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ABSTRACT

This study was initiated to evaluate potential source(s) of elevated uranium in
ground and surface waters of the Treasure Valley in southwest Idaho. Groundwater in the
area exhibits widespread but complexly distributed uranium concentrations up to 110 ug
L, well in excess of the U.S. EPA drinking water standard of 30 pg L™*. Data from field
sampling (surface water, groundwater, and solid sediments), laboratory experiments, and
geochemical and isotopic analysis constrain the source of the elevated uranium. Results
from surface water sampling show significant downstream increases in uranium
concentrations. With irrigation return waters and shallow groundwater returns indicated
as the primary contributors toward elevated uranium concentrations, evidence suggests
that a near-surface uranium source exists within the valley. When evaluated for isotopic
composition, these surface waters consistently evolved toward a common nexus of
234U/78U and ®'sr/®°sr isotopic composition that is also shared by the estimated mean
groundwater composition and several of the most elevated groundwater samples.
Analysis of a wide variety of geologic materials representing aquifer sediments did not
uncover materials containing particularly high bulk uranium contents (avg. of 3.5 ppm).
Furthermore, isotopic analysis of nearly all the solids produced low ?**U/%®U ratios that
are incompatible with the source material. In addition, isotopic results definitively
indicate that the analyzed fertilizers cannot be the source of the uranium. Only two

shallow geologic samples collected from terrace and floodplain sediment yielded high



enough®*U/*®U ratios to match the projected source signature. Isotopic and elemental
differences between three selective leaching treatments applied to each solid show that,
on average, the most uranium and highest 2*U/%U ratios were associated with the
carbonate extraction. The two high ***U/?*®U solids did not contain particularly high
carbonate contents, and it appears that the carbonate leaching solution acts to assist in
releasing the source uranium from sorption and exchange sites in some shallow, fine-

grained, clastic sediments of the Gowen Terrace and modern floodplain formations.
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1 INTRODUCTION

1.1 The Problem

Drinking water contaminated with high uranium is a human health issue and
emerging regulatory concern for public drinking water providers since the US
Environmental Protection Agency (EPA) establishment of a maximum contaminant level
(MCL) standard for uranium at 30 pg L. The primary health effects related to excessive
uranium consumption are kidney toxicity and increased occurrence of cancer (US EPA,
2009). Typical natural abundances of uranium in groundwater can range from 0.1 to 100
ug L™ (Wanty & Nordstrom, 1995). However, while granitic materials represent one of
the more uranium-rich lithologies, groundwater interacting with granitic materials rarely
exceed 20 pg L™ (Gascoyne, 1989). Within the Western Snake River Plain (Treasure
Valley) Aquifer, dissolved uranium concentrations exceed the 30 pg L™ standard at many
locations and concentrations as high as 110 pg L™ have been measured (IDWR, 2010;

IDEQ, 2010).

Within the Treasure Valley, a complex sedimentary history is described by the
materials that fill the basin. Ancient lake and river sediments comprise the deep aquifer
unit, where anthropogenic influences such as the modern onset of irrigation or water level
fluctuations tied to deep well withdrawals may stimulate the deep release of uranium.
Surficial, vadose zone, and shallow aquifer materials all have the potential to interact

with the surface water and shallow aquifer units. Weathering of the wide variety of



fluvial, alluvial, and eolian materials present in these surficial and shallow geologic
environments may also be implicated for elevated uranium observed in Treasure Valley
groundwater. Phosphate fertilizers, a politically contentious uranium source, are often
high in uranium and their utilization for agricultural purposes may be an important

contamination source.

The goal of this thesis is to constrain the source of uranium to Treasure Valley
groundwater and surface waters. | propose the hypothesis that a specific unit of near-
surface sediments is releasing uranium, but that the source sediments are not ubiquitously
distributed throughout the region. As an alternative hypothesis, | suggest that uranium-
rich fertilizers may be an important uranium contamination source to the Treasure Valley
hydrologic system. To test these hypotheses, a multi-faceted approach was employed
whereby the analysis of surface water, groundwater, and solid extraction samples were all
used to provide evidence for or against each potential source. Surface waters were most
valuable in investigating dissolved uranium dynamics in the most surficial units.
Groundwater samples were interpreted as interacting with both the surficial and shallow
geologic environments and were thus helpful in investigating the degree of connectedness
between surface and groundwater sources. Finally, total dissolutions and selective
extractions of solid phase materials were ultimately used to test for the uranium content

and isotopic character of a wide variety of potential source solids.

1.2 Uranium Release and Control
The behavior of uranium in groundwater is determined by a complex interplay of
chemical and physical conditions. The concentration of dissolved uranium in a given

system can be a function of that environment’s redox status, concentrations of



complexing agents, presence of sorption sites, as well as hydrologic interaction with
uranium source materials (McKinley et al., 2007; Elless & Lee, 1998). Uranium typically
exists in natural waters in its U (V1) oxidation state as a uranyl oxycation [UO,*" or
UO,0H™]. In these states, uranium is highly soluble and acts conservatively in agqueous
solution. Under reducing conditions, U (IV) is the dominant oxidation state. The low
solubility of U(IV) under reducing conditions leads to precipitation of minerals such as

uraninite, coffinite.

The uranyl ion commonly forms strong aqueous complexes with carbonate [i.e.
UO,(CO3)x, CayU02(CO3)x] in most groundwaters; these complexes can dramatically
increase effective solubility and total dissolved concentrations (Langmuir, 1997; Clark et
al., 1995; Pabalan & Turner, 1997; Elless & Lee, 1998). When dissolved carbonate
contents are particularly low, or the concentrations of other ligands are abnormally high,
uranium may also complex with other electron donor groups, such as: hydroxide
[UO,(OH)y], sulfate [UO,SQ4], fluoride [UO,F,], etc. (Buck et al., 1996; Langmuir,
1997). These latter complexes are still relatively soluble, but cannot compete with
carbonate’s ability to complex uranium under neutral or alkaline pH conditions. At low
pH conditions, the uranyl sulfate complex or the solitary uranyl cation may dominate. In
the rare absence of the previously mentioned complexing agents or the presence of very
high concentrations of silicates, phosphates, or arsenates, less soluble uranium complexes
can form, but will more readily be precipitated out of solution (McKinley et al., 2007;

Smith, 1984).

Dissolved uranium is also known to be susceptible to sorption onto negatively

charged metal oxide and aluminosilicate mineral surfaces. These sorption reactions can



compete with the previously mentioned complexing agents (such as carbonate and

sulfate) and retard uranium mobility (McKinley et al., 2007; Prikryl et al., 2001).

1.3 Uranium and Strontium Isotopic Systematics

As 2*U/®U and ¥"Sr/%°Sr isotopic ratio analysis is a central component of this
investigation, a brief discussion of each isotope system is valuable. Uranium occurs
naturally in the form of three different isotopes (with decreasing nuclide stability): 22U,
2%, and %*U. Because 2*®U and %**U are part of the same decay series, they are closely
associated to each another, with 2*U being a relatively short-lived (halflife = 2.45 x 10°
years) daughter product of radiogenic U (halflife = 4.47 x 10° years) decay. Therefore,
their abundances are also related. The 2*®U isotope comprises more than 99% of the
natural abundance of uranium (Steiger & Jager, 1977), while ***U accounts for less than
.01% (Lide & Frederikse, 1995). Due to the relative scarcity of ***U, a quotient of
234/2%8U will always yield a very small number. For this reason, the ratio of **U to 2*U
will sometimes be converted to an activity ratio by multiplying the abundances of 2*U
and #*®U by their respective decay constants. Activity ratios conveniently express the
same relationship in larger numbers. Additionally, the use of activity ratios provides a
convenient baseline value equal to 1.0 for **U and ***U at a state of secular equilibrium

(Faure & Mensing, 2005).

Secular equilibrium is the terminal “**U/?*®U ratio that a given geologic sample
will asymptotically evolve toward subsequent to any isotopic fractionation. For the
238U/78U system, it can generally be assumed that a given rock will closely approach
secular equilibrium after several 2*U half-lives worth of time have passed since its

formation. Therefore, the majority of crustal materials (rocks older than approx. 1-2



million years) have “*U/?*®U activity ratios of approximately 1.0 (Luo et al., 2000).
However, groundwater **U/*®U ratios typically exceed the secular equilibrium value
(Roback et al., 2001). The disequilibrium between waters and the solids with which they
interact can be traced back to the alpha recoil events caused by %*®U decay. The high
energy alpha recoil events damage the crystal matrix surrounding the product ?**U atoms,
leaving %**U susceptible to be preferentially leached relative to 2**U (Grzymko et al.,
2007). Additionally, alpha recoil can cause 2*U (via 2**Th) to be directly ejected from the
solid matrix into solution or onto adjacent surfaces (Roback et al., 2001; Osmond et al.,
1968; Maher et al., 2006). Interpretation of the 2*U/?*®U ratios in waters at
disequilibrium with the solids they weather can provide a variety of insights into the

nature of the solids and the dynamics of the water-solid interaction.

The #”Sr/®sr isotopic system is fundamentally different to that of 2*U/*®U in that
87Sr and ®Sr do not share a parent-daughter relationship. Strontium naturally occurs in
the form of four stable isotopes: ®Sr, ®’Sr, ®8Sr, and ®Sr. The only radiogenic isotope is
87Sr, which is created by the decay of ®’Rb. While strontium is an alkaline earth metal
that can largely substitute for calcium in a mineral matrix, rubidium is an alkali metal that
can substitute in potassium-bearing minerals. Therefore, the 8 Sr/*°Sr ratio of a solid, for
example, can be greatly influenced by the mineralogical contents of the solid. Generally
speaking, &Sr/®°Sr ratios can be used as a sort of barometer between mafic and felsic
mineral compositions (Faure & Mensing, 2005). More specifically, potassium and
rubidium-rich minerals (e.g. K-feldspars; K-rich phyllosilicates) will have the

opportunity to develop relatively higher 8Sr/®Sr ratios through the growth of radiogenic



87Sr, compared to minerals that tend to exclude potassium and have higher calcium and

strontium contents (carbonates, plagioclase feldspars).

