which are composed of both volcanic and Precambrian rock 

fragments.  The Dry Union Formation was deposited in a fluvial setting, which partially 

explains the varying heterogeneity.  The Dry Union Formation is also reported to have 

volcanic ash beds.  It is estimated the maximum depth of the basin-fill deposits are    

1200 m near Buena Vista and 1400 m near Salida (Watts, 2005). 

 Atop the Dry Union Formation is varying amounts of alluvial outwash and glacial 

till deposits, which are both Quaternary in age.  The thicknesses and lateral extent of 

Quaternary sediments vary, but are generally thicker and more expansive towards the 

north of the basin, near Buena Vista.  The Quaternary alluvial deposits are generally 

heterogeneous, but are more stratified and better sorted than tills.  The glacial tills are 

generally more consolidated than alluvial sediments.  The maximum thickness of alluvial 

and till deposits is 150 m (Watts, 2005).  Figure 1.2 shows a generalized view of the 

geology within Chaffee County. 
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Figure 1.2:  Generalized Geology and Water Table of Chaffee County (Watts, 2005) 

 

 The nature of an extensional rift system produces normal, lystric faults along the 

margins, creating the downthrown graben.  The general strike of the Rio Grande Rift is 

N20ºW and the Upper Arkansas River Valley is filled with northwest trending faults 

N 



 

 

 

6 
 

 

(McCalpin, 2005).  Faults do occur in the orthogonal direction and are considered 

conjugate fault planes to the main fault system.  The width, depth, and offset of faulting 

in the valley vary, but the effect of faulting is seen both geologically and hydrologically.  

Figure 1.3 shows a 1:24,000 scale map of the Buena Vista West Quadrangle completed 

by James McCalpin of the Colorado Geological Survey (CGS) in 2005.  Table 1.1 is the 

map legend for Figure 1.3.  Notice the faulting within the valley and along the western 

flank of Upper Arkansas River Basin.  Figure 1.4 is the Cross Section A-A’ marked in 

Figure 1.3. 

 

Table 1.1:  Map Legend for Buena Vista West Quadrangle 1:24,000 (McCalpin 2005) 
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Figure 1.3:  Geologic Map of the Buena Vista West Quadrangle 1:24,000  

(McCalpin, 2005)
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 The combination of complex fluvial depositional environments above igneous and 

metamorphic bedrock and continental rifting with consequential faulting has made the 

Upper Arkansas River Basin an interesting and complicating geological study area.  The 

heterogeneous sediments and faulting are not only difficult to map and quantify, but they 

form the ground water aquifers and control water movement.  In order to understand the 

ground water hydrology in Chaffee County, it is imperative to think about the 

immediately surrounding geologic features.  

 

1.3 Ground Water Hydrology Background 

 The most complete hydrologic study of the Upper Arkansas River Basin was 

completed by Kenneth Watts of the USGS in 2005.  He found the structural Upper 

Arkansas River Basin coincides with the ground water basin.  The study summarized 

hydrologic data collected between 2000 and 2003.  Quaternary outwash and till 

sediments are generally lumped together with the Tertiary alluvial basin fill sediments 

forming the Upper Arkansas River Basin aquifer.  However, the hydrologic parameters of 

the sediments vary substantially and were further broken down by Watts (2005).  Table 

1.2 shows estimated hydrologic parameters for selected geologic materials.  Table 1.3 

shows estimated hydrologic parameters for the distinct aquifer types determined by Watts 

(2005). 
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Table 1.2:  Typical Hydrologic Parameters for Selected Geologic Materials (Watts, 2005) 

 
 

 
Table 1.3:  Lithologic Description and Estimated Hydrologic Parameters for the Upper 

Arkansas River Basin Aquifers (Watts, 2005) 

 
 

 As observed in Table 1.2, estimated hydrologic parameters such as hydraulic 

conductivity vary over 6 orders of magnitudes.  This is due to the heterogeneity of the 

aquifer materials and lateral changes in lithology and faulting within the basin.  In order 

to better understand the aquifer sediments, Figures 1.5, 1.6, 1.7 and 1.8 show examples of 

the aquifers delineated by Watts, 2005.  Notice the variance in grain size and depositional 

layering within the alluvial outwash, till, and basin fill aquifers.  The crystalline aquifer 
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pictured shows faulting, mineralization within the fault, and chemical alterations between 

the upper and lower portions of the outcrop. 

  

 
Figure 1.5:  Alluvial Outwash Aquifer North of Buena Vista (McCalpin, 2005).  Soil  

horizon is approximately 0.3 m thick. 
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Figure 1.6:  Till Aquifer West of Buena Vista Near Cottonwood Creek (McCalpin, 2005).   

The cut is approximately 3 m tall. 
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Figure 1.7:  Basin Fill Aquifer East of Buena Vista (McCalpin, 2005).  Outcrop is  

approximately 3 m thick. 
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Figure 1.8:  Fractured Crystalline Basement Aquifer Near Cottonwood Hot Springs.   

Mineralized fracture zone is approximately 1 m. 

 

 

 Watts (2005) estimated transmissivity values for the alluvial outwash aquifer and 

the basin fill aquifer by looking at aquifer pump tests.  Figure 1.2, referenced earlier, 

shows general ground water flow paths (based on aquifer transmissivity) and water table 

elevation (determined by measuring water levels in wells) within the area.  Specific yield 

was estimated by looking at driller logs’ lithologic descriptions.  Specific yield is the 

amount of water within an aquifer that will drain by gravity and Porosity = Specific Yield 

+ Specific Retention (Watts, 2005).  Figure 1.9 shows estimated specific yield within the 

upper 100 m of alluvial, basin fill, and glacial deposits within the study area.  The upper 

100 m was considered the base of the aquifer because 95 percent of wells in Chaffee 

County are less than 100 m deep (Watts, 2005).  Therefore water samples collected 

throughout the valley are preferentially located near the surface, missing deeper ground 

waters.  However, deeper wells typically have lower well production rates, indicating the 
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human imposed aquifer base is a viable place to start, as producible water quantities 

typically do not predictably increase with depth after 100 m.  The general study area for 

this thesis is boxed in Figure 1.9. 

 

 
Figure 1.9:  Estimated Specific Yields of the Upper 100 m, Chaffee County (Watts, 2005) 
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 The wide range of estimated specific yields within Chaffee County along with 

varying spatial distribution of areas with high specific yield can be accounted for by 

varying geology and faulting.  The more porous and permeable alluvial outwash and till 

aquifers are thicker and more prevalent in the northern portion of Chaffee County, which 

allows for greater specific yields.  Similarly, with the asymmetric rifting, the deeply 

buried Dry Union sediments on the west are shallower and exposed to the east, 

explaining regions of low specific yield adjacent to the Arkansas River.  The water table 

depicted in Figure 1.2 generally follows the surface topography and shows regions of 

higher hydraulic gradients, which correspond to steeper topography.  For a homogeneous 

and isotropic aquifer, the water table would flow perpendicularly from the range front 

fault towards the Arkansas River, and would generally follow topography.  The observed 

small scale variances from the predicted regional shape of the water table are a function 

of the hydrologic properties estimated in Table 1.2. 

 Interestingly, the availability of irrigation surface water rights appears to have an 

effect on ground water resources.  In Watts’ study he measured water levels quarterly in 

more than 120 wells between 2000 and 2003.  The well measurements showed water 

table fluctuations, which appeared linked to seasonal variations; however, during the 

drought of 2002 he monitored greater decreases in water levels than in previous years.  In 

2003 water levels rebounded to historic levels.  Watts concluded that in 2002, 

Cottonwood Creek, which feeds into the Arkansas River, had spring runoff flows less 

than 44% of the historical average.  With surface water extremely limited in 2002, water 

rights went solely to the most senior holders.  Therefore, the majority of the irrigated 

lands in Chaffee County received no surface water irrigation, and the sharp decline of the 

water table in wells near irrigation ditches, was attributed to the lack of irrigation.  

However, in 2003, the snowpack was much greater and stream flows were back to more 

historical values, allowing irrigation ditches to receive water, which increased the water 

table in wells near the irrigation ditches.  Watts linked the lack of irrigation water to 

declining well levels, indicating that several areas within the Upper Arkansas River 

Valley rely on surface water irrigation to replenish ground water, which stored as ground 

water and later pumped by water wells.  One possible implication is that irrigated lands 
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which become more highly populated with future growth may not continue to receive the 

surface water irrigation, which appears to be a significant contribution to ground water 

supply in areas within Chaffee County (Watts, 2005).  Figure 1.10 shows water level 

changes from July 2001 to July 2002.  Figure 1.11 shows water level changes from July 

2002 to July 2003.  The study area for this thesis is boxed in Figures 1.10 and 1.11 

 

 
Figure 1.10:  Water Level Changes Between July 2001 to July 2002 (Watts, 2005) 
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Figure 1.11:  Water Level Changes Between July 2002 to July 2003 (Watts, 2005) 

 

 Figures 1.10 and 1.11 show the striking observation that there was widespread 

decline in the water table during the 2002 drought and a relatively quick rebound of water 

levels during 2003.  The changes are significant and are due to general ground water 
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recharge volumes being greater in 2003, and the availability of irrigated surface water.  

 The current understanding of the Upper Arkansas River Valley’s ground water 

supply is probably adequate on a regional scale.  The complexity of the basin geology 

dictates large scale aquifer changes, which can be predicted at a regional scale.  However, 

the heterogeneities within the sediments of the valley makes predicting ground water 

resources on a finer scale (subdivision to subdivision) a more difficult task.  If the 

resolution of the regional picture could be enhanced, the data would be able to assist 

county planners prepare for future water needs.  Specifically, the aquifers’ connectedness 

to areas of recharge (both natural and irrigation), the Arkansas River, and preferred 

subsurface flow paths would greatly assist Chaffee County with knowledge to provide a 

sustainable future water supply.  

 

1.4 Overview of Chaffee County Geothermal Systems 

 An interesting geologic and hydrologic phenomenon in Chaffee County is the 

presence of geothermal hot springs near the western and southern edges of the basin.  The 

hot springs are not hot enough for conventional geothermal energy (temperatures range 

from 30 to 80º C), but make for popular recreational areas.  The three primary hot spring 

resorts are:  Mt. Princeton Hot Springs Resort west of Nathrop, CO along Chalk Creek, 

Cottonwood Hot Springs Resort west of Buena Vista along Cottonwood Creek, and 

Poncha Springs Hot Springs on the north side of Poncha Pass.  Additionally, there are 

reported warm springs in Browns Canyon and other places within Chaffee County.   

 The focus of this thesis discusses the geochemistry and influences of the Mt. 

Princeton area hot springs and Cottonwood Hot Springs; therefore, the other geothermal 

areas will not be mentioned further.  The Mt. Princeton Hot Springs lie to the southeast of 

Mt Princeton, which is 4327 m (14197 ft) high, while the Cottonwood Hot Springs lie to 

the northeast of Mt. Princeton.  Figure 1.12 shows Mt. Princeton and the general 

locations of the two mentioned hot springs.   
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Figure 1.12:  Mt. Princeton and Hot Springs Locations   

 

 Geologically, the presence of Mt. Princeton Hot Springs and Cottonwood Hot 

Springs are explained as en echelon stepping of the range front fault.  The western margin 

of the Rio Grande Rift has been offset laterally near Chalk Creek and Cottonwood Creek, 

west and southwest of Buena Vista.  The lateral offset is approximately 1500 m along 

Cottonwood Creek, and more along Chalk Creek.  It is proposed the lateral offset has 

sheared the rocks in the subsurface, allowing surface water to seep down and heat to rise 

up, creating a geothermal reservoir and source for the naturally occurring hot springs 

(McCalpin, 2005).  Pearl (1972) and Dick (1976) indicated the heat source was from the 

Mt. Princeton Batholith which is the Tertiary aged monzonite intrusion.  Figure 1.13 

shows an aerial photograph of Chaffee County near Buena Vista, the approximate 

locations of the hot springs and the range front offsets. 

 

 

Mt. Princeton Hot Springs 
Cottonwood Hot Springs 
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Figure 1:13 General Hot Spring Locations and Range Front Faults 

(http://earth.google.com) 

 

 The southeast portion of the base of Mt. Princeton is locally called the “Chalk 

Cliffs.”  The Chalk Cliffs are not actually chalk, but are the altered remnants of the Mt. 

