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Assessment of Potential Migration of Radionuclides and 
Trace Elements from the White Mesa Uranium Mill to 
the Ute Mountain Reservation and Surrounding Areas, 
Southeastern Utah

By David L. Naftz, Anthony J. Ranalli, Ryan C. Rowland, and Thomas M. Marston

Abstract
In 2007, the Ute Mountain Ute Tribe requested that the 

U.S. Environmental Protection Agency and U.S. Geologi-
cal Survey conduct an independent evaluation of potential 
offsite migration of radionuclides and selected trace ele-
ments associated with the ore storage and milling process at 
an active uranium mill site near White Mesa, Utah. Specific 
objectives of this study were (1) to determine recharge sources 
and residence times of groundwater surrounding the mill site, 
(2) to determine the current concentrations of uranium and 
associated trace elements in groundwater surrounding the mill 
site, (3) to differentiate natural and anthropogenic contaminant 
sources to groundwater resources surrounding the mill site, 
(4) to assess the solubility and potential for offsite transport of 
uranium-bearing minerals in groundwater surrounding the mill 
site, and (5) to use stream sediment and plant material samples 
from areas surrounding the mill site to identify potential areas 
of offsite contamination and likely contaminant sources. 

The results of age-dating methods and an evaluation 
of groundwater recharge temperatures using dissolved-gas 
samples indicate that groundwater sampled in wells in the 
surficial aquifer in the vicinity of the mill is recharged locally 
by precipitation. Tritium/helium age dating methods found a 
“modern day” apparent age in water samples collected from 
springs in the study area surrounding the mill. This appar-
ent age indicates localized recharge sources that potentially 
include artificial recharge of seepage from constructed wildlife 
refuge ponds near the mill. The stable oxygen isotope-ratio, 
delta oxygen-18, or δ(18O/16O), known as δ18O, and hydrogen 
isotope-ratio, delta deuterium, or δ(2H/1H), known as δD, 
data indicate that water discharging from Entrance Spring is 
isotopically enriched by evaporation and has a similar isoto-
pic fingerprint as water from Recapture Reservoir, which is 
used as facilities water on the mill site. Water from Recapture 
Reservoir also is used to irrigate fields surrounding the town 
of Blanding and infiltration of this irrigated water also could 
contribute to the enriched isotopic fingerprint observed for 
Entrance Spring. Similarities in the delta sulfur-34sulfate values 
in water samples from the wildlife ponds and tailings cells 

indicate a potential contaminant linkage between the tail-
ings cells and the refuge ponds that could be related to wind 
carried (eolian) transport of aerosols from the tailings cells. 
To date (2010), neither the delta sulfur-34sulfate nor the delta 
oxygen-18sulfate values measured in the wells and springs 
surrounding the uranium mill site have an isotopic signature 
characteristic of water from the tailings cells. 

Except for Entrance Spring and Mill Spring, all ground-
water samples collected at down-gradient sample sites during 
this study had dissolved-uranium concentrations in the range 
expected for naturally-occurring uranium. The uranium-
isotope data indicate that the mill is not a source of uranium 
in the groundwater in the unconfined-aquifer at any site 
monitored during the study, with the possible exception of 
Entrance Spring. The uranium-234 to uranium-238 activity 
ratios measured in water samples collected at Entrance Spring, 
and the decrease in this ratio associated with an increase in the 
concentration of dissolved uranium indicate potential mixing 
of uranium ore with groundwater at the spring through eolian 
transport of small particles from ore-storage pads and uncov-
ered ore trucks, with subsequent deposition in the Entrance 
Spring drainage, followed by dissolution in the unconfined 
groundwater. The isotopic values of uranium found in other 
water samples collected during the study do not appear to be 
related to uranium ore deposits. 

Water samples collected from Entrance Spring contained 
the highest median uranium concentrations relative to water 
samples collected from the other wells and springs monitored 
during the study. Water samples collected from Entrance 
Spring also contained elevated concentrations of selenium and 
vanadium. Sediment samples collected from three ephemeral 
drainages east of the uranium mill site (including Entrance 
Spring) contained uranium concentrations exceeding back-
ground values downwind of the predominant wind directions 
at the site. Sediment samples collected from ephemeral drain-
ages on the south and west boundaries of the uranium mill site 
generally did not exceed background-uranium concentrations. 
Elevated concentrations of uranium and vanadium, indicating 
offsite transport, were found in plant tissue samples collected 
north-northeast, east, and south of the mill site, downwind of 
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the predominant wind directions at the site. The uranium and 
vanadium concentrations in plant tissue samples collected 
west of the uranium mill site were low.

On the basis of the study results, consideration should be 
given to future monitoring programs in areas surrounding the 
uranium mill site to address current and future environmen-
tal concerns. These potential monitoring programs should 
consider (1) quarterly monitoring of major- and trace-element 
concentrations in selected springs and wells; (2) annual moni-
toring of Entrance Spring for uranium isotopes, delta sulfur-
34sulfate, delta oxygen-18, and delta deuterium; (3) annual 
monitoring of background water quality at selected spring 
and monitoring well sites; (4) periodic sampling and chemi-
cal analyses of sagebrush in areas east of the uranium mill site 
coupled with off-site fugitive dust monitoring; (5) installation 
of a new monitoring well upgradient from the East and West 
wells; (6) the addition of non-routine chemical constituents to 
ongoing monitoring programs within the uranium mill site that 
could provide additional insight(s) into potential contaminant 
sources and processes; and (7) archiving future monitoring 
data into a maintained database that is easily accessible to all 
project stakeholders.

Introduction
Legacy uranium (U) mining and milling operations have 

resulted in soil and water contamination at many sites through-
out the western United States. In 1978, Congress passed the 
Uranium Mill Tailings Radiation Control Act (UMTRCA) 
that directed government agencies to stabilize, dispose of, and 
control materials contaminated by uranium milling operations 
(Peterson and others, 2008). There are a total of 23 former 
uranium mill sites in the western United States that have 
required active remediation in the Department of Energy’s 
Uranium Mill Tailings Remediation Action (UMTRA) pro-
gram (Jordan and others, 2008). Liquid wastes associated with 
these legacy mill sites typically contain radionuclides, heavy 
metals, ammonia, nitrate, and sulfates that have seeped into 
the vadose zone and sometimes reached underlying aquifers. 
A few examples of soil and water contamination from mill-
ing operations include (1) groundwater from a uranium-mill 
tailings repository near Durango, Colorado, which is contami-
nated with As, Mn, Mo, Se, U, V and Zn (Morrison and others, 
2002); (2) groundwater from the Bear Creek mill site in north-
eastern Wyoming, which is contaminated with uranium (U) 
and sulfate (SO4

2-), and has an unnaturally low pH (Zhu and 
Burden, 2001); and (3) U and vanadium (V) contaminated soil 
and groundwater from a uranium mill site near Naturita, Colo-
rado (Davis and others, 2006). While UMTRCA has addressed 
the remediation of legacy uranium milling sites, there are 
over 4,000 mines with a history of uranium production in the 
western United States that also can pose environmental risks 
(Peterson and others, 2008). 

The White Mesa uranium mill is an active facility that is 
operated by Denison Mines. This facility is a fully licensed, 
conventional processing mill with a V co-product recovery 
circuit (Denison Mines, 2010). The mill site is located in San 
Juan County, Utah, about 10 kilometers (km) south of the city 
of Blanding and 6 km north of the Ute Mountain Ute Reser-
vation (fig. 1). Ore material processed at the mill is obtained 
from Denison mine properties in the Colorado Plateau, the 
Henry Mountains Complex, and the Arizona Strip. The mill 
site is currently (2010) the only conventional uranium mill 
operating in the United States (Denison Mines, 2010).