In hydrologic investigations, isotopic ratios can be used as high precision tracers
of the source(s) of masses of water, and can provide information about the weathering
history of the watershed. The use of isotopic ratios as tracers provides unique benefits not
available when using ion concentrations alone. Processes such as sorption and
precipitation may prevent ion concentrations from being considered as conservative
tracers, but these processes do not affect isotopic ratios. The use of *U/?*®U ratios alone
have proven useful in estimating sources of groundwater recharge (Roback et al., 2001),
discovering preferential groundwater flow paths (Luo et al., 2000), calculating mixing
proportions of multiple source waters (Osmond et al., 1968; Grzymko et al., 2007), and
studying the rates and dynamics of water-rock interaction (Andersen et al., 2009; Maher
et al., 2004). The ¥ Sr/®*Sr system has been used similarly (Johnson et al., 2000; Jeon &
Nakano, 2001; Johnson & DePaolo, 1994), with the added intricacy that the 8 Sr/®Sr
system may be especially targeted towards identifying sources of calcium weathering
products (Clow et al., 1997). The coupling together of uranium and strontium isotopic
systems in hydrologic investigations provides for unique, high precision, two-component
descriptions of the isotopic signature of waters and the solids that they interact with
(Maher et al., 2006; Chabaux et al., 2005; Riotte & Chabaux, 1999). Additionally, the
concurrent use of the two isotopic systems allows for interpretations based on the
observation of contrasting behavior between **U/?*®U and 'Sr/*Sr ratios. Uranium
isotopic behavior differs from that of strontium as ***U/?*®U disequilibrium caused by

alpha recoil effects and selective leaching of ***U is a property exclusive to the uranium



isotopic system. Conversely, the ability of ’Sr/®®Sr ratios to differentiate between mafic

and felsic sources makes the strontium isotopic system unique in its own right.

1.4 Geology/Lithology

The Treasure Valley Aquifer is hosted in sedimentary fill of a Neogene aged,
normal fault-bounded intracontinental rift basin that defines the Western Snake River
Plain (Wood & Clemens, 2002). The approximately 300 km long by 70 km wide,
southeast to northwest trending basin is bordered on the southwest by the rhyolitic
Owyhee Front, and to the northeast by the Idaho Batholith-derived Boise Front. Below
approximately 2000 meters of fill, the basin is underlain by basalt. The complex
sedimentary history of the Western Snake River Plain includes repeated episodes of
ancient lake formation and draining, fluvial and alluvial deposition, as well as loess and
ash deposition (Wood & Clemens, 2002). The deepest aquifer units are housed within
one to two thousand meters of monotonous mudstones composed of ancient lacustrine
sediments of the Chalk Hills and Glenns Ferry formations. Sitting unconformably atop of
the massive mudstones are an additional 60 to 90 meters of interbedded sands, silts, and
mudstones of the Glenns Ferry and Pierce Park formations (Wood & Clemens, 2002).
The shallow aquifer is composed of diverse fluvial sediments and gravels of the Boise
and Snake Rivers as well as alluvium from side-stream valleys. These poorly-sorted
deposits form a series of abandoned river terraces ranging up to approximately 24 meters
in thickness. The terrace dominated topography is such that the oldest terraces (including
the Gowen Terrace) are located near the center of the basin, with progressively younger
terraces descending in elevation towards the locations of the modern Boise and Snake

River floodplains. Ash and loess materials are interspersed throughout the basin fill and a



mantle of up to 3 meters of loess accumulations top most terrace materials (Othberg &
Stanford, 1992). The surficial soils are generally carbonate-rich, often exhibiting a

distinct calcic horizon at 30-100 cm depth.

Many well drillers’ logs from throughout the basin demonstrate a distinct zone of
sediment color from brown/orange above to gray/blue below. The transition generally
occurs below the shallow river terrace sediments, at depths ranging between 2 and 130
meters. The transition is not clearly associated with a specific lithologic unit, but has been
interpreted as a remnant of the historic water table, prior to the modern onset of irrigation
(Busbee et al., 2009). As the sediment color change near the transition is indicative of the
redox status of the sediments, the redox transition has largely been considered to be a
boundary between deep lake sediments (reducing) and shallower fluvial and alluvial
sediments (oxidizing) (Petrich & Urban, 2004; Hutchings & Petrich, 2002). As is the case
with many elements, uranium’s aqueous mobility is dependent on redox conditions. For
this reason, the sediment redox transition zone may be important in studying the presence

of uranium in aquifer solids.

1.5 Hydrology
The Treasure Valley’s hydrology is strongly influenced by the Boise River, which
flows along the northwest side of the Treasure Valley before reaching its confluence with
the Snake River. While water from the Snake River may influence the deepest aquifer
units, Boise River water is the dominant source of recharge to the aquifer, primarily
through an extensive network of irrigation canals that have been conveying water toward
both Lake Lowell Reservoir and flood irrigated lands in the center and western reaches of

the valley since the late 1800°s (Petrich & Urban, 2004). While the Boise River receives



the vast majority of its waters from the upper portion of the watershed in the central
Idaho mountains, smaller volumes of water also enter the valley by way of tributaries
emanating from the nearby Boise Front, canals importing Payette River water at the
northeastern portion of the valley, irrigation return waters from within the Treasure

Valley, and direct precipitation (Cosgrove & Taylor, 2007; Thoma et al., 2011).

Several other regional rivers were considered in this study, not necessarily
because they are hydrologically connected to the Treasure Valley, but because they were
considered to represent diverse geologies present in the region. These regional rivers
include the previously mentioned Snake and Payette Rivers, as well as the Owyhee and
Weiser Rivers. These rivers are characteristic of some of the diverse geologies present
throughout the region. The Owyhee River represents a predominantly rhyolitic
watershed; the Weiser River, a basaltic watershed; the Payette River, a primarily granitic
watershed, and the Snake River, an expansive and complex watershed that is largely of

sedimentary character.

1.6 Climate
The Treasure Valley is located in the semi-arid west, a climate marked by low to
moderate annual precipitation relative to the evapotranspiration rate. Average annual
precipitation is approximately 28 cm while evapotranspiration (prior to irrigation) is
estimated to be approximately 27 cm (Urban, 2004). Temperatures average 23°C in the
summer and -2°C in the winter (Petrich & Urban, 2004). With annual evapotranspiration
nearly equaling precipitation at the valley floor, very little groundwater recharge can be

credited to direct infiltration of valley precipitation under pre-irrigation conditions.
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1.7 Hydrogeology

The aquifer system underlying the Treasure Valley has been previously well
characterized (Hutchings & Petrich, 2002; Petrich & Urban, 2004; Squires & Wood,
2001; Urban, 2004; Wood & Clemens, 2002). In summary, the greater aquifer is
generally described as a stratigraphically complex environment comprising a series of
sedimentary aquifer units ranging from shallow units composed of coarse-grained,
unconsolidated sediments, down to the finer grained units and monotonous mudstones of
the deep aquifer. These aquifer units are conceptually divided into a deep regional aquifer
and a shallow local aquifer system. Although there is some hydrologic interaction
between the two systems, a transitional boundary of fine-grained materials largely
confines the deep aquifer and provides for two distinct flow regimes (Petrich & Urban,

2004).

The deep aquifer is as much as several thousand meters thick in parts of the basin.
It receives recharge from losing reaches of the Boise River and from regional underflow
conveyed from adjacent basins north and east of the Treasure Valley. Deep aquifer flows
are generally westward as they discharge to gaining reaches of the Boise and Snake
Rivers. The deep aquifer system is generally, but not uniformly, segregated from the
overlaying strata of interbedded sands, gravels, and silts that house the shallow aquifer
units. The deep regional aquifer exhibits confined or semi-confined characteristics at

many well locations (Cosgrove & Taylor, 2007).

The shallow aquifer is as much as 200 meters thick in central parts of the basin.
The shallow aquifer contains many water-bearing zones interspersed with less permeable

sediments. Stratification within the shallow aquifer is thought to significantly limit
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vertical communication between the various water-bearing zones (Hutchings & Petrich,
2002). Recharge to the shallow system comes from local sources, and is dominated by
infiltration of applied irrigation water and seepage from the irrigation canal network
(Petrich & Urban, 2004). Throughout most of the Treasure Valley, irrigation water is
primarily composed of Boise River water. Additional recharge comes from precipitation
and losses from the Boise River channel. Annual infiltration from the irrigation related
sources is estimated to be approximately 146 cm yr™, compared to about 1 cm yr™* from
precipitation alone (Urban, 2004). The significantly higher recharge rate related to the
onset of modern irrigation has increased the average water table elevation relative to
historic conditions. As the increase in water table elevation is greatest where irrigation is
most concentrated, water table mounding occurs within central and western portions of
the valley. The groundwater divide created by this mound influences groundwater flow
direction in the shallow aquifer such that flows travel generally northwest prior to the
divide before veering either north toward the Boise River or west toward the Snake River

(Petrich & Urban, 2004).

1.8 Phosphate Fertilizers
As trace uranium contents in phosphate ore rocks have the potential to be
particularly enriched in comparison to crustal averages (Zielinski et al., 1997, 2000;
Taylor, 2007), phosphate fertilizers must be considered as a potential anthropogenic
uranium contamination source. Phosphate fertilizers commonly used by Treasure Valley
agricultural operations (such as ammonium phosphate) are typically produced through the
mining and processing of ore rock formations (such as the Phosphoria formation in

Eastern Idaho). High uranium contents found in these phosphate ore rocks are conveyed



to the fertilizer products and potentially to the environments where the fertilizers are
used. The distinct 2*U/?*®U isotopic composition of phosphate fertilizers can be used to
evaluate the potential contributions of fertilizer-derived uranium to the environment

(zielinski et al., 2006).

12
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2 MATERIALS AND METHODS

Due to the high cost of extracting an extensive collection of in situ aquifer
sediment core samples for this investigation, an approach was adapted to study Treasure
Valley uranium dynamics and evaluate the source hypotheses from several different
angles. This multi-faceted approach was employed to use the analysis of surface water,
groundwater, and solid extraction samples in providing multiple pieces of evidence either
support or rejecting each source hypothesis. Surface waters were most valuable in
investigating dissolved uranium dynamics in the more surficial units. Groundwater
samples were interpreted as interacting with both the surficial and shallow geologic
environments and were thus helpful in investigating the degree of connectedness between
surface and groundwater sources. Finally, total dissolutions and selective extractions of
solid phase materials were ultimately used to test for the uranium content and isotopic
character of a wide variety of solids in search, in search of materials releasing uranium

isotopically congruent with the dissolved uranium observed in ground and surface waters.