Princeton Quartz Monzonite.  Due to past geochemical weathering, the heated water 

altered the quartz monzonite leaving behind a zeolite-clay.  Dick (1976) indicated the 

alteration occurs in fault zones due primarily to the impermeability of the bedrock, and 

the amount of zeolitization is proportional to the amount of fracturing in the rock.  The 

quartz monzonite is primarily composed of feldspars (50-60%) and quartz.  The zeolite-

clay is called Leonhardite and is calcium rich (CaAl2Si4O12·7/2H2O) (Dick 1976).  The 

geochemical alteration has removed the structural integrity of the Mt. Princeton pluton 

and is an excellent indication of both past and present geothermal activities (McCalpin, 

2005).  The northeast side of Mt. Princeton near Cottonwood Hot Springs has similar 
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mineralogy, but the outcrops along Cottonwood Creek are not as spectacular.  Figure 1.14 

shows a generalized cross-section of the geothermal systems present within Chaffee 

County. 

 

 
Figure 1.14:  Generalized Geothermal Cross Section (http://earth.google.com) 

 

 While the presence of geothermal springs allows for recreational activities in the 

area and is a geologic and hydrologic phenomenon, what is potentially useful for ground 

water studies is that hot springs waters have a different geochemistry than the other 

waters within Chaffee County.  The surface and ground waters are meteoric in 

composition and are classified as calcium-bicarbonate rich waters.  However, due to 

rock-water interactions, the composition of geothermal waters is sodium-bicarbonate-

sulfate-fluoride rich.  The differences are measurable, and influences can be observed 

downstream of the hot springs.  The different water types, if measured and mapped 

spatially, can show subsurface water flow within the area, potentially increasing the 

understanding of aquifer heterogeneities within the valley.    
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1.5 Overview of Water Management 

 According to Watts (2005) Colorado’s water rights are best described as “first in 

time, first in right.”  Colorado’s water law is based upon principle of prior appropriation.  

An individual makes an appropriation when s/he removes water from a stream, lake, or 

aquifer and puts it to beneficial use (Watts, 2005).  Historical filing of water rights 

determines which individual is allowed to use the water from a stream-aquifer system 

first.  The person with the oldest water right is considered “senior” and may use as much 

water as they are legally permitted.  With the remaining water available, “junior” rights 

holders may begin dividing the resources allotted (Watts, 2005). 

 A subsurface water source (an aquifer), which when pumped affects or would 

affect a stream within 100 years is considered a tributary water source under Colorado 

Water Law.  Tributary water is considered future stream water storage and therefore falls 

under the effects of prior appropriation.  The Arkansas River is over-appropriated, 

meaning there are more water rights claimed on the river than water flowing down each 

year.  Therefore, with the majority of the ground waters in the Upper Arkansas River 

Basin classified as tributary waters, the consumptive use of ground water has to legally 

be replaced in order to fulfill more senior water rights downstream (Watts, 2005). 

 The replacement of ground water from surface water sources is called 

augmentation and is required by law, with the exception of individual domestic wells on 

a minimum of 0.141 km2 (35 acres).  For most of Chaffee County, land owners and 

businesses can purchase augmented water through the Upper Arkansas Water 

Conservancy District (UAWCD).  Typically, surface water stored in mountainous 

reservoirs is released into the Arkansas River to fulfill augmentation requirements.  In 

2003, the UAWCD had approximately 700 wells in their augmentation plan.  However, 

prior to the formation of the UAWCD, land owners were required to have private 

augmentation plans and that number is estimated to rest between 800 and 1200 (Watts, 

2005). 

 Based upon the geology and hydrology within the Upper Arkansas River Valley, 

concerns of subsurface heterogeneities controlling ground water movements seem well 
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founded.  While Colorado Water Law requires augmentation plans for tributary water 

sources, geologic and hydrologic evidence suggest there may be local regions where 

ground water is hydraulically disconnected from the Arkansas River.  The potential 

problem is that isolated ground water resources may be recharged and controlled by 

different hydrologic parameters.  If these areas became over developed, the supply of 

ground water could become unsustainable.  This might result in property value decreases, 

negative local economy effect, and expensive transportation of water to homes.  The key 

to sustainable development within Chaffee County lies in understanding water resources 

available and their connectivity to the Arkansas River and zones of recharge.       

 

1.6 Project Hypothesis and Goals 

 The Upper Arkansas River Basin is geologically complex, which complicates the 

local ground water hydrology, making this an area of scientific interest.  Recent growth in 

Chaffee County, along with predictions of future growth, have both excited and alarmed 

citizens of Buena Vista, Salida, and Poncha Springs.  Most land owners and developers 

alike understand the need for a sustainable future water resource; however, sides disagree 

on how much water consumption can be replenished.  The geologic and hydrologic data 

available has helped bring the issue to light, yet a complete basin-wide assessment of 

available water resources is not available.  The study of ground waters, surface waters, 

and hot springs geochemistry has shown to yield relevant information about subsurface 

flow, water mixing, recharge and aquifer heterogeneity.   

 The integrated geochemical analysis of Chaffee County waters presented in this 

thesis has shed light on a select region with the Upper Arkansas River Basin.  The 

presented technique and analysis, along with additional data throughout the Upper 

Arkansas River Valley, may prove useful to county planners as development in the area 

is challenged and encouraged.  The data collected and the analysis is not an attempt to 

prove or disprove where water resources are located within the valley.  However, this 

method and analysis may be used to enrich the scientific understanding of the complex 

nature of ground water movement within the area.  
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CHAPTER 2 

PREVIOUS WORKS AND HISTORICAL SCIENTIFIC FINDINGS 

 

A hallmark paper on the science of geochemistry was written by Robert Garrels 

and Fred Mackenzie in 1967.  Garrels and Mackenzie showed the chemical processes that 

transform spring waters in the Sierra Nevada range to highly alkaline soda lake waters 

found downstream.  By looking at typical source rocks near the springs, accounting for 

evaporation rates found in the area, and understanding aqueous chemistry and mineral 

precipitation/dissolution, they quantitatively showed the evolution of spring waters.  This 

analysis used the laws of mass and energy balance to explain why specific water types 

were found at their respective locations and opened the door for geochemical process 

analyses in various types of environments.    

 

2.1 State of the Art in Geochemical Investigations 

Geothermal heat sources are frequently associated with volcanism and/or large 

fault structures.  In these situations the heat is transferred from a magma plume or by 

friction between sliding fault planes to a volume of water which travels upwards to or 

near the surface, creating a geothermal water supply.  Volcanism and large fault 

structures often create conduits, controlling fluid movement.  However, the conduits for 

fluid movement are seldom simple paths.  Often geothermal waters are found in the near 

proximity of non-heated springs and wells.  If the geothermal and non-thermal water 

chemistries are different, geochemical analysis can allow us to infer where the source 

water is coming from, the potential recharge of a system and the controlling mechanism 

of the geothermal source. 

For general water chemistry studies, four cations are typically measured:  

potassium (K+), sodium (Na+), magnesium (Mg2+), and calcium (Ca2+).  The dominant 

cation species is often indicative of thermal source composition, reservoir rock 

composition, thermal water/rock interactions, or a mixture of the three.  Additionally, 

four anion species are typically measured:  bicarbonate (HCO3
-), sulfate (SO4

2-), nitrate 

reported as nitrogen (NO3
-) and chloride (Cl-).  The anions are generally used to infer 
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information about thermal source rock or water source type.  The temperature, pH, and 

total dissolved solids (TDS) content of a water sample are very important pieces of 

information used in geochemical analyses.  Areas with complex lithologies or involved 

geochemical processes require testing a multitude of other aqueous constituents 

including:  various metals, arsenic (As3/5+), boron (B3+), fluoride (F-), phosphate reported 

as phosphorus (PO4
3-), amorphous silica (SiO2), and dissolved carbon dioxide (CO2). 

Often, the geochemical data is analyzed in a ratio form (between two constituents) 

and the ratio can be used to infer thermodynamic ranges (temperatures) to which the 

water was subjected.  By predicting a temperature range for the heat source, one may 

infer the amount of cooling or mixing that has occurred to produce the water sample at a 

given location.  The heat source temperature is of interest because of the possibility of 

geothermal power generation, but this will not be discussed further in this thesis.   The 

ratios of constituents used for the purpose of predicting a source temperature are called 

geothermometers.   

 Geochemistry is an important analysis in characterizing geothermal systems.  An 

abundance of geochemical and isotopic data will improve the ability to understand and 

predict geothermal systems, as no one key geochemical parameter is useful for 

characterization in every study.  Table 2.1 presents a summary of case studies presented 

in Section 2.1 which lays a foundation for geochemical analyses completed in this thesis.    

 

Table 2.1:  Summary of Geochemical Parameters and Their Common Uses 
Geochemical Analysis Geothermal Source Source Depth Source Temperature Flow Paths Mixing Recharge

Temperature x x x x x x
pH x x x x x x

TDS x x x
Cations x x x x x x
Anions x x x x x x
δD/δT x x x
δ18O x x x

δ(Constituent Isotope) x x x x x  
 

In the Campania region of southern Italy thermal springs and cold springs exist in 

close proximity.  Although the area has Quaternary volcanics, the heat for the geothermal 

springs appears to be a result of recent faulting.  Duchi et al. (1995) found three of four 

Quaternary volcanic areas have thermal discharges all of which have high concentrations 

of Na and Cl.  In nearby (approximately 50 km) non-volcanic areas thermal springs 
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discharge and mix into an extensive carbonate unit which serves as a regional cold water 

aquifer.  The typical water associated with the aquifer has low-salinity and high 

concentrations of HCO3.  The contrast between the thermal and non-thermal waters 

allows geochemistry to detect the mixing of the two water types. 

Near Mount Shasta in California the presence of thermal and non-thermal springs 

has given rise to the question of recharge.  Nathenson et al. (2003) demonstrated that 

non-thermal springs have temperatures cooler than the annual air temperature and the 

specific conductance of the non-thermal springs increases linearly with discharge 

temperature.  Thermal springs in the area have significant concentrations of Cl and SO4 

indicating the presence of a volcanic hydrothermal system.  The research showed the 

lower elevation springs tended to be warmer.  It was therefore inferred the 

topographically higher springs tended to have fairly limited circulation paths, where as 

the lower springs had longer recharge paths.  The deeper the recharge paths, the warmer 

the springs tended to be, and explaining the increased Cl and SO4 concentrations 

observed through water-rock interaction.   

Valentino and Stanzione (2003) analyzed the concentrations of minor and trace 

elements within hydrothermal waters from the Phlegraean Fields of Naples, Italy.  

Specifically, concentrations of B, F, Hg, As, Pb, and Tl were measured and five distinct 

water groups associated with different types of mixing were observed.  The first water 

type was an acidic sulfate water, which was composed of mixed meteoric water and 

magmatic gases (primarily H2S).  The second water type was a high sulfate and chloride 

water associated with deep geothermal reservoir upflows.  The third group had 

incorporated degassed magmatic CO2.  The fourth group had normal chloride levels and 

was associated with deep geothermal fluids (specifically heated marine water) modified 

by water/rock interactions.  The final group was the cold water observed in the middle of 

the study area, which was impacted by low-temperatures water/rock interaction 

processes.  Despite the geologic complexities observed at the surface, the spatial 

distribution of water constituents proved to be very useful in understanding and 

predicting deep geothermal fluid control and interaction with cold near surface aquifers.    

Kim et al. (2005) used geochemical testing to quantify the amount of 

encroachment of cold surface water into thermal groundwater resources at the Onyang 
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Spa, Korea.  The group found the cooler water near the surface to be high in solute 

concentrations associated with human activity (specifically Cl and NO3).  The deeper 

geothermal waters had elevated concentrations of SiO2 and F along with greater pH's.  

Based upon analysis from well samples, the cold water fractions were approximately half 

of the volume contained in geothermal wells.  Upon making that discovery, pumping 

restrictions were placed upon the spa with hope to restore the artesian pressure to prevent 

cold water intrusion of the natural setting. 

Isotopic variability is another type of geochemical data measured in waters.  The 

ratio of natural isotopes is a relative measurement, but yields information regarding 

source rock, recharge water type, age of water, and other clues about the system.  The 

most common isotopes measured are:  oxygen (δ18O), deuterium (δD), tritium (δT), 

carbon (δ14C and δ13C), helium (δ3He), and various metal isotopes.  Because the amount 

of isotopes is relative to an area, a sample with more δD is said to have an abundance, 

while a water sample with less δD is said to have a deficiency.  The entire set of 

geochemical data (physical, chemical, and isotopic) sheds light on the source, chemical 

processes, transport, and storage of a water sample.  The sample when compared with 

waters nearby tells relative and partial information that is often very useful in better 

understanding the hydrologic controls of a geothermal water resource. 

