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The U-Series decay chain was used to better understand groundwater movement through 

fracture networks on Pahute Mesa at the Nevada National Security Site. Whole rock core 

samples were taken from five boreholes on Pahute Mesa and were classified as either discrete 

fracture surfaces, or interior intact or brecciated/rubblized samples. After samples were 

chemically digested, a Thermo Finnigan Triton® mass spectrometer was used to determine 

230
Th/

238
U and 

234
U/

238
U A.R.s. It was determined that the majority of interior intact and 

brecciated/rubblized samples had A.R.s that clustered around secular equilibrium, while discrete 

fracture surfaces consistently had values that were more that 2% away from secular equilibrium. 

This reveals that groundwater flow on Pahute Mesa is dominated by discrete fracture networks. 

Rock interior samples at select distances away from discrete fracture surfaces were also collected 

and analyzed. Modeling attempts to capture the 
230

Th/
238

U and 
234

U/
238

U A.R.s at selected 

distances away from the discrete fracture surface were based on diffusion and were unsuccessful, 

as equation parameters were likely too unconstrained. Modeling samples’ A.R.s relationships to 

the equiline was performed under steady state and transient conditions. This modeling approach 

was based on a balance between the influx and loss of 
234

U and 
238

U. Modeling results suggest 

that samples plotting on the equiline are at a steady state balance of 
234

U and 
238

U sources and 

sink terms. Samples plotting to the left of the equiline likely show that recent water-rock 

interaction has occurred and are representative of a U-adsorbing system. Given the uncertainty of 

the input and loss rates of U nuclides, many different scenarios were generated to explain 

samples’ relationships to the equiline. 
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CHAPTER 1 

INTRODUCTION 

 

 This research was motivated by a need to better characterize the complex 

hydrogeological features that govern groundwater flow on the Pahute Mesa, located in 

Administrative Areas 19 and 20 of the Nevada National Security Site (NNSS), formerly the 

Nevada Test Site. This is a high priority for the United States Department of Energy, which is 

concerned with groundwater flow rates and flow paths as a means of dispersing radionuclides 

derived from nuclear weapons testing and their potential adverse impacts on human health. This 

thesis focuses on fractures that provide secondary permeability through volcanic units and 

investigates the distribution of fractures indicating recent groundwater flow using uranium-series 

isotopes as sensitive indicators of water-rock interaction. Past research has shown that U-series 

disequilibrium is a useful tool for investigating the presence of groundwater at the NNSS. 

Specifically, this technique has been used to characterize the unsaturated zone at Yucca 

Mountain (Neymark, et al., 2006; Paces, et al., 2002; Paces, et al., 2006) and to understand 

groundwater in the saturated zone on the NNSS (Copenhaver, et al., 1992). From U-series 

analysis, we expect to be able to characterize select pieces of core as being taken from regions of 

flowing groundwater or from regions were groundwater is either stagnant or nonexistent. 

Work included core selection from the Mercury Core Library in Mercury Nevada, 

chemical and radiological preparation and testing of core samples, and efforts to model the 

hydrological processes that corresponded to the uranium (U) and thorium (Th) series data.  

Sample collection included discrete fracture, brecciated/rubblized, and interior rock samples. 

Also, samples at select intervals into the bulk rock from discrete fracture surfaces were analyzed. 
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Modeling efforts were first focused on characterizing diffusive processes that govern water flow 

perpendicular to discrete fracture surfaces into bulk rock matrix. It was later determined that 

chemical and physical parameters governing this process were too unconstrained for the scope of 

this thesis project. Consequently, no reasonable results were obtained using this approach. 

Modeling efforts then focused on employing well-mixed system behavior providing a basis to 

better understand the distribution of observed 
234

U/
238

U and 
230

Th/
238

U A.R.s in discrete fracture 

samples, especially with respect to their position along the equiline, defined as the relationship 

where 
234

U/
238

U A.R. = 
230

Th/
238

U A.R. Points that lie on the equiline likely represent a steady 

state balance between radionuclide gain and loss whereas points plotting off of the equiline are 

indicative of transient relationships between the sources and sinks of radionuclides. This thesis 

presents qualitative and quantitative simulations that potentially explain the observed isotopic 

behavior of the data set and offers possible hydrologic and geochemical explanations relevant to 

groundwater flow and transport. 

 It is the author’s hope that the progress in characterizing groundwater flow at Pahute 

Mesa will better enable the United States Department of Energy, in collaboration with the United 

States Geological Survey, to implement solutions to safeguarding the domestic water supply. It is 

also the author’s hope that work highlighted in this thesis can be used to develop more 

constrained models of fracture flow on Pahute Mesa and can ultimately lead to groundwater flow 

models that rely on discrete fracture networks in the regional aquifer system. 
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CHAPTER 2 

SITE BACKGROUND 

 

The NNSS (Figure 2-1) is located approximately 90 miles northwest of Las Vegas, 

Nevada and is characterized by a very hydrogeologically diverse 1,350 square mile terrain in 

south central Nevada (Lacziak et al., 2005). The geology of the NNSS is highly complex, 

consisting of thick volcanic tuffs and lavas of Cenozoic age overlying basement rocks consisting 

of Paleozoic limestone, dolomite, shale, and Precambrian quartzite (Fenelon et al., 2010). 

Compressional tectonic forces during the Mesozoic and late Cenozoic extension have resulted in 

structural juxtaposition of rock units as well as basins filled with thick alluvial deposits. The 

complex geology of the NNSS has been grouped into hydrostratigraphic units on the basis of 

rock types and permeability resulting in aquifer units, confining units, and composite units that 

may contain hydraulic characteristics of aquifers and confining layers depending on the nature of 

the individual strata within the unit (Fenelon et al., 2010). Hydrostratigraphic units may include 

the effects of localized metamorphism and mineralization, tectonic fracturing, hydrothermal 

alterations, and underground nuclear testing (Fenelon et. al, 2010). 

From the 1950’s to 1992 (Drellack and Ortego, 2007), the NNSS was used for conducting 

underground tests of numerous nuclear devices (Lacziak et al., 2005).  After enactment of the 

Limited Test Ban Treaty of 1963, testing at the NNSS was restricted to nuclear detonation below 

the land surface. In an effort to contain radioactive contaminates and prevent atmospheric 

pollution, the majority of the large yield tests were detonated below the water table, which 

ranges from 865 ft to 2,345 ft below the land surface on Pahute Mesa (Blankennagel and Weir, 

1973). In total, 921 nuclear devices were detonated below the land surface, many of them on 
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Pahute Mesa (total of 85), a volcanic plateau in the northwestern portion of the test site (Fenelon 

et al., 2010). Specifically, Pahute Mesa is located in Administrative Areas 19 and 20 of the 

NNSS and ranges in elevation from 5,500 ft to 7,000 ft, with elevation being the highest in the 

eastern portion of NNSS Administrative Area 19 (Figure 2-1). At Pahute Mesa, 90% of the 

detonation experiments occurred below the water table. A total of 80 tests were conducted at 

depths sufficient to emplace radioactive contaminants directly into the regional groundwater 

flow system (Lacziak et al., 2005). This has resulted in the contamination of the highly complex 

regional groundwater flow system (Lacziak et al., 2005). The likelihood that the long-lived 

radioactive isotopes generated during these tests eventually will be mobilized provides 

motivation for further understanding the movement of groundwater on the NNSS. 

The NNSS is located in the Death Valley groundwater flow system. An estimated 70,000 

acre-feet per year of groundwater flows through the system mostly in carbonate and volcanic 

aquifers away from areas of recharge in the north, towards discharge areas in the south at Ash 

Meadows, Oasis Valley, Alkali Flat, and Death Valley. Specifically, Pahute Mesa is part of the 

Oasis Valley and the Alkali Flat flow systems (Lacziak et al., 2005). There is a concern that 

radionuclide contamination from Pahute Mesa will enter Thirsty Canyon and ultimately reach the 

discharge sites in Oasis Valley and enter the Amargosa River (Reiner et al., 2002). While most 

of the groundwater flow on Pahute Mesa is derived from local recharge, it is acknowledged that 

some portion of the total groundwater flow through Pahute Mesa likely comes from north of the 

NNSS boundary and flows southward towards the Oasis Valley (Fenelon et al., 2010). Estimates 

of the groundwater flow rates at Pahute Mesa vary greatly from less than 7 ft/yr to more than 250 

ft/yr and are highly dependent on the extent of fracturing, secondary mineralization/zeolitization, 

and lithology, with fracture networks providing for the possibility of high secondary 
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permeability. Lava flows and highly fractured welded ash-flow tuffs form aquifer units at Pahute 

Mesa, while non-welded ash-fall tuffs generally form confining units (Lacziak et al., 2005).  Due 

to the high degree of fracturing seen in the rock units at Pahute Mesa, secondary permeability 

associated with fracture networks in the rock matrix is of great significance to groundwater flow, 

and thus the transport of radioactive nuclides on Pahute Mesa (Lacziak et al., 2005). This 

provides motivation for investigating the nature of flow through Pahute Mesa by analyzing 

discrete fracture surfaces from borehole core samples from Administrative Areas 19 and 20 on 

the NNSS.  