2.1 Existing Data Evaluation
Existing groundwater geochemical data was collected from the Idaho Department
of Water Resources’ Statewide Groundwater Quality Monitoring Network (IDWR, 2010)
and from the Idaho Department of Environmental Quality’s Public Water System
Database (IDEQ, 2010). The combined dataset was limited to data-points representing

wells within the Treasure Valley study area that were previously analyzed for dissolved
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uranium concentration. A total of more than 160 unique, private and public well locations
were compiled to evaluate existing agency data. Additionally, well depth and
construction information for the wells were investigated by accessing the IDWR online
Well Log Database. The existing well location and uranium concentration data was
imported into an ArcGIS database to create an aerial-view geospatial representation of
where regions of high and low uranium concentration exist within the Treasure Valley.
All other geochemical data (cations, anions, pH, alkalinity, etc.) were used to observe
broad trends between the occurrence of uranium and other geochemical parameters. Well
depths were combined with uranium concentration data to plot and examine the spatial
relationships between uranium concentration and depth below ground surface, depth
below water table, and distance to aquifer sediment redoximorphic transition. The
ArcGIS data layers necessary to estimate the locations of the water table and
redoximorphic transition were previously constructed for a different groundwater

investigation within the same study area (Busbee et al., 2009).

2.2 Field Sampling

2.2.1 Surface Water Sampling

A total of 30 surface water samples were collected over three sampling events
(Figure 1). Each sampling event was timed to represent one of two temporally distinct
periods: late-summer irrigation season, or mid-winter dormant season. Sample collection
was centered around the Lower Boise River (the reach below Lucky Peak Dam), as this
water is the primary input to the underlying Treasure Valley Aquifer. Several Boise River

tributaries were sampled to capture contributions from various catchments and irrigation
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return systems. Additionally, four other regional rivers were sampled to investigate the
influence of diverse catchment geologies on the geochemical character of their surface

waters.

All water samples were collected into plastic bottles that had been cleaned with
high purity HNOs. Prior to bottling, samples were passed through 0.45 um (micron)
filters. Samples for cation and isotopic analysis were immediately acidified to pH 2.0
with high purity HNO3. Samples for anion analysis were filtered but not acidified. All
sample bottles were stored at 4°C until analysis. Simultaneous to sample collection, pH,
specific conductance, and dissolved oxygen, oxidative/reductive potential were
determined using a YSI field meter. Alkalinity was determined in the field by titration

(HACH), and a field chemistry kit was also used to confirm dissolved oxygen values.

2.2.2 Groundwater Sampling

A total of eight groundwater well samples were collected from a combination of
wells serving either public water systems or private households (Figure 1). Wells
sampled were chosen based upon their location and the results of previous uranium
concentration analysis, as informed by the existing agency data. Eight distributed well
samples were not considered to be enough to spatially cover the study area. Therefore,
the sampling strategy focused on first sampling from wells that were suspected of
yielding high uranium concentrations, then seeking to find a nearby well with a

significantly contrasting uranium concentration signal.

Groundwater sampling required the construction of a split hose device. This
device was used to convey water from the source well into a groundwater flow cell

chamber with the YSI field meter installed within it. This setup allowed for the
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continuous observation of field measurement parameters as a means of deciding when the
well had been sufficiently purged of water before collecting a sample volume that was
representative of the aquifer and not containing excessive artifacts of the well
construction materials. Once the well was deemed to have been sufficiently purged, the
flow could split such that sample filtration and collection could occur while maintaining
flow through the flow cell. All other details of sample collection, preservation, and

storage were conducted in accordance with the description from the preceding section.

2.2.3 Solid/Sediment Collection

A total of 22 solid samples were collected for total dissolution and selective
leaching experiments (Figure 1). Six outcropping/exposure sample locations were chosen
to best capture a representative array of the complex assortment of geologic formations
that contribute materials to the Treasure Valley Aquifer. The technical assistance of Dr.
Spencer Wood (a locally experienced field geologist) was used in accurately identifying
outcroppings of older sediment units. Additionally, one recently extracted well core from
the Boise State University campus was obtained for sampling of in situ shallow aquifer
solids. At each location, between one and five samples were collected along the
stratigraphic profile. Solid samples were sealed and stored in plastic bags prior to being

oven dried in preparation for analysis.

2.3 Solid Dissolution and Leaching Experiments
Solid samples were subjected to four distinct dissolution treatments designed to

target different fractions of the solid matrix. While the solid fraction extracted by each
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dissolution treatment is ultimately operationally defined, the goals for each treatment were

as follows.

The total dissolution procedure was intended to completely dissolve the solid
matrix, thereby producing a solution indicative of the total chemical composition of the
solid material. The deionized water (DI) extraction was intended to leach only the most
easily released, water soluble fraction. The acetic acid extraction was intended to dissolve
carbonate materials, liberate exchangeable ions, and also leach the water soluble fraction.
The hydroxylamine extraction was intended to dissolve the reducible Fe oxide fraction,
while also being aggressive enough to incorporate the species released by the DI water

and acetic acid treatments.

2.3.1 Total Dissolutions

In order to achieve total dissolution of the solids, a lithium tetra-borate fusion
method was applied to a portion of each the solid samples. The method was a modified
version of those found in literature (Jarvis et al., 1992). Samples were ground to a fine
powder in a SPEX CertiPrep Shatterbox using an alumina ceramic container. The
ceramic container was cleaned and pre-contaminated before and after processing each
sample. Approximately 250 mg of the powdered sample was then mixed with 500 mg of
lithium tetra-borate flux, transferred to a clean graphite crucible, and placed in a 900°C
muffle furnace for at least 30 minutes to ensure complete melting of the sample. The
resulting glass bead was weighed and transferred to a clean 500 ml HDPE bottle, and
dissolved and diluted to 500 grams gravimetrically using 2% HNO3, with 300 pl
concentrated HF and 1 ml concentrated H,O, added to assist in dissolving silicate and

organic materials respectively. The solution was left overnight on a shaker table to fully
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dissolve, resulting in a solution with a dilution factor of 2000x that is further diluted 2x

online during analysis (4000x total dilution).

2.3.2 Selective Extractions

The three selective extraction methods (DI water, acetic acid, and hydroxylamine)
were developed by comparing and modifying extraction and leaching procedures
represented in the literature (Schultz et al., 1998; Blanco et al., 2005; Dhoum & Evans,
1998; La Force & Fendorf, 2000; Martin et al., 1998; Tessier et al., 1979; Thomas et al.,
1994). Each extraction technique was performed on a fresh portion of solid sample and
the procedures were conducted parallel to one another, rather than in a series. Most
combinations of sample and extraction technique were performed in sets of three
replicates in order to account for the natural variability of the solid materials. In cases of
limited original solid sample, two replicates were used. Each extraction was performed
within a 50 ml Teflon FEP (Oakridge) centrifuge tube using 1.0 g of dried solid that had

been homogenized and sieved to < 2 mm.

The DI water extraction was designed to leach only the water soluble ions from
the solids. For this extraction, 30 ml of 18 MQ deionized H,O was added to the solid
samples. With the centrifuge tubes sealed, the slurries were constantly perturbed 20 hours
using an automatic shaker set at 120 rpm. After shaking, the slurries were centrifuged at
3500 rpm for 45 min and the supernate solution was decanted, filtered to 0.45 microns,

and acidified to < 1% HNO:s.

The acetic acid extraction was designed to leach carbonate bound and
exchangeable ions out of the solids. The extractant was composed of 1.0 M NaAc/HAc

buffered to pH 4.5. A 20 ml volume of extractant was added to the solid samples and the
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slurries were shaken for 2 hrs. After centrifuging and decanting the supernate solution, a
fresh 20 ml volume of extractant was added to the solids and a second series of shaking
and decanting was performed. The additional shaking treatment was included to assure
that the carbonate dissolving capacity of the extractant was not neutralized by alkaline
soils. The two batches of resulting supernate solutions were combined and filtered to 0.45

microns.

The hydroxylamine extraction was designed to leach reducible Fe, Mn, and Al
oxide-associated ions out of the solids. The extractant was composed of 0.1 M NH,OH-
HCI brought to pH 2.0 with the addition of HNOs. A 30 ml volume of extractant was
added to the solid samples and the slurries were shaken for 5 hrs. The sample were

centrifuged, decanted, and filtered as described above.

An aliquot of each selective extraction solution was analyzed for its elemental
composition, and the remaining solution was reserved for uranium and strontium isotopic
analysis. Based on the results of the chemical analysis, some of the extraction samples
were deemed to be inappropriate for isotopic analysis. Many of the DI water extractions
were too dilute for proper isotopic analysis. These dilute samples were re-extracted using
a higher solid sample masses specifically for isotopic analysis. Due to an apparent
strontium contamination issue traced to the NaAc reagent, most of the acetic acid
extractions were also unsuitable for isotopic analysis. A set of acetic acid extractions
were repeated for isotopic analysis purposes using 0.5 M HAc without the addition of

NaAc.
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2.4 Analytical Methods

2.4.1 Anion Analysis

Anion analysis utilized a Lachat brand ion chromatography (IC) unit with a
carbonate eluent solution and sulfuric acid regenerant. In order to prevent excessive
degradation of several anionic compounds, all water samples were analyzed within 48
hours of their collection. The specific procedure for anion analysis was based on EPA
method #300.0. The measure of instrument precision for the IC was determined by
conducting duplicate analyses of several samples. Instrument accuracy was determined
by conducting frequent calibration standard checks throughout each IC run. Instrument
precision typically exceeded accuracy. In several cases, the samples used to measure
precision contained extremely low concentrations of a given anion; this caused poorer
than normal precision values for those anions. IC precision, accuracy, blank, and

detection limit values can be seen in Appendices A, B, and C.

2.4.2 Cation Analysis

Cation analysis was accomplished by utilizing a Thermo Electron X Series 2
quadruple inductively coupled plasma mass spectrometer (ICP-MS) with a high purity
argon gas carrier and high purity 2% nitric acid as the sample solution matrix. ICP-MS
analysis was conducted with a procedure based on EPA method #200.8. ICP-MS
precision was evaluated by observing the standard deviations between the multiple
“sweeps” employed by the instrument on every sample. This measure of precision is
generally high and exceeds the instrument accuracy in most cases. Some cations, which

are almost always present in the samples at minute concentrations, will yield precision
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measures that are poorer than the instrument accuracy measure. ICP-MS accuracy was
evaluated by conducting frequent calibration standard checks throughout each analysis
run. As an additional inspection of data quality, both anion and cation results were input
into MINTEQ geochemical modeling software to obtain charge balances for each sample.
ICP-MS precision, accuracy, blank, detection limit, and charge balance values can be

seen in Appendices A, B, and C.