 Grassi et al. (1996) found that the northeastern Greece low temperature 

geothermal reservoir (the Nea Kessani Field) is composed of arkosic sandstones as shown 

by the observed geochemical constituents, primarily Na, Cl, and HCO3 with slightly 

varying salinity.  The chemical composition appeared to be geothermal water which had 

undergone conductive cooling, at an unknown reservoir depth.  Small (1 g/L) observed 

changes in salinity were likely due to the production of CO2, which indicated a deeper 

flow path through marble.  The enriched δ18O values also indicated a deeper source, like 

the Paleozoic marble below the arkosic sandstone.  However, the slight increase of δD in 

some samples indicated a component of young recharge waters, similar in composition to 

the cold waters in the Rhodope Mountains to the north.  This gave rise to the idea of 

regional recharge from the northern mountains.  They concluded the water from the 

Rhodope Mountains traveled through fractures, encountering marbles near the base of the 

Rhodope Mountains picking up CO2 and almost immediately entered the arkosic 
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sandstone geothermal field, resulting in the mixed, but regionally consistent thermal 

water geochemistry.    

 Rodríguez et al. (1997) used isotopic and chemical analysis to better understand 

geothermal fields’ contributions to shallow ground water aquifers in Central America.  

The Ahuachapán and Chipilapa geothermal fields in El Salvador are a product of two 

local volcanoes, which are separated by a horst.  Although structurally separate, the 

geothermal fluids both flowed towards the north, primarily due to the direction of faulting 

within the area.  The local groundwater quality varied, but had lower temperatures than 

the geothermal fluids and had depleted δD, δ18O, Cl, and SO4 concentrations in 

comparison.  The biggest concern for the area was an increased concentrations of SO4, 

associated with geothermal fluid mixing.  A spatial display of the observed geochemistry 

showed the area east of the major fault zone had portions of increased salinity, SO4, and 

temperatures, attributed to a maximum mixing of 10% with geothermal fluids.  However, 

the areas to the west of the major fault structure appeared to be unaffected by geothermal 

contributions.  Overall, the geothermal influences in this area of El Salvador were 

minimal, but by predicting areas of lower salinity and SO4 concentrations the safest 

drinking water could be produced.    

  Qin et al. (2005) reported the Shaanxi Province of China has a 1000-3000 m deep 

Tertiary aquifer with elevated δ18O but similar δD values as compared to the shallower 

Quaternary aquifer.  The Tertiary aquifer also makes up the Xi’an geothermal field and 

the shift in the water’s δ18O was attributed to an isotope exchange between geothermal 

water and carbonate minerals (e.g. calcite) over a period of several thousand to 30,000 

years, as dated by δ 14C.  The δD values indicate the geothermal field is buffered from 

recent meteoric waters.  Qin et al. (2005) showed the geothermal reservoirs are recharged 

by rain on the southern Qinling Mountains, and not from the northern North Mountains.  

This observation led to the discovery that withdrawal from the Xi’an field was greater 

than recharge would supply, indicating the current use of the Tertiary aquifer was not 

sustainable, and needed to be reduced.   

Marini et al. (1998) analyzed natural isotopic tracers for two different geothermal 

areas associated with volcanism near San Marcos, Guatemala.  Although geothermal 

waters were only 1km apart, differences in SiO2 and K concentrations, despite other 
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geochemical constituents being similar, indicated two distinct sources.  Geothermometry 

for SiO2 and K calculated the primary geothermal spring was associated with a 

geothermal reservoir existing at a temperature close to 240 ºC.  The diluted 

concentrations of SiO2 and K indicated the secondary geothermal reservoir existing at a 

temperature of 185 ºC.   

 Skalbeck et al. (2002) demonstrated how changes in B and Cl concentrations can 

indicate mixing of thermal and non-thermal waters.  Near Reno, Nevada rapid growth has 

caused water resources to become stressed.  Non-thermal water in the area is used for 

both municipal and domestic water supplies and originates in the near surface cobble, 

boulder, and gravel laden alluvial fan deposits.  Thermal water is used for electrical 

power generation and is associated with the fault planes observed on the surface cutting 

sedimentary, igneous, and volcanic bedrock below.  On the surface, the location of both 

thermal and non-thermal wells are in the same proximity and increased production of the 

two water sources has caused a general water table drop and a warming of non-thermal 

sources.  The problem appeared to be associated with mixing of the thermal fault fracture 

aquifer with the non-thermal alluvial aquifer.   

 Thermal waters near Reno, Nevada have temperatures greater than 20 ºC, 

high TDS, elevated concentrations of As, B, and Cl, and a uniform Cl/B ratio of 

approximately 20, Skalbeck et al. (2002).  For this study Cl was considered a 

conservative tracer as non-thermal waters have approximately 300% less Cl than thermal 

waters.  In wells with high clay deposits B concentrations were initially much lower than 

increasing Cl concentrations, which indicated B may adsorb to clay particles.  However, 

with time B concentrations rose to those of Cl, which may have indicated that maximum 

adsorption had occurred.  Groundwater monitoring began in 1985, and by plotting well 

temperatures, B/Cl ratios, and depths to water, strong evidence for mixing of thermal and 

non-thermal aquifers was observed.  The non-thermal wells located along a known fault 

had the biggest infiltration of thermal water, where as wells far away from fractures did 

not observe measurable changes and were considered to be controls for the study.   

 In Pakistan, the use of geochemical and isotope information was applied to 

estimate reservoir temperature for several thermal springs areas.  Ahmad et al. (2002) 

found Na to be the dominant cation for almost all of the tested waters, while the 
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prominent anion varied between SO4, HCO3, or a mixture of the two.  The absence of δT 

in several regions indicated their was no contribution of cooler, younger water to the 

geothermal systems, while some geothermal regions varying levels of δT indicated 

surface recharge was important.  The presence of a positive correlation between Na and 

Cl indicated shallow cold ground water was mixing with deeper geothermal waters in 

different proportions. Based upon geothermometer relationships and isochemical 

modeling, two major regional reservoirs were delineated with the following source 

temperatures: 185-200 ºC and 100-150 ºC.  Other tests done on smaller regions were 

inconclusive but showed strong evidence as areas of mixing.  

 In summary, geochemical data is very useful and can be interpreted in many ways 

to qualitatively and quantitatively describe a geothermal system.  Specifically, it is 

possible to determine geothermal source types, source depths, source temperature, flow 

paths, mixing, and recharge.  Apart from geochemical analyses understanding the 

processes and nature of a geothermal system is difficult.  If available, historical data 

should be analyzed as it can assist in predetermining which parameters are important and 

can be collected n the field.  The usefulness of geochemical data is not guaranteed, but a 

wide selection of measured geochemical constituents will allow for a greater possibility 

of descriptive and accurate geothermal system interpretations.     

 

2.2 Geothermal Studies Completed in the Upper Arkansas River Basin 

 Historic geothermal investigations have been recorded in Colorado as early as 

1884 (Pearl 1981).  Specific to Chaffee County, Pearl (1972) indicated the Cottonwood 

Hot Springs discharge approximately 0.37-0.57 m3/min of water which ranges in 

temperature from 49-62 ºC.  The Mt. Princeton Hot Springs discharge approximately 

0.94-1.51 m3/min of water which ranges in temperature from 48-57 ºC.  Pearl (1972) 

indicated the geothermal waters had, “limited local use,” and would be used for 

recreation purposes rather than power generation. 

 Jay Dick completed his thesis on geothermal reservoir temperatures in Chaffee 

County in 1976.  Dick estimated the geothermal reservoir potentials by mixing models 

based on quartz solubilities.  Dick indicated the geothermal reservoir temperature near 

Chalk Creek is approximately 200 ºC and 175 ºC near Cottonwood Creek.  Based on the 
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extensive alteration of the Chalk Cliffs, Dick estimated the Chalk Creek reservoir was 

potentially as high as 300 ºC in the early Oligocene.  The Hortense Hot Spring 

(approximately 1km northwest of Mt. Princeton Hot Spring Resort) had the highest 

temperatures within the area at 84 ºC.  Due to a high mixing of cold ground water and hot 

geothermal water, Dick found Na-K-Ca and silica geothermometers to be invalid.   

 Coe (1978) included estimates of the Cottonwood Creek and Mt. Princeton (Chalk 

Creek) hot springs’ basic physical properties, based on work by Jay Dick and Richard 

Pearl.  Table 3.1 summarizes the findings. 

 

Table 2.2:  Mt. Princeton Regional Geothermal Springs Physical Properties (Coe 1978) 

Thermal Spring 
Area

Aerial Extent 
(km2)

Thickness 
(m)

Temperature 
(ºC)

Reservoir 
Mechanism

Estimated Total 
Btu (1015)

Estimated Usable 
Btu (1015)

Cottonwood Creek 3.57 305 170 Fractures 0.3894 0.0234
Mt. Princeton 8.13 305 200 Fractures 1.0632 0.0638  

 

 Pearl (1979) estimated the subsurface geothermal reservoir temperatures for 

Cottonwood Hot Springs and Mt. Princeton Hot Springs to be 105-182 ºC.  The estimated 

Na-K-Ca geothermometer estimates were low due to subsurface mixing with cold water 

(as indicated by Dick 1976) and due to the quartz monzonite being relatively potassium-

deficient. 

 Pearl (revised 1993) published the hydrochemical data of geothermal springs 

throughout the state of Colorado.  Twelve wells and springs in and around the Mt. 

Princeton area were included in the database for this thesis.  The sampling included major 

cations, anions, and metal species, and physical data such as temperature, discharge rates, 

and locations. 

 Most recently James Witcher (2006) completed a report on the geothermal 

assessment of the Charlotte Hot Springs (0.5 km west of Cottonwood Hot Springs Resort) 

and found the Cottonwood Hot Spring was composed of meteoric waters.  The reservoir 

temperature was estimated to be below 140 ºC, at 3-4 km depth and closer to 100 ºC near 

the surface, which is consistent with previous work done in the area.  Witcher ruled out 

the interaction of H2S and CO2 processes for the hot springs along Cottonwood Creek 

because of the geothermal waters’ high pH and low bicarbonate concentrations.  Isotopic 
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tritium data showed the geothermal waters were recharged after 1952, and are thoroughly 

mixed (approximately 12%) with cold ground water before surfacing as springs.  The 

geothermal recharge depths were estimated to be as deep as 4 km below the surface, 

based upon the estimated reservoir temperature, with water coming from the uplifted 

Sawatch Range (Witcher 2006).  Additionally Witcher included the estimated heat flow 

(Figure 2.1) in the Mt. Princeton area based on AMAX temperature gradient holes (dark 

triangles) drilled in the 1980’s. 

 

 
Figure 2.1:  Estimated Heat Flow Near Mt. Princeton (Witcher 2006).   
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 Heat flow data is provides an assessment of the geothermal potential within a 

given area and is in units of mW/m2.  Heat flow is a function of rocks’ thermal 

conductivity and the natural temperature gradient within the subsurface of the earth 

(Witcher 2006).  The AMAX data indicates the Cottonwood Creek hot springs and the 

Mt. Princeton area hot springs are not one geothermal system, but are separated by the 

geologic offsets of the range front fault.    

 

2.3 State of the Art in Geochemical Multivariate Statistics 

 Particularly in the field of geochemistry, the ability to understand the variation of 

many system parameters in conjunction with a system change is imperative to 

understanding how the system behaves.  Classical statistics only permits an observer to 

quantify the relationship between two variables at a time.  Therefore, the need to quantify 

the relationships between several variables at a time requires the help of multivariate 

statistics.  Sam Kachigan (1991) states: 

The field of Statistical Analysis is concerned with the collection, 
organization, and interpretation of data according to well-defined 
procedures.  Multivariate statistical analysis . . . is that branch of statistical 
analysis which is concerned with the simultaneous investigation of two or 
more variable characteristics which are measured over a set of objects. 

 In the study of geochemistry, rarely do parameters vary independently of one 

another.  That is not to say geochemical constituents (ions) are overwhelmingly 

unconservative, but when different solutions mix, predictable chemical reactions occur 

and change the equilibrium of the new solution.  In order to fully account for the natural 

variability of water samples the discipline of multivariate statistical analyses is required.   