Construction of the mill began in 1979 and the first U/V 
ore was processed during May 1980 (Denison Mines, 2010). 
The mill uses sulfuric acid (H2SO4) leaching and a solvent 
extraction recovery process to extract and recover U and V 
from the ore material. The mill is currently licensed to process 
an average of 2,000 tons of ore per day and produce 3.6 mil-
lion kilograms (kg) of triuranium octoxide (U3O8) per year 
(Denison Mines, 2010). The mill is also licensed to process 
alternate feed materials, which include U-bearing materials 
derived from U conversion, tantalum (Ta) and other metal 
processing facilities or material from U.S. government cleanup 
projects. In 2007, the mill produced approximately 115,300 kg 
of U3O8 from alternate feed materials (Denison Mines, 2010).

An evaluation of the concentration of major ions and met-
als measured in the groundwater up- and down-gradient of the 
mill reveals complex spatial variations in (1) the concentration 
of U and other metals in bedrock, soils, and groundwater; (2) 
the geochemical conditions favorable for either U solubility or 
precipitation in groundwater; and (23) geologic conditions that 
can influence groundwater-residence times in White Mesa. 
This spatial variability makes it extremely difficult to assess 
the environmental effects of the mill by using trace-element 
concentration data alone. 

A groundwater study by independent scientists to char-
acterize groundwater flow, chemical composition, noble gas 
composition, and apparent age was conducted because of 
increasing and elevated trace-metal concentrations in moni-
toring wells within the White Mesa mill site. On the basis of 
apparent recharge dates from chlorofluorocarbons (CFCs) and 
tritium (3H) concentrations, most groundwater beneath the mill 
was estimated to be more than 50 years in age. An exception 
to this trend, measurable levels of tritium found in some moni-
toring wells in the northeast part of the site, likely resulted 
from leakage of constructed wildlife ponds on mill property 
(fig. 1). Hurst and Solomon (2008) concluded that active verti-
cal and horizontal groundwater flow is clearly evident beneath 
the mill; however, trace-metal concentrations, age-dating 
methods, and stable-isotope fingerprinting did not detect leak-
age from the tailing cells. Because of active groundwater flow, 
continued monitoring of the groundwater to evaluate the future 
performance of the tailing cells within the mill was strongly 
recommended.

Although personnel and contractors for the White Mesa 
mill have been collecting groundwater- and air-quality data 
since 1980, the Ute Mountain Ute Tribe requested the U.S. 
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Figure 1.  Location of White Mesa mill site relative to the town of Blanding and the Ute Mountain Ute Reservation, San Juan County, 
Utah, and tailings cells, ore-storage pad, and wildlife ponds on the mill property. 

Environmental Protection Agency (EPA) and the U.S. Geo-
logical Survey (USGS) to perform an independent evaluation 
of the potential offsite migration of radionuclides and trace 
elements associated with the ore storage and milling process. 
Potential air- and water-exposure pathways of U and other 
trace elements to tribal members include (1) airborne dust 
from uncovered ore storage pads; (2) airborne emissions 
from drying ovens at the mill; (3) dissolution of airborne dust 
deposited on soil and plant surfaces; (4) transport of material 

from the ore storage pads into ephemeral channels draining 
the mill site during rain and snowmelt events; and (5) leakage 
from the tailings ponds to shallow aquifers beneath the mill, 
resulting in offsite migration toward the reservation.

Inspections of quarterly reports produced by the White 
Mesa mill of groundwater and air monitoring data led the Ute 
Mountain Ute Tribe to request this independent evaluation. 
Large spatial variability in the concentration and composition 
of major ions and ranges in the concentrations of U from 5 
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to 10 micrograms per liter (µg/L) in many wells to exceed-
ing the EPA maxium contaminant level (MCL) of 30 µg/L, 
consistently in a few wells both up- and down-gradient of the 
mill, prompted the tribe to question if the concentrations of 
U measured in the wells are background concentrations or 
evidence of contamination by the mill. A review by the USGS 
of reports describing the geology and hydrology of White 
Mesa, quarterly reports produced by the mill, data collected 
by the Ute Mountain Tribe, and data collected by the USGS 
at Fry Canyon west of the White Mesa indicated existing data 
were insufficient to determine the source of U in the Dakota 
Sandstone and the Burro Canyon aquifer. Therefore, an evalu-
ation of the potential for offsite migration of U and other 
metals from the mill toward the reservation along the potential 
exposure pathways using the available data is difficult for 
several reasons. 

The use of U concentration data only to determine if the 
mill is a source of the U in the groundwater is ambiguous. 
Although Hem (1989) stated that U concentrations in ground-
water derived from natural sources usually fall within 1 to 
10 µg/L, the range in the concentrations of U measured in 
monitoring wells by the mill reflects concentrations measured 
in groundwater in Fry Canyon (up to 40 µg/L) near White 
Mesa, which have been determined to be derived from natural 
sources (Wilkowske and others, 2002). Adding to this ambigu-
ity is the fact that concentrations of U above the EPA MCL of 
30 µg/L have been measured in wells up- and down-gradient 
of the mill. Thus, it is difficult to determine the source of U, 
given the spatial variation in concentrations of U in the Dakota 
Sandstone/Burro Canyon Formation aquifer. 

Evaluation of the potential for offsite migration of U and 
other metals in groundwater from the mill toward the reserva-
tion is difficult because the available data are not sufficient to 
determine the mobility of U entering the Dakota Sandstone/
Burro Canyon aquifer. For example, if leakage from a tailings 
cell were to occur, would U remain in solution? If ore mate-
rial was blown off the ore-storage pad and deposited on White 
Mesa, would U dissolve in the groundwater? Or, would U be 
removed from solution through adsorption to minerals in the 
soil and/or bedrock or by precipitation? 

Finally, another important consideration for the effect of 
mill operations on groundwater quality in the Ute Mountain 
Ute Reservation is the length of time would it take for U 
released by the mill entering the Dakota Sandstone/Burro Can-
yon Formation aquifer to migrate to the reservation. The mill 
estimated a travel time of 3,000 years from one of the tailing 
cells to the reservation boundary using Darcy’s Law. There are 
limitations to this calculation, however, because the perme-
ability tests were performed in wells only on mill property 
north of the reservation and would not have measured perme-
ability in the Dakota Sandstone and Burro Canyon Formation 
south of the mill property. use of Darcy’s Law to estimate 
groundwater velocity assumes a homogeneous medium. Given 
that the sediments that compose the Dakota Sandstone/Burro 
Canyon Formation aquifer are stream deposits, it is possible 
that there are preferential flow channels and that groundwater 
velocities in the aquifer vary.

Purpose and Scope
Although monitoring the concentration of U in ground-

water up- and down-gradient of the mill is a scientifically 
valid technique, it is the opinion of the USGS and EPA that 
the monitoring of groundwater using concentration data only 
is not sufficient to determine either the source of U in the 
Dakota Sandstone/Burro Canyon Formation aquifer or to 
fully evaluate the potential of offsite migration of U and other 
metals from the mill toward the reservation along the potential 
exposure pathways. The overall objective of this report is to 
better understand and document past, present, and possible 
future transport of U and associated trace-element emissions 
from the White Mesa uranium mill to the surrounding tribal 
and non-tribal lands. Specific study objectives are to (1) use 
tritium activity, noble gas concentrations, and stable isotopes 
of oxygen and hydrogen to better understand recharge sources 
and residence times of groundwater surrounding the mill site; 
(2) determine the current concentrations of U and associated 
trace elements in groundwater surrounding the mill site; (3) 
use isotopes of U and sulfur to differentiate natural and anthro-
pogenic contaminant sources to groundwater resources sur-
rounding the mill site; (4) use geochemical modeling methods 
to assess the solubility of U-bearing minerals in groundwater 
surrounding the mill site and potential for offsite transport; 
and (5) use major- and trace-element concentration data in 
stream sediments and plant materials from areas surrounding 
the mill site to identify potential contaminant sources. 