In order to select appropriate samples, it was necessary to identify existing core located 

below the water table. The characterization of the potentiometric surface at Pahute Mesa was 

complicated by the presence of recharge-fed localized perched water tables overlaying confining 

units. Mean values of pre-testing hydraulic heads from 800 wells on the NNSS were used to 

create potentiometric contours across the entire NNSS, providing a basis for the characterization 

of the water table on Pahute Mesa (Fenelon et al., 2010). This information was used to select five 

bore holes that had preserved drill core from both aquifer and confining units below the 

established regional water table. Figure 2-1 shows the locations of the selected bore holes in 

Administrative Areas 19 and 20. 
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Figure 2-1. Location of Nevada National Security Site and boreholes analyzed in this 

research project 
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CHAPTER 3 

U-SERIES APPROACH TO THE PROBLEM 

 

In order to better characterize the transport of radionuclides through Pahute Mesa, the 

uranium-series decay chain was explored. The U-series decay chain includes a number of 

radioactive isotopes that represent decay products starting from the natural radionuclide 
238

U, 

ultimately resulting in a production of stable isotope of lead,
206

Pb (Krishnaswami et al., 1982). 

Intermediate radioactive daughter products with relatively long half-lives are important for 

investigating hydrogeologic processes. Both 
234

U and 
230

Th isotopes are derived from 

spontaneous alpha-decay with half-lives of 2.47E05 years and 7.7E04, respectively (Fauer, 

1986).The use of 
234

U/
238

U and 
230

Th/
238

U isotopic ratios has become an important tool in the 

investigation of interactions between aquifer rock matrix and migrating groundwaters (Chabaux 

et al., 2008; Porcelli and Swarzenski, 2003; Procelli, 2008; Tricca et al., 2000). U-series isotopes 

in rocks which have remained closed to chemical exchange with their surrounding will attain a 

state of radioactive secular equilibrium where the decay of all daughter products is dependent on 

the rate of decay of the much longer-lived parent, 
238

U (Fauer, 1986; Gascoyne and Miller, 

2000). At this point, the radioactivity of 
230

Th is equal to that from 
234

U, which is equal to that 

from 
238

U. Since 
238

U and 
234

U are present in all ground waters and have unique half-lives, 

groundwater processes governing their isotopic ratios over differing time scales can be 

investigated (Porcelli and Swarzenski, 2003). Due to the small amount of measurable 
238

U, 
234

U, 

and 
230

Th nuclides, ratios of the radioactive isotopes are sought and analyzed (Chabaux et al., 

2008).  These ratios are expressed as activity ratios (A.R.s) where the activity of a particular 

nuclide is defined as the nuclide’s concentration multiplied by the nuclide’s decay constant.  
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In contrast, rock matrix samples that have been recently exposed to flowing groundwater 

exhibit radionuclide A.R.values that differ significantly from 1.0 (Neymark et al., 2006).  This is 

likely due to water-rock interaction (adsorption-desorption or dissolution-precipitation) and 

groundwater transport of the more soluble nuclides (Gascoyne and Miller, 2000). Therefore, U-

series disequilibrium provides a way to verify that intact rock has not seen any interaction with 

water, characterize groundwater flow through aquifers and matrix fracture networks, and 

ultimately determine the potential mobility of radionuclide contaminants in groundwater.  

Water-rock interaction typically results in preferential loss of 
234

U with respect to 
238

U, 

due to the effect of the alpha-recoil process (Chabaux et al., 2008; Deschamps et al., 2004; 

Gascoyne and Miller, 2000; Osmond and Cowart, 1992). In addition, U from the rock is lost to 

groundwater with respect to Th, due to much greater chemical solubility of U relative to highly 

insoluble Th. As a result, minerals precipitating from groundwater on fracture surfaces during 

groundwater flow will typically contain 
234

U/
238

U A.R. > 1.0 and extremely low 
230

Th/
238

U A.R. 

approaching zero. To balance this process, the remaining rock will shift slightly towards lower 

values of 
234

U/
238

U A.R. (i.e., <1.0) and higher values of 
230

Th/
238

U A.R. (Latham and Schwarcz, 

1987). Over long periods of time, these slight shifts can result in U-series isotopic composition in 

the rock that are measurably distinct from secular equilibrium. 

The degree of the disequilibrium observed in rock matrix samples is dependent on a host 

of physical and chemical processes, including porosity, surface area, water content, groundwater 

flow velocities, weathering rates, U concentrations, and absorption (Paces et al., 2006).  
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CHAPTER 4 

SAMPLE SELECTION AND PREPARATION 

 

For this study of saturated  zone fractures at Pahute Mesa, sample selection was based on 

the availability of drill core in the saturated zone archived at the USGS Mercury Core Library, 

located in Mercury, Nevada. The nature and availability of drill core was determined using the 

Mercury Core Library online database.  The availability of drill core, as opposed to cuttings, was 

essential in order to perform U-series analysis on discrete fracture surfaces. Boreholes from 

Pahute Mesa that were selected for analysis were: UE-19i, UE-19gs, UE-19fs, UE-20f, and   

PM-1. The locations of the boreholes, shown in Figure 2-1, are as follows:  37.2246N, -

116.3684W (UE-19fs); 37.3082N, -116.3655W (UE-19gs); 37.2499N, -116.3478W (UE-19i); 

37.2714N, -166.4888W (UE-20f); and 37.2802N, -166.4068W (PM-1). Depths to the modern 

static water table have been measured in these boreholes (Fenelon et al., 2010) with values of 

2341 ft (UE-19i), 2043 ft (UE-19gs), 2302 ft (UE-19fs), 1953 ft (UE20f), and 2144 ft (PM-1) 

below the land surface. These approximate locations of the water table on Pahute Mesa represent 

the potentiometric surface, rather than perched water tables, which, as previously noted, are 

prominent throughout the mesa due to localized points of precipitation-induced recharge 

(Fenelon et al., 2010). All samples selected for this study were from well below the lowest 

reported water levels. 

Samples targeted for analysis consisted of several different physical types including 

discrete fracture surfaces, intact core, and brecciated/rubblized (highly broken) zones from both 

aquifer and confining units. In the sample selection process, both aquifer and confining units as 

defined by Fenelon et al. (2010) were targeted so that disequilibrium results for discrete fracture 
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surfaces in different hydrogeologic settings could be analyzed. Specifically, hydrogeologic unit 

designations for the various rock units in the analyzed boreholes followed properties based on 

their hydrostratigraphic classification and included aquifer units, confining units, and composite 

units which can behave as either aquifer or confining units depending on properties that vary on 

either lateral or stratigraphic scales. 

Before traveling to the Mercury Core Library in Mercury, Nevada, previously selected 

aquifer units were analyzed using available photographs of selected core boxes and fracture 

descriptions based on Wood (2009). These findings were then verified by visual examination of 

core at the Mercury Core Library in March 2011 during a sample collection and site visit to the 

NNSS. Table 4-1 below lists the samples that were selected from the Mercury Core Library and 

shipped to USGS laboratories in Denver. The table also shows the naming convention used 

throughout this report. Samples were named according to the borehole name and the top depth of 

the interval selected. A left and right parenthesis was used to distinguish between a discrete 

fracture surface and a brecciated/rubblized or interior intact core taken from the same depth 

interval. A further explanation on of the hydrostratigraphic units listed in Table 4-1 is given in 

the Appendix.  

Table 4-1.   Whole Rock Sample Selection and Characterization 

Borehole 

Name 

Hydrostratigraphic 

Unit Abbreviation 
Unit Type 

Interval (ft from 

land surface) 
Sample Name Sample Treatment 

UE-19fs CHCU (Tuff) Confining 2553.9-2554.2 UE19fs-2554 Discrete Fracture 

UE-19fs IA (Rhyolite) Aquifer 3375.0-3375.3 UE19fs-3375 Discrete Fracture 

UE-19fs IA (Rhyolite) Aquifer 3552.1-3552.5 UE19fs-3552 Discrete Fracture 

UE-19fs IA (Rhyolite) Aquifer 4303.1-4303.5 UE19fs-4303 Discrete Fracture 

UE-19fs BFCU (Tuff) Confining 4913.3-4913.7 UE19fs-4913 Discrete Fracture 

UE-19fs BRA (Rhyolite) Aquifer 5211.4-5121.0 UE19fs-5211 Discrete Fracture 



11 
 

UE-19fs BRA (Rhyolite) Aquifer 5214.5-5214.7 UE19fs-5242 Discrete Fracture 

UE-19fs BRA (Tuff) Aquifer 5516.6-5516.8 UE19fs-5517() Discrete Fracture 

UE-19fs BRA (Tuff) Aquifer 5516.6-5516.8 UE19fs-5517 Brecciated/Rubblized 

UE-19fs BRA (Rhyolite) Aquifer 5815.6-5815.9 UE19fs-5816() Discrete Fracture 

UE-19fs BRA (Rhyolite) Aquifer 5815.6-5815.9 UE19fs-5816() Brecciated/Rubblized 

UE-19gs BRA (Rhyolite) Aquifer 2136.0-2136.6 UE19gs-2136() Discrete Fracture 

UE-19gs BRA (Rhyolite) Aquifer 2136.0-2136.6 UE19gs-2136 Brecciated/Rubblized 

UE-19gs BRA (Shard Tuff) Aquifer 4054-4057 UE19gs-4054() Discrete Fracture 

UE-19gs BRA (Shard Tuff) Aquifer 4054-4057 UE19gs-4054 Brecciated/Rubblized 

UE-19gs BRA (Tuff) Aquifer 4657.5-4657.9 UE19gs-4658() Discrete Fracture 

UE-19gs BRA (Tuff) Aquifer 4657.5-4657.9 UE19gs-4658 Brecciated/Rubblized 

UE-19gs BRA (Tuff) Aquifer 4814.3-4814.5 UE19gs-4814 Interior Intact 

UE-19gs BRA Aquifer 4907.8-4908.0 UE19gs-4908() Discrete Fracture 

UE-19gs BRA Aquifer 4907.8-4908.0 UE19gs-4908 Brecciated/Rubblized 

UE-19gs BRA (Tuff) Aquifer 5302.5-5302.8 UE19gs-5303 Discrete Fracture 

UE-19gs BRA (Tuff) Aquifer 5641.0-5641.4 UE19gs-5641 Discrete Fracture 

UE-19gs BRA (Tuff) Aquifer 6279.0-6279.3 UE19gs-6279() Discrete Fracture 

UE-19gs BRA (Tuff) Aquifer 6279.0-6279.3 UE19gs-6279 Brecciated/Rubblized 

UE-19i CFCU (Tuff) Confining 2419.0-2419.2 UE19i-2419 Interior Intact 

UE-19i BFCU (Tuff) Confining 2890.5-2890.6 UE19i-2891 Discrete Fracture 

UE-19i BFCU (Rhyo-Breccia) Confining 3407.0-3407.2 UE19i-3407() Discrete Fracture 