 Hydrologists and geochemists use the multidimensionality of mixing waters and 

have typically relied on graphical methods for displaying relative proportions of pertinent 

ionic species along with total dissolved solid (TDS) concentrations.  The most widely 

used graphical multidimensional graph is the Piper Plot which was first introduced in 

1944 (Güler, 2002).  Figure 2.2 shows a Piper Plot for the waters near Mt. Princeton.  

Table 2.3 shows the plotting symbol corresponding to the water sample used in Figure 

2.2. 
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Figure 2.2:  Piper Plot of the Waters in the Mt. Princeton Area 
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Table 2.3:  Symbols and Site Identification for the Mt. Princeton Area Piper Plot 

 
 

 The Piper Plot uses two ternary diagrams, each displaying the relative 

concentrations of standard cations (Na+K, Ca, and Mg) and anions (HCO3+CO3, Cl, and 

SO4).  The positions in the cation and anion ternary diagrams are projected (dashed lines) 

into a diamond shaped plot, yielding a composite graphical position unique to a water 

sample.  The diamond shaped plot shows the percent concentrations of all of the 

constituents in the two ternary diagrams.  The natural clustering of samples in the central 

diamond plot indicates similar water types or families; however, deciding where and how 

to split clustered groups into families has been argued as being subjective to specific 

observers.  Figure 2.2 shows two distinct families of waters.  The family on the left is 

broadly grouped and could be argued that subsets within the larger family exist.  These 

waters are calcium-bicarbonate rich waters and are indicative of the meteoric surface and 

ground waters.  The family on the lower right could be broken into two distinct groups 

and belongs to the geothermal hot springs.  These waters are sodium-bicarbonate-sulfate-
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fluoride rich waters and are clearly different geochemically than the other waters within 

Chaffee County.   

 Another commonly used graphical method is the Schoeller Plot, which is a semi-

logarithmic display of the major ions from many samples in a single graph.  Each 

sample’s ionic constituents are connected with a line, indicating one water sample.  The 

Schoeller Plot was introduced in 1955 and shows total concentrations of major ions, 

allowing like waters to fall into clusters (Güler et al. 2002).  Figure 2.3, Figure 2.4, and 

Figure 2.5 show the combined waters, meteoric waters, and geothermal waters 

respectively of Chaffee County in Schoeller Plots.  
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Figure 2.3:  Schoeller Plot of the Combined Waters in Chaffee County 
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Figure 2.4:  Schoeller Plot of Meteoric Waters in Chaffee County 
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Figure 2.5:  Schoeller Plot of Geothermal Hot Spring Waters in Chaffee County 
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 Figure 2.3 shows more than 100 samples plotted simultaneously and graphically 

displays multivariate data.  However, Figure 2.2 is complicated to interpret and needs to 

be broken into smaller groups.  Figure 2.4 and Figure 2.5 have been divided into meteoric 

and geothermal hot springs waters respectively and clearly show different cationic and 

anionic species’ peaks.  The meteoric waters, as mentioned before, are calcium and 

bicarbonate rich, while the geothermal waters are sodium, bicarbonate, sulfate, and 

fluoride rich.  The bicarbonate values for the two water types are similar, while the 

sulfate and fluoride values for the hot springs are approximately an order of magnitude 

higher than the expected meteoric values, indicating a real, measurable difference 

between water types. 

 Just as with the Piper Plot, Schoeller Plots allow for family speciation, however, 

when and how to divide large families into subgroups is considered subjective to the 

observer.  Graphical methods (including Stiff Diagrams, Collins Bar Diagrams, and Pie 

Diagrams) have been used for water speciation and can be an excellent reconnaissance 

tool in the field of geochemistry for determining water differences and expected 

geochemical signatures.  However, all graphical methods leave determining water 

families or clusters to the observer (Güler et al. 2002).  A rigorous statistical approach to 

water family clustering would yield a non-biased result. 

 In 2002 Cüneyt Güler (et al.) showed that multivariate statistical methods provide 

a robust classification for water species.  Güler et al. displayed water chemistry data from 

the South Lahontan hydrologic region of California (southern Sierra Nevada mountain 

range) using graphical methods and multivariate statistics.  All of the graphical methods 

had limitations, primarily the subjective nature of how to determine subgroups within 

water families.  Güler et al. (2002) notes that multivariate analysis does not yield a cause-

and-effect relationship within groups, but allows for a compact, succinct, statistical 

approach to family clustering, which greatly assists in understanding geochemical 

processes.   

 Cluster analysis techniques assume data has equal variance and normal 

distribution.  Hydrologic data, geochemical included, very seldom are normally 

distributed or have equal variance; however, log transforms and standardization prepare 

the geochemical data for cluster techniques.  The entire dataset is grouped according to 
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similarity between samples, over all of the specified variables, and is called a Q-mode 

classification.  Güler et al. (2002) linked samples similarity using the Ward method in a 

hierarchical cluster analysis (HCA), because the Ward method analyzes variance 

(ANOVA) to calculate cluster error as a sum of squares.  This method calculates the 

distances between the centers of a parent groups and tends to form smaller, more unique 

clusters (Güler, 2002).   

 Groups determined by the HCA are displayed in a dendogram, which displays 

clusters or families of samples that are more similar to one another.  One downfall of 

HCA dendogram is the display of the clusters yields no information about specific 

geochemical parameter importance within a cluster.  However, a principle component 

analysis (PCA) can be run seperately to help determine, which geochemical parameters 

are most important for a given cluster.  A phenon line (horizontal line) can be moved up 

and down to select the final number of clusters, within the dendogram.  A cluster number 

is then given to each water sample, and the specific clusters can be plotted in Piper Plots 

or Schoeller Plots, graphically showing geochemical parameters which are of statistical 

importance.  The vertical placement of the phenon line is semi-subjective; however, with 

the HCA statistics, the number of families is not pre-chosen, allowing the phenon line to 

be set by observing natural breaks in the graphical data, indicating how many clusters is 

appropriate (Güler et al. 2002).  Also, the spatial distribution of water clusters and 

geochemical constituents can highlight the areas of recharge, water-rock interaction, and 

mixing between water types.  Figure 2.6 shows a dendogram of the waters in the Mt. 

Princeton Area; the phenon line is set to delineate 5 clusters. 

 Güler et al. (2003) used this technique to explain water movement and 

geochemical processes for 80 years of data in the Indian Wells-Owens Valley area of 

southeastern California.  The HCA methodology produced five clusters, which were 

indicative of recharge waters and transitional/discharge waters.  When the clusters were 

analyzed graphically and plotted spatially, geochemical modeling was able to explain 

water-rock interactions and geochemical processes, which turned precipitation (primarily 

snow) into valley discharge waters.  The zones of recharge, regional flow paths, and 

discharge areas of both high and low total dissolved solids (TDS) waters were delineated.  

The practical use of HCA in conjunction with spatial and graphical geochemistry plots, 
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yielded a better understanding of the geochemical processes occurring in the Owens 

Valley. 
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Figure 2.6:  Hierarchical Cluster Analysis of Mt. Princeton Area Waters 

 

 In 2004 Geoffrey Thyne et al., applied the methodology proposed by Güler in 

2002 to a watershed characterization in the Turkey Creek Basin Watershed in Colorado.  

The HCA methodology yielded four clusters of waters within the Turkey Creek Basin 

(TCB).  Two of the four clusters were found to be a direct result of water-rock 

interaction, but quite interestingly one of the families was shown to have been degraded 

by anthropogenic events, primarily recharge by septic tank effluent.  These researches 

found the HCA methodology was best suited for regional scale projects, not site specific 

applications, where varying water types are limited and geochemical differences between 

water samples are small.  These researchers also found the HCA methodology is capable 

of sorting both natural water-rock interaction geochemical processes and anthropogenic 

sources (Thyne et al. 2004).   

 Given the success of the hierarchical cluster analysis on regional scales, this 

technique will be used in Chapter 4 to better understand regional flow within the Mt. 

Princeton area of Chaffee County.  By observing how ground water flows within the 

unconfined aquifers of Chaffee County, specifically around Mt. Princeton, predicting the 

locations of subsurface heterogeneities may be possible.  By locating subsurface 
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heterogeneities, it may be possible to predict the location of regions within Chaffee 

County that are not hydrologically connected to the Arkansas River, which would yield 

an unsustainable ground water supply, if over developed in the future. 
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CHAPTER 3 

DATA COLLECTION AND QUALITY ASSURANCE 

 

 In order to model geochemical data; they must be inspected for accuracy.  When 

possible, the amount of error associated with a measurement and the effects of that error 

should be accounted for and explained.  Additionally, the data need to be spatially 

referenced in the same coordinate system.   

 

3.1 Collection of Historical Data 

 Geochemical data within Chaffee County has been collected since the early 

1900’s.  However, more complete, rigorous laboratory data has been collected since the 

early 1970’s.  One source of geochemical data came from Barrett and Pearl in 1976 

(revised 1993).  Barrett and Pearl’s work focused on geochemical data from thermal 

springs and wells throughout Colorado.  There were 36 geochemical measurements 

within Chaffee County which were collected between 1975 and 1976.  The areas of 

interest were Mt. Princeton Hot Springs, Cottonwood Hot Springs, Poncha Hot Springs, 

and the Browns Canyon area.   

 A second source of geochemical data within Chaffee County came from Kenneth 

Watts (2005) study.  The data was not tabulated within his report, but Watts was able to 

electronically provide data for this research.  There were 122 geochemical measurements 

collected by the USGS between 1971 and 2001.  There were no specific areas of interest 

within Chaffee County, and the measurements were taken throughout the Upper Arkansas 

River Valley.  Watts (2005) reported on aquifer type, surface elevation, water table, and 

depth of well where possible.  While this data was more spatially extensive than the 

Barrett and Pearl (revised 1993) report, not many water samples were taken within the 

Mt. Princeton Hot Springs area.  Therefore, additional water sample were collected for 

this thesis. 

 Between June and September 2006, a total of eleven water samples were collected 

in association with this thesis.  In order to increase the spatial resolution of graphical 

methods, water samples were taken at Mt. Princeton Hot Springs, Chalk Creek, 
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Cottonwood Hot Springs, Cottonwood Creek and portions of the valley east of the two 

hot springs.  Table 3.1 shows a summary of common geochemical constituents reported 

by the three data sources and consequently used for the future analyses. 

   

Table 3.1:  Pertinent Geochemical Parameters 

Temperature (ºC) Conductivity (μS/cm)
pH Alkalinity as Bicarbonate - HCO3

- (mg/L)
Potassium - K+ (mg/L) Sulfate - SO4

2- (mg/L)
Sodium - Na+ (mg/L) Chloride - Cl- (mg/L)

Calcium - Ca2+ (mg/L) Fluoride - F- (mg/L)
Magnesium - Mg2+ (mg/L) Nitrate (as Nitrogen) - NO3

- (mg/L)
Iron - Fe2+ (mg/L) Amorphous Silica - SiO2 (mg/L)  

 

 The combined geochemical data yielded a database of 169 locations, with some 

repetition, collected between 1971 and 2006 (see enclosed CD with electronic database).  

While expected seasonal and temporal changes may challenge the integrity of the 

geochemical database, the geochemical analyses for repeated areas show water quality 

has not varied or degraded by and large within the county, especially with respect to the 

geothermal hot springs.  This observation will be further explained in Chapter 4, but for 

now encourages further applications of geochemical techniques. 

 

3.2 Field Data Collection 

 The field collection methodologies and laboratory techniques for the historical 

water samples were not available.  It is assumed the data was collected in a proper 

method and was analyzed using appropriate laboratory techniques.  While this may be a 

source of error, all of the compiled data was subject to the procedures listed in Section 

3.3.  The eleven water samples obtained in 2006 were collected with the following 

protocol.  Clean, 0.5 L sample bottles were obtained from the analytical laboratory 

completing the analysis.  No preservatives were used.  The sample bottles were 

completely submerged, under source waters and the cap was screwed on under water, to 

reduce the amount of headspace within the bottle.  Samples were collected to minimize 

organic matter (i.e. leaves or moss) to preserve the samples’ geochemical integrity.  None 

of the samples were filtered in the field, but were filtered by the contracted laboratory.  
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The samples were immediately refrigerated and were delivered to the laboratory within 

24 hours (48 hour maximum).  Generally, the lab results were returned in two weeks.   