Methodology

Water Sample Collection
Water samples were collected using techniques described 

in the USGS National Field Manual (NFM; U.S. Geological 
Survey, variously dated). Samples were collected for analy-
sis of major ions, trace metals, nutrients (nitrate + nitrite and 
orthophosphate), U isotopes, hydrogen and oxygen isotopes 
of water, sulfur and oxygen isotopes of dissolved sulfate, 
dissolved gases, and tritium. The quality assurance/quality 
control plan for the White Mesa uranium project includes the 
use of approved USGS methods for the collection and analysis 
of surface and groundwater samples, the collection of field 
blanks and field duplicates, the addition of matrix spikes to the 
metal samples, and adherence to stringent chain-of-custody 
procedures (U.S. Geological Survey, 2010b and 2010c). An 
overview of water sampling procedures at springs and stock 
ponds, monitoring wells, and domestic and public supply 
wells is provided. Techniques used to collect dissolved gas and 
tritium samples are discussed separately. 

Springs, Stock Ponds, and Reservoir
Water-quality samples were collected from springs during 

seven quarterly sampling events. Samples also were collected 
from stock ponds near the mill during one quarterly sampling 
event. 
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Springs are located at geologic contacts along diffuse seep-
age zones (fig. 1). It was not possible to collect water samples 
from springs that were not in contact with the atmosphere. 
Clean-sampling procedures described in the USGS NFM, 
chapter A4 (2006) were adapted to the conditions at each 
spring. Samples were collected from small (7.6–15 centime-
ters [cm] wide, less than 2.5 cm deep) drainage channels at 
Cow Camp and Mill Springs, from small pools (0.9–3 meters 
[m] in diameter, up to 15 cm deep) that had formed natu-
rally at the base of Oasis and Entrance Springs, and from an 
acrylonitrile-butadiene-styrene (ABS) plastic pipe draining an 
approximately 0.9-m diameter galvanized tub placed beneath 
dripping water from Ruin Spring. For Cow Camp, Mill, Oasis, 
and Entrance Springs, grab samples were collected by filling 
a 250-milliliter (mL) pre-rinsed and field-rinsed plain poly-
ethylene bottle with sample water and transferring the water 
to a pre-rinsed and field rinsed 3.8-liter (L) plain polyethylene 
bottle. The process was repeated until the 3.8-L bottle was 
filled. Samples were collected at Ruin Spring by simply filling 
a pre-rinsed and field-rinsed 3.8-L polyethylene bottle at the 
ABS plastic pipe. 

Physical and chemical field parameters (pH, specific 
conductance, water temperature, and dissolved oxygen) were 
measured after each sample was collected with a calibrated 
In-Situ Troll 9000TM multiparameter water-quality sonde 
equipped with a magnetic stir bar. For Oasis and Entrance 
Springs, the sonde was placed in the small pond at the base of 
the springs. Field parameters at Cow Camp and Ruin Springs 
were measured by placing the sonde in a clean 1,000-mL grad-
uated cylinder oriented to capture flow. Because of low-flow 
conditions at Mill Spring, field parameters were measured by 
filling the calibration cup for the sonde with water from the 
spring. Field parameters were recorded when five consecutive 
readings were within USGS stability criteria (Wilde, 2008). 
When there was adequate flow, volumetric flow measurements 
were completed at Mill, Cow Camp, and Ruin Springs. Flow 
at Entrance Spring was measured with a 7.6-cm modified 

Parshall flume about 6-m downstream from its source. Flow at 
Oasis Spring was too diffuse to quantify. Samples were placed 
in a cooler for transportation to the mobile laboratory trailer 
where they were processed for shipment to the laboratory. 

Three ponded water samples also were collected during the 
study period. A point sample was collected at each site about 
0.9 m from shore in water about 0.6-m deep using a 3.8-L 
pre-rinsed and field-rinsed plain polyethylene bottle. Field 
parameters were collected by placing the calibrated sonde in 
the water at mid-sample depth after the sample was collected, 
and parameters were recorded once USGS stability criteria 
were achieved. Samples were placed in a cooler for transporta-
tion to the mobile laboratory trailer where they were processed 
for laboratory shipment. 

Groundwater Monitoring Wells
Table 1 summarizes physical characteristics, including 

well depth and screened intervals, of wells sampled in this 
study. Water-quality samples were collected from two low-
yield wells during seven quarterly sampling events. Because 
of their low yield, a low-flow sampling technique was used to 
sample these wells. A Grundfos Redi-Flo2TM stainless-steel 
submersible pump with a 1.3-cm inner-diameter reinforced, 
clear polyvinyl chloride (PVC) discharge line was used to 
sample the wells. Prior to sampling each well, the pump and 
discharge line were cleaned using procedures for stainless-
steel submersible pumps described in chapter A3 of the USGS 
NFM (Wilde, 2004). Purge rates ranged from 150 to 300 
milliliters per minute (mL/min) in order to avoid pumping the 
wells dry. Field parameters were measured with a calibrated 
multiparameter water-quality sonde equipped with an air-tight 
flow chamber. Water level, purge rate, purge volume, and field 
parameters were recorded every 5 minutes during the purging 
procedure. Samples were collected when three to five con-
secutive field-parameter readings were within USGS stability 
criteria. 

Table 1.  Physical characteristics of wells sampled near the White Mesa uranium mill, San Juan County, Utah 2007–09. 
[Abbreviations: ft, foot; —, not available; *, approximate] 

Station number Field name Station name Aquifer Primary use 
of water

Altitude  
of land  

surface,
 (ft)

Depth 
of well,

(ft)

Well open interval
Depth to 

top of
openings, 

(ft)

Depth to 
bottom of 
openings, 

(ft)

372954109293601 East well (D–38–22)10bcc–1 WM East  
monitoring well

Surficial Monitoring 5,440 110 70 90

372930109310701 West well (D–38–22) 8dcd–1 WM West  
monitoring well

Surficial and Mor-
rison formation

Monitoring 5,450 110 89 109

373442109291501 Lyman well (D–37–22) 10cdc–1 LY well Surficial Domestic 5,790 120 — —
373612109273201 Bayless well (D–37–22) 2aad–1 BAY well Surficial Domestic 5,860 — — —
372817109275701 North well (D–38–22) 23acb–1 WM North well Navajo aquifer Public supply 5,280 1,515 927 1,135
372756109280901 South well (D–38–22) WM South well Navajo aquifer Public supply 5,300 1,739 1,277 1,739
373501109310801 Millview well (D–37–22) 8dba– 1 Millview well 1 — Livestock 5,830 300* — —
373116109305601 MW3A (D–37–22) 32ddc–1 MW3A Surficial Monitoring 5,550 95 75 95
373233109301001 MW18 (D–37–22) 28acc–1 MW18 Surficial Monitoring 5,650 148 — 134

1 This well was sampled once in September 2007. The casing collapsed, or an object was lodged in the casing, sometime between September 2007 and March 2008.
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Domestic and Public Supply Wells
Two domestic wells (Lyman and Bayless) were sampled 

during one quarterly sampling event and two public supply 
wells (North and South wells; fig. 1) were sampled dur-
ing three quarterly sampling events. Standard procedures 
described in the USGS NFM, chapter A4 (USGS, 2006), 
were used to collect water samples and field parameters from 
domestic and public-supply wells. 

Dissolved Gas and Tritium Water Samples
Water samples were collected for analysis of dissolved 

gases (N2, 
40Ar, 84Kr, 20Ne, 129Xe, 3He, and 4He) and tritium 

(3H) from springs and wells during September 2007 to deter-
mine recharge temperatures and apparent groundwater-age 
dates. Four dissolved-gas samples were collected with passive-
diffusion samplers using methods described by Sheldon 
(2002). The diffusion sampler is constructed of 0.3-cm inner-
diameter copper tubing and a semipermeable gas-diffusion 
sampling membrane. The sampler was placed directly into the 
well or spring and allowed to equilibrate for about 24 hours. 
After equilibration, the sampler was removed and immediately 
sealed (ends of the copper tubing were sealed using a crimp-
ing device). Six water samples were collected in copper tubes 
from wells using standard techniques. Samples were collected 
by connecting the sample vessel (8-millimeter (mm) inner-
diameter copper tubing, 250-mm long) to the wellhead of 
pumping wells with clear Tygon tubing at full wellhead pres-
sure. Water flowed for several minutes to purge air bubbles. 
The copper tubing was tapped lightly to dislodge bubbles 
and a visual inspection for bubbles was made. Steel clamps 
pinched the copper tubing flat in two locations to secure the 
sample. Tritium samples, including one sample collected in 
October 2009 that is not associated with noble gas data, were 
collected in either 1-L glass or 1-L polythethylene bottles, and 
sealed with a polyseal cap, leaving no air space in the bottle. 
A calibrated multiparameter water-quality probe was used to 
measure physical and chemical field parameters, including 
total dissolved-gas pressure.