2.4.3 MINTEQ Modeling

Agueous geochemical modeling software, Visual MINTEQ, was used to assess
the chemical speciation and complexation of all groundwater and select surface water
samples. The software also allowed for charge balance analysis, an additional data quality
check. Charge balance analysis reinforced the quality of the cation and anion data,
showing that all samples exhibited charge differences of approximately 8% or less

(Appendix B).

2.4.4 Isotopic Analysis

234/2%8U and ®'sr/*°sr isotopic ratios were measured by using a multi-collector
Thermal lonization Mass Spectrometry (TIMS) instrument. TIMS analysis was
conducted in accordance with established Boise State University Isotope Geology Lab
procedures which are representative of methods used in current literature (Schmitz &
Bowring, 2001). Uncertainty associated with the uranium and strontium isotopic ratio
data was determined by observing the 1 & variability within each run. For **U/?°U
ratios, uncertainty is < 1% for all samples. For ®Sr/®°Sr ratios, uncertainty is < .001% for

all samples.
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3 RESULTS

3.1 Existing Data Analysis
Growing concern over the occurrence of elevated uranium in the Treasure Valley
Aquifer represents emerging regulatory attention to the contamination issue. Prior to the
2003 establishment of an EPA drinking water standard for uranium, there was no
requirement for direct measurement of dissolved uranium. Therefore, the quantity of
publically available surface and groundwater uranium data is more sparse than for other

contaminants.

The groundwater data accumulated for this study, by joining public and private
well datasets, likely represents the most extensive dataset of uranium occurrence in the
Treasure Valley created to date. Among the more than 100 well locations that represent
public water systems, the mean uranium concentration was found to be 18 pug L™ (median
of 12 pg L™ and the high value was 95 ug L™. Among the more than 60 private well
locations with uranium data, the mean concentration was 33 pg L™ (median of 26 pug L™)
and the high value was 110 pg L™ (Table 1). This survey indicates that groundwater
exceeding the EPA standard of 30 ug L™ is present throughout the region (Figure 2).
However, there is no consistent pattern in the aerial distribution of high uranium
concentrations. Instead, several uranium hot-spots exist. Additionally, the existing agency
data do not show any clear relationship between uranium concentration and depth or

distance from the interpolated redox transition zone (Figure 3).
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Plots of uranium concentration vs concentrations of other elements and
parameters revealed few correlations (Figure 4). One trend that does stand out is the
relationship between alkalinity (CaCO3) and the potential for high uranium
concentrations. That is to say that high alkalinity samples could be associated with either
high or low uranium concentrations, while low alkalinity samples are consistently
associated with low uranium. The highest uranium concentrations are also associated

with slightly alkaline pH and moderate specific conductance values.

3.2 Surface Water
Unlike groundwater data, no previous Treasure Valley surface water uranium data
is known to exist. For this reason, surface water sampling was conducted both within the

lower Boise River watershed, as well as at other regional rivers.

3.2.1 Surface Water Elemental Results

Several observations can be made from the surface water sampling results. On the
Boise River, repeated seasonal sampling occurred at three locations reaching from the
most upstream location, just below Lucky Peak Dam, to the most downstream location,
just before the confluence with the Snake River (Figure 1). Boise River uranium
concentrations undergo an approximate 18-fold increase along this reach (Table 2).
During summer/irrigation season, uranium concentrations increased upstream to

downstream from 0.3 to 5.6 pug L™. Winter/dormant season concentrations increased from

0.6t09.9ug L™,

Inputs to the river that may be contributing significant loads of uranium include:

tributaries draining the foothills region to the north of the river, tributaries from the south
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of the river containing agricultural irrigation return flows, and shallow groundwater flows
discharging to the river channel. Dry Creek and Willow Creek, two northern tributaries
sampled as they emanate from the foothills, were found to have low uranium
concentrations with maximum values of 2.9 and 1.4 ug L respectively. Indian Creek and
10 Mile Creek, two southern tributaries draining agricultural land, were found to have
uranium concentrations as high as 10.3 and 16.4 ug L™ respectively. In fact, synoptic
sampling of Indian and 10 Mile Creeks revealed low uranium concentrations (similar to
upstream Boise River water) exist at upstream locations before undergoing a 10 to 20-

fold increase near their confluences with the Boise River.

Surface water uranium concentrations within the Boise and Owyhee Rivers as
well as Indian and 10 Mile Creeks increase in correlation with a variety of major
dissolved cationic and anionic species (Figure 5). Several relationships, especially U vs
Srand U vs Ca, appear to be robust enough that all of the surface waters plot in a well-
defined array. Relationships between uranium and alkalinity, specific conductance, and K
also show strong positive correlations, although different surface waters appear to be
represented by slightly different vectors. There are, however, several species that share
weaker correlations with uranium, and U vs Fe appear to be negatively correlated. Plots
of Sr vs other species and parameters show that uranium and strontium are well
correlated, and that they are behaving similarly in Treasure Valley surface waters (Figure
6). As was the case with uranium, strontium shows reasonably strong positive

correlations with many common ions, and negative or no correlation with Fe.
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3.2.2  Surface Water Isotopic Results

Another key element of the surface and groundwater analysis is the ***U/*®*U and
87Sr/%sr isotopic ratios of the samples. Independent of the concentrations of uranium and
strontium in a given sample, the isotopic composition provides a unique and detailed
fingerprint of the sample that can be used to differentiate waters from different sources

and to compare high uranium waters to their potential contamination sources.

Surface waters, both within the Treasure Valley and within the broader region,
exhibit diverse isotopic compositions, owing primarily to the diverse lithologies of their
respective source catchments. The isotopic extremes observed within the study area
include upstream Owyhee River and Dry Creek representing the highest and lowest
234U/%8U values respectively, with Snake and Weiser Rivers representing the highest and
lowest ®”Sr/2°Sr values respectively (Figure 7). Surface water isotopic compositions
remain fairly consistent between multiple sampling events with relatively minor
fluctuations between seasons. Several locations sampled a year apart, but in the same

season (IC#2, 10C#2, and OR#3), yielded almost identical isotopic compositions.

The isotopic compositions of the Boise River, Indian Creek, and 10 Mile Creek
all begin at their upstream sampling locations exhibiting different isotopic compositions,
primarily marked by moderate 2*U/**®U and high 8'Sr/%°Sr values. As uranium
concentrations increase downstream, their isotopic compositions evolve toward a higher
234 14238 87 86 H : H e H H

U/*°U and lower °'Sr/®°Sr isotopic region. Additionally, the Owyhee River, a regional
river draining a separate watershed, begins with very high ?**U/~8U but moderate
87Sr/%8Sr values before abruptly evolving toward the common isotopic composition also

exhibited by the previously mentioned downstream surface waters of the Boise River’s
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watershed. This common region of isotopic space toward which multiple surface waters

evolve is referred to as the nexus of convergence.

Plots of uranium (and strontium) isotopic compositions vs reciprocal uranium
(and strontium) concentrations show the isotopic evolution of the surface waters as they
become more concentrated in uranium and (strontium). These plots provide the necessary
transformation to investigate the linearity of two-component mixtures (Riotte &
Chabaux, 1999; Roback et al., 2001). Boise River, 10-Mile Creek, and Indian Creek all
experience increasing 2*U/%*8U ratios corresponding to dissolved uranium increases
(Figure 8). Boise River and 10-Mile Creek isotopic compositions trend toward near
equivalent *U/*U values, while Indian Creek and Owyhee River compositions also
trend toward similar, but slightly higher 2*U/*®U values. In terms of strontium isotopic
evolution, Boise River, 10-Mile Creek, and Indian Creek all consistently decrease in
87Sr/%3r as strontium concentrations increase (Figure 8). Again the compositions of
Boise River and 10-Mile Creek waters evolve toward nearly equivalent ' Sr/%°Sr
compositions while Indian Creek evolves toward a similar but slightly lower & Sr/%Sr
value. With respect to both uranium and Strontium isotopic evolution, Boise River, 10-
Mile Creek, and Indian Creek waters all show similar dynamics in that they are all
evolving toward a common range of isotopic compositions and each mixing line shows

predominantly two component mixing.
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3.3 Groundwater

3.3.1 Groundwater Elemental Results

Among the eight groundwater wells sampled (Figure 1), three yielded uranium
concentrations exceeding the EPA standard of 30 ug L. Each of these three samples
contained >50 pg L™ uranium, with the most heavily contaminated sample having
approximately 74 ug L™ dissolved uranium (Table 3). The comparison between uranium
concentrations and depths for wells sampled in this study shows a trend of highest
uranium occurring at the shallowest depths, a trend that was not demonstrated in the

existing dataset (Figure 3).

Uranium concentrations show positive correlations with a number of other
dissolved species and parameters (Figure 9). The strongest linear correlations exist
between uranium and alkalinity, nickel, strontium, and perhaps iron. While numerous
correlations exist between uranium and other dissolved species in surface waters,
uranium in groundwater samples shows fewer relationships. As groundwater uranium
does not correlate well with specific conductance, high uranium concentrations do not
appear to simply be a function of high total dissolved solids. Additionally, several plots
appear to show bifurcating relationships between uranium and other parameters
(especially conductivity and potassium, but potentially others as well) where the data
points split into two separate vectors instead of grouping into a single array. With a
limited number of points in the dataset, it is difficult to determine if these trends are

anything more than typical data scatter.
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Modeling of groundwater geochemistry using MINTEQ software showed that
uranium’s occurrence in groundwater is consistently dominated by the Ca;UO2(CO3)3(ag)
(approx. 65%) and CaUO,(COs3)s (approx. 34%) complexes, with significantly smaller
concentrations of UO,(COs)s™ (approx. 1%) and other uranyl carbonates. Most samples
were at or near saturation conditions with carbonate minerals such as calcite, aragonite,

or dolomite. Saturation with a variety of silicate mineral was also common.

Strontium concentrations are positively correlated with uranium; therefore,
strontium shares most of the same correlations seen between uranium and other species
and parameters (Figure 10). Strontium has an especially strong linear correlation with
calcium, but also exhibits a somewhat weaker relationship with alkalinity than does
uranium. As with the previously seen in the uranium data, bifurcations also appear in the
data plots of strontium vs conductivity and potassium. These trends are similar but
slightly less obvious than those seen in the uranium data. Again, a larger sample

population would be needed to elucidate the potential importance of these bifurcations.