 

3.3 Quality Control and Quality Assurance 

 All eleven water samples were sent to Evergreen Analytical, Inc. in Wheat Ridge, 

Colorado.  Table 3.2 shows the analytical method, error, and detection limits for each of 

the measured parameters.  Details on specific analytical method techniques can be found 

at www.epa.gov.  

 

Table 3.2:  Analytical Laboratory Methods, Error, and Detection Limits 

 
 

 Once all of the geochemical data was collected and assembled into one database, 

error analyses were completed to check the accuracy of the data.  The first issue was to 

convert the reported map projections and units to a unified system.  For this thesis, the 

map projection selected is NAD83 (North American Datum 1983), and the coordinates 

are reported as UTM (Universal Transverse Mercator) easting and northing in meters.  In 

1993, Barrett and Pearl revised their report from 1976; however, the reported locations 

remained in the NAD27 projection and were reported as latitude and longitude in degree, 

minute, second format.  The locations of these data were changed to this thesis format. 

 The USGS data (Watts, 2005) was reported in NAD83; however the coordinate 

units had to be converted from decimal degrees to UTM.  All field data collected was 

positioned with a Garmin 60 handheld GPS, which was selected to record in the selected 

thesis format. 
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 With all of the geochemical data in a consistent format, the second error analysis 

was to purge geochemical data which did not contain values reported in Table 3.1.  This 

removed 29 samples, reducing the number of samples to 140.  Thirdly, a charge balance 

analysis was completed for all of the water samples.  Equation 3.1 shows the formula for 

% Charge Balance Error (Güler, 2002). 

 

Equation 3.1:  % Charge Balance Error = [(∑z·mc - ∑z·ma)/(∑z·mc + ∑z·ma)]·100 

 

 The variable z is the absolute value of an ion’s valence charge, mc is the molality 

of a cation, and ma is the molality of an anion (Güler, 2002).  The charge balance 

equation accounts for water being electrically neutral.  When the cations and anions in 

the water are summed, the electric charge should be zero.  If a charge balance value is 

less than or equal to +/- 10%, it is considered an acceptable water chemistry analysis.  For 

the 140 samples analyzed, 33 samples had a charge balance greater than 10%.  However, 

upon further analysis 31 of the 33 samples from the USGS database, did not have a value 

for bicarbonate, which is a major contributing ion and is stable for both meteoric and 

geothermal waters.  Therefore, 31 values of bicarbonate were estimated by reducing the 

charge balance error to 0.  The mean charge balance error for the 108 samples with 

reported bicarbonate values was less than 3%.  Therefore, by estimating bicarbonate 

values for 22% of the dataset, an expected 3% error is introduced to this portion of the 

geochemical data.  This estimated error is approximately equal to analytical laboratory 

methods and is acceptable.  The benefit of estimating bicarbonate values for 31 samples 

is the increased spatial resolution of geochemical data within Chaffee County.  

 Finally, data not in the proximity of Mt. Princeton Hot Springs and Cottonwood 

Hot Springs was removed.  There were 56 sampled locations not in the proximity of the 

mentioned hot springs.  The remaining 84 samples were ready for further statistical 

analyses, geochemical modeling, and spatial plotting of the combined results. 
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CHAPTER 4 

GEOCHEMICAL ANALYSES  

 

 A multivariate statistical geochemical analysis enables an observer to categorize 

data into families (clusters) based on the similarity between any number of selected 

parameters.  While the produced dendogram does not graphically indicate what 

parameters are important for each cluster, the water samples can be analyzed by assigned 

cluster number.  This provides a statistical base for graphical methods.  The water 

samples can then be input into a geochemical model, predicting pertinent mineralogical 

saturation indices.  By spatially plotting the results of both geochemical constituents and 

predicted saturation indices, it is possible to predict regional ground water flow and 

geochemical processes.  Figure 4.1 is the background map used for the spatial 

distribution plots of geochemical constituents and predicated saturation indices.  Figure 

4.1 also shows general locations within the study area.  

 

4.1 Multivariate Statistical Analysis 

 In order to perform multivariate statistical analyses on water samples’ 

geochemical parameters, we chose a statistical software package, MINITAB (Release 

13.1).  The 84 water samples within the vicinity of Mt. Princeton were transformed into 

logarithmic values (base 10) to ensure a more normal distribution of data, and the 

MINITAB standardization function was performed on each geochemical parameter.  Data 

are expected to be normally distributed and standardized in order to properly perform a 

multivariate statistical analysis.     

 A Hierarchical Cluster Analysis (HCA) was completed on all 84 samples.  The 

geochemical constituents used for this step were: Na+, Ca2+, Mg2+, K+, HCO3
-, SO4

2-, Cl-, 

F-, and NO3
-.  These ions, with the exception of F, are measured in every basic water 

chemistry analysis and values were available for each water sample. 
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Figure 4.1:  Map of the Study Area 

 

 The multivariate linkage method chosen was the Ward Method due to its analysis 

of variance (ANOVA) between clusters (Güler 2002).  The distance measurement 

technique used was the Euclidean Method, which measures the straight line distance (in 

n-dimensional space) between two points.  The “n” is determined by the number of 

parameters input into the HCA.  Güler (2002) found that the Ward and Euclidean 

Methods, used in conjunction, produced the most distinct clusters, while maintaining 

each sample within a cluster had a high level of similarity.  The HCA creates a 

dendogram, which clusters water samples according to their similarity, taking into 

account each specified geochemical parameter.  Water samples are compared against 
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each other, and the dendogram shows which waters are most similar.  Figure 4.2 shows 

the dendogram for the 84 samples near Mt. Princeton.   
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Figure 4.2:  Hierarchical Cluster Analysis Dendogram of Waters Near Mt. Princeton  

 

 Figure 4.2 has observations (the number of samples) on the horizontal axis and 

the similarity on the vertical axis.  A similarity value of 100 indicates the samples within 

a cluster are identical or completely similar.  The more negative the number, the more 

dissimilar the observations.  If the phenon line was set at 100, there would be 84 clusters, 

given 84 samples for this thesis.  Conversely, if the phenon line was set at -600 or less, 

there would only be 2 clusters.  The placement of the phenon line (horizontal dashed line) 

is semi-subjective, as it is based on the amount of similarity desired, and placement is left 

to the observer.  However, the clusters should represent the physical data collected.  For 

this thesis, 5 clusters were selected.  The validity of this selection can be verified by 

displaying the spatial distribution of clusters.  Figure 4.3 shows the spatial distribution of 

clusters within the study area. 
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Figure 4.3:  Spatial Distribution of Water Clusters Near Mt. Princeton 

 

 Clusters 1, 2, and 3 correspond with ground waters that are non-thermal, while 

clusters 4 and 5 correspond with ground waters and springs that are geothermal.  The 

Cottonwood hot springs and Mt. Princeton hot springs areas are clearly separated into 

two distinct clusters (cluster 4 and primarily cluster 5), separate from other waters in the 

valley.  Cluster 1 waters are primarily found on the western and central portions of the 
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valley.  Cluster 2 waters are also found on the western and central portions of the valley, 

but are generally grouped in different regions than cluster 1 waters.  Cluster 3 waters are 

found on the eastern side of the valley and are generally found along the course of the 

Arkansas River.  In order to better understand the water chemistries represented by the 

clusters, Figure 4.4 shows a semi-log plot of the mean values of each geochemical 

constituent for each cluster, with error bars (also plotted on the semi-log scale) indicating 

the standard deviation of each mean.  Table 4.1 gives mean values plotted in Figure 4.4. 
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Figure 4.4:  Geochemical Parameter Mean Values for Designated Clusters 
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Table 4.1:  Cluster Means for Geochemical Parameters 

 
 

 Figure 4.4 effectively highlights the geochemical differences between the 

statistically distinct clusters.  Iron and amorphous silica were not included in the 

clustering process, but a majority of water samples recorded values for both and are 

therefore considered for the rest of the analyses.  Clusters 4 and 5, indicative of hot 

springs, show geothermal waters have elevated concentrations of Na, SO4, Cl, F and 

amorphous SiO2, some by almost an order in magnitude.  Conversely, the meteoric 

ground waters are characterized by elevated concentrations of Ca and Mg.  The 

respective error bars, which indicate the standard deviation in mean values for each 

constituent, show where typical cluster values overlap.  The majority of ground waters 

are classified as calcium-bicarbonate rich, which is the composition expected for water 

derived from a meteoric source (precipitation) and solutes from low temperature water-

rock interactions.  The geochemical waters are classified as sodium-bicarbonate-sulfate 

rich with elevated concentrations of fluoride and silica.  The elevated concentrations of 

sodium, sulfate, fluoride, and silica indicate higher temperature water-rock interactions.  

The elevated concentrations of bicarbonate in the geothermal waters indicate the ultimate 

source was most likely meteoric. 

 The waters of cluster 1 are characterized by the lowest total dissolved solids 

(TDS) for the non-thermal ground waters, and are the expected composition of snowmelt 

and precipitation with a low degree of water-rock interaction.  However, cluster 1 waters 
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also show elevated concentrations of F, which could indicate some mixing of geothermal 

waters or water-rock interaction.  Cluster 1 also shows elevated concentrations of Fe, 

which could result from increased water-rock interaction or anthropogenic events, either 

acid-mine or industrial drainage.   

 The waters of cluster 2 are characterized by slightly higher TDS than cluster 1, 

but are similar in overall composition.  However, cluster 2 shows elevated concentrations 

of NO3, which is indicative of anthropogenic events, either agricultural fertilizers or 

waste water. 

 The waters of cluster 3 are characterized by the highest TDS values of the first 

three clusters, but have large standard deviations in cluster means.  Cluster 3 shows 

elevated concentrations of Cl, NO3, and F.  Elevated concentrations of Cl and NO3 are 

most likely a result of anthropogenic events, such as agricultural fertilizers or waste 

water.  The elevated concentrations of F could indicate mixing with geothermal waters or 

water-rock interactions.  This cluster with elevated TDS values and large standard 

deviations is most likely associated with the Arkansas River and anthropogenic events 

near more urban areas. 

 The waters of cluster 4 are characterized by the highest TDS values of all five 

clusters.  Specifically, the elevated concentrations of Na, SO4, Cl, and F give a unique 

fingerprint for those geothermal waters, as mentioned before.  Cluster 5 is characterized 

by a similar geochemical signature, but has lower concentrations of Na, SO4, Cl, and F.  

An increase in water temperature allows for greater solubility of ions, so warmer waters 

generally have higher TDS.  The hot springs along Chalk Creek, although generally 

warmer, have lower TDS values than the hot springs along Cottonwood Creek, which 

was not expected.  However, the waters near the Hortense hot spring (along Chalk Creek) 

are over 80 ºC, have the highest concentrations of Na, SO4, Cl, and F measured for any of 

the hot springs, are statistically more like the hot springs along Cottonwood Creek than 

the hot springs along Chalk Creek and were therefore placed into cluster 4. 

 Another way to confirm the uniqueness of the clusters is to plot the clusters mean 

chemistries in a Piper plot.  Figure 4.5 shows the Piper plot for the clusters near the Mt. 

Princeton area. 
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Figure 4.5:  Piper Plot for the Water Cluster Means Within the Mt. Princeton Area 

 

 Figure 4.5 shows the quantitative data described in Figure 4.4 in another graphical 

method.  Clusters 4 and 5 are clearly distinct groups and have elevated concentrations of 

Na, HCO3, and SO4.  Clusters 1, 2 and 3 are more similar than clusters 4 and 5 (especially 

clusters 1 and 2), but show sufficient separation on the Piper Plot.  Clusters 1, 2, and 3 

show elevated concentrations of Ca and HCO3.   

 The geochemical validation of the HCA water cluster speciation provides 

confidence to continue with a spatial distribution analysis of important geochemical 

constituents.  By plotting the spatial distribution of important geochemical parameters, 

information can be inferred about ground water mixing and possible ground water flow in 

the region.     
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4.2 Spatial Distribution of Geochemical Parameters 

 In order to better understand the distribution of geochemical constituents’ 

concentrations, displaying the data spatially can powerfully aid in understanding of water 

mixing, chemical processes and general aquifer flow.  Specifically, the relationships 

between cationic species concentration (Ca and Na) and elevated amorphous silica (SiO2) 

appear to be dependent upon source water (geothermal versus non-thermal) and the 

distribution of those species should indicate mixing of waters and possible ground water 

flow.  Additionally, anionic species concentrations (SO4 and F) appear to be dependent 

upon source water (geothermal versus non-thermal) as well and should indicate mixing of 

waters.  Finally, anionic species concentrations (Cl and NO3) appear to be affected by 

anthropogenic events and should indicate regions where ground water has been 

negatively impacted by humans. 