UE-19i BFCU (Rhyo-Breccia) Confining 3407.0-3407.2 UE19i-3407 Brecciated/Rubblized 

UE-19i BFCU (Tuff) Confining 3533.0-3533.3 UE19i-3533() Discrete Fracture 

UE-19i BFCU (Tuff) Confining 3533.0-3533.3 UE19i-3533 Brecciated/Rubblized 

UE-19i BFCU Confining 3815.0-38151.2 UE19i-3815 Interior Intact 

UE-20f LPCU Confining 2848.7 UE20f-2849 Discrete Fracture 

UE-20f TCA Aquifer 2626.275-2626.4 UE20f-2626 Discrete Fracture 

UE-20f LPCU Confining 2845.4-2845.6 UE20f-2845 Discrete Fracture 

UE-20f CHZCM (Tuff) Composite 3030.4-3030.6 UE20f-3030() Discrete Fracture 

UE-20f CHZCM (Tuff) Composite 3030.4-3030.6 UE20f-3030 Brecciated/Rubblized 

UE-20f CHZCM (Vitrophyre) Composite 3607.3-3607.4 UE20f-3607 Discrete Fracture 

UE-20f CHZCM (Tuff) Composite 3704.4-3704.7 UE20f-3704 Discrete Fracture 

UE-20f CHZCM (Tuff) Composite 3904.2-3904.3 UE20f-3904 Interior Intact 

UE-20f CHZCM (Tuff) Composite 4159.8-4160.0 UE20f-4260 Interior Intact 

UE-20f IA Aquifer 4740.7-4741.0 UE20f-4741 Discrete Fracture 

UE-20f IA Aquifer 5290.7-5291.0 UE20f-5291 Discrete Fracture 

PM-1 CHZCM Composite 1990.0-1990.15 PM1-1990 Discrete Fracture 

PM-1 CHZCM (Tuff) Composite 2366.4-2366.6 PM1-2366 Discrete Fracture 

PM-1 CHZCM (Tuff) Composite 2820.5-2820.6 PM1-2821 Interior Intact 

PM-1 CFCU (SNDS) Confining 3140.5-3140.7 PM1-3141 Interior Intact 

PM-1 BFCU (Tuff) Confining 3456.4-3456.6 PM1-3456 Interior Intact 

PM-1 BRA (Tuff) Aquifer 5597.5-5597.7 PM1-5598 Discrete Fracture 

PM-1 BRA (Tuff) Aquifer 5779.6-5779.9 PM1-5780 Discrete Fracture 
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PM-1 BRA (Tuff) Aquifer 5996.5-5996.8 PM1-5997 Discrete Fracture 

PM-1 BRA (Tuff) Aquifer 6079.0-6079.2 PM1-6079() Discrete Fracture 

PM-1 BRA (Tuff) Aquifer 6079.0-6079.2 PM1-6079 Brecciated/Rubblized 

PM-1 BRA (Tuff) Aquifer 6084.0-6084.3 PM1-6084 Discrete Fracture 

PM-1 BRA (Tuff) Aquifer 6614.0-6614.2 PM1-6614 Interior Intact 

 

The following photographs display a small selection of core samples from the Mercury Core 

Library and show an example of core from borehole PM-1 stored in cardboard core boxes 

including discrete fracture surfaces, brecciated/rubblized core fragments, and interior intact core. 
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Figure 4-1. Box of drill core from borehole PM-1 at the USGS Mercury Core Library 

 showing samples of a discrete fracture at 6084’ and brecciated/rubblized core 

at 6079’ 
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Figure 4-2. Box of drill core from the USGS Mercury Core Library showing a sample of  

interior intact core at 6614’ 
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In selecting discrete fracture surfaces, we sought natural looking fractures with the 

appearance of secondary mineral surfaces coatings in order to eliminate fractures that may have 

been induced by the drilling process. Back in the laboratory, selected discrete fracture surfaces 

were then scrapped with a carbide dental drill bit in order to obtain 100 to 130 mg of rock 

powder for later chemical digestion in order to prepare the sample for U-series analysis. 

Relatively large areas (up to 4,000 mm
2
) were scraped in order to minimize the thickness of the 

outermost layers included in the sample (typically less than 0.2 mm). Figure 4-3 shown below 

illustrates the selection of a naturally occurring fracture surface before and after scrapping with a 

carbide dental drill bit. Careful effort was made to minimize the amount of whole rock that was 

scraped in order that the sample would bear the signature of the fracture surface rather than the 

underlying whole rock. 

 

Figure 4-3. Illustration of discrete fracture before and after scraping for PM-1:6084’ 

Sampling of the interior intact and brecciated/rubblized core was approached in a 

different manner. These samples were crushed to approximately 3 mm or finer, and then cone 

and quartered (Schumacher et al., 1991), resulting in a homogenous representation of the bulk 
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material. Approximately 20 grams of rock fragments were subsequently placed in a steel shatter 

box and pulverized to less than 75µm. This resulted in a fine powder from which 100 to 130 mg 

was selected for later chemical digestion. This is consistent with sample selection amounts from 

previous studies (Paces et al., 2006). In order to purify the small amounts of U and Th contained 

in the rock samples, all samples were digested using the techniques outlined in Weis et al. 

(2006). Techniques used to isolate U and Th isotopes are also similar to those discussed outlined 

in previous studies in (Paces et al., 2002; Paces et al., 2006). 

Aliquots of rock powder were weighed in 15 ml Teflon beakers and combined with 0.5 

ml of 15 Normal (N) nitric acid (HNO3) and 3.0 milliliters (ml) of 48% concentrated hydrofloric 

acid (HF), capped tightly, cooked overnight at 135ºC, and then dried down. All samples were 

then combined with 0.5 ml 15 N HNO3 and 0.5 ml 9 N hydrochloric acid (HCl) and heated on a 

135ºC hotplate for two hours before being dried down. 5 ml of 6.5 N HCl was then added to all 

beakers and samples were allowed to equilibrate on a 130ºC hotplate overnight.  Samples were 

then transferred as 5 ml 6.5 N HCl into 15 ml centrifuge tubes and then spun at 10,000 rpm for 

10 minutes. If gel was visible after samples were spun down, samples were further digested with 

9 N HCl and 15 N HNO3 until all gel was dissolved.  After complete chemical digestion of 

samples, acid solutions were split into two separate aliquots, one of which was weighed and 

spiked with approximately 0.0400 grams of a mixed
 236

U/
229

Th tracer, allowed to equilibrate 

overnight on a hot plate, and then dried down and redissolved in 1 ml of 7 N HNO3. 

In order to obtain the purified separates of U and Th, spiked sample solutions were 

loaded into clean columns containing 1 ml of  BioRad AG 1x8 200-400 Mesh anion-exchange 

chromatographic resin as 1 ml 7 N nitric. Th was then eluted from the columns into clean Teflon 

beakers using 6.5 N HCl. Then U was eluted from columns after switching to the original 15 ml 
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beakers using 0.05 N HNO3. A detailed description of the sample purification procedures can be 

viewed in the Appendix. 

U and Th isotopic ratios were then determined using thermal ionization mass 

spectrometric methods similar to those discussed elsewhere (Paces et al., 2002; Paces et al., 

2006). Purified  U and Th salts were loaded onto the low-temperature sides of double Rhenium 

filaments assemblies using 6.5 N HCl and analyzed on a ThermoFinnigan Triton® mass 

spectrometer equipped with an ion counting system and a retarding potential quadrapole (RPQ) 

energy filter. Ratios of 
234

U/
235

U, 
236

U/
235

U, 
230

Th/
229

Th, and 
232

Th/
229

Th were measured using a 

single electron multiplier operating in a peak jumping mode. International isotope standard NIST 

SRM-4321 was loaded as a means to analyze the accuracy and precision of the mass 

spectrometer’s reported measurements. The resulting isotopic data is shown in Chapter 5. 
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CHAPTER 5 

CHEMICAL RESULTS 

  

Whole Rock Results 

 

 Table 5-1 and Figures 5-1 and 5-2 on the following pages show the whole rock results 

that were obtained using a ThermoFinnigan Triton® mass spectrometer as described in     

Chapter 4. As indicated in Table 5-1, isotopic ratios were measured to be accurate to the nearest 

0.0000 activity while nuclide concentrations were measured to be accurate to the nearest 0.00 

part per million. 
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Figure 5-1. Relation of 

234
U/

238
U A.R. with total U concentration 
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Figure 5-2. Samples’ relationships to the 

234
U/

230
Th “Equiline” 

 
 

Analytical results for 53 whole rock samples from Pahute Mesa are given in Table 5-1 

and depicted graphically in Figures 5-1 and 5-2. In this sampling, there were 33 analyses of 

discrete fracture surfaces, 12 analyses of interior intact rock samples, and 8 analyses of 

brecciated/rubblized whole rock. Of the 33 discrete fractures analyzed, 24 have 
234

U/
238

U A.R.s 

that differ from secular equilibrium (
234

U/
238

U A.R.=
230

Th/
238

U A.R.) by more than 2%. The 

majority of discrete fracture surfaces are enriched in 
234

U; that is, having 
234

U/
238

U A.R.s greater 

than 1.02. This demonstrates that the majority of fracture surfaces selected in this study show 

evidence for significant water-matrix rock interaction over the last 500,000 years (Latham and 

Schwarcz, 1987). Specifically, these results show that 
234

U tends to be preferentially deposited 
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on discrete fracture surfaces relative to 
238

U. This is consistent with 
234

U/
238

U A.R.s between 2 

and 6 measured for groundwaters from in nearby wells (Paces et al., 2002).  