Field Processing of Water Samples
Water samples were processed in the field using standard 

techniques (U.S. Geological Survey, variously dated). Samples 
were processed in a dust-free processing chamber using “clean 
hands” procedures. Samples analyzed for dissolved constitu-
ents were filtered with 0.45-micrometer (µm) pore-size dispos-
able capsule filters. Trace-element samples were preserved 
with 7.7 normal (N), ultrapure nitric acid. Table 2 summarizes 
the bottle type, preservation method, and storage environment 
used for each category of analytes measured in water samples. 

Alkalinity titrations were completed in the field using 
filtered-water samples within 2 hours of sample collection. 
A HachTM digital-titration kit using 0.16 N or 1.6 N sulfuric 
acid titration cartridges, calibrated Radiometer pH meter, and 
magnetic stirrer were used for alkalinity titrations. Dissolved 
iron and dissolved sulfide were measured in filtered samples 

from groundwater wells with a Chemometric portable pho-
tometer immediately after bottles to be analyzed for dissolved 
constituents were filled. 

Ephemeral Stream Sediment and Consolidated 
Rock Samples

Sediments from 31 sites in dry-ephemeral streams near the 
mill were collected in June 2008 to evaluate potential geo-
chemical anomalies. Three ephemeral-stream sites located 6 
km north of the White Mesa uranium mill also were sampled 
to quantify current geochemistry in ephemeral stream sedi-
ments on White Mesa. At all the sites, samples were com-
posited from 3-m transects to a depth of 0.5 cm. Sampling 
equipment (plastic spoon and tub) were cleaned between 
sample sites with deionized water and lint-free paper towels. 
Technicians wore a new pair of powder-free latex gloves at 
each sample site. Samples were double bagged and stored at 
room temperature for shipment to the laboratory. Two standard 
reference samples, to assess analytical quality control, were 
submitted to the laboratory with the environmental samples. 
The USGS Central Mineral and Environmental Resources 
Science Center (CMERSC) analyzed the samples for 43 ele-
ments using techniques described in the “Analytical Methods” 
section of this report. Chain of custody protocols for sediment 
and vegetation samples sent to the CMERSC were used (Mur-
phy and others, 1997). Samples of consolidated rock from the 
Burro Canyon and Brushy Basin Formations were collected 
from several sites in June 2008 for mineralogic analysis. A 
rock hammer was used to remove weathered material. Freshly 
exposed samples were stored in plastic bags for shipment to 
the laboratory. 

Vegetation

Samples of big sagebrush (Artemisia tridentata) were col-
lected from 64 sites during September 1–3, 2009, to identify 
potential geochemical anomalies in plant tissue. A sampling 
grid covering areas adjacent to the mill was used to guide the 
sampling effort. Several grid cells included multiple sample 
sites to help evaluate geochemical variability at various geo-
graphic scales. Each sample was a composite of young stems 
and leaves, generally the terminal 10–20 cm of the branches, 
representing growth less than 1-year old (Gough and Erdman, 
1980). Samples were clipped from up to six plants within 
a 15-m radius. Approximately 150 grams (g) of vegetation 
was collected for each sample. Stainless-steel pruning shears 
were used to clip the samples. Samples were placed in cloth 
sample bags and stored at room temperature in a ventilated 
box. Sampling personnel wore powder-free latex gloves while 
sampling, and the stainless steel pruning shears were wiped 
down between sample sites. Quality-control samples consisted 
of six split replicates and four standard reference samples. 
The CMERSC analyzed the samples for 43 elements using 
techniques described in the “Analytical Methods” section of 
this report. 
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Cores were collected from live Cottonwood trees (Popu-
lus, species not identified) near several springs in November 
2008 to evaluate potential correlation between U concentra-
tions in springs and core tissue. A three-thread increment borer 
(0.5-cm diameter core) was used to extract the cores. The 
outer 1.9 cm of selected cores, representing relatively younger 
growth, was submitted to the USGS National Water Quality 
Laboratory (NWQL) for analysis of U in core tissue. Den-
drochronology was established on selected tree cores by Dr. 
Tom Yanosky, USGS (retired), to determine whether or not the 
cored trees were alive prior to mill operations. 

Analytical Methods 

USGS National Water Quality Laboratory 
Analyses of major and minor ions, trace elements, and 

nutrients in water samples were completed by the USGS 
NWQL in Lakewood, Colorado, using standard analytical 
techniques described by Fishman and Friedman (1989). One 
water sample was submitted to NWQL for analysis of tritium 
by electrolytic enrichment and gas counting. Selected tree 
cores also were submitted to NWQL and analyzed for U by 
inductively coupled plasma-mass spectrometry (ICP-MS) after 
drying and microwave assisted acid digestion (US Environ-
mental Protection Agency, 1996). All data are stored in the 

USGS National Water Information System (NWIS) database 
and are available on the internet at http://waterdata.usgs.gov/
ut/nwis/qw. 

USGS Central Mineral and Environmental 
Resources Science Center 

Sagebrush Analytical Methods
Sagebrush samples were submitted to the USGS CMERSC 

in Denver, Colorado. At CMERSC, unwashed sagebrush 
samples were dried at room temperature for 24 to 48 hours 
and then milled. The milled samples were converted to ash in 
a drying oven held at 500 degrees Celsius (°C) for 13 hours. 
Detailed methods for plant material ashing are provided by 
Peacock and Crock (2002). Ashed samples were decomposed 
using a mixture of hydrochloric, nitric, perchloric, and hydro-
fluoric acids at low temperature prior to analysis. Aliquots 
of the digested plant material were aspirated into both an 
inductively coupled plasma-mass spectrometer (ICP-MS) and 
an inductively coupled plasma-atomic emission spectrom-
eter (ICP-AES). Forty-two major-, minor-, and trace-element 
concentrations were determined. Calibration of the ICP-MS 
is done with aqueous standards and internal standards that 
are used to compensate for matrix affects and internal drift. 
The ICP-AES is calibrated by standardizing with digested 

Table 2.  Summary of water sample bottle type, preservative, storage environment, and laboratory used for analysis of water samples 
collected near the White Mesa uranium mill, San Juan County, Utah, 2007–09.
[Abbreviations: ICP-MS, inductivley coupled plasma mass spectrometry; mL, milliliter; N, acid normalilty; NAU, Northern Arizona University; NWQL, 
National Water Quality Laboratory; U of U, University of Utah; USGS, U.S. Geological Survey] 

Analyte Bottle type Filtered Preservative Storage Laboratory

Major anions, dissolved 500-mL plain polyethylene Yes None Room temperature NWQL
Trace metals and major 

cations, dissolved
250-mL polyethylene, acid 

rinsed Yes 7.7 N ultra-pure 
nitric acid Room temperature NWQL

Trace metals, total 250-mL polyethylene, acid 
rinsed No 7.7 N ultra-pure 

nitric acid Room temperature NWQL

Nutrients (nitrate+nitrite 
and orthophosphate), 
dissolved

125-mL polyethylene, 
opaque Yes None 4 degrees Celsius NWQL

Oxygen/deuterium stable 
isotopes in water 60-mL glass No None Room temperature USGS Reston Stable 

Isotope Lab
Sulfur-34/Sulfur-32 and 

oxygen stabe isotopes 
in dissolved sulfate

1,000-mL plain polyeth-
ylene No None Room temperature USGS Reston Stable 

Isotope Lab

Uranium-234, 235, 236, 
and 238 isotopes

1,000-mL plain polyeth-
ylene Yes 7.7 N ultra-pure 

nitric acid Room temperature NAU ICP-MS lab

Tritium 1,000-mL plain polyethyl-
ene with polylseal cap No None Room temperature

U of U Dissolved 
Gas Lab and 
NWQL

Tritium 1,000-mL glass with poly-
seal cap No None Room temperature Lawrence Livermore 

Lab

Dissolved Gases Passive-diffusion sampler No None Room temperature U of U Dissolved 
Gas Lab

Dissolved Gases Copper tube No None Room temperature Lawrence Livermore 
Laboratory
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rock reference materials and a series of multi-element solu-
tion standards. Arsenic (As) and selenium (Se) concentrations 
in sagebrush were measured by hydride generation atomic 
absorption spectrometry (HGAAS) after drying (no ashing) 
and acid digestion (Hageman and others, 2002). 