 The changes in concentrations (mg/L) are often minute, parts per million (ppm), 

but are analytically detectable and distinguishable.  Furthermore, HCA statistics requires 

data be normalized.  Since natural systems vary rarely yield normal data, the log 

transform of geochemical constituents’ concentrations are plotted within Section 4.2.  

The log distribution of data allows for natural variations in water samples to be more 

easily distinguished by observers.    

 The RockWorks (Release 2006) software was used for this thesis to display data 

spatially and is a flexible software package offering many different plotting options.  A 

rigorous geostatistical approach was not applied to the data, but precautions were taken to 

accurately represent the data available through processes in RockWorks.  For the data 

presented in this thesis, a closest point gridding algorithm was used to best represent the 

amount of data collected on a regional scale.  Due to the repetition of water samples near 

hot springs, a declustering filter was applied to allow each sample to contribute to the 

mean value of a specific grid cell, assisting in honoring the data values.  Additionally, a 

polynomial enhancement filter of the data was applied to highlight trends within the 

regional data.  A smoothing filter was minimally applied to the data in an effort to reduce 

sharp contours created by an irregular spacing of water samples.  Finally, a maximum 

distance filter of 7% was applied to the final contouring of the spatial plot, in order to 
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guard observers’ eyes from contours or features unsubstantiated by the available data.  

While the maximum distance filter did remove a majority of the contours in areas with no 

water samples, care should be taken in observing contours along the perimeter of the 

figures which were mathematically generated and are not controlled by actual data.  All 

of the mentioned filters were applied in RockWorks.   

 Hot springs along Cottonwood Creek vary from 46-58 (ºC), while hot springs 

along Chalk Creek vary from 49-82 (ºC).  Both systems of hot springs occur contiguously 

with creeks, allowing for water types to mix, reducing the geothermal signature.  With 

warmer spring waters, one would expect an increase in TDS, as solubility generally 

increases with temperature.  While TDS is a measurement of the ions in solution, this 

value can be estimated by measuring the electrical conductivity (Ѕ) of the water.  

Equation 4.1 shows the empirically linear relationship between TDS (mg/L) and 

Conductivity (μS/cm) (Snoeyink 1980). 

  

 Equation 4.1:  TDS = 0.64·Ѕ 

 

 Figure 4.6 shows the distribution of temperatures and conductivities within the 

Mt. Princeton area.  The log value of conductivity was plotted rather than TDS because 

conductivity was the direct measurement recorded while collecting data. 

 Figure 4.6 (a) shows the thermal influence of geothermal waters as dashed lines, 

which are fairly confined to the immediate area of the hot springs.  Although the hot 

springs surface near Chalk and Cottonwood Creeks, the impact of geothermal waters 

does not appreciably alter the creek temperatures year round more than 0.5 km 

downstream of the mixing area.  However, the presence of geothermal wells in the 

surrounding areas indicates that not all of the geothermal waters form springs.  This 

observation is important to keep in mind as the figures in this thesis focus on the mixing 

and movement of ground waters.  Ultimately, surface water and ground water are 

connected and by observing the geochemistry variations, the degree of hydraulic 

connection can be estimated. 
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Figure 4.6:  Water Temperatures (ºC) (a) and Log Conductivities (b) Near Mt. Princeton 

  

 Figure 4.6 (b) shows the log range of conductivity within the valley.  Generally, 

the conductivity of geothermal waters is much greater than surrounding ground waters.  

However, Chaffee County has low conductivity geothermal waters, and they are 

comparable to the non-thermal ground waters.  A region of low conductivity is marked in 

the northwestern portion of the graph, which coincides with Cottonwood Creek.  Similar 

regions of low conductivity waters appear on the western margin of the basin.  A general 

eastern front of higher conductivity is delineated and is thought to be associated with the 

Arkansas River.  The highest recorded conductivity in the study area is in a well 

southeast of Buena Vista; the above normal TDS value indicates human activities may 

have impacted the ground water locally.  This region has gravel quarries, a state prison 

and a campground which accepts RV sewage. 

 The cluster analysis indicated elevated concentrations of Na were associated with 

geothermal waters and elevated concentrations of Ca were indicative of ground waters.  

Figure 4.7 shows the log concentration of Na and Ca within the study area. 
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Figure 4.7:  Log Range of Sodium (a) and Calcium (b) Near Mt. Princeton 

 

 Figure 4.7 (a) indicates regions of elevated Na exist along Cottonwood and Chalk 

Creeks, implying the mixing of geothermal waters occur primarily in and along the 

creeks.  A component of subsurface mixing may be present north of Cottonwood Creek, 

as indicated by the dashed line.  Additionally, a source of Na is present on the eastern 

side of the valley, southeast of Buena Vista, corresponding with the high TDS value.  

One general observation is the region of ground water bounded by Chalk Creek, 

Cottonwood Creek, and the Arkansas River.  This water has little Na present and does not 

appear to mix with adjacent ground waters. 

 Figure 4.7 (b) indicates regions of lower Ca are present along the western side of 

the study area, with geothermal areas showing as the extreme low values.  General 

mixing paths near Chalk Creek appear to deviate to the north and south of Chalk Creek, 

implying subsurface flow.  Additionally, the waters in the northern region of the study 

area are similar in concentration of Ca on either side of Cottonwood Creek, possibly 

indicating interactions with surface waters.  The eastern portion of the study area has 

elevated regions of Ca, primarily coinciding with the Arkansas River. 
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 The cluster analysis also indicated concentrations of SO4 and F, were naturally 

elevated in geothermal waters.  Figure 4.8 shows the log concentrations of SO4 and F in 

the Mt. Princeton area. 

 

 
Figure 4.8:  Log Ranges of Sulfate (a) and Fluoride (b) Near Mt. Princeton 

 

 Figure 4.8 (a) indicates the highest region of SO4 in the area is not associated with 

the geothermal hot springs, but the well southeast of Buena Vista corresponding to the 

high TDS value, again indicating human impact has affected the quality of ground water 

near this region. However, generally elevated concentrations of SO4 exist primarily along 

Cottonwood and Chalk Creeks.  The concentrations of SO4 in the ground waters along 

Cottonwood Creek appear to decrease away from the hot springs and increase again 

toward Buena Vista, possibly indicating SO4 is naturally present in ground waters near 

the Arkansas River.  It may also imply the Arkansas River is losing water in regions 

possibly feeding the aquifer. 

 In Figure 4.8 (b) it appears F does not get transported great distances away from 

the Cottonwood hot springs system.  It appears a source of F exists along the eastern 

portion of the valley (possibly in conjunction with the gravel quarry or Fluorite deposits), 
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elevating F concentrations near Buena Vista.  Fluorite mines do exist north of Salida on 

the east side of the valley, but no known fluorite mines exist within the study area of this 

thesis.  Southeast of Chalk Creek F concentrations do appear to increase.  Although 

Figure 4.8 (a) and (b) focus on different geochemical parameters, both show a region of 

ground water bounded by Chalk Creek, Cottonwood Creek, and the Arkansas River. 

 The concentrations of Cl and NO3 were mentioned to be generally associated with 

anthropogenic events, primarily agricultural fertilizers and waste water effluent.  Figure 

4.9 shows log concentrations of both Cl and NO3. 

 

 
Figure 4.9:  Log Range of Chloride (a) and Nitrate (b) Near Mt. Princeton 

 

 Figure 4.9 (a) shows elevated Cl possibly associated with hot springs along Chalk 

Creek and shows definite impact by humans along the eastern portion of the study area, 

especially near Buena Vista and the well southeast of Buena Vista.  Figure 4.9 (b) shows 

elevated NO3 concentrations south of Chalk Creek, near Buena Vista and along the 

Arkansas River.  The increased concentrations of NO3 indicate human activities have 

impacted the ground water locally within the valley; however only 1 water sample, in the 
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well southeast of Buena Vista corresponding with the high TDS value, recorded a 

concentration greater than 10 mg/L, the EPA regulated limit for NO3.  

 The spatial distribution of geochemical parameters gives insight into ground water 

mixing, possible flow paths of ground waters and potential water quality concerns.  

However, in order to assume geochemical constituents are conservative, that is 

concentrations don’t change with time and space other than through mixing, it is 

important to predict pertinent mineralogical saturation indices to see if minerals will 

precipitate out of solution.  

 

4.3 PHREEQC Modeling 

 In order to predict how the waters behave and what potential chemical reactions 

could occur given a water sample's chemistry, chemical reaction modeling was 

performed.  PHREEQC (Version 2) is a computer program which calculates chemical 

reactions and transport processes of input water chemistries.  Water chemistries can 

include pristine and contaminated waters, of both natural and anthropogenically affected 

systems (Parkhurst 1999).  PHREEQC is an ion-association aqueous model and, for this 

thesis, is primarily used to calculate saturation-indices for minerals that could dissolve or 

precipitate within the aquifers of Chaffee County. 

 A saturation index less than zero indicates the solution is undersaturated with 

respect to a specific mineral.  A saturation index of zero indicates aqueous equilibrium.  

A saturation index greater than zero indicates the solution is over saturated with respect 

to a specific mineral.  An oversaturated solution tends to precipitate minerals, while 

under saturated solutions can dissolve more minerals.  PHREEQC can simultaneously 

calculate the saturation indices of all possible common minerals given the geochemical 

make up of a water sample.   

 The geochemical parameters listed in Table 3.1 (except for conductivity) were 

input into PHREEQC in order to predict saturation indices of common and expected 

minerals within Chaffee County.  PHREEQC has solubility products (K) for all aqueous 

reactions in the database, which can be updated by the user.  The PHREEQC solubility 

values were deemed appropriate for this project.  PHREEQC does not allow zero or 

blanks for concentrations (mg/L), and 34 values of Fe and 7 values of SiO2 were not 
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available.  In order to account for missing data, cluster means were input for the missing 

values.  The 41 estimated PHREEQC inputs were not plotted spatially, nor were Fe and 

SiO2 used in the HCA, but they were required to complete a PHREEQC analysis.  Figure 

4.4 indicates Fe and SiO2 concentrations for normal ground waters have similar 

concentrations and do not greatly vary.  Therefore, this technique was deemed 

appropriate.  PHREEQC predicts saturation indices for all minerals (within its database) 

that can be described by the input geochemical constituents.  However, only expected or 

geologically possible minerals within Chaffee County were used for further analyses.  In 

general, minerals which contain Ca, Mg, Na, SO4, F, and SiO2 were considered, since 

these geochemical constituents are the focus in this thesis and all naturally vary within 

the region.  Table 4.2 lists pertinent minerals calculated by PHREEQC.   

 

Table 4.2:  Mineral Saturation Indices Predicted by PHREEQC 

 
 

 The use of PHREEQC indicates that mineral precipitation is generally expected 

within the valley.  Only anhydrite, gypsum, and melanterite are completely 

undersaturated throughout the study region.  The lack of precipitated CaSO4 predicted in 

the valley indicates when geothermal waters rich in SO4 mix with ground waters rich in 

Ca, immediate precipitation will not occur, which is very important.  However, possible 

positive saturation values for jarosite indicates aqueous SO4 could precipitate out, 

removing the possibility of SO4 being considered a conservative ion.  Similarly, the 

expected precipitation of fluorite indicates mineralization should occur, removing the 

possibility of F being a conservative ion.  The precipitation of chalcedony, chrysotile and  

quartz indicate aqueous SiO2 is not conservative throughout the valley.  Finally, the 
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expected precipitation of calcite, dolomite, goethite, and hematite indicate Ca and Fe are 

not conservative with this portion of the Upper Arkansas River Valley. 

 The majority of the saturation indices predict precipitation of minerals in the 

aquifer, which prevent ions from being considered conservative tracers to monitor ground 

water flow.  However, the spatial distribution of predicted saturation indices can allow 

observers to predict where mineralization will occur, which, when compared with the 

spatial distribution of geochemical parameters, can be used to explain geochemical 

processes occurring within the aquifer.  Figure 4:10 shows the distribution of saturation 

indices for gypsum and jarosite. 