3.3.2 Groundwater Isotopic Results

The isotopic compositions of the groundwater well samples collected for this
study show more diversity than downstream Treasure Valley surface waters, but still
form a distinct cluster when compared to the diffuse spread of regional surface water
compositions (Figure 11). Treasure Valley groundwater samples are identified by
moderate to high 2*U/**®U and moderate 3'Sr/*°Sr values. Most of the well samples plot
within, or at a close proximity to, the contamination source nexus previously proposed
for surface waters. The wells nearest to the nexus are the most clearly affected by the

uranium source influencing the surface waters. Those wells that plot further from the
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nexus are likely affected by separate (but similar) sources, or a mixture of sources.
Additionally, it should be noted that among the eight well samples, the three with the
highest uranium concentrations (> 50 ug L™) all plot in the same low ***U/?*®U and high

87Sr/%8Sr corner of the groundwater isotopic cluster.

Uranium isotopic composition vs reciprocal concentration plots show that the
groundwater samples with highest uranium contents (lowest 1/U values) have relatively
little spread in 2*U/**U ratios compared to samples with moderate and low uranium
contents (Figure 12). The overall spread in uranium isotopic compositions is indicative of
multiple isotopicaly diverse end-members being expressed in low to moderate uranium
concentration samples, but converging toward the lower *U/?*®U ratios represented in
high uranium groundwater samples. By contrast, strontium isotopic composition vs
reciprocal concentration plots show a clear trend of low strontium (high 1/Sr) samples
being associated with lower &’Sr/2°Sr ratios and higher strontium samples consistently
evolving toward higher 'Sr/%Sr values (Figure 12). The strength of this trend, although
not perfectly linear, suggests a predominantly two component mixing scenario with
distinctly different dynamics than that of the groundwater uranium isotopic system.
Although groundwater uranium and strontium concentrations were found to be
reasonably well correlated, the differences in their respective mixing scenarios would
seem to indicate that the two elements are not consistently being released in a coupled

process.

3.4  Total Solid Dissolutions
The complete dissolution of solids served to investigate whether Treasure Valley

aquifer sediments contain unusually high uranium contents, and what range of variability
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exists between the different materials. Among the wide variety of lithologies collected,
none of the solids were remarkably uraniferious (Table 4). The average total uranium
content of the solids was approximately 3.5 ppm, and ranged from 0.9 to 7.0 ppm.
Lithologies representing the Treasure Valley aquifer are generally consistent with the 2.7
ppm average uranium content for continental crustal materials and with global average
granitic materials averaging 4.4 ppm (Wanty and Nordstrom, 1995). Materials from
carbonate and iron oxide enriched horizons, as well as several silt samples, were the most

uraniferious lithologies. Several coarse sand samples contained the least uranium.

3.5 Selective Extractions
Selective extraction experiments served to address several questions. Among
them: Do different solid mineral fractions exhibit the ability yield significantly more
uranium than others? Which lithologies and extraction scenarios demonstrate the greatest
capacity for uranium leaching? And which Treasure Valley sedimentary formations most

closely match the proposed isotopic signature of the uranium source?

3.5.1 Selective Extraction Elemental Results

While overall uranium concentrations for the Treasure Valley sediments are not
elevated, the selective extraction experiments indicate that certain fractions of the solids
hold more uranium than others (Figure 13). The DI water soluble fraction had the lowest
average leachable uranium content at 5.8 ppb. Compared to the 3.5 ppm average total
uranium content of solids, the average DI water soluble uranium fraction comprised only
about 0.2% of total uranium. However, some lithologies released considerably more

uranium. Several samples rich in carbonates (1#2, 2#1, and 4#2) or iron oxides (3#1 and
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4#3) released about three times the average amount of uranium, with a maximum value
of 16.9 ppb (Table 5). Several silt samples also contained above average DI water soluble
uranium contents. Given the elevated DI water leachable uranium in carbonate and iron
oxide lithologies, it is no surprise that the two extractions targeted at carbonates and iron
oxides produced significantly higher leachable uranium values. Average carbonate and
iron oxide leachable uranium contents were 532 ppb and 309 ppb respectively (or about

15% and 9% of total uranium).

The overall highest leachable uranium content for all permutations of lithologies
and extractants was 2,740 ppb, and came from sample 1#2, a surficial carbonate enriched
horizon subjected to the carbonate targeting extractant. In fact, the carbonate extraction
was responsible for the majority of the highest leachable uranium contents (Figure 13).
However, not all of these high uranium releasing solids were heavy in carbonate
minerals. For most solids, the carbonate extractant released nearly equal or greater
uranium than did the oxide extractant. This trend even holds true for the iron oxide-rich
solids, where it was expected that only the oxide targeting extractant would release

significant uranium.

3.5.2 Selective Extraction Isotopic Results

The isotopic composition of the leachates resulting from each selective extraction
ultimately dictates which solids can be potentially implicated as the uranium source(s) in
the Treasure Valley. While a wide range of 8'Sr/%®Sr ratios are present in the solids, the
majority of samples exhibited low %**U/?*®U isotopic characters (Figure 14). However,
two samples (1#4 and 7#1) seem to break the low 2*U/*®U ceiling and plot within the

nexus of U-Sr isotopic space toward which multiple Treasure Valley ground and surface
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water were found to converge. Sample 1#4 yielded relatively high 2*U/*®U ratios from
each of its three extractions, with the carbonate extraction yielding the highest **U/**U
value. Only the carbonate extraction produced a high 2*U/?®U ratio from 7#1, with
significantly lower 2*U/*®U ratios associated with the other two extractions. These two
samples of interest were both fine-grained strata from shallow alluvial formations.
Sample 1#4 was found within the Gowen Terrace formation, and sample 7#1 came from
a well core extracted out of the modern floodplain. Interestingly, other nearby sediments
of differing lithologies within the Gowen Terrace and modern floodplain formations

exhibit lower Z2*U/?8U ratios.

Different extractions scenarios applied to the same solid sample most often
resulted in similar leachate isotopic characteristics, with the three extractions plotting in
clusters. For samples that exhibited greater spread between their extractants, the
carbonate (acetic acid) extraction typically yielded the highest **U/?*®U value. In fact,
the overall average isotopic compositions for each extraction scenario show that the
carbonate extraction yields the highest **U/*®U ratios, with the DI water extraction

yielding the lowest values (Figure 15).

Investigations seeking to isolate any specific elemental concentrations that
increase in correlation with leachate ***U/%*®U ratios between the three extraction
scenarios uncovered few useful trends that held true for all (or even most) of the wide
lithologic variety of solid samples. However, considering only the two samples of
greatest interest (1#4 and 7#1), a positive correlation between leachable potassium
content and 2*U/%8U ratios can be seen (Figure 16). Sample 1#4 alone also shows a trend

between 2*U/*®U and arsenic, and possibly with strontium as well.
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3.6 Phosphate Fertilizer and Ore Analysis

Compared to the total uranium contents from all of the geologic solids collected
and to the published estimates, crustal averages, phosphate fertilizers, and the types of ore
rocks that they are produced from were found to be quite uraniferious (Table 4), and the
fertilizers have been implicated as a potential anthropogenic uranium contamination
source (Zielinski et al., 1997, 2000, 2006; Taylor, 2007). The most uranium-laden of
three commercial fertilizer products contained 319 ppm uranium. At 38 ppm, the lowest
uranium fertilizer sample was still significantly more uraniferious than any of the solids
representing Treasure Valley aquifer materials. Analysis of phosphate ore rocks from a
one Phosphoria Formation source suggests that there may be little or no reduction of
uranium content in the process of creating phosphate fertilizer from ore deposits. The
isotopic compositions of the fertilizer products approximately matched those of the total
dissolutions of ore rocks (Figure 14). However, both phosphate fertilizer and ore rocks
consistently showed very low 2*U/?®U ratios that are incompatible with the moderate

and high ratios seen in ground and surface waters.
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4 DISCUSSION

4.1 Surface and Groundwaters Influenced by Common Source

The fact that Treasure Valley ground and surface waters are connected is not, in
itself, a novel discovery (Petrich & Urban, 2004). Yet there are some questions about the
amount of association with respect to dissolved uranium dynamics between the two
systems. The findings of this study provide evidence against the presence of a deep
aquifer uranium source, while also challenging the existence of a purely surficial source
(e.g., loess mantle, topsoil, and fertilizer). A somewhat more complicated scenario
appears to exist where groundwater and surface waters are both affected by a similar
shallow geologic (or near-surficial) source, and where shallow groundwater may be a

significant source of uranium to downstream surface waters.

While plots of uranium concentration vs depth for the existing agency dataset do
not particularly show the absence of high uranium at greater depths (Figure 3), there are
questions surrounding both the temporal variability of the this dataset and the true
accuracy of the depth estimates that give sufficient cause to question the validity of the
relationship shown. By contrast, a trend of higher uranium concentrations at shallower
depths exists for the set of wells sampled for this study. Although small, this study’s
dataset does, however, provide the advantage of lower temporal and spatial variability
when compared to the existing agency data. Another recent Treasure Valley study

(Cosgrove & Taylor, 2007) reports a supporting qualitative trend of high uranium at
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relatively shallow depths and low uranium in all deep aquifer samples. This potential
correlation between uranium concentration and depth points towards a more surficial

source location.

Isotopic data from the solid extractions experiments (Figure 14) show that solids
representative of deeper aquifer sediments consistently yield low 2*U/*®U ratios that are
incompatible with the contamination source, as did the suspected surficial uranium
sources. These results provide strong evidence for excluding deep aquifer formations,
surface loess, and fertilizers as uranium sources. In fact, the only solids found to be
potentially isotopically compatible with the contamination source came from samples
representing vadose zone and shallow aquifer locations, as will be discussed further

(Section 4.3).

A consistent seasonal signal can be seen in both uranium concentrations and
isotopic concentrations of several Treasure Valley surface waters. Higher Boise River
uranium concentrations occur during the winter season than the summer irrigation season.
The high winter season uranium signal is even seen in Indian and 10 Mile Creeks, which
are the most heavily influenced by irrigation return flows (Table 2). This trend is
important considering that shallow groundwater discharging to surface water channels is
expected to comprise a greater proportion of total surface water flows during the winter
season, suggesting that high uranium conditions of the winter sampling are largely due to
fluxes from shallow groundwater. This interpretation is also supported by the coupled
fact that each of the previously mentioned surface waters also displays an isotopic shift in

downstream compositions. Each body’s winter season sample evolves to relatively higher
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2U/78U and lower 'Sr/%°Sr ratios than in summer sampling. This shift is more

isotopically consistent with the observed mean groundwater composition (Figure 7).