Stream Sediment Analytical Methods
USGS CMERSC separated the fine fraction of the sedi-

ment (passing a 200-mesh sieve) using methods described by 
Peacock and others (2002). The fine fraction of each sample 
was decomposed using a mixture of hydrochloric, nitric, 
perchloric, and hydrofluoric acids at low temperature, and ana-
lyzed for forty-two elements using ICP-MS and ICP-AES, as 
described above. Selenium also was measured in fine sediment 
samples by the contract laboratory using HGAAS (Hageman 
and others, 2002) after total digestion with the same acids used 
for the ICP-MS and ICP-AES sample preparation. 

USGS Reston Stable Isotope Laboratory
Stable oxygen and hydrogen isotope ratios in water mol-

ecules and stable sulfur and oxygen isotope ratios in dissolved 
sulfate were measured by the USGS Stable Isotope Laboratory 
in Reston, Virginia. The isotope ratios are reported as delta 
(δ) values, which are equivalent to parts per thousand, in units 
permil. The δ value for an isotope ratio, R, is computed using 
the following equation:

	 δR = [(Rsample/Rstandard) –1] ∙ 1,000	 (1)

where
	 δR	 is the δ value for a specific isotope in the 

sample,
	 Rsample	 is the ratio of the rare isotope to the common 

isotope for a specific element in the sample, 
and

	 Rstandard	 is the ratio of the rare isotope to the common 
isotope for the same element in the standard 
reference material.

A brief summary of analytical methods used to measure 
these stable isotope ratios follows. 

The hydrogen isotope-ratio, delta deuterium, or δ(2H, 1H), 
known as δD, of water was measured by equilibrating the sam-
ple with gaseous hydrogen using a platinum catalyst. To do 
this, the water and platinum catalyst were placed in glass tubes 
on a manifold; air from each sample vessel was exhausted, and 
the vessels were filled with gaseous hydrogen, and the equili-
brated hydrogen from each sample vessel was expanded into a 
dual inlet isotope-ratio mass spectrometer (DI-IRMS), which 
determines stable hydrogen isotopic composition (Révész and 
Coplen, 2008a). δD values are relative to the Vienna Standard 
Mean Ocean Water (VSMOW) standard. 

Water samples analyzed for the stable oxygen isotope-
ratio δ(18O/16O), or δ18O, were loaded into glass sample 
containers on a vacuum manifold to allow for equilibration 
with carbon dioxide (CO2) at 25°C. When isotopic equilibra-

tion was obtained, an aliquot of CO2 was extracted from each 
sample container, separated from water vapor using a dry ice 
trap, and injected into a DI-IRMS, which measures the δ18O 
value (Révész and Coplen, 2008b). δ18O values are relative to 
the VSMOW standard.

Dissolved sulfate (SO4
2–) in water samples was precipitated 

as barium sulfate (BaSO4) using barium chloride (BaCl2) at 
pH 3–4 in the laboratory. Any dissolved organic sulfur (S) in 
the sample was oxidized to SO2 and degassed from the sample 
prior to precipitation of BaSO4. Filtered BaSO4 was injected 
into an elemental analyzer to convert sulfur in BaSO4 into SO2 
gas. SO2 gas was then injected into a continuous flow isotope-
ratio mass spectrometer (CF-IRMS) to determine δ34S (Révész 
and Qi, 2006). δ34S values are relative to the Vienna Canyon 
Diablo Troilite (VCDT) standard. 

For determination of δ18O values in sulfate, continu-
ous flow isotope ratio analysis was completed after sample 
preparation of BaSO4 by conversion to carbon monoxide with 
a thermal combustion/elemental analyzer system. δ18O values 
are relative to the VSMOW standard.

Northern Arizona University Inductively Coupled 
Plasma Mass Spectrometry Laboratory

Uranium isotope ratios were measured by Dr. Michael 
Ketterer at Northern Arizona University’s ICP-MS laboratory. 
Water samples collected from September 2007 to November 
2008 were analyzed by sector-field ICP-MS. Samples col-
lected in April and September 2009 were analyzed by quadra-
pole ICP-MS. For sector-field ICP-MS, high purity 233U was 
used as an internal standard. A mass bias-correction factor 
determined from a known standard was used to correct raw U 
isotope ratios. Further details for sector-field ICP-MS mea-
surements of U isotopes can be found in Ketterer and others 
(2000, 2003). For quadrupole ICP-MS, 238U/235U ratios were 
measured in unspiked sample aliquots. A control of known, 
naturally-occurring U was used to measure 238U/235U and to 
correct the ratios in the samples for mass bias effects. Appro-
priate blank subtractions were performed (M. Ketterer, written 
commun., 2009). A separate aliquot was taken for analysis of 
234U/235U and 236U/235U ratios and was spiked with high purity 
233U. Isotopic ratios were corrected for minor interference 
of 232Th1H+ on 233U, and appropriate blank subtractions were 
performed (M. Ketterer, written commun., 2009).

The activity ratio (AR) of 234U to 238U can be computed 
by dividing the measured atom ratio of 234U to 238U by 
0.00005472 or by dividing the measured atom ratio of 234U to 
235U by 0.0075448. The divisor 0.00005472 is derived from 
the relationship between the amount of a radionuclide and its 
activity, as shown in the following equation:

	 A = λ ∙ N	 (2)

where
	 A	 is the activity (disintegrations per unit time) of 

the radionuclide, 
	 λ	 is its decay constant, and 
	 N	 is the number of atoms of the radionuclide. 



Quality Assurance and Quality Control     9

When secular equilibrium is achieved, each daughter radio-
nuclide has the same activity as the head of the decay chain, 
which is the case A1 = A2, where A1 and A2 are activities for 
radionuclides in a decay chain (Kraemer and Genereux, 1998). 
For example, with 234U and 238U, the divisor 0.0075448, used 
to compute the AR of 234U to 238U from the measured atom 
ratio of 234U to 235U, is the 234U to 235U atom ratio that develops 
in a closed system left to equilibrate for more than 106 years.

Lawrence Livermore Laboratory
Dissolved concentrations of 4He, Ar, Kr, Ne, and Xe 

were measured in water samples by the Lawrence Livermore 
Laboratory. Reactive gases were removed with multiple reac-
tive metal getters. Known quantities of isotopically enriched 
22Ne, 86Kr, and 136Xe were added to provide internal standards. 
The isotope dilution protocol used for measuring noble gas 
concentrations is insensitive to potential isotopic composition 
variation in dissolved gases (especially Ne) from diffusive gas 
exchange. Noble gases were separated from one another using 
cryogenic adsorption. Helium was analyzed using a VG-5400 
noble gas mass spectrometer. Other noble gas isotopic compo-
sitions were measured using a quadrupole mass spectrometer. 
The argon (Ar) abundance was determined by measuring 
the total noble gas sample pressure using a high-sensitivity 
capacitive manometer. The procedure was calibrated using 
water samples equilibrated with the atmosphere at a known 
temperature and pressure. Tritium (3H) concentrations were 
determined on 500-g subsamples by the 3He in-growth method 
(approximately 15-day accumulation time). Analytical uncer-
tainties are approximately 1 percent for 3He/4He; 2 percent for 
He, Ne, and Ar; and 3 percent for Kr and Xe.