 

 
Figure 4.10:  Predicted Saturation Indices for Gypsum (a) and Jarosite (b) 

 

 As mentioned before, the saturation indices for gypsum are negative throughout 

the study area indicating precipitation will not occur.  However, Figure 4.10 (a) shows 

the distribution of two distinct regions of waters.  The northern region has the lowest 

saturation indices of gypsum and is found along the northwest portion of the study area 

through the center of the valley.  Again, a region of water bounded by Chalk Creek, 

Cottonwood Creek, and the Arkansas River appears to be distinctly separate, although 
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there may be a connection to ground water in the northwest.  Figure 4.10 (b) shows the 

saturation indices of Jarosite are relatively uniform throughout the center of the valley, 

with the highest indices congruent with the Arkansas River.  Additionally, an 

undersatured region is shown between the hot springs along the range front fault.  This 

implies an area of ground water recharge, where no geothermal water mixing or water-

rock interactions have occurred.  

 The fate of Ca and SiO2 was also deemed important to understand geochemical 

process.  The saturation indices of calcite and chrysotile are indicative of what happens to 

Ca and SiO2 for other minerals as well.  Figure 4.11 shows the distribution of saturation 

indices near Mt. Princeton for calcite and chrysotile.   

 

 
Figure 4.11:  Saturation Indices for Calcite (a) and Chrysotile (b) 

 

 Figure 4.11 (a) shows regions of oversaturated waters with respect to calcite occur 

in the vicinity of Chalk Creek, Cottonwood Creek, and portions of the Arkansas River.  

However, two regions near the center of the valley exist, which are undersaturated with 

respect to calcite, and indicate the waters are somewhat separated from other waters in 

the valley.  Figure 4.11 (b) highlights the same two regions of undersatured water, but 
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with respect to chrysotile.  Again waters in Chalk Creek, Cottonwood Creek, and the 

Arkansas River are generally oversaturated with respect to chrysotile.   

 Goethite and hematite are both iron rich minerals and are completely saturated 

throughout the basin.  The distribution of  the two saturation indices is very similar, and 

therefore only the distribution of goethite is displayed.  In order to predict the fate of Fe 

and F, the distribution of goethite and fluorite were displayed in Figure 4.12.   

 

 
Figure 4.12:  Saturation Indices of Goethite (a) and Fluorite (b) 

 

 Figure 4.12 (a) indicates goethite is completely oversaturated throughout the 

basin, but less over saturated towards the west, especially near hot springs, and almost 

uniformly increases towards the east.  Based upon this graph the distribution of Fe cannot 

be considered to be conservative, as Fe rich minerals could precipitate out of solution, 

anywhere in the study area.  Figure 4.12 (b) shows that fluorite is mostly undersaturated 

within the study area.  However, a few locations do appear to be oversaturated, indicating 

fluorite could precipitate out of the water.  Two regions of the lowest undersaturated 

waters with respect to  fluorite are marked in Figure 4.12 (b).  They coincide with 

Cottonwood Creek and an area west of Arkansas River in the south.  Interestingly, 
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fluorite is undersaturated in geothermal waters, despite the increased F concentrations.  

Therefore, the distribution of F appears to be approximately conservative, as fluorite is 

oversaturated in a few select water samples. 

 

4.4 Summary of Results  

 The analytic combination of a hierarchical cluster analysis, spatial distribution of 

geochemical constituents, and spatial distribution of predicted saturation indices for 

pertinent minerals provides a robust water speciation technique.  By observing the 

distribution of clusters, water chemistries, and saturation indices it is possible to begin 

highlighting regions of ground water mixing, movement, recharge, and ground water and 

surface water interactions.  The distribution of Na, Ca, SO4, F, Cl, NO3, and SiO2 

indicates areas of mixing and ground water flow, but the boundaries of these areas were 

not consistent.  The modeled saturation indices showed Ca, SO4, and SiO2-rich minerals 

were expected to precipitate throughout the study area.  However, an important discovery 

was gypsum (CaSO4) is completely undersaturated throughout the basin, indicating the 

immediate precipitation of gypsum does not occur when mixing Ca rich ground waters 

with SO4 rich geothermal waters.   

 Although minerals are expected to precipitate out in the aquifer of the study area, 

the distribution and separation of undersaturated and oversaturated waters coincide with 

enriched and depleted regions of geochemical constituents.  The following chapter will 

explore the relationships described and compare the results with historical scientific 

studies completed in the Upper Arkansas River Valley.  
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CHAPTER 5 

IMPLICATIONS OF GEOCHEMICAL DATA 

 

 Ground water flow within Chaffee County does not uniformly move from the 

range front fault along the western boarder of the valley towards the Arkansas River.  

Figure 5.1 shows generalized water table contours and ground water flow throughout 

Chaffee County.   

 

 
Figure 5.1:  Generalized Water Table Contours Near Buena Vista (Watts 2005) 

 

 Figure 5.1 illustrates that ground water flows perpendicularly to the water table 

contours.  This predicted regional ground water flow should control the movement and 

mixing of the different clusters of waters described in Chapter 4, which results in the 

distribution of distinct geochemical signatures within the aquifers of Chaffee County.  
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The flow of ground water is dependent upon aquifer properties, such as hydraulic 

conductivity and porosity, which are a function of depositional rocks and sediments.  

Despite complex regional and local geologic settings, the general mixing paths of waters 

in the valley can be assessed based on variability of geochemical parameters. 

 

5.1 Project Findings 

 A statistical multivariate geochemical analysis identified five distinct clusters of 

waters within the Mt. Princeton region of Chaffee County.  The analysis of geochemical 

constituents indicates water chemistry results from source type (typical ground water and 

geothermal), mixing between sources, and geochemical evolution during transport.  

Cluster 1 waters were ascertained to have the expected chemistry of precipitation and 

snow runoff.  They were low in TDS, indicating little water-rock interactions had 

occurred, and were calcium-bicarbonate rich.  This water is an end-member that 

represents natural recharge in the hydrologic system.  Cluster 2 waters were interpreted to 

be a mix of primarily cluster 1 waters and either geothermal waters or older ground 

waters (increased water-rock interactions) yielding higher TDS values.  Based upon the 

spatial distribution of the data, it is not possible to clearly delineate the source of cluster 2 

waters.  Cluster 3 waters were found primarily on the eastern side of the basin and had 

the largest variability of geochemical constituents.  Cluster 3 waters were seen to be 

primarily associated with the Arkansas River and anthropogenic events near the town of 

Buena Vista.  Cluster 4 waters were primarily found near the Cottonwood hot springs 

system and are geothermal in nature.  Similarly, cluster 5 waters were found near the Mt. 

Princeton hot springs systems.  Figure 5.2 shows the estimated regions of ground water 

movement based upon the distribution of clusters throughout the study area. 
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Figure 5.2:  Water Cluster Distribution and Predicted Ground Water Flow 

 

 With the knowledge that ground water generally moves from west to east in 

Chaffee County (Figure 5.1) the spatial distribution of water clusters allow the prediction 

of generalized ground water movement.  Cluster regions were determined by the spatial 

distribution of water clusters.  In general, cluster 1 waters appear on the western and 

central portions of the basin, where little human development or geothermal activities 

occur.  Cluster 1 waters are assumed to flow perpendicular to the range front fault, as 

suggested by water table contours.  Cluster 2 waters appear to originate near the 

geothermal hot springs.  Along Cottonwood Creek, the distribution of cluster 2 waters is 
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primarily on the north side of the creek, indicating ground water may move to the 

northeast.  Along Chalk Creek the distribution of cluster 2 waters are on the south side of 

the creek and ground water appears to move to the southeast.  Cluster 3 waters are near 

the Arkansas River to varying degrees.  In regions where cluster 3 waters are west of the 

Arkansas River, the river may be losing water to the aquifer.  Conversely, areas where 

cluster 1 and 2 waters are immediately adjacent to the Arkansas River, the river may be 

gaining water from the aquifer.  For water management purposes, the Arkansas River is 

modeled as a gaining stream; however, the distribution of clusters indicates regions 

within the county may exist where the Arkansas is both recharging the aquifer and being 

fed by the aquifer.    

 Additionally, the movement of ground water associated with cluster 2 does not 

generally follow the water contours provided by Watts (2005).  The widespread 

abundance of cluster 2 waters near the range front fault along Chalk and Cottonwood 

Creeks may be affected by the presence of surface water irrigation ditches.  Watts (2005) 

suggested irrigation ditches can play an important role in locally recharging aquifers, 

which may explain why cluster 2 waters appear to flow through the aquifer differently 

that predicted by Watts (2005).  It is also possible that complex geology (paleochannel or 

faulting) is responsible for the distribution of the observed geochemistry.  

 One would expect the spatial distribution of geochemical constituents to be 

similar to the distribution of clusters near Mt. Princeton.  As ascertained before the 

aqueous concentrations of Na, Ca, SO4, F, and SiO2 are dependent upon source water 

(geothermal verses natural ground water).  The elevated concentrations of Na in 

geothermal waters are a result of water-rock interactions, and can be confirmed by the 

quartz monzonite alterations observed at the Chalk Cliffs and similar outcrops near 

Cottonwood Creek.  The feldspar rich quartz monzonite has been altered to calcium-rich 

zeolite-clay, which indicates the source water was meteoric (calcium-bicarbonate rich).   

The elevated Na concentrations in geothermal waters are a result of water-rock 

interactions at elevated temperatures, which specifically originate from the feldspars in 

the quartz monzonite.  This increased concentration of Na mixes with normal ground 

waters near the hot springs, and transport conservatively, based on PHREEQC modeling 

(section 4.3). 
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 The elevated concentrations of SiO2 found in geothermal waters are a result of 

water-rock interactions at elevated temperatures, in this case water-rock interactions with 

quartz in the Mt. Princeton quartz monzonite.  Other minerals in the Mt. Princeton 

batholith yield increased concentrations of SO4 and F in the geothermal waters and mix 

with ground waters near the hot springs.  However, the saturation indices of several 

geologically reasonable secondary minerals indicate precipitation of SO4 and SiO2 rich 

minerals is likely within the aquifers.  Fluorite is generally undersaturated throughout the 

study area and appears to generally behave conservatively.   

 The concentrations of Na within the ground waters indicate mixing between 

normal recharge and geothermal waters has occurred.  Figure 5.3 shows the spatial 

distribution of log Na concentrations with arrows indicating ascertained mixing paths of 

waters within the study area. 

 
Figure 5.3:  Distribution of Sodium Concentrations and Predicted Ground Water Mixing 
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 Geothermal waters have elevated concentrations of Na and the mixing with 

ground waters can be traced by moving from areas of high Na concentration to areas of 

lower Na concentration.  The direction of mixing is perpendicular to the concentration 

contours.  The mixing lines in Figure 5.3 were drawn by hand and reflect general regional 

trends.  Additionally, an elevated region of Na exists on the eastern side of the valley 

southeast of Buena Vista, and is probably associated with anthropogenic activities.  

Ground waters unaffected by geothermal waters within the valley typically have lower 

concentrations of Na.  Therefore, those waters mixing can be traced by moving from 

areas of low Na concentrations to areas of greater Na concentrations, due to low 

temperature water-rock interactions.  Again, the direction of mixing is perpendicular to 

the concentration contours.  The observed direction of mixing primarily coincides with 

ground water flow predicted by water table contours; however there are similar flow 

direction discrepancies as observed in the distribution of clusters.  The possibility of 

aquifer recharge from surface water irrigation ditches or complex geology may explain 

the observed geochemistry. 