In contrast, only 7 out of the 20 total interior intact and brecciated/rubblized samples 

show 
234

U/
238

U A.R.s that differ from secular equilibrium by more than ±2%. This suggests little 

water-rock interaction over the last 500,000 years. The distribution U-series isotopic 

compositions with respect to secular equilibrium values are displayed in Figure 5-2. Box-and-

whisker plots (Figure 5-3) show the distribution of 
234

U/
238

U A.Rs classified into three different 

sample groupings. The blue boxed regions represent the 25% to 75% quartile range with black 

lines extending to extreme data points not classified as outliers, the red line represents the 

median value, and the red crosses represent data points that are considered outliers by MATLAB 

R2011b. 

 

Figure 5-3. Box and Whisker Plot of the 
234

U/
238

U A.R.s for whole rock analyses 
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Plotting 
234

U/
238

U A.R. vs 
230

Th/
238

U A.R. (Figure 5-2) for all of the data samples 

provides further insight into the ground water flow at Pahute Mesa. Many samples have 

230
Th/

238
U A.R  compositions similar to 

234
U/

238
U A.R.s and plot along the so-called “equiline” -

defined as 
234

U/
238

U A.R. equals 
230

Th/
238

U A.R. This relation is not expected for closed-system 

isotope evolution of fracture minerals precipitated from groundwater with initial compositions of 

234
U/

238
U A.R. >1.0 and 

230
Th/

238
U A.R.=0.0. Nevertheless, the systematic distribution of data 

along and to the left of the equiline is not likely to be coincidental.  

U-series compositions plotting along the equiline have been interpreted as the result of 

steady state long-term balance between contrasting processes involving sorption, leaching, and 

radioactive decay (Dequincey et al., 2002).  This is further investigated in Chapter 6 of this 

report. The fact that most samples, especially discrete fracture surfaces, display substantial 

amounts of isotopic disequilibrium (
234

U/
238

U and 
230

Th/
238

U A.R.s not equal to 1.0) indicates 

continual or recently episodic water-matrix interaction. The fact that samples of bulk matrix 

material (brecciated/rubblized and interior intact core types) have 
234

U/
238

U and 
230

Th/
238

U A.R.s 

that are much closer to 1.0 compared to discrete fracture samples is consistent with flow being 

dominated by secondary permeability.  

Many of the discrete fracture surface samples plot to the left of the equiline with 

234
U/

238
U A.R. values that are consistent with fracture surfaces interacting with solutions that had 

elevated 
234

U/
238

U A.R.s in the recent past. However, many of these samples have measured 

234
U/

238
U A.R. values that are substantially lower (~0.98 to 1.20) than those typically observed in 

groundwater from the surrounding area (2 to 6). These compositions are difficult to explain by 

the simple precipitation of young secondary minerals to fracture surfaces followed by closed 



25 
 

system isotope evolution. Furthermore, very few samples have 
234

U/
238

U A.R. values that are less 

than 1.0, which is typically attributed to the effects of preferential removal of 
234

U by leaching 

processes (Latham and Schwarcz, 1987). The clear exception is a single sample of a discrete 

fracture surface from borehole UE-20f (UE20f-2849) that has an extremely depleted 
234

U/
238

U 

A.R. value of ~0.34.  Despite this very low value, the 
230

Th/
238

U A.R. for this same sample is 

similar (~0.38) and like other samples with 
234

U/
238

U A.R. values > 1.0, data from UE20f-2849 

also plots along the equiline.  It is notable that data plotting to the right of equiline, indicative of 

230
Th/

238
U A.R. > 

234
U/

238
U A.R., are essentially absent despite the wide range of observed 

disequilibrium values. This distribution of U-series data is unlike that reported for a number of 

other studies of U-series isotopes in environments involving water-rock interaction that 

commonly show solids with 
230

Th/
238

U A.R. > 
234

U/
238

U A.R. (Latham and Schwarcz, 1987; 

Dequincy et al., 2002; Paces et al., 2006; Thiel et al., 1983). The strong evidence of fracture 

dominated groundwater flow at Pahute Mesa led us to further investigate water-matrix 

interaction by exploring 
234

U/
238

U and 
230

Th/
234

U in the rock matrix with distance away from 

discrete fracture surfaces. 

 

 

Whole Rock Wafer Analysis 

 

A total of four wafer profiles from Pahute Mesa were selected in order to preform U-

series analysis at distances perpendicular to the fracture surfaces. The four fracture surfaces 

targeted for wafer analysis were selected for their high degree of secular disequilibrium. They 

are as follows: UE19fs-5211’, UE19gs-4658’, UE20f-2849’, and PM1-6084’.  
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In order to perform the wafer analysis for each of the four selected samples, a core was 

drilled perpendicularily from the previously scaped fracture surface. This sampling procedure for 

the PM1-6084’ discrete fracture surface sample can be seen in the photographs given in Figure 

5-4 below. 

 

Figure 5-4. Sampling procedure for wafer analysis. 

 

This process was performed using a 0.25 inch-diameter drill core bit. The resulting 15 to 

44 mm long cores were then cut into wafers parallel to the fracture surface as a means of 

obtaining subsamples spaced evenly away from the fracture surface into the rock matrix. 

Significant effort was made to ensure equal thickness among the wafers. Wafers representing 

rock matrix at known distances away from  the fracture surface were then ground to a fine 

powder using an agate mortar and pestle, chemically digested, and analyzed for U-series isotopes 

in the same manner as previously described. Table 5-2 gives approximate wafer distance 

intervals for the four cores. 
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Table 5-2. Cutting Specifications of Core for Wafer Analysis 

Sample name Core length (mm) No. of Samples 

Average distance interval 

(mm) 

UE19fs-5211 15 6 2.5 

UE19gs-4658 42 17 2.5 

UE20f-2849 24 12 2.0 

PM1-6084 44 18 2.4 

  

 In addition to U-series isotope measurements, estimates of porosity were made using 

petrographic examinations. In order to perform these measurements, a second 0.25 inch-diameter 

core was drilled through the discrete fracture samples adjacent to the first core, but in an area 

where the fracture surface coating was not removed. This core was then cut longitudinally, 

impregnated with blue epoxy, and made into a 30 µm thick thin section. A binary averaging 

procedure was used in Reindeer Graphics Add-in to Abode Photoshop in order to quantify the 

relative pore space in the each of the thin sections. In this procedure, 3 photomicrographic 

images were taken of each thin section. Each digital image covered an area approximately       

3.3 mm  x  2.5 mm and contained a  total pixel count of 3,145,728. Imaging software then 

counted the number of pixels representing blue-stained epoxy. This process was done twice for 

each image. This method of porosity measurement is similar to the method described in detail by 

Sak et al. (2010), which used ImageJ processing software to arrive at porosity measurements.  

In addition, porosity measurements were made by standard point counting methods while 

viewing thin sections under a petrographic microscope. A mechanical stage was used to provide 

a rectilinear grid with ~1 mm x 1 mm point spacing. A total of 1,000 counts were made for each 

thin section sample where each point was classified either as “void”, corresponding to pore 
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space, or “solid”, corresponding to rock crystal. Porosity measurements for UE19fs-5211, 

UE19gs-4658, UE20f-2849, and PM1-6084 can be seen in Table 5-3. 

Table 5-3. Porosity Measurements for selected wafer profiles 

Borehole ID 
Porosity (%) 

Photoshop Point Count 

Ue19fs-5211 6.9 27.3 

UE19gs-4658 3 9.8 

UE20f-2849 1.6 5.3 

PM1-6084 2.2 10.6 

 

As seen in Table 5-3 above, the two different porosity measurement techniques explored 

in this thesis yield very different results. It is likely that the point counting method produces the 

most accurate representation of the pore space in the rock matrix, since its measurements are not 

dependent on color spectrum interpretations as in Photoshop but, instead rely on visual 

evaluation of each of the 1,000 point classifications per sample.  

Table 5-4 and Figures 5-5 to 5-8 summarize the results of the wafer profile analysis. 