University of Utah Dissolved Gas Service Center
Dissolved concentrations of N2, 

40Ar, 84Kr, 20Ne, and 129Xe 
were analyzed by the University of Utah’s (U of U) Dissolved 
Gas Service Center using both quadrupole and sector-field 
mass spectrometers. The mass spectrometer analysis pro-
vides the relative mole fractions of these dissolved gases. The 
sector-field mass spectrometer is used to precisely measure 
abundances of 3He and 4He. An electron multiplier is used to 
measure low-abundance ions, and a Faraday cup measures 
more abundant ions. The dissolved-gas concentrations of the 
water sample are then calculated on the basis of Henry’s Law 
by using field measurements of total dissolved-gas pres-
sure and water temperature. Calibrations are made using dry 
atmosphere and air equilibrated water samples, collected at 
different temperatures. A rigorous daily calibration procedure 
is followed. Four standards are usually analyzed for every six 
environmental samples. 

Tritium samples were analyzed with the tritium in-growth 
method (Clarke and others, 1976) at the University of Utah’s 
Dissolved Gas Service Center. Tritium is analyzed by measur-
ing the ratio of the heavier and less-abundant isotope to the 
lighter and more-abundant isotope. Tritium concentrations 
are reported in tritium units (TU), where one TU equals one 
molecule of 3H1HO in 1018 molecules of 1H2O. 

USGS X-Ray Diffraction Laboratory
Rock samples were analyzed by the U.S. Geological Sur-

vey Geologic Division X-Ray Diffraction Laboratory (XRD) 
in Denver, Colorado. Each sample was evaluated for zones of 
inhomogeneity, and if present, subsamples were taken from 
these zones. Samples were lightly crushed and passed through 
a riffle splitter. One-hundred grams of material from the split-
ter was milled in a ball mill for approximately 8 minutes so 
that particles would pass a 100-mesh screen. Two grams of 
material that passed the 100-mesh screen were placed in a 
McCrone Micronizing mill with 10 mL of 2-propanol for 4 
minutes, which reduced the particle size to near 1 micron. The 
slurry was dried overnight. A 2-gram aliquot of the dried sam-
ple was passed through a 60-mesh sieve and then side packed 
into a sample holder for analysis. Samples were analyzed with 
a PANalytical Xpert Pro-MPD X-ray Diffractometer. Identi-
fication of mineral phases was done with Material Data Inc. 
Jade 9.1 software using ICDD’s 2009-PDF-4 and National 
Institute of Standards and Technology FIZ/NIST Inorganic 
ICSD databases (W. Benzel, written commun., 2010). 

Pattern-Recognition Modeling

The software package Pirouette (version 4.0, revision 1.0; 
Infometrix, 2010) was used for pattern-recognition modeling 
of the stream-sediment multivariate data set. Values below 
the lower reporting limit (LRL) were assigned a value of 0.75 
times the LRL. Histograms and probability plots were used to 
evaluate data normality of the raw and log-transformed data 
sets. Log transformation of the data sets resulted in near-nor-
mal distributions for most constituents. The data were mean-
centered prior to pattern-recognition modeling.

Quality Assurance and Quality Control 
The quality-assurance/quality-control plan for this study 

included the use of approved USGS methods for the collec-
tion and analysis of surface and groundwater samples (U.S. 
Geological Survey, variously dated), USGS chain of custody 
protocol for the shipping of samples to the laboratory and 
tracking samples in the laboratory (U.S. Geological Survey, 
2010c and 2010b), the computation of a cation/anion balance 
for each sample, a comparison of the dissolved to total metal 
ratios, the collection of field blanks and field duplicates, and 
the addition of matrix spikes to the metal samples. 

Cation/Anion Balances

The accuracy of the analysis of major dissolved ions was 
evaluated by calculating a cation/anion balance for each 
sample. A fundamental principle of solution chemistry is 
that a condition of electroneutrality exists for the major ions 
dissolved in water, which means that when measured in mil-
liequivalents per liter (meq/L), the sum of the positive charges 
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equals the sum of the negative charges. The equation used to 
calculate a cation/anion balance is as follows:

cation/anion balance =
(sum of the cations – sum of the anions)
(sum of the cations + sum of the anions)∙ 100 (3)

Ideally, the result of this calculation should equal zero, but 
in practice some deviation from zero is acceptable. If signifi-
cant deviation from zero occurs, there must be either errors in 
the analytical measurement or the presence of an ionic specie 
or species at significant concentrations that were not included 
in the analysis. The criteria used for the determination of an 
acceptable cation/anion balance in this study are based on the 
results of analyses from the USGS NWQL and are shown in 
table 3. This table shows the error that is acceptable as a func-
tion of the total cations and anions. Since the total cations and 
anions in all samples analyzed for this study was greater than 
1.71 meq/L, a cation/anion balance within 5 percent was con-
sidered acceptable. The range of values for the cation/anion 
balance calculation for the 52 samples collected in this study 
was 2.26 percent below to 7.52 percent above balance, with 
only 3 samples greater than 5 percent (6.10, 6.52, and 7.52 
percent). Given the range of values for the samples analyzed in 
this study, we consider all samples to have an acceptable cat-
ion/anion balance; therefore, any analytical errors present are 
small enough not to affect the interpretation of the data, and all 
major dissolved ionic species were included in the analyses. 
An analysis of the cation/anion balance cannot be used as the 
only means of detecting measurement error because an accept-
able cation/anion balance could occur in situations where large 
errors in the individual ion analyses balance one another. The 
cation/anion balance also does not evaluate the quality of the 
analysis for dissolved and total metals. Therefore, the results 
of the analysis of dissolved/total metals ratios, field blanks, 
field replicates, and matrix spikes also will be discussed.

Total and Dissolved Metals

Analytical results for the total concentration of a metal 
were compared to the dissolved concentration when both frac-
tions were analyzed. Ideally, the total concentration of a metal 

should be greater than or equal to the dissolved fraction of the 
metal; however, as a result of variability that can occur as a 
result of sample collection, processing, transport, and analysis, 
the dissolved fraction can sometimes be greater than the total 
fraction. This situation commonly occurs at concentrations 
that approach the analytical method detection limit. For con-
centrations less than 1 µg/L, analytical results for the total and 
dissolved fraction of a given metal were considered acceptable 
if the results were within twice the long-term method detection 
limit (LT-MDL) of the least precise method (the least precise 
method is usually associated with analysis of the total concen-
tration of a metal). For example, if the LT-MDL for dissolved 
copper (Cu) is 0.5 µg/L, and the LT-MDL for total Cu is 0.6 
µg/L, dissolved Cu could exceed total Cu by two times 0.6 
µg/L, or 0.12 µg/L. For concentrations equal to or greater than 
1.0 µg/L, analytical results for the total and dissolved frac-
tion of a given metal were considered acceptable if the results 
were within 10 percent. If analytical results for a given sample 
failed the criteria described above, reanalysis of the total and 
dissolved fraction was requested of the NWQL. There were a 
few instances where analytical results for total and dissolved 
concentrations of metals did not meet the criteria described 
above, even after re-runs were performed. Because these 
instances involved concentrations near method detection lim-
its, they were accepted and should be viewed with caution. 

Field Blanks and Field Duplicates

Field blanks and field duplicates were collected during this 
study to quantify the errors involved in collecting, processing, 
transporting, and analyzing samples. Every measurement has 
an error associated with it that cannot be eliminated, but the 
error can be quantified so that appropriate interpretations of 
the environmental data can be made. Bias and variability are 
two components of error associated with any water-quality 
measurement. Bias is the systematic error inherent in a method 
or measurement system and can be either positive (contami-
nation) or negative (loss). Variability is the random error in 
independent measurements that results from repeated applica-
tion of the measurement process under specified conditions.

In a water-quality study, two types of samples are needed: 
environmental samples and quality-control samples. Environ-
mental samples fulfill the scientific objective(s) of the study. 
Quality-control samples provide estimates of the bias and 
variability of the environmental data. Field blanks are samples 
that are intended to be free of the analyte(s) of interest and are 
analyzed to test for bias from the introduction of contamina-
tion into environmental samples in any stage of the sample-
collection and analysis processes. Field replicates are a group 
of samples that are collected in a manner such that the samples 
are thought to be essentially identical in composition and are 
used to estimate the variability of the sample-collection and 
analysis process. Field blanks and field replicates are collected 
in the same manner as the environmental samples. 