The final key piece of evidence for the interconnectedness of Treasure Valley
surface and groundwater systems with respect to uranium dynamics is the congruence of
their respective isotopic compositions. The groundwater samples show diverse isotopic
compositions in low uranium samples and samples from spatially distal edges of the
study area (Figure 11) but converge toward a common region of isotopic space at higher
uranium concentrations (Figure 12). Surface waters show somewhat different isotopic
evolution dynamics, but still converge toward a similar isotopic space as they become
more concentrated in uranium (Figure 8). The Boise River and Indian and 10 Mile Creeks
all begin upstream with ?*U/8U and Sr/%Sr values that lie outside of the cluster of
groundwater compositions (Figure 11). But they each ultimately evolve downstream
toward isotopic compositions similar to that of the approximate weighted mean
groundwater composition. In fact, downstream Boise River and 10 Mile Creek samples
share strikingly similar isotopic compositions with two of the highest uranium
groundwater samples. The combined elemental and isotopic results of ground and surface
waters and solids extractions provide strong evidence that the source of uranium to
Treasure Valley waters is best described as a shallow geologic source, but likely not as
surficial as loess mantle deposits. The shallow nature of the source means that ground
and surface water systems can be affected by isotopically similar uranium contributions.
This phenomenon can be explained either by each system directly interacting with the
source material or by shallow groundwater conveying the source uranium to surface

waters, or by a combination of both processes. The source’s isotopic signature is best
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approximated as the isotopic region toward which the Boise River, Indian Creek, and 10
Mile Creek all evolve, and within which highly contaminated and weighted mean

groundwater compositions exist.

4.2 Interpretation of Solids Extraction Results

The spatially distributed, but sporadic, nature of elevated uranium in the
groundwater of the Treasure Valley (Figure 2) suggest that the source of (or the
conditions for) uranium release may not exist ubiquitously, but rather in specific
locations or stratigraphic depths. A wide variety of solids representing aquifer materials
were tested for their ability to release uranium, and specifically for their ability to
produce isotopic signatures matching that of the proposed contamination source. Each
solid sample was exposed to three different selective extractant and a total dissolution in
order to gain insight into specific mineral phases or geochemical processes important to

uranium release.

Although bulk Treasure Valley aquifer sediments are not particularly uranium-
rich, it can be seen that some localized sediments may have the ability to become
secondarily enriched in uranium through physical or chemical processes, such as
sorption, complexation, or evaporative enrichment. Several solids samples were
considerably more pronounced than the rest in their ability to release uranium. Given that
uranium is commonly known to have a strong affinity for complexing with carbonates
(Baeza et al., 2008; Elless & Lee, 1998) and that clays and iron oxides tend to be highly
capable of uranium sorption (Ames et al., 1983; Taboada et al., 2006; Porecelli &
Swarzenski, 2003), it is not surprising that the list of highest uranium-releasing solids

was largely dominated by carbonate-rich, iron oxide-rich, and fine grained samples
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(Table 5). However, most of highest uranium releasing solids, and the clear majority of
all analyzed solids, yielded leachates with 2*U/*®U ratios clearly too low to match the
contamination source. The high uranium solids still support the important roles that
Treasure Valley carbonates and iron oxides can play in uranium mobilization, but also
highlight the fact that few solids demonstrate the ability to release significant uranium

and even fewer can potentially match the isotopic signature of the uranium source.

The widespread low #*U/**U ratios yielded by most of the analyzed solids is the
primary factor limiting them from consideration as potential Treasure Valley uranium
sources (Figure 14). Most geologic materials are old enough that their age-dependent
234/2%8U ratios have reached (or are very close to) secular equilibrium. Therefore, the
ability of a solid at secular equilibrium to yield a leachate with a **U/**U value
significantly above the equilibrium level can either indicate that the solid is very young,
or more commonly that the solid is sufficiently old enough to have undergone many half-
lives worth of *®U decay (and accumulated the related radiation damage) without yet
having experienced so much environmental weathering that the solid is profoundly
leached of all resulting ***U. In the case of all of the deep aquifer solids (Chalk Hills,
Glenns Ferry, and Pierce Gulch formations), the true age of formation of their
sedimentary clasts is difficult to determine. Yet each formation is identified as being
deposited during the Tertiary period, establishing that their parent materials must be >
about 2.5 million years old, most likely being much older. Therefore, each of the deep
aquifer samples would be expected to plot near the 2*U/%®U secular equilibrium level,
based on whole rock chemistry. Given that natural aquifer leaching is not nearly

aggressive enough to completely dissolve sediments, solid analysis by complete
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dissolution would not be an appropriate analog for in situ conditions. The selective
extraction experiments were designed to simulate three different leaching scenarios that
are based on geochemical conditions that that aquifer solids could conceivably encounter.
Depending on the aggressiveness of the extraction treatment and how well it serves to
target specific minerals within the various solids, the sets of three isotopic data points for
each solid sample provide a range (generally being most variable in the 2*U/*U
component) that approximates the possible isotopic compositions of the weathering

products released as a result of leaching each solid.

The more surficial samples may have been deposited more recently than the deep
aquifer samples, but their parent materials are not necessarily younger than the sediments
they overlay. This principle is exemplified by the fact that loess samples, the most
surficial solids collected, yield isotopic ratios that are on par with the low 2*U/%*U
values of the deep aquifer solids. However, two different shallow sediment formations
were the sites from which the only two high **U/?*®U solid samples were found. Sample
1#4, a silty clay sample with visible iron oxide staining from the Gowen Terrace,
produced leachates with the highest 2*U/*®U ratios and overall 2*U/**U and ®'Sr/®®Sr
ratios most congruent with the uranium contamination source. Sample 7#1, a silty sample
extracted from a core into the modern floodplain, yielded a high 2*U/*U and high
uranium leachate from its carbonate extraction. The other two extractants produced much

lower 2*U/*U ratios for sample 7#1.

No stratigraphic evidence was observed that suggests a stark change in parent
material between samples 1#4 and 1#5. The two silty clay layers were immediately

adjacent to each other with 1#4 sitting conformably atop 1#5. As the presence of iron
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oxide staining in sample 1#4 was the only discernable difference between the two
samples, it is logical to suspect that the considerably higher **U/?*®U ratios from sample
1#4 may be related to sample 1#4 containing a distinct reservoir of uranium associated
with its iron oxide surfaces. A similar scenario exists with samples 7#1 and 7#2. These
two samples were not found stratigraphically adjacent to each other, but were in a close
proximity and were composed of similarly silty textures. However, the leachates from the
two samples yielded quite different isotopic compositions. Sample 7#2’s leachates all
plot in a cluster that is consistent with the range of low ***U/?*®U values found from the
majority of solids. Sample 7#1 stands out as its carbonate extraction produced a
particularly high *U/?*®U ratio, while its other two extractions produced very low
234/2%8U values. The wide disparity between sample 7#1’s carbonate leachable isotopic
composition and its DI water and iron oxide leachable isotopic composition can be
interpreted as showing that 7#1’s sediments are overall quite weathered and likely to
produce whole rock isotopic compositions with low 2**U/*®U ratios, but that the sample
still possesses a significant reservoir of higher 2*U/*®U uranium that can be liberated
specifically by the carbonate extractant. Similar to sample 1#4, sample 7#1 does not
appear to contain unigue sedimentary materials that are responsible for releasing high
234/2%8U ratios. Instead, each sample may be seen as containing traces of high **U/?*®U
uranium that was originally released by a yet unidentified source, but which is now
coated to surfaces, sorption sites, and ion exchange sites associated with shallow non-
source sediments. In this scenario, the original uranium source would logically be
constrained to shallow sediments situated up-gradient from the locations where high

238U/78U traces were discovered, meaning that uranium was originally released from
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profoundly shallow materials before being partially detained by the fine grained

sediments exemplified by samples 1#4 and 7#1.

4.3 The Role of Carbonates in Uranium Mobility

The role of carbonates as being the preferred complexing partner for maintaining
uranium’s solubility in aqueous systems is widely known (Baeza et al., 2008; Elless &
Lee, 1998). In Treasure Valley ground and surface waters, uranium concentrations are
positively correlated with alkalinity, with the groundwater uranium vs alkalinity
relationship representing a particularly strong trend (Figure 5; Figure 9). MINTEQ
geochemical modeling confirms that several uranyl-carbonate complexes comprise, on
average, about 99% of dissolved uranium in Treasure Valley waters, supporting the vital
role of alkalinity in promoting uranium release and mobility, both through carbonate

mineral dissolution and desorption by increasing effective solubility.

Solid extraction results show that the importance of the association between
uranium and carbonates extends to the solid phase as well. Most of the highest leachable
uranium content values, and the highest average uranium content value were produced by
the carbonate extraction scenario (Table 5; Figure 13). These trends would seem to
indicate that carbonate-rich sediments are acting as the source of uranium contamination
in the Treasure Valley. But upon closer inspection of the data, several discrepancies
appear to challenge this interpretation. Among all of the solids collected, three (samples
1#2, 2#1, and 4#2) were observed to contain significant carbonate mineral contents. The
presence of particularly high CaCO3 concentrations in the three samples is further
confirmed by the clear spikes in calcium resulting from the carbonate extractions of these

samples (Figure 13). Although each of the carbonate-rich samples demonstrates the
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ability to release relatively high levels of uranium, none of them yield isotopic
compositions that are compatible with the uranium contamination source (Figure 14).
These three samples show that surficial carbonate horizons and calcareous formations
have the ability to accumulate high concentrations of uranium, but that it can’t be
presumed that these carbonate-rich materials act as the primary uranium sources in the
Treasure Valley. However, surficial carbonates are likely still important as donators of
dissolved carbonate, thus promoting enhanced uranium solubility in the shallow aquifer.
Looking past the three carbonate-rich solid samples, several other of the highest uranium
values (1#1, 3#1, 5#2, and 7#1) were produced through carbonate extractions, even
though none of those solids are particularly carbonate-rich. Also, it can be seen that the
carbonate extraction was able to release uranium about as well as the iron oxide
extraction did for samples with obvious iron oxide staining (1#4, 3#1, and 4#3). This
release of uranium is also accomplished while only releasing a fraction of the iron seen in
the iron oxide extractions of the same sample. If the extraction designed to target
carbonate minerals also shows better efficiency than the more aggressive iron oxide
extraction when it comes to releasing uranium from most solids without a substantial
carbonate component, then there are two reasonable hypotheses that may explain the
observed behavior: (1) Minor amounts of carbonate cement, ubiquitous to nearly all
solids, represents the primary reservoir of uranium, or (2) the mere presence of small
concentrations of carbonate in the leachate solutions is enough to efficiently release
uranium bound to the solids via sorption and/or ion exchange sites, increasing the
effective solubility of uranium. This second scenario can be referred to a carbonate-

assisted leaching. The case for carbonate-assisted leaching is supported by the fact that
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the carbonate extraction also demonstrates the ability to most effectively release
potassium from the clear majority of the solid samples. This trend, especially in the cases
of potassium release from fine grained sediments, can be a signal of cation exchange
from clay components. Additionally, when considering the two solids that yield isotopic
compositions potentially compatible with the uranium contamination source (samples
1#4 and 7#1), potassium is among the elements that show an increase in concentration
positively correlated with *U/?*®U ratios throughout the three extraction scenarios
(Figure 16). At least in the case of samples 1#4 and 7#1, the uranium release may well be

attributed to clays that are also releasing exchangeable potassium.