Samples were named in a manner that allowed for the illustration of what wafer number they 

corresponded to out of the total number of wafers for that samples, with the smaller wafer 

numbers being closer to the discrete fracture surface. For example UE19fs-5211_1/6 corresponds 

to the first of 6 total wafers that were made for UE19fs-5211’. UE19fs-5211_0 corresponds to 

the discrete fracture surface itself. The accompanying qualitative interpretations are suggested 

explanations for the complicated nature of the water-rock interaction at Pahute Mesa, which is 

likely governed by different water and rock compositions in different areas as well as differences 

in groundwater advection rates and time-dependent chemical and mineralogical properties of 

fracture surfaces. Unfortunately, Th isotope data is not available for sample UE19gs-4658_1/17 

due to an experimental mishap. Furthermore, it is noted that subsamples represent a mixture of 
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all materials within the finite volume and may reflect mixtures of individual layers (i.e., 

secondary mineral coating and underlying host rock) that could not be sampled as separate and 

discrete layers. 
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Figure 5-5. Profiles of 
234

U/
238

U A.R. and 
230

Th/
238

U A.R. variation with distance from 

fracture surface for wafers sampled from UE-19fs:5211’ 

 

Seen in Figure 5-5, the presence of a relatively high 
234

U/
238

U A.R. and low 
230

Th/
238

U 

A.R. for the discrete fracture surface from sample UE-19fs:5211’ (2.09 and 0.19, respectively) is 

consistent with the presence of recently deposited minerals on the fracture surface. This explains 

the relatively low 
230

Th/
238

U A.R. and the large difference in U-series isotope ratios (i.e., 

234
U/

238
U A.R. >> 

230
Th/

238
U A.R.). U-series compositions of subjacent samples are notably 

different from those of the fracture surface. Wafer samples have similar U-series isotope ratios 

and plot along the equiline at values between 0.90 and 0.96. This suggests that the rock matrix is 

much less susceptible to water-rock interaction than fracture minerals, but that pore water was 

still able to imbibe into the host rock. Since 
234

U/
238

U A.R.s are less than 1.0, the system is 

dominated by a loss of 
234

U (which is preferentially leached compared to 
238

U). Furthermore, the 

two wafers closest to the fracture surface have greater amounts of disequilibrium (lower 

234
U/

238
U A.R. and 

230
Th/

238
U A.R. values) than wafers at greater distances.  The relatively large 

amount of disequilibrium observed in the rock matrix part of this profile is consistent with the 
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higher porosities measured in this sample (Table 5-3).  The presence of greater disequilibrium in 

wafers closer to the fracture surface is consistent with somewhat larger interactions near the 

water/rock interface.   

 

Figure 5-6. Profiles of 
234

U/
238

U AR and 
230

Th/
238

U AR variation with distance from  

fracture surface for wafers sampled from UE-19gs:4658’ 

 

 Like the previous sample, the 
234

U/
238

U A.R. of the UE-19gs:4658’ fracture surface is 

elevated (1.63) indicating water-rock interaction. However, as seen in Figure 5-6, its 
230

Th/
238

U 

A.R. is also relatively large (1.36) resulting in a composition that plots close to, but not on, the 

equiline.  This situation could be caused by the addition of secondary minerals precipitated from 

groundwater solutions at some time in the past (more than 100,000 years ago), or by other 

transient processes involving U uptake, removal, and decay. Both 
234

U/
238

U A.R.s and 
230

Th/
238

U 

A.R.s for wafers in the interior of the sample trend toward secular equilibrium values suggesting 

smaller amounts of water-rock interaction compared to UE-19fs:5211’, which is consistent with 

its lower measured porosity values. However, the wafer located at ~7mm from the fracture 
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surface presents an exception to the rest of the rock matrix samples in this profile.  Its 

substantially higher 
234

U/
238

U A.R. and lower 
230

Th/
238

U A.R. value suggests the presence of a 

transient water-rock interaction event at this location. While the reason for this is unclear, it is 

possible that this isolated event occurred due to the presence of a small localized fissure 

containing recently deposited secondary minerals. Similar materials are not present in the 

immediately overlying wafer or two underlying wafers as the A.R.s are very close to secular 

equilibrium values. 

 

Figure 5-7. Profiles of 
234

U/
238

U AR and 
230

Th/
238

U AR variation with distance from  

fracture surface for wafers sampled from UE-20f:2849’ 

 

As demonstrated in Figure 5-7, the U-series isotopic compositions for the discrete 

fracture surface sample from UE-20f:2849’are very unique.  The fracture surface’s extremely 

low 
234

U/
238

U A.R. indicates a very high degree of preferential leaching of 
234

U relative to 
238

U.  

Nevertheless, the 
230

Th/
238

U A.R. is similar and the resulting 
234

U/
230

Th A.R. value of about 0.90 

allows the data point to plot close to the equiline.  These conditions can only be satisfied if large 
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amounts of U are added.  This is consistent with the U concentration of 1294 ppm measured for 

the fracture material, which is about 2.5 orders of magnitude larger than the average U 

concentration measured in the rock matrix wafers (~2.9 ppm).  The isotope results for the 1 mm 

thick layer of white secondary mineral forming the surface coating on this sample gives rise to 

the possibility that recoil processes are more important in governing the U-series behavior of the 

fracture surface relative to other samples; that is, 
234

U is strongly removed from the fracture 

surface by actively flowing groundwater.  

Wafers at greater distances away from the fracture surface also show U-series 

disequilibrium. The wafer subjacent to the layer of secondary fracture minerals has intermediate 

concentrations and isotope compositions between the outer surface and the matrix of the interior.  

Results for this layer likely represent a mechanical mixture of secondary mineral and rock 

matrix.  Remaining wafers have more typical 
234

U/
238

U and 
230

Th/
238

U A.R. values ranging from 

1.01 to 1.46 and suggest that water is able to penetrate into the rock matrix.  However, the U-

series isotope behavior in these samples is unique in that 
230

Th/
238

U A.R. values are higher than 

234
U/

238
U A.R. values. As a result, data plot to the right of the equiline with 

234
U/

230
Th A.R. 

values between 0.73 and 0.81.  These materials represent the only rock samples analyzed in this 

study with evidence for removal of bulk U relative to Th in order to obtain 
234

U/
230

Th A.R. 

values significantly less than 1.0. 
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Figure 5-8. Profiles of 
234

U/
238

U AR and 
230

Th/
238

U AR variation with distance from  

fracture surface for wafers sampled from PM-1: 6084’ 

 

Results of isotope analysis for wafers from PM-1:6084’ are shown in Figure 5-8.  The 

fracture surface has elevated 
234

U/
238

U A.R. and 
230

Th/
238

U A.R. values that are nearly identical.  

The data for this point plots in close proximity to the equiline with a 
234

U/
230

Th A.R. value of 

0.99. In contrast, wafers representing rock matrix at distance away from the fracture surface have 

U-series isotope ratios that are close to secular equilibrium values.  The only significant 

exception is the first wafer at a distance of 2.4 mm which gives isotopic evidence of a relatively 

small amount 
234

U leaching (
234

U/
238

U A.R. = 0.986) and addition of bulk U to explain the 

230
Th/

238
U A.R. of 0.951. 

234
U/

238
U A.R.s and 

230
Th/

238
U A.R.s for all other wafers are within 1% 

of the secular equilibrium values of 1.0.  The fact that the compositions for the first wafer differ 

significantly from secular equilibrium suggests that water is capable of interacting with rock 

matrix within a few mm of the fracture surface, but that this point represents the extent of water-

rock interaction in this particular rock despite porosities comparable to other rocks where more 

disequilibrium is observed. 
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CHAPTER 6 

MODELING 

 

Previous Approaches to Solving the Problem 

 

A major focus of this study was to improve modeling techniques in order to better 

understand the movement of groundwater and its interaction with fracture networks in the 

saturated zone at Pahute Mesa. A numerical model that provides an explanation of the data set 

from Pahute Mesa has the potential to contribute to better predictions of future groundwater 

movement and the travel times and future locations of radioactive nuclides that were a result of 

underground detonations on the NNSS.  

Latham and Schwarcz (1987) developed a model for characterizing U-concentrations in 

granite aquifers based on experimental leach rates of U, where leach rates were determined to be 

less than the decay rate of 
230

Th. This model was developed assuming 
230

Th is relatively 

immobile. Those authors also concluded that U-series nuclides could be considered to be in 

steady state secular equilibrium in deep subsurface zones, given the slow leach rates of U. This 

preferential leaching of 
234

U relative to 
238

U and U isotopes relative to 
230

Th was further 

extended to models that considered both decay and leach rates, along with external fluxes of 
238

U 

and 
234

U nuclides (Dequincey et al., 2002). Porcelli et al. (2008) described in detail the chemical 

and physical exchange processes governing 
238

U, 
234

U, and 
230

Th concentrations in flowing 

groundwater. Assuming that advection is the dominating physical process in the system (as 

opposed to dispersion), Porcelli et al. (2008) modified the traditional advection-dispersion 

equation to included nuclide source and sink terms. Source terms contributing 
234

U to water 
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consist of weathering, alpha-recoil, desorption, and production, while sink terms removing U 

from solution consist of precipitation, radioactive decay, and adsorption (Porcelli et. al 2008). 

Aquifer rock-water interaction is largely based on alpha recoil and weathering rates, both of 

which depend on the unique physical and chemical properties of the aquifer rock (Porcelli and 

Swarzenski, 2003).  These two studies did note however, that diffusion can play a dominant role 

in nuclide concentration when considering locations inside of the bulk rock matrix at varying 

distances away from the fracture surface. Moreover, these diffusive properties are very slow and 

are characterized by transport through small pores in the matrix solid (Neretnieks, 1980). 

Therefore, it was determined that diffusion would dominate advection when considering the 

movement of groundwater through the matrix at distances away from the fracture surface. 