Once a data set is established with an estimated amount of 
bias and variability, it is necessary to determine how the bias 
and variability affect the interpretation of the environmental 

Table 3.  Acceptance criteria for cation/anion balances, White 
Mesa mill study area, Utah.
[Abbreviations: meq/L, milliequivalents per liter; >, greater than; ±, plus or 
minus; %, percent] 

Ionic strength
(meq/L)

Acceptable cation/
anion balance

0–0.2809 ± 28%
0.281–0.561 ± 22%
0.561–0.8309 ± 15%
0.831–1.109 ± 10%

1.11–1.409 ±   8%
1.41–1.709 ±   6%

>1.71 ±   5%
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data. Thus, the analysis of quality-control sample data sup-
ports the interpretations of the environmental data by estab-
lishing, with a known level of confidence, the amount (if any) 
of sample contamination that has occurred during the study 
and by establishing the range of variability in the quality-
control sample data relative to the range of variability in the 
environmental data.

Analysis of Field Blanks
Under ideal conditions any contamination present in field 

blanks would be so small that concentrations would be less 
than the detection limit. In practice, although concentrations 
measured in many field blanks are less than the detection limit, 
some blanks contain concentrations greater than the detection 
limit. Therefore, as stated in Mueller and Titus (2005), 

“The objective in analyzing data from blanks is to deter-
mine the amount of contamination that is not likely to 
be exceeded in a large percentage of the water samples 
represented by the blanks. This objective can be achieved 
by constructing an upper confidence limit (UCL) for a 
high percentile of contamination in the population of water 
samples that includes environmental samples and blanks. 
This UCL is the maximum contamination expected in the 
specified percentage of water samples. For example, the 
95-percent UCL for the 90th percentile of concentrations in 
blanks is the maximum contamination expected in 90 per-
cent of all water samples. The 95-percent confidence level 
indicates there is only a 5-percent chance that this contami-
nation has been underestimated. Another way to express 
this is that we are 95-percent confident that this amount 
of contamination would be exceeded in no more than 10 
percent of all samples (including environmental samples) 
that were collected, processed, and analyzed in the same 
manner as the blanks.”
In calculating the UCL for the blank data, all estimated 

values and values that were detected but were within the range 
of two or more detection limits were censored to the highest 
detection limit. A review of the field blank data in tables 4 
and 5 shows that all the blanks analyzed for dissolved beryl-
lium, boron, cadmium, chloride, cobalt, fluoride, iron, lithium, 
nitrate + nitrite, selenium, silver, sodium, sulfate, thallium, 
and U and total selenium were reported as less than the detec-
tion limit. Thus, contamination by each of these analytes is 
estimated with about 92-percent confidence to be no greater 
than the detection limit in at least 70 percent of all samples. 
The 92-percent confidence level indicates that there is only an 
8-percent chance that this contamination has been underesti-
mated. For those analytes that had measurable concentrations 
in the blanks, we are 92-percent confident that the amount 
of contamination listed in table 4 would be exceeded in no 
more than 30 percent of all samples. For example, for dis-
solved U there is 92-percent confidence that contamination is 
no greater than the detection limit of 0.02 µg/L in at least 70 
percent of all samples. For total U there is 92-percent confi-
dence that contamination is no greater than 0.024 µg/L in at 

least 70 percent of all samples. Another way to express this 
is that contamination by total U is estimated, with 92-percent 
confidence, to exceed 0.024 µg/L in no more than 30 percent 
of all samples.

This amount of contamination can then be compared to 
environmentally important concentrations of each analyte to 
determine the likelihood that contamination has affected inter-
pretation of the environmental data. Mueller and Titus (2005) 
state that “in general, if potential contamination is less than 
10 percent of a measured value, the effect of contamination 
bias on that measured value can be ignored.” The detection 
limit for all of the analytes that were never measured above 
the detection is at least 10 times less than the environmental 
concentrations measured in this study or EPA drinking water 
MCLs. For example, the detection limit of dissolved U (0.02 
µg/L) is 1,500 times less than the EPA drinking water MCL 
of 30 µg/L. Therefore, even if contamination were equal to or 
greater than 0.02 µg/L in 30 percent of all samples, the con-
tamination would have to be two orders of magnitude greater 
than this value for potential bias to affect the interpretation of 
the U environmental data. We draw similar conclusions for all 
the other analytes that were never measured above the detec-
tion limit because the environmental concentrations of these 
analytes are greater than 10 times their respective detection 
limits. The same conclusions can be drawn for those analytes 
that had measurable concentrations in the field blanks, except 
for total Al, Cr, Cu, Fe, V, and Zn collected from the wells.

Typically, field-blank and field-replicate samples collected 
from the springs and the wells would be analyzed separately 
because different equipment is used to collect samples from 
these sites. As the analysis in this section demonstrated, how-
ever, except for total Al, Cr, Cu, Fe, V, and Zn in field blanks 
collected from the wells, there is no evidence of contamination 
affecting the interpretation of the environmental data. There-
fore, the environmental data collected from all sites for all of 
the other analytes can be considered comparable, and the field-
blank and field-replicate data can be pooled to determine the 
magnitude of bias and variability in the data. The concentra-
tions of total Al, Cr, Cu, Fe, V, and Zn in field blanks collected 
from the wells are high enough that contamination of the envi-
ronmental samples limits the utility of this data. Therefore, in 
this report, the total Al, Cr, Cu, Fe, V, and Zn data collected 
from the wells is interpreted with caution. 

Analysis of Field Replicates
The field replicate data were analyzed to assess the amount 

of variability present in the environmental data by calculating 
a 95-percent confidence interval for a single sample and by 
determining the minimum significant difference that can be 
detected between any two individual measurements using the 
equations given in Mueller and Titus (2005). These calcula-
tions involved calculating a standard deviation for each field 
replicate pair and examining graphs of the standard deviation 
of each replicate pair as a function of the average concentra-
tion of each field replicate pair to determine if the standard 
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Table 4.  Upper 92–percent confidence limits for contamination by trace elements and nutrients in the 70th percentile of all samples on 
the basis of data from field blanks prepared at spring and groundwater sampling sites, White Mesa mill study area, Utah.
[Abbreviations: mg/L, milligrams per liter; μg/L, micrograms per liter; —, not available; <, less than; *, confidence interval for orthophosphate is 67.2 percent 
because of smaller sample size]

Analyte Number of 
blanks

Most common 
detection 

limit 
filtered, 

(unfiltered)

Concentration 
units

Upper 
92-percent 
confidence

 limit
(filtered)

Upper 
92-percent 
confidence 

limit
(unfiltered)

Aluminum 7 4 
(4)

μg/L <4.0 248

Antimony 7 0.14 μg/L 0.09 —
Arsenic 7 0.06 

(0.6)
μg/L 0.07 <0.60

Barium 7 0.4 μg/L <0.4 —
Beryllium 7 0.01 μg/L <0.02 —
Boron 7 6 μg/L <6 —
Cadmium 7 0.04 μg/L <0.04 —
Chromium 7 0.12 

(0.40)
μg/L 0.25 7.5

Cobalt 7 0.02 μg/L <0.02 —
Copper 7 1.0

(1.2)
μg/L <1.0 <4.0

Iron 7 8 
(6)

μg/L <8 269

Lead 7 0.08 
(0.06)

μg/L <0.08 0.3

Lithium 7 1 μg/L <1.0 —
Manganese 7 0.2 

(0.4)
μg/L 0.9 7.8

Molybdenum 7 0.2 
(0.1)

μg/L <0.2 1.3

Nickel 7 0.2 
(0.12)

μg/L 0.31 6.2

Selenium 7 0.04
(0.08)

μg/L <0.06 <0.12

Silver 7 0.1 μg/L <0.1 —
Strontium 7 0.8 μg/L 4.08 —
Thallium 7 0.04 μg/L <0.04 —
Uranium 7 0.02 

(0.02)
μg/L <0.02 0.024

Vanadium 7 0.16 
(1.6)

μg/L 0.2 0.61

Zinc 7 1.8 
(2.0)

μg/L <2.0 3.8

Nitrate + nitrite 7 0.04 mg/L <0.04 —
Orthophosphate* 5 0.008 mg/L <0.008 —
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deviation is constant over the range of concentrations mea-
sured. Typically, the higher the constituent concentration, the 
greater the standard deviation; however, the relation between 
standard deviation for each replicate pair was constant over 
the range in concentration measured for each constituent, or 
only a weak relation with concentration existed. This con-
sistency most likely is a result of relatively little variation in 
the environmental concentrations for all constituents (that is, 
concentrations were similar to each other, and, for most of the 
trace metals, concentrations were generally quite low). 