While several pieces of evidence support the theory of carbonate-assisted
leaching, it is unclear whether pH conditions present in the carbonate extraction scenarios
were high enough to allow for the specific presence of dissolved COs* or HCOj3". At the
neutral to slightly alkaline pH conditions of environmental samples, carbonate-assisted
leaching would be quite plausible, with pedogenic carbonates and other carbonate rich
surficial materials likely acting as sources of dissolved carbonate to the shallow aquifer.
However, in the strongly acidic pH range, carbonate speciation would be dominated by
H,COs. Unfortunately, resulting pH values for leachates were not measured, and it is
unknown whether the acetic acid extractant solutions (starting at pH 4.5) underwent pH
change prior to mixing with solids. A future investigation could test for carbonate-

assisted leaching by reacting solids with a neutral to alkaline HCO3" extractant.

Independent of the fact that the carbonate extraction produces the highest
leachable uranium contents, the same extraction also yields the highest average 2*U/?%U

ratios (Figure 15). The ability to produce leachates with higher 2*U/%®U values is
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especially important since low 2*U/*®*U isotopic composition is the primary limiting
factor preventing all but two solid samples from potentially matching the isotopic
signature of the uranium contamination source. Exactly how the solid samples react with
each extractant to produce a given 2*U/?*®U ratio is something that is different for every
sample, and depends on a complex combination of factors, including (but not limited to)
the solid sample’s lithology, texture, and age. But there are some relationships between
extraction scenarios and relative “**U/?*®U ratios that hold true for the majority of the
solid samples. The DI water extraction will generally only be able to access the outer rind
of each solid grain without the aggressiveness to undertake significant geochemical
exchange with solid surfaces or dissolve the resistant solid matrix. If the solids that the DI
water interacts with have not been sufficiently weathered, the DI water can selectively
leach only the most easily mobilized uranium reservoir. The reservoir would be enriched
in %*U relative to the whole rock 2*U/?*®U composition. However, most of the sediments
sampled are highly weathered. In such cases, the solid rinds have previously had most of
their 2*U leached away, resulting in DI water leachates that are near the whole rock
238U/%8U ratio or even lower. The three solid leachate samples that plot below the secular
equilibrium level are examples of DI water interacting with old, highly weathered solids
(Figure 14). The iron oxide extraction scenario produces 2*U/*®*U ratios that are, on
average, similar to but slightly higher than those produced by DI water leaches. The iron
oxides extractant’s low pH and reductive capacity allow it to aggressively attack more
resistant portions of the solid matrix. As the iron oxide extractant is the most aggressive
in solid dissolution, it produces **U/?*®U ratios nearest to the whole rock values without

ever yielding 2*U/*®U ratios below the secular equilibrium level. The carbonate
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extraction scenario is able to typically produce the highest **U/**U ratios from a given
solid because, unlike the iron oxide extractant, it is able to mildly penetrate solid rinds
(especially by dissolving carbonate mineral phases) and access previously unweathered
2341 sites without being so destructive as to achieve wholesale dissolution of uranium-
bearing minerals with near secular equilibrium ***U/?*®U ratios. The carbonate extractant
is also more reactive than DI water when it comes to accessing the uranium associated
with solid surfaces, and can aid desorption and ion exchange of uranium from this
reservoir by supplying dissolved carbonate as a preferential complexing partner for
uranium. While the DI water extraction was originally intended to target the water
soluble fraction of solid samples, highly purified water, as opposed to a solution
containing dilute salt or bicarbonate concentrations, may have been too inert to leach

uranium at an aggressiveness level that is on par with actual environmental conditions.

4.4 The Isotopic Incompatibility of Fertilizers

While two of the three fertilizer samples tested did exhibit sufficiently high
uranium contents to be potentially implicated as significant uranium sources (Table 4),
their isotopic signatures are simply not compatible with the 2*U/%*®U ratios observed in
Treasure Valley waters (Figure 14). The moderate to high 2*U/*U compositions of
groundwater and downstream surface water samples are indicative of water-rock
interaction scenarios where preferential leaching of “**U leads to “*U/?*®U ratios well
above the secular equilibrium. By contrast, fertilizer dissolutions released uranium at the
equilibrium level; very much on par with the whole-rock compositions of the phosphate
ore samples. In the case of all other geologic solids analyzed, isotopic compositions of

whole-rock dissolutions would not be valid representations of environmental weathering
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of the solids as environmental waters do not completely dissolve the rocks with which
they interact. However, in the case of fertilizer products, the solids are specifically

designed to be completely soluble, thus validating the use of fertilizer dissolution data.

4.5 Possible Areas for Further Study

If the findings of this study were to lead to additional research, further discovery
could foreseeably come from the results of additional sampling and analysis efforts.
Additional serial sampling of the Boise River (and potentially Indian and 10 Mile Creeks
as well) with an increased number of sample sites would allow for a more precise
estimation of what/where the source of uranium to the river is. Additional sampling of
decidedly distributed high uranium groundwater wells would allow for more robust
analysis of geochemical trends. Of particular interest would be the investigation of
apparent bifurcations seen in the groundwater elemental data (Figure 9; Figure 10), and
their potential to be correlated to the diversity of uranium isotopic end-members
expressed in groundwater samples (Figure 12). Finally, future solid sampling and
analysis would be best served to focus on collecting additional shallow, fine grained
sediments from modern alluvial deposits and relatively young terrace formations. The
highest 2*U/*®U ratios discovered were those associated with the waters of the upstream
Owyhee River and with a municipal well in Kuna (Figure 11). To find the lithologic
origin of the high 2*U/*®U ratios, solids derived from the rhyolitic Owyhee Range and
shallow sediments from the Kuna area would each be high priority samples to analyze.
As mentioned previously, an amendment to improve the selective extraction methods
would be to leach solids with a dilute bicarbonate solution in order to better assess the

carbonate-assisted leachable fraction of a given solid.



47

5 CONCLUSIONS

The analysis of solids representing Treasure Valley aquifer materials uncovered
several shallow alluvial formations with lithologies capable of yielding isotopic
compositions compatible with the Treasure Valley uranium contamination source.
Significant evidence was found to both discount several potential sources and to
significantly constrain the possible locations and lithologies of uranium source materials.
Surface and groundwater sampling results helped create a preliminary depiction of the
isotopic character the Treasure Valley’s waters while also providing information about
the nature of interconnections between dissolved uranium concentrations in the surface
and aquifer systems. Finally, geochemical relationships and trends involving groundwater
uranium were discovered, which may shed light on the release and behavior of uranium

in the Treasure Valley and other such environments.

5.1  Near Surface Uranium Source
Several key pieces of evidence suggest that the primary input of uranium to the
Treasure Valley system is represented by a shallow geologic source. Uranium
concentrations in the Lower Boise River were found to increase approximately 18-fold
from between the upstream and downstream sampling locations used in this study. Along
this reach, inputs to the river include: streams draining the foothills north of the river,
streams draining the largely agricultural lands south of the river, and shallow

groundwater recharging to the river channel. Among streams sampled, tributaries from
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the northern foothills demonstrated low uranium concentrations and low #**U/?**U ratios,
both qualities being inconsistent with the contaminated ground and surface waters. By
contrast, the tributaries from south of the river contained the highest observed uranium
concentrations while also yielding 2*U/%®U and #’Sr/*®Sr ratios compatible with the
contaminated waters. Mass balance between the Boise River uranium loads and those of
the southern tributaries suggests that it is highly unlikely that the tributaries alone supply
enough uranium to produce the high concentrations observed in the downstream Boise
River. While the explicit measurement and characterization of groundwater recharging
the river channel was outside of the scope of this study, it is almost certain that shallow
groundwater inputs to the river represent a significant proportion of the downstream
uranium increases. The case for shallow groundwater flows supplying uranium to the
surface is further strengthened by the fact that seasonal sampling revealed a consistent
trend of significantly higher uranium concentrations occurring during winter sampling
(when a greater proportion of all surface waters are coming from shallow groundwater

return) compared to summer sampling.