Focusing on bulk adsorption and desorption rates, Krishnaswami et al. (1982) noted that 

238
U, 

234
U, and 

230
Th can be added to groundwater by dissolution from the rock matrix, 

radioactive decay of the parent nuclide, and alpha-recoil and desorption  from the rock matrix 

surface. This led to the development of a simple radionuclide transport model based on         

first-order kinetic adsorption and desorption. It is of note that this model provides for nuclide 

concentration via a balance between source and sink terms while ignoring both advective and 

dispersive physical processes. This approach was subsequently used by Copenhaver et al. (1992) 

in order to explain retardation factors in the transport of U-series nuclides. While considering 

advective and dispersive processes, Maher et al. (2006) determined that alpha-recoil was largely 

responsible for addition of radionuclides to actively flowing ground waters while dissolution and 

decay governed the removal of radionuclides from ground water. Those authors also recognized 

the importance of the rock surfaces’ grain size distributions in determining the alpha–recoil 

parameter. Similarly, Tricca et al. (2000) incorporated surface coating areas and densities, bulk 
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rock matrix densities, matrix water densities, and porosity in order to better characterize the 

radionuclide transport through groundwater. 

 

 

A Diffusion-Based Approach to Modeling Wafer Profiles 

 

 In an attempt to explain the behavior of 
234

U/
238

U and 
230

Th/
238

U A.R.s at distances 

perpendicular to the fracture surface, a diffusion-based model was developed. This model was 

based on the previous approaches to characterize the interaction between aquifer material and 

actively flowing groundwater (Tricca et al., 2000; Porcelli and Swarzenski, 2003; Porcelli et al., 

2008). Steady-state matrix water and matrix rock equations describing 
238

U, 
234

U, and 
230

Th 

concentrations were developed as functions of perpendicular distance into the bulk rock material 

away from discrete fracture surfaces. Following Neretnieks (1980), diffusion was considered a 

governing process of nuclide transport in the matrix water. Governing equations for nuclide 

concentrations in the matrix rock did not include advection or diffusion due to the large time 

scales necessary for these processes to occur. Source and sink terms were represented using a 

simplified approach following Tricca et al. (2000) where bulk nuclide attachment and 

detachment terms and a recoil processes were assumed to govern the chemical behavior of U-

series isotopes in the matrix rock and matrix water at distances away from the fracture surface. 

Boundary conditions were formulated to mimic groundwater U concentrations and 
234

U/
238

U 

A.R. values observed in samples of Pahute Mesa groundwater (Paces et al., 2002; J.B. Paces, 

USGS, unpublished data), and by assuming that at large distances away from the fracture 

surface, nuclide concentrations in the rock matrix were equal to those in the matrix water. That 
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is, at large distances from the fracture surface, 
238

U, 
234

U, and 
230

Th concentrations in the rock 

matrix were set to be equal to those in the pore water. 

 This diffusion-based approach to modeling the U-series isotopic composition observed in 

wafer profiles in Figures 5-5 through 5-8 however did not prove to be fruitful. Using Wolfram 

Mathematica 8 and MATLAB R2011b to develop analytical and numerical solutions to nuclide 

concentrations, we were unable to match the 
234

U/
238

U A.R. and 
230

Th/
238

U A.R. curves shown in 

Figures 5-5 through 5-8. Attempts to match isotopic compositions heavily relied on varying 

values for bulk nuclide attachment and detachment terms.  Based on the previously described 

model, simulations using nuclide concentrations measured at discrete fracture surfaces did not 

result in isotopic behavior observed in wafers away from the fracture surfaces as seen in Figures 

5-5 through 5-8. Specifically, this model produced 
234

U/
238

U A.R.s that were much smaller than 

those observed in the wafer profiles. 

 The failure of our diffusion-based model to match the wafer profiles suggests that matrix 

rock and matrix water interaction is best characterized by a step function where the nuclide 

concentrations seen on the fracture surface are not directly related to the underlying rock matrix. 

Discrete fracture isotopic compositions are controlled by secondary mineral precipitates from 

advecting groundwaters that do not reflect the behavior of the interior of the rock. It is also 

possible that modeling matrix water and matrix rock interaction as a steady state process, with 

constant bulk attachment and detachment rates, is an inaccurate representation of the 

groundwater behavior at Pahute Mesa. The diffusion-based model in this thesis, only considered 

first order bulk attachments, leaving open the possibility for there to exist zero order and higher 

order processes that may greatly impact the behavior of radionuclides in discrete fracture 

networks. This leads to the conclusion that the physical and chemical processes at Pahute Mesa 
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are too unconstrained to obtain meaningful results from the diffusion model.  Other studies 

incorporated many complex constrained relationships to more completely characterize fracture 

network flow in their models (Tricca et al., 2000; Maher et al., 2006). This included alpha-recoil 

surface area relationship and fracture surface coating thickness and densities. Moreover, those 

studies focused on modeling groundwater A.R.s as opposed to this study, which focused on 

modeling rock A.R.s. 

 

 

 Modeling Sample Locations Relative to the Equiline: Steady State Conditions 

 

 Due to the limited success of the diffusion-reaction models, we decided to pursue an 

alternative approach that considers locally “well-mixed” behavior where the U-series isotopes 

within fractures were constant throughout the fracture aperture. Specifically, we aim to explain 

the location of the points on Figure 5-2 and their relationship secular equilibrium and to the 

equiline.  As noted by Dequincey et al. (2002), data points that fall on the equiline represent a 

steady state balance between physical and chemical processes governing U-series nuclide 

transport and decay. In order to constrain and quantitatively assess these processes, a steady state 

numerical model similar to the approach taken by Dequincey et al. (2002) was developed. This 

model considers a balance between inputs, decay, and outputs of radioactive 
238

U, 
234

U, and 

230
Th, with decay constants of  λ238=1.55125E-10 yr

-1
, λ234=2.8262E-06 yr

-1
, λ230=9.158E-06 yr

-1
 

(Jaffey et al., 1971; Cheng et al., 2000). 
 
In order to simplify the model, it was assumed that 

230
Th 

was immobile; that is, it was not considered to be an input or output of the system. This 

assumption is consistent with other equiline modeling approaches (Latham and Scwarcz, 1987; 
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Dequincey et al., 2002). Governing equations for the evolution of nuclide concentrations through 

time are given in Dequincey et al. (2002) for systems leading to steady-state 
234

U /
238

U and 
230

Th 

/
238

U A.R. compositions. The governing equations of U-series nuclide concentrations are given 

below: 

     

  
 
    

    
                          (1) 

     

  
 
    

    
                                 (2) 

      

  
                           (3) 

where F234 and F238 are activity inputs (having units of (g/g)/yr
2
) to the system and a238 and a234 

are first-order rate constants (having units of yr
-1

) for loss of 
238

U and 
234

U. The steady state 

solutions to these equations used to characterize samples with equivalent 
234

U/
238

U A.R.s and 

230
Th/

238
U A.R.s can be seen below: 
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By examining the above equations, we can infer an “F-ratio” term, equal to the ratio of 

the input activity of 
234

U divided by that of 
238

U. The F-ratio term represents the total 
234

U /
238

U 

A.R. of the U-series nuclide source terms in the system. This leads to the development of 

equations 6 and 7. 

(
     

    )
  

 
    (          ⁄ ) (         )

((     ⁄ ) (         )⁄ )
(
    

    
)  

    

         
     (6) 



42 
 

(
    

    )
  

 
(          ⁄ ) (         )

((     ⁄ ) (         )⁄ )
(
    

    
)  

    

         
     (7) 

 

 This term, along with an “a-ratio” term that is equal to the ratio of the loss rate constant 

of 
234

U divided by 
238

U allowed for further characterization of points along the equiline. Steady 

state a-ratios were found by matching observed and modeled A.R.s for all samples analyzed from 

Pahute Mesa. This analysis was based on F-ratio values consistent with the 
234

U /
238

U A.R. 

assumed for the nearest available groundwater based on data from wells on Pahute Mesa (J.B. 

Paces, USGS, unpublished data). Results are presented in Table 6-1 on the following page and 

can be further visualized in the following two figures. In the Figures 6-1 and 6-2, the values 

adjacent to the data points represent the a-ratio values and the equiline is represented by a solid 

red line. 
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Due to the inability to clearly see a trend in a-ratios in Figures 6-1 and 6-2, a theoretical 

balance between F-ratios and a-ratios that allow a sample to plot along the equiline was explored. 

That is, there is a steady state balance between the input of 
234

U, 
238

U, and the loss of 
234

U and 

238
U that allows for 

230
Th /

238
U A.R. to be equal to 

234
U /

238
U A.R. Assuming that input 

234
U 

/
238

U A.R. can vary from 1.5 to 7.0 (range of values measured for groundwater in the Pahute 

Mesa vicinity; Paces et al., 2002; J.B. Paces,USGS, 2012, unpublished data), the following plots 

were developed for various theoretical points on the equiline. 

 

 

Figure 6-3. Relationship between F-ratios and a-ratios for given points on the equiline 
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Figure 6-4. Relationship between F-ratios and a-ratios for given points on the equiline,  

where contours represent a sample’s 
234

U/
238

U A.R.=
230

Th/
238

U A.R. 