Therefore, the average standard deviation of the replicate 
pairs for each constituent was substituted into the following 
equation to calculate a 95-percent confidence interval for a 
single sample:

	 Cinterval = Csample ± Z0.95 ∙ SD	 (4)	

where
	 Cinterval	  is the confidence interval for a single 

measurement = 100(1-α),
	 Csample	  is the concentration of a single sample,
	 SD 	  is the average standard deviation of the 

replicate pairs, and
	 Z0.95 	  is the statistic for the 95-percentage point of the 

standard normal curve = 1.96.
When one of the replicate pairs was below the reporting 

limit but the other had measurable amounts of a constituent 
reported, the sample with a value of less than the reporting 
limit was assigned a value of one-half the reporting limit to 
perform the calculation. The 95-percent confidence interval 
data for a single sample are presented in tables 6 to 8 and can 
be interpreted in the following manner: there is 95-percent 
confidence that the true value of any individual measurement 
for any constituent listed in tables 6 to 8 will fall within the 
range in those tables.

To determine the minimum significant difference that can 
be detected between any two individual measurements, the 
following formula was used: 

	 ΔC (difference in concentration between
	 two samples) ≥ 1.96 ∙ √2 ∙ SD	 (5)	

If the difference in concentration between any two samples 
is equal to or greater than the values listed in tables 6, 7, 
and 8, there is a 95-percent probability that the difference is 
significant.

Matrix Spikes

An aliquot from one unfiltered sample collected during the 
September 2008, November 2008, April 2009, and September 
2009 water-quality sampling events was spiked with trace 
metals at the USGS NWQL in order to evaluate whether or 
not the sample matrix (the overall chemical composition of the 
sample) affected the quality of the metal analyses .Trace met-
als that were spiked included Fe, Al, Pb, Mo, U, As, Cr, Cu, 

Table 5.  Upper 92–percent confidence limits for contamination 
by major ions in the 70th percentile of all samples on the basis 
of data from field blanks prepared at spring and groundwater 
sampling sites, White Mesa mill study area, Utah.
[Abbreviations: mg/L, milligrams per liter; <, less than]

Analyte Number 
of blanks

Most common 
detection limit 

Concentration 
units

Upper 
92–percent 

confidence limit

Calcium 7 0.04 mg/L 0.41
Chloride 7 0.12 mg/L <0.12
Fluoride 7 0.12 mg/L <0.12
Magnesium 7 0.02 mg/L 0.075
Potassium 7 0.06 mg/L 0.06
Silica 7 0.02 mg/L 0.03
Sodium 7 0.12 mg/L <0.12
Sulfate 7 0.18 mg/L <0.18

Table 6.  Estimates of variability of filtered trace elements and 
nutrients, White Mesa mill study area, Utah.
[Abbreviations: μg/L, micrograms per liter; —, not available]

Chemical 
constituent

Number of 
replicate 

sets

Concentration 
units

95-percent 
confidence 

interval 
for a single 

sample

Minimum 
significance 
 difference 
between 
any two 

individual 
measurements

Aluminum 6 μg/L 0.2 0.3
Antimony 5 μg/L 0.01 0.02
Arsenic 6 μg/L 0.04 0.06
Barium 6 μg/L 2 2
Beryllium 6 μg/L — —
Boron 5 μg/L 5 7
Cadmium 6 μg/L 0.02 0.02
Chromium 6 μg/L 0.06 0.09
Cobalt 6 μg/L 0.01 0.02
Copper 6 μg/L — —
Iron 6 μg/L 1 2
Lead 6 μg/L 0.002 0.003
Lithium 6 μg/L 2.7 3.8
Manganese 6 μg/L 1.6 2.3
Molybdenum 6 μg/L 0.4 0.6
Nickel 5 μg/L 0.05 0.07
Selenium 6 μg/L 0.1 0.1
Silver 6 μg/L — —
Strontium 5 μg/L 31 44
Thallium 6 μg/L — —
Uranium 5 μg/L 0.35 0.5
Vanadium 6 μg/L 0.06 0.08
Zinc 6 μg/L 0.1 0.1
Nitrate + 

nitrite
5 μg/L 0.01 0.02

Orthophos-
phate

5 μg/L 0.002 0.002
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Table 7.  Estimates of variability of unfiltered trace elements, 
White Mesa mill study area, Utah.
[Abbreviations: μg/L, micrograms per liter]

Chemical 
constituent

Number of 
replicate 

sets

Concentration
units

95-percent 
confidence 

interval 
for a single

sample

Minimum 
significance 

difference 
between 
any two 

individual 
measurements

Aluminum 6 μg/L 59.4 84
Arsenic 6 μg/L 0.1 0.2
Chromium 6 μg/L 0.1 0.2
Copper 6 μg/L 0.3 0.4
Iron 6 μg/L 59.1 83.6
Lead 6 μg/L 0.2 0.2
Manganese 6 μg/L 1.6 2.3
Molybdenum 6 μg/L 0.2 0.3
Nickel 6 μg/L 0.2 0.3
Selenium 6 μg/L 0.1 0.2
Uranium 6 μg/L 0.4 0.5
Vanadium 6 μg/L 0.4 0.6
Zinc 6 μg/L 0.3 0.5

Table 8.  Estimates of variability of major ions, White Mesa mill 
study area, Utah.
[Abbreviations: mg/L, milligram per liter] 

Chemical 
constituent

Number of 
replicate 

sets

Concentration
units

95-percent 
confidence 

interval 
for a 

single sample

Minimum 
significance 

difference 
between 
any two 

individual 
measurements

Bicarbonate 3 mg/L 8 12
Calcium 6 mg/L 2.5 3.6
Chloride 5 mg/L 0.7 0.9
Fluoride 5 mg/L 0.13 0.18
Magnesium 6 mg/L 0.4 0.6
Potassium 5 mg/L 0.1 0.14
Silica 6 mg/L 0.2 0.2
Sodium 6 mg/L 1.7 2.4
Sulfate 5 mg/L 8 11

Ni, Se, V, and Zn. With the exception of Fe that was analyzed 
by ICP-AES, spiked elements in the samples were analyzed by 
ICP-MS. Table 9 summarizes the spike amount for each trace 
metal, analytical results for both spiked and unspiked samples, 
and the percent recoveries associated with each analysis. Per-
cent recoveries computed for all samples and elements ranged 
from 63 to 131, with an average of 98. The percent recovery 
for zinc (63) in the April 2009 sample and molybdenum (131) 
in the September 2009 sample both fall outside the US EPA 
percent recovery allowable limits for laboratory-spiked envi-
ronmental samples analyzed by ICP-MS (US Environmental 
Protection Agency, 1994a) or ICP-AES (US Environmental 
Protection Agency, 1994b). On the basis of this observation, 
analytical results for total zinc (Zn) in water samples from the 
West well and total molybdenum (Mo) in water samples from 
Entrance Spring (fig. 1) could be compromised because of 
matrix effects and should be viewed with caution. 

Quality Assurance and Quality Control Summary

The results of all of these quality-control calculations allow 
for a number of statements about the overall data quality. First, 
the amount of bias, as measured by field blanks, indicates that 
contamination of samples did not occur, except for the few 
total metals discussed. The amount of random error, as mea-
sured by the field replicates, is small enough that the