 An apparent isolated zone (marked by a dashed line) is bounded by the Rio 

Grande range front fault on the west, Chalk Creek to the south, Cottonwood Creek to the 

north, and the Arkansas River to the east.  The concentration of Na in the isolated zone 

indicates a recharge area with relatively young water not influenced by geothermal 

sources.  The concentrations of Na increase to the east, indicating minimal water-rock 

interactions are occurring in the aquifer.  The ground waters near Cottonwood and Chalk 

Creeks have distinctly higher concentrations of Na, which do not appear to flow into the 

isolated zone.  Similarly, waters with lower concentrations of Na in the isolated zone do 

not appear to mix, with ground water along Cottonwood and Chalk Creeks.  The eastern 

portion of this zone abuts the Arkansas River along a north trending fault scarp, which 

exposes the Dry Union Formation adjacent to the Arkansas River.  This fault effectively 

confines the water, and acts as a local aquitard.  Hydrologically this can be observed as 

several cold water springs appear on the topographically high western side of the fault 

scarp.  The similarity of the Na concentrations on either side of the fault scarp suggests 

some degree of hydrologic connection through the exposed Dry Union Formation, which 
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generally has low permeability.  However, the presence of springs on the topographic 

high indicates the water table reaches the surface of the earth, forms springs, and flows 

over the fault scarp.  The presence of irrigation ditches within the valley may allow 

surface water to recharge the aquifer locally as suggested by Watts (2005).  Figure 5.4 

shows a generalized cross-section through the isolated zone with ground water flow 

between Mt. Princeton and the Arkansas River, as described above 

 

 
Figure 5.4:  Generalized Cross-Section and Ground Water Flow East of Mt. Princeton 

 

 The concentrations of Na and Ca appear to be inversely related.  One might 

expect the distribution of Ca to show similar regions of ground water mixing within the 

study area.  However, the saturation indices of Ca rich minerals (such as calcite and 

dolomite) indicated that Ca would likely precipitate out of solution and could not be 

considered conservative for this project.  Figure 5.5 shows the log concentrations of Ca 

and saturation indices of Calcite within the study area. 
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Figure 5.5:  Log Concentrations of Ca (a) and Predicted Saturation Indices of Calcite (b) 

 

 Figure 5.5 indicates the importance of considering saturation indices when 

analyzing geochemical constituents on a regional scale.  Figure 5.5 (a) shows a large 

region with a low concentration of Ca north of the Cottonwood hot springs area which 

could be predicted as originating from the geothermal ground waters.  The shape and 

general area of the lower Ca region in Figure 5.5 (a) is much different than the area of 

elevated Na observed in Figure 5.3.  One might expect them to look very similar.  

However, by looking at Figure 5.5 (b), we can see that the saturation indices of calcite are 

positive in the area of question.  By precipitating calcite, the aqueous concentrations of 

Ca would decrease the pattern that could be attributed to a geothermal signature.  The 

distribution of geochemical constituents in light of predicted saturation indices better 

constrains the identification of ground water flow paths and mixing. 

 Additionally, the methodology discussed in this thesis was able to highlight 

regions within the study area anthropogenically impacted with elevated concentrations of 

Cl and NO3.  These increased concentrations of Cl and NO3 were associated with waste 

water and agricultural activities.  Figure 5.6 (Figure 4.9 in the previous chapter) shows 

the log concentrations of Cl and NO3. 
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Figure 5.6:  Log Range of Chloride (a) and Nitrate (b) Near Mt. Princeton 

 

 Figure 5.6 (a) indicates elevated regions of Cl exist along the eastern portion of 

the basin and at a few locations near the middle of the valley, associated with 

anthropogenic waste water.  Figure 5.6 (b) shows regions along the Arkansas River and 

in center of the valley where NO3 concentrations are elevated above normal background 

levels, indicating waste water leachate or agricultural fertilizers have impacted the ground 

water quality.   

 Additionally, a well located southeast of Buena Vista had elevated concentrations 

of Na, Ca, SO4, F, Cl, and NO3, and may be present due to quarrying, RV sewage 

collection, the state prison or other human activities.  Figure 5.7 shows the regions of 

anthropogenic effects inferred from water samples in Chaffee County, along with the 

locations of wells, irrigation ditches, and mining locations near Buena Vista (data 

courtesy of the Chaffee County Planning and Zoning Department and McCalpin 2005). 
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Figure 5.7:  Location of Anthropogenic Effects on Ground Waters Near Mt. Princeton 

 

 Figure 5.7 shows the locations of anthropogenic effects occur where they would 

be expected.  The elevated concentrations of Cl are near Buena Vista and the small town 

of Nathrop.  Also areas of elevated NO3 occur in agricultural areas, near irrigation 

ditches, and near areas with increased population densities.  The area of multiple elevated 
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geochemical constituents is southeast of Buena Vista and is near gravel quarries, the state 

prison and a campground that accepts RV sewage.  The technique used within this paper 

could be used on a finer scale to monitor the ground water quality within the county to 

protect water resources from human activities. 

 The process of multivariate statistical clustering, geochemically validating the 

clusters, spatially plotting the clusters and geochemical constituents, and modeling basic 

chemical equilibrium for plausible minerals within Chaffee County has proven to be a 

useful tool in generally predicting ground water flow and showing where anthropogenic 

effects have occurred within the aquifer.  A zone of ground water was found to be 

relatively disconnected from Cottonwood and Chalk Creeks and is separated from the 

Arkansas River by a fault, which impedes ground water flow.  This finding has 

significance in light of other scientific studies completed in Chaffee County. 

 

5.2 Implications of Project Findings and Comparisons of Historical Data 

 One pertinent question scientists and local citizens have asked is if the 

Cottonwood hot springs system is connected with the Mt. Princeton hot springs system.  

As mentioned in Chapter 1, the heat source of the two reservoirs is attributed to the Mt. 

Princeton batholith (Pearl 1972 and Dick 1976).  The two geochemical reservoirs are 

located in the middle of a lateral offset zone of the Rio Grande range front fault, which 

can dramatically increase the porosity and permeability of the fractured bedrock, 

allowing meteoric waters to circulate down to 2 km below the surface, become heated, 

and rise to the surface.  Based on water chemistries between the two springs, there 

appears to be no shallow connection between the two geothermal reservoirs which have 

the same heat source.  However, the wells near the range front fault are a maximum of 

100 m deep and the range front fault extends between 2-5 km below the surface.  

Fracturing associated with the faulting could increase porosity and permeability 

sufficiently to create a single geothermal reservoir at depth.  The geochemistry of water 

samples within the isolated zone indicate an extensive geothermal reservoir is not present 

in that area, as no geothermal fluids appear to mix with the ground waters. 

 As mentioned earlier, the spatial distribution of cluster 2 waters and elevated 

concentrations of Na exist within the aquifer where not predicted by ground water flow 
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alone.  These areas are near irrigation ditches which suggest that partial recharge of the 

aquifer through the irrigation ditches may occur. 

 Ken Watts (2005) estimated specific yields for Chaffee County, which indicated 

that the specific yield of the isolated zone delineated in this thesis had an average specific 

yield of 2-20%.  This large range of specific yields represents the variability of geologic 

sediments and indicates moderate to poor porosity and permeability within this portion of 

the aquifer.  Watts (2005) also indicated the average depth to ground water in the middle 

of the isolated zone was between 30-100 m, shallowing towards the east, where springs 

form near the north-northeast trending fault scarp.  Watts (2005) reported that ground 

water levels within the isolated zone dropped during the drought of 2002 and increased in 

2003 when surface water irrigation rights were available.  Figure 5.5 shows the presence 

of an irrigation ditch in the middle of the valley, which may help recharge the aquifer.  A 

lack of irrigation water in the future, could lead to a rapid drop in the water table. 

 Figure 5.7 highlights the low density of wells within the isolated zone.  Watts 

(2005) estimated that a maximum of less than 2 meters of recoverable water were 

available (per m2) within the discussed isolated zone.  The work presented in this thesis in 

conjunction with Ken Watts’ work in 2005 indicates this rural portion of the valley has 

limited ground water resources, and is naturally recharged along the range front fault, by 

ephemeral streams and locally by irrigation ditches.  A large increase in population and 

water consumption could remove water resources faster than natural or irrigation 

processes are capable of recharging the aquifer, causing water wells to go dry.  The view 

of Mt. Princeton, directly to the west, makes this portion of the valley an attractive 

location for development.  If this historically agricultural area within the valley was 

highly developed, water resources would become extremely stressed, making ground 

water an unsustainable resource.   

 Another consideration is that development immediately along the range front fault 

has occurred due to the scenic nature and availability of land, and will probably continue 

to increase.  However, the range front fault is an important recharge zone which, if highly 

developed, could increase the chances of anthropogenic effects on the ground water 

(primarily waste water).  Contamination of waters in the recharge zone would degrade 

water quality for wells farther along the flow paths.   



 79

 Given the large area of the study (approximately 100 km2) and the distribution of 

84 samples, it was not feasible to capture more than regional flow patterns.  Therefore, 

the amount of development within this area that should be permitted cannot be 

ascertained on these data alone.  However, these analyses indicate the delineated zone is 

an important area to fully characterize geologically, hydrologically, and geochemically.  

By better characterizing the geologic sediments which control hydrologic properties, 

water quantity availability, ground water movement, surface and ground water 

interactions and geochemistries, it will be possible to accurately predict how much 

development within the isolated zone could be sustained on the current ground water 

availability. 

 

5.3 Conclusions 

 The combination of multivariate statistical and graphical analyses, plotting the 

spatial distribution of pertinent geochemical parameters, and calculating saturation 

indices has been shown to delineate separate hydrochemical regions in a structurally 

complex rift basin.  The results can be used to infer ground water mixing, flow and zones 

of recharge and is an excellent reconnaissance tool for understanding regional processes 

and observing anthropogenic effects on ground water quality.  The major findings for this 

study include the following items:   

• There are 5 statistically unique clusters of waters within Chaffee County. 

• Statistically the Mt. Princeton Hot Springs and the Cottonwood Hot Springs are 

geochemically unique; indicating the two geothermal systems are separate 

reservoirs. 

• There is no evidence for a geothermal reservoir at depth along the range front 

fault between Mt. Princeton Hot Springs and Cottonwood Hot Springs. 

• There appears to be a hydrologically isolated zone in the middle of the study area 

bounded by the range front fault, Cottonwood Creek, Chalk Creek, and a fault 

west of the Arkansas River.  This isolate zone lies in region of the county that was 

characterized by the USGS (Watts 2005) as having low specific yield and low 

amounts of recoverable water.  This zone currently has few wells and little human 

development.  It is possible that a large increase in development in this area could 
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significantly draw the water table down, affecting the sustainability of ground 

water locally. 

• Geochemical evidence exists that surface water irrigation ditches are artificially 

recharging the aquifer locally. 

• Anthropogenic effects, primarily increased concentrations of Cl and NO3, are 

observed in several locations within the valley. 

 

 Chaffee County has limited water resources which need to be characterized 

locally, above and beyond the current regional understanding.  By ascertaining the 

amount of ground water currently present in the subsurface and allowing development to 

occur at a rate which can be sustained by the available ground water resources, the future 

supply of water for Chaffee County can be protected and ensured. 

 

5.4 Recommendations for Future Work  

In order to continue with further geochemical investigations, the availability of more 

water samples could better characterize the boundaries different water types.  Figure 5.7 

shows suggested regions to collect water samples in the future near Mt. Princeton.  While 

wells are not evenly distributed throughout the study area, collecting more water samples 

in areas with low sample densities (especially near Chalk Creek, the isolated zone, and 

suspected recharge zones along the range front fault) would produce a more even 

distribution of geochemical samples.  This would improve the resolution of geochemical 

concentrations, allowing further study of the isolated zone, which has relatively sparse 

amounts of geochemical data. 

 Collecting more samples throughout the entire Upper Arkansas River Valley and 

completing similar analyses as presented in this thesis would help predict regions within 

all of Chaffee County that have more limited water resources.  By focusing on the most 

hydrologically stressed areas within Chaffee County, predicting the amount of 

development that can be sustained on the available water resources will help ensure a 

water supply for the future. 

 Analyzing irrigation records will provide estimates of water volumes which pass 

through ditches each year.  By inspecting ditches, it would be possible to determine areas 
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of severe leakage or measure general seepage rates along sections of the ditches.  By 

comparing gross water volumes entering the ditches and expected seepage rates along the 

ditches, it would be possible to better quantify the amount of water leaving irrigation 

systems that recharges the aquifer.  The field of geophysics could offer potential 

reconnaissance tools (either DC or EM surveys) for areas of leakage.  It would also be 

helpful to further investigate the movement of ground water in and out of the Arkansas 

River.  The assumption that the Arkansas River is a gaining river should be rigorously 

assessed to better understand the ground water available and to see if the aquifer is 

dependent upon recharge by the river. 

 Finally, future wells drilled in areas determined to be potentially stressed or 

currently stressed hydrologically should be characterized by a professional geologist, and 

lithologic descriptions should be stored by the county in a geographical information 

system (GIS) database.  By correlating the extremely variable geologic sediments and 

complex faulting within the valley, it would be possible to better predict ground water 

movement.  The use of standard geophysical logging (gamma and several electrical 

conductivity logs) would greatly assist in correlation of lithologies as well, and should be 

completed when possible.  

 The suggested future work would directly benefit the Chaffee County Planning 

and Zoning Department, allowing them to better estimate the amount of development that 

could be sustained on the available ground water resources within Chaffee County.  The 

current and future citizens of Chaffee County would also benefit from additional 

characterization of the aquifers within Chaffee County, ensuring a clean future water 

supply. 
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