Additional evidence of a shallow uranium source can be seen in the isotopic
compositions of aquifer solid leachates. Four sampling locations were dedicated to the
collection of solids representative of the ancient lake sediments that comprise the deeper
Treasure Valley Aquifer units. None of the sample lithologies from these locations could
produce 2*U/*®U ratios matching the contaminated waters. The only solid samples with
leachates matching the isotopic character of the contaminated waters were found within
river terrace and floodplain sediments that house the shallow aquifer and are exposed to

uranium originating near the surface.
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5.2 Isotopic Similarity in Contaminated Ground and Surface Waters

The common area of “*U/?**U and ®Sr/**Sr space towards which the Boise River
and its southern tributaries each evolve represents the approximate isotopic signature of
the material(s) acting as the source of uranium release to the surface. Additionally, the
nearby Owyhee River (which at its upstream reaches exhibits a dramatically different
isotopic composition than that of the Boise River and which can be considered
hydrologically unconnected from the Boise River due to the fact that it lies to the west of
the Snake River) also evolves towards an isotopic composition similar to that of the
downstream Boise River’s uranium source. The fact that these two separate rivers
originate from very different headwater geologies but still evolve towards similar isotopic
compositions as they increase their interaction with Treasure Valley sediments suggests
that the uranium source is distributed throughout the valley, if not the Western Snake
River Plain. Not only do multiple surface waters converge towards the contamination
source signature, heavily contaminated groundwater samples and overall mean
groundwater isotopic compositions also plot near this common isotopic composition
nexus. Among the three highly contaminated groundwater samples (>50 pg L™), two
were found to be almost isotopically identical to downstream Boise River waters. The
uranium mixing relationship for groundwater samples is not as simple as it is for surface
waters due to the fact that surface waters exhibit two component mixing curves while
groundwater data show mixing from more diverse end-members. However, it can still be
seen that surface waters appear to all be evolving towards the range of isotopic
compositions of higher uranium groundwater and mean groundwater. This common area

of isotopic convergence defines the signature of the proposed contamination source.
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5.3 Phosphate Fertilizer Cannot Be the Uranium Source
Although the total dissolution of three phosphate fertilizer products and two
phosphate ore rock samples confirmed that phosphate materials do indeed contain high
quantities of uranium, there is no evidence to support the hypothesis that the application
of phosphate fertilizers is causing uranium contamination in Treasure Valley waters. The
234/2%8U ratios of all phosphate fertilizer and ore samples indicate secular equilibrium
conditions: %*U/?*U ratios that are far too low to be implicated as the contamination

source.

5.4 Carbonate Dissolution and Carbonate-Assisted Leaching Yield the Highest
Uranium Concentrations and Present the Best Isotopic Fit to the Contamination
Source
The three different selective extraction scenarios applied to each solid sample

produced different quantities of leachable uranium and different “**U/**®U ratios. The
water soluble extraction consistently released very little uranium. On the other extreme,
the iron oxide extraction was designed to be a more aggressive leaching scenario, and
therefore released significant quantities of uranium from the solids. The iron oxide
extraction accomplished the reductive dissolution of several metal oxides as well as the
destruction of more resistant portions of solid matrices. Neither of these qualities is
believed to be applicable to environmental conditions commonly observed in Treasure
Valley surface and shallow aquifer conditions. The carbonate extraction may represent
the best surrogate for in situ uranium leaching conditions. Although acetic acid isn’t
widely found in nature, the mild acidity of meteoric water is similarly able to release

dissolved carbonate from pedogenic carbonates and other surficial carbonate sources. The
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highest values for leachable uranium and highest average 2*U/?*®U ratios came from the
carbonate extraction. In addition to releasing uranium from solid samples that were
known to be high in carbonate content, the carbonate extraction also released significant
uranium from solids that were not carbonate-rich and even from solids that were
markedly iron oxide-rich. In these latter cases, the uranium being released is likely
desorbed or exchanged from iron oxide and clay surfaces once a more preferable
complexing agent is made available through the dissolution of even small amounts of
carbonates within the sediments. The strong correlation between uranium and alkalinity
in both ground and surface water samples only supports the importance of carbonate-
assisted leaching as being the primary mechanism of uranium mobilization in the
Treasure Valley. The carbonate-assisted leaching scenario describes a situation where
uranium of high 2*U/**U character is detained on the surfaces of shallow, reactive
sediments, only to be later released when exposed to fluxes of higher carbonate waters
emanating from the surface. This scenario is likely exemplified by samples 1#4 and 7#1.
As the two samples do not appear to contain unique sedimentary materials that explain
their high ?**U/%®U ratios, the solids may be best described as containing traces of high
234/2%8U uranium that was originally released by a yet unidentified source, but which is
now coated to surfaces, sorption sites, and ion exchange sites associated with shallow

non-source sediments.
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T g
@® Surface Water Samples

© Groundwater Samples
Solids Samples

Figure 1: Map showing the locations of: surface water samples (more details in Table 2),
groundwater samples (Table 3), and solids samples (Table 4). Solids sample locations 1-6 represent
sediment outcroppings while location 7 represents a well core of floodplain fill material.
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Figure 2: Groundwater uranium distribution map showing wells within the existing Public
Water Systems (public) and Statewide Monitoring Network (private) datasets. Progressively larger
circles indicate proportionally higher uranium concentrations in ppb notation (ug L™).
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Figure 16: Plot showing a trend of increasing 2*U/®U ratios in approximate correlation with

increasing leachable K content for the three extractions of samples 1#4 and 7#1, and with As for
sample 1#4. A weaker trend may also be present between 2*U/**®U and Sr for sample 1#4.
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Table 1: Uranium Statistics for Public vs Private Well Data

Mean U pg L™ MedianUpgL*  MaxUpg L™
Public Wells 18 12 95
Private Wells 33 26 110

Typical range of U concentrations in groundwater affected by natural U source: 0.1 — 100 pg L™
(Langmuir, 1997. Aqueous Environmental Geochemistry).



Table 2: Surface Water Sample Details
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Sample Max U Conc.  Number of Data Available

ID pg L? Samples
Upstream Boise River BR#1 0.6 2 Anion, Cation, Field, Isotope
Mid Boise River BR#2 2.9 2 Anion, Cation, Isotope
Downstream Boise River BR#3 9.9 2 Anion, Cation, Field, Isotope
Dry Creek DC#1 2.9 2 Anion, Cation, Isotope
Willow Creek WC#1 14 2 Anion, Cation, Field, Isotope
Upstream 10 Mile Creek 10C#1 0.5 1 Cation, Field, Isotope
Downstream 10 Mile Creek 10C#2 16.4 3 Anion, Cation, Field, Isotope
Upstream Indian Creek IC#1 0.4 1 Cation, Field, Isotope
Downstream Indian Creek IC#2 10.3 3 Anion, Cation, Field, Isotope
Payette River PR#1 0.9 2 Anion, Cation, Field, Isotope
Snake River SR#1 3.8 2 Anion, Cation, Field, Isotope
Weiser River WR#1 0.1 2 Anion, Cation, Field, Isotope
Upstream Owyhee River OR#1 1.7 1 Cation, Field, Isotope
Mid Owyhee River OR#2 1.7 1 Cation, Isotope
Downstream Owyhee River OR#3 7.9 3 Anion, Cation, Field, Isotope

Full surface water data is available in appendix. Differentiating between repeated sampling events is
accomplished by using letters following the sample ID. Surface waters were sampled: (a) Sept. 2009, (b)
Feb. 2010, and (c) Sept. 2010.
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Table 3: Groundwater Sample Details

Sample 1D UHZT—T' '\I/'\)// (:)IEI) Data Available
Northern Nampa WiH#1lI 9.5 Private  Cation, Field, Isotope
South of Meridian Wi#2I 22.2 Private  Anion, Cation, Field, Isotope
Southern Meridian W#3I 58.5 Private  Anion, Cation, Field, Isotope
North of Notus W4l 1.7 Private  Anion, Cation, Field, Isotope
North of Nampa Wi#5I 73.8 Private  Anion, Cation, Field, Isotope
Kuna W#1Q 20.1 Public ~ Anion, Cation, Field, Isotope
Southern Nampa W#2Q 14.4 Public ~ Anion, Cation, Field, Isotope
South of Meridian W#3Q 52.7 Public ~ Anion, Cation, Field, Isotope

Full groundwater data is available in appendix.
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Table 4: Total Uranium Content of Solids and Phosphate Samples
Sample ID Formation U Conc. (ppm)

Topsoil 1#1 Gowen Terrace 4.0
Carbonate-rich horizon 1#2 Gowen Terrace 7.0
Coarse sand 1#3 Gowen Terrace 2.3
Fe Oxide stained silty clay 1#4 Gowen Terrace 3.7
Gray silty clay 1#5 Gowen Terrace 3.6
Silt 2#1 Calcareous Glenns Ferry 4.4
Fe Oxide-rich sand 3#1 Chalk Hills 4.5
Ash 3#2 Chalk Hills 3.0
Silt/ clay 3#3 Chalk Hills 3.3
Loess 441 Glenns Ferry 3.0
Carbonate-rich horizon 442 Glenns Ferry 2.9
Fe Oxide-rich sand 4#3 Glenns Ferry 1.2
Silt 446 Glenns Ferry 5.7
Ash 4#7 Glenns Ferry 3.0
Coarse Sand 5#1 Pierce Gulch 0.9
Silt 5#2 Pierce Gulch 5.0
Loess 6#1 Kuna Butte 3.4
Silt T#1 Floodplain n/a
Sandy Silt T#2 Floodplain n/a
Phosphate Ore (weathered) Phosphoria 76
Phosphate Ore (unaltered) Phosphoria 225
Fertilizer S 38
Fertilizer L 271
Fertilizer H 319

Wanty and Nordstrom (1995) provide estimates of average uranium content in geologic solids: 2.7 ppm for
all crustal materials and 4.4 ppm for granitic materials.



Table 5: Total Dissolution and Selective Extraction Results

Water Carbonate Fe/Mn Oxide Total Dissolution
ppb ppb ppb ppb
River Terrace
Topsoil 1#1 111 586.7 66.0 4000
Carbonate-rich Horizon 1#2 16.0 2,740.4 180.3 7000
Coarse Sand 1#3 2.2 375 69.2 2300
Fe Oxide Clay/Silt 1#4 1.7 262.3 288.7 3700
Gray Clay/Silt 1#5 0.5 283.0 87.7 3600
Calcarioius Glenns Ferrry
Silt 2#1 7.5 639.3 286.8 4400
Chalk Hills
Fe Oxide Sands 3#1 15.8 862.0 803.4 4500
Ash 3#2 0.1 5.0 10.0 3000
Silt/Clay 3#3 1.2 196.5 284.0 3300
Non-Calc. Glenns Ferry
Loess 4#1 1.8 101.1 56.2 3000
Carbonate-rich Horizon  4#2 16.9 644.9 202.3 2900
Fe Oxide Sands 4#3 16.5 276.9 307.0 1200
Silt 4#6 6.8 476.0 649.6 5700
Ash a#7 2.8 328.1 446.3 3000
Pierce Gulch
Coarse Sand 5#1 1.6 60.8 82.2 900
Silt 5#2 0.9 833.5 697.4 5000
Kuna Butte
Loess 6#1 1.8 241.2 46.7 3430
Floodplain Core

Silt T#1 2.9 1,124.2 869.5
Silt/Sand TH2 14 403.4 436.9

Total uranium contents and leachable uranium contents from each of the three selective extractions
treatments.
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