 

 Figures 6-3 and 6-4 show that for any given location on the equiline, a higher F-ratio 

corresponds to a higher a-ratio. That is, in order to maintain a position on the equiline, an 

increase in the input of 
234

U to 
238

U to the rock from the surrounding groundwater must be 

balanced by an increase in the loss rate of 
234

U to 
238

U from the rock to the groundwater. This 

non-linear relationship is highlighted in Figure 6-3. Moreover, in order to track movement on the 

equiline, if a given F-ratio remains constant, increasing the 
234

U/
238

U A.R. = 
230

Th /
238

U A.R. 

will require a lower a234/a238 ratio. This shows that maintaining a greater 
230

Th /
238

U and 
234

U 

/
238

U A.R. requires a relatively small value of the a234 loss constant when compared to the a238 

loss constant. One caveat of this analysis is that it suggests that there can exist a steady state 

balance of 
234

U and 
238

U inputs and outputs based on water-rock interaction that can result in 
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secular equilibrium. The model suggests that samples with U-series isotopes in secular 

equilibrium could theoretically indicate the presence of groundwater flow. However, this 

condition would require a balance between the F-ratios and a-ratios, and furthermore that this 

balance is maintained over about 500,000 years. Given the two possible means for obtaining the 

same outcome, the simpler condition (that is, the absence of groundwater flow and lack of water-

rock interaction) is considered more likely. As noted earlier in this document, previous studies 

(Deschamps et al., 2004; Gascoyne and Miller, 2000; and Neymark et. al, 2006) interpreted 

rocks with U-series isotopic compositions in secular equilibrium as indicative of an absence of 

recent matrix water-rock interaction.  

 

 

Modeling Samples’ locations relative to the Equiline: Transient Conditions 

 

While steady state conditions can be used to explain U-series isotopic compositions that 

plot along the equiline, a number of discrete fracture samples have 
234

U/
238

U A.R. and 
230

Th/
238

U 

A.R. values that plot off the equiline with 
234

U/
230

Th values greater than 1.0 (to the left of the 

equiline). As demonstrated by Thiel et al. (1983), points that do not fall on the equiline represent 

transient conditions where the system has not evolved to a steady state balance between nuclide 

decay, sources, and sinks. Although previous studies note that there are many possible qualitative 

explanations for points plotting away from the equiline with 
234

U/
230

Th A.R. values both greater 

and lower than 1.0 (Dequincey et al., 2002; Latham and Schwarcz, 1987; Thiel et al., 1983), 

most samples in this study have higher 
234

U /
238

U A.R.s  relative to a given 
230

Th /
238

U A.R. In 

order to explain the distribution of these samples in U-series isotope space, transient solutions to 
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nuclide equations were developed. These numerical models closely followed formulations 

developed by Dequincey et al. (2002) to simulate compositions for rocks rather than waters. 

In order to get a better grasp on the physical properties that constrain the radionuclides’ 

concentration evolution through time, F values correspond to nuclide concentration inputs per 

year. The F values represent nuclide concentration flux rates of 
238

U and 
234

U. Moreover, due to 

the complex nature of the solutions to the 
230

Th /
238

U and 
234

U /
238

U A.R.s, it was not possible to 

isolate the influence of an F-ratio as in the development of the steady state A.R. solutions. Thus 

nuclide source terms are defined as a concentration per unit time [(g/g)/yr]. Through the 

development of transient 
238

U, 
234

U and 
230

Th concentration equations, it was assumed that input 

rates of 
234

U, 
238

U and loss rate constants of 
234

U and 
238

U remained constant through time. 

Variables in the transient analysis are defined in Table 6-2. 

 

Table 6-2: Defined variables used in the development of transient U-series nuclide  

equations 

 

Variable Definition Units 

t Time yr 

x 
238

U concentration (g 
238

U/g rock) 

x0 Initial 
238

U concentration (g 
238

U/g rock) 

Fx 
238

U input rate (g 
238

U/g water)/yr 

λx 
238

U decay constant  yr
-1

 

ax 
238

U rate loss constant yr
-1

 

bx ax+λx yr
-1

 

y 
234

U concentration (g 
234

U/g rock) 

y0 Initial 
234

U concentration (g 
234

U/g rock) 

Fy 
234

U input rate (g 
234

U/g water)/yr 

λy 
234

U decay constant  yr
-1

 

ay 
234

U rate loss constant yr
-1

 

by ay+λy yr
-1

 

z  
230

Th concentration (g 
230

Th/g Rock) 
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z0 Initial 
230

Th concentration (g 
230

Th/g Rock) 

λz 
230

Th decay constant  yr
-1

 

 

Using the above definitions given in Table 6-2, the following governing equations were 

derived: 

  

  
        (8) 

  

  
            (9) 

  

  
              (10) 

 

The solutions to these transient equations are as shown below: 
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This then results in 
234

U/
238

U and 
230

Th/
238

U A.R.s being defined as follows: 

     

        ( )  
 ( )  

 ( )  
              (14) 

    

        ( )  
 ( )  

 ( )  
          (15) 
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 Input values in the solutions to the transient equations were based on the A.R.s and U 

concentrations in groundwaters (Paces et al., 2002; J.B. Paces, USGS, unpublished data). 

234
U/

238
U A.R.s chosen for this exercise ranged from 2.0 to 6.0 while groundwater U 

concentrations ranged from 0.5E-9 to 5E-9 (g/g) and remained constant in time. This allowed us 

to define inputs to the system: 

                      (16) 

   (         ⁄          )(          ) (
  

  
)      (17) 

It is acknowledged that in order for unit consistencies in equations 8 and 9, Fx and Fy are 

defined in (g/g)/yr. While isotopic data for groundwaters on Pahute Mesa does not include the 

element of time (data regarding U-series isotopic compositions through time is not available), it 

was important to include information from groundwater compositions, as they represent the 

source terms for radionuclides into the rock system. This approach, however, resulted in 

assuming water U concentrations and 
234

U/
238

U A.R.s corresponded to nuclide input fluxes of 

(g/g)/yr. Further simplifying the model, it was assumed that the groundwater and bulk rock U 

concentration represented only the 
238

U isotopic concentration. This assumption is consistent 

with Lounsbury (1956) where 
238

U was found to have a natural abundance in excess of 99%. 

Bulk rock U concentrations were used to constrain initial concentrations of 
238

U, 
234

U, and 
230

Th 

in the system. Based on measured values given in Table 5-1, rock 
238

U concentrations used in 

models ranged from 2E-6 to 10E-6. These measured values of 
238

U concentrations formed the 

basis for the chosen initial condition of x0. Values of y0 and z0 were based on the value of x0 and 

selected initial 
230

Th/
238

U and 
234

U/
238

U A.R.s. Values of a234 and a238 were constrained by 

choosing an a-ratio within the range of the values given in Table 6-3 and then choosing an a234 
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value similar to those fitted in Dequincey et al. (2002), which were on the order of 1E-6 and 1E-

5 yr
-1

. 

As seen in Figure 6-1, data that are not clustered along the equiline fall into two regions: 

1) to the left of the equiline along a trend with 
234

U/
238

U A.R. values of about 1.0–1.2 and 

230
Th/

238
U A.R. values between about 0.3 and 1.0, and 2) the data point that lies at 

230
Th/

238
U 

A.R. = 0.191 and 
234

U/
238

U A.R. = 2.09. These data points were modeled using two different 

starting conditions: (A) the fracture surface was initially in secular equilibrium and was then 

exposed to a constant influx of groundwater containing various U concentrations and 
234

U/
238

U 

A.R. values, and (B) as a very young fracture surface coating with 
234

U/
238

U A.R. inherited from 

the groundwater and no initial 
230

Th. Different scenarios used to capture the data in 1) and 2) and 

the initial conditions of the fracture surface described in A) and B) are explored in the following 

tables and figures. In Figures 6-5 through 6-22 blue asterisks (*) represent isotopic compositions 

at a time interval of 1,000 years, green asterisks (*) represent A.R. values at 10,000 years, red 

asterisks (*) represent A.R. values at 100,000 years, and magenta asterisks (*) represent A.R. 

values close to steady state conditions. The solid black lines correspond to the equiline. For the 

purpose of this thesis, steady sate conditions were said to be reached at the nearest 10,000 years 

when there was less than a 0.1% change in successive transient 
234

U/
238

U and 
230

Th/
238

U A.R.s. 

In the following table and figures, input parameters where changed one by one. In the following 

tables, black colored inputs remained constant while blue, green, and red inputs corresponded to 

the same colored lines shown in the related figure. In Table 6-3, Figures 6-5 through 6-9 

represent possible explanations for data plotting to the left of the equiline in a system starting in 

secular equilibrium, while Figures 6-10 through 6-14 represent possible explanations for the data 

point plotting at 
230

Th/
238

U A.R. =0.191 and 
234

U/
238

U A.R.=2.09.  Figures 6-5 through 6-14 



53 
 

demonstrate that there is a whole host of input paramters that can be employed to explain a rock 

sample’s relationship to the equiline. While these parameters can vary greatly, they are restricted 

to producing results with 
234

U/
230

Th A.R.s above the equiline and above the 
234

U/
238

U A.R. =1.0 

line.  

It is important to note that while many of the figures on the following pages show that 

steady state conditions result in secular equilibrium, this is coincidental and is a result of 

choosing a234/a238 ratios that matched groundwater 
234

U/
238

U A.R.s.  In reality, in this model any 

point along the equiline represents a rock surface that is in isotopic equilibrium with the 

surrounding groundwater. 
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Figure 6-5. Illustration of impact of changing water 

234
U/

238
U A.R for case 1A 

 

 

 

 
Figure 6-6. Illustration of the impact of changing 

238
U water concentrations for case 1A 
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Figure 6-7. Illustration of the impact of changing 

238
U rock concentrations for case 1A 

 

 

 
Figure 6-8. Illustration of the impact of changing the a234/a238 ratio for case 1A 
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Figure 6-9. Illustration of the impact of changing the absolute value of a234 for case 1A 

 

 
Figure 6-10. Illustration of impact of changing water 
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Figure 6-11. Illustration of the impact of changing 

238
U water concentrations for case 2A 

 
Figure 6-12. Illustration of the impact of changing 

238
U rock concentrations for case 2A 
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Figure 6-13. Illustration of the impact of changing the a234/a238 ratio for case 2A 

 

 
Figure 6-14. Illustration of the impact of changing the absolute value of a234 for case 2A 
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Table 6-4 and the following 8 figures give possible scenarios for transient solutions to the 

230
Th/

238
U and 

234
U/

238
U A.R.s starting with an initial condition of the discrete fracture surface 

representing a newly deposited mineral coating where 
234

U has not had sufficient time to decay 

and the starting 
230

Th/
238

U A.R. for the rock, in this case, the newly formed fracture mineral, is 

equal to 0. In order for this to be a reasonable assumption, the initial 
234

U/
238

U A.R. in the rock 

should be equivalent to the 
234

U/
238

U A.R. in the water. In order to generate scenarios to match 

the data described in in 1B and 2B, a value of 
234

U/
238

U A.R.=2.2 was chosen. In Table 6-4, 

Figures 6-15 through 6-18 represent solutions corresponding to 1B and Figures 6-19 through 6-

22 represent the solutions corresponding to 2B. 
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Figure 6-15. Illustration of the impact of changing 

238
U water concentrations for case 1B 

 
Figure 6-16. Illustration of the impact of changing 

238
U rock concentrations for case 1B 
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Figure 6-17. Illustration of the impact of changing the a234/a238 ratio for case 1B 

 
Figure 6-18. Illustration of the impact of changing the absolute value of a234 for case 1B 
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Figure 6-19. Illustration of the impact of changing 

238
U water concentrations for case 2B 

 
Figure 6-20. Illustration of the impact of changing 

238
U rock concentrations for case 2B   
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Figure 6-21. Illustration of the impact of changing the a234/a238 ratio for case 2B 

 
Figure 6-22. Illustration of the impact of changing the absolute value of a234 for case 2B 
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Equiline Modeling Considerations for Wafer Profiles 

 

 As previously explored, modeling about the equiline can be used to gain insight into 

whether rock samples’ A.R.s  can be considered to be at a steady state or if they need to be 

modeled as changing in time. This modeling approach can be applied data from wafer profiles 

presented in Chapter 5. Figure 6-23 suggests that interior samples at UE-19fs: 5211’ can be 

modeled as being in steady state while the fracture surface clearly bears the signature of a 

relatively recent water-rock interaction. A similar analysis applies for wafers from UE-19gs: 

4658’, except that the first wafer, in addition to the fracture surface, needs to be modeled as 

being in a transient state. In sharp contrast, the fracture surface and the first wafer from UE-20f: 

2849’ suggest a steady state balance of 
234

U and 
238

U sources and sinks while interior wafers 

suggest the presence of a U-depleted system. In addition to all wafer samples, the fracture 

surface at PM-1: 6084’ can be modeled as being in steady state since it too lies on the equiline. 

Wafer samples plotting on the equiline suggest that a steady state diffusive model would be 

appropriate to explain 
230

Th/
238

U and 
234

U/
238

U A.R.s. 
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Figure 6-23. U-series isotopic compositions of wafer samples and their relation to the  

equiline 
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CHAPTER 7 

CONCLUSION AND SUGGESTION FOR FUTURE WORK 

 

This thesis investigates the use of isotopes in the U-series decay chain to provide insight 

into the hydrogeological history of the NNSS. Specifically, data obtained in this project show 

that the majority of discrete fracture surfaces sampled show radioactive disequilibrium for 

230
Th/

238
U and 

234
U/

238
U A.R.s, which is interpreted as evidence of water-rock interaction in the 

last 500,000 years. While this thesis did not model discrete fracture distribution in aquifer units 

at Pahute Mesa, it showed that 24 out of 33 discrete fractures analyzed had isotopic ratios that 

deviated more than 2% from secular equilibrium. This suggests that ~73% of the discrete 

fracture surfaces analyzed are exposed to recent groundwater flow. This could provide a means 

for better characterizing the percentage of fractures in flow models that are significant. That is, 

we have shown that ~73% of the discrete fracture surfaces contribute to the concept of secondary 

permeability. In contrast, most samples of interior intact core and brecciated/rubblized core tend 

to cluster around values of radioactive secular equilibrium. These observations are consistent 

with the well-established concept that groundwater flow at Pahute Mesa is dominated by 

secondary permeability in the form of a network of discrete fractures. 

As seen in Chapter 6 of this thesis, samples that have equal 
230

Th/
238

U and 
234

U/
238

U 

A.R.s and thus lie on the equiline, are likely the result of a steady state balance between the loss 

and gain of 
234

U and 
238

U isotopes. Moreover, samples that lie on the equiline represent a balance 

between the ratio of 
234

U/
238

U inputs and outputs. This represents the majority of the samples 

analyzed in this study. Alternatively, a smaller number of samples plot to the left of the equiline 

with 
234

U/
230

Th A.R. > 1.0. Discrete fracture samples showing these relations are indicative of a 

system that is in a transient state. This suggests that there has been a change in the addition or 
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loss rate of 
234

U or 
238

U nuclides to the rock matrix in the relatively recent past (within the last 

500,000 years). Therefore, samples falling on the equiline at distances more than about 2% away 

from secular equilibrium or that fall to the left of the equiline suggest recent water-rock 

interaction in an actively flowing groundwater system. The fact that nearly all rock samples have 

234
U/

238
U A.R. and 

230
Th/

238
U A.R. values greater than 1.0 is interpreted as evidence of a system 

where U is enriched, indicating that rocks show a net gain of U from groundwater. Models of U-

series isotope evolution consider both steady state and transient conditions have been developed 

and are able to use observed data for various concentrations and isotope compositions in 

groundwater and rock matrix to explain points that fall along the equiline as well as to the left of 

the equiline. 

Future work should focus on better mineralogical characterization of rock samples in 

order to better constrain parameters used in numerical models and to better understand the 

physical and mineralogical controls leading to radioactive disequilibrium at Pahute Mesa. 

Similarly, the ability to better constrain these values should lead to the successful development 

of a diffusion-based model to characterize 
230

Th/
238

U and 
234

U/
238

U A.R. values as a function of 

distance into the rock matrix from an actively flowing fracture surface. This diffusion-based 

model should be developed in a transient state as opposed to the steady state approach that was 

attempted in this thesis. A transient model is essential because rock matrix material at distances 

away from the fracture surface is likely still progressing to steady state A.R.s given the large 

time scales of diffusion in rock  
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APPENDIX: I 

 

Shorthand classification of hydrostratigraphic units at Pahute Mesa. 

BFCU Bull Frog Confining Unit 

BRA Belted Range Aquifer 

CFCU Crater Flat Confining Unit 

CHCU Calico Hills Confining Unit 

CHZCM Calico Hills Zeolitic Composite Unit 

IA Inlet Aquifer 

LPCU Lower Paintbrush Confining Unit 

TCA Tiva Canyon Aquifer 
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APPENDIX: II 

 

Chromatographic Exchange Procedure for producing purified salts of U and Th 

 

1 ml BioRad AG 1x8 200-400 Mesh added to cleaned columns 

 Wash with H2O (3 Reservoir Volumes) 

 Wash with 0.05 N HNO3 (3 Reservoir Volumes) 

Equilibrate with 7 N HNO3 (2 Column Volumes) 

Load Samples from Hotplate as 1 ml 7 N HNO3 

 Wash with 7 N HNO3 (4 Column Volumes) 

Switch to Thorium Beakers 

 Elute with 6.5 N HCl (3 Column Volumes) 

 Dry down Th beakers at 105°C  

Switch to wash vats 

 Wash columns with 6.5 N HCl (3 Column Volumes) 

Switch to Uranium Beakers 

 Elute U with 0.05 N HNO3 (4 Column Volumes) 

 Further elute U with H2O (4 Column Volumes) 

 Dry down U beakers at 105°C 

Samples were then visually analyzed to determine if a second pass through columns was needed. 

Any beaker with any more than approximately 1 ml of a visible salt was passed through columns 

a second time according to the following procedure. 

0.5 ml AG 1x8 200-400 Mesh BioRad added to cleaned columns 

 Wash with H20 (4 Reservoir Volumes) 

 Wash with 0.05 N HNO3 (4 Reservoir Volumes) 

 Equilibrate with 0.05 N HNO3 (2 Column Volumes) 
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Load Samples from hotplate as 0.5 ml 7 N HNO3 

 Wash with 7 N HNO3 (3 Column Volumes) 

 Wash with 6.5 N HCl (5 Column Volumes) 

Switch to Uranium Beakers 

 Elute with 0.05 N HNO3 (5 double Column Volumes) 

 Elute with H2O (2 double Column Volumes) 

 Dry down U beakers at 105°C 

Switch to wash Vats 

 Re-equilibrate with 7 N HNO3 (2 Column Volumes) 

 Load Th beakers as 7 N HNO3 

 Wash with 7 N HNO3 (4 Column Volumes) 

Switch to Thorium Beakers 

 Elute with 6.5 N HCl (3 Column Volumes) 

 Elute with 1.0 N HCl (3 Column Volumes) 

 Elute with H20 (2 Column Volumes) 

 Dry down Thorium Beakers at 105°C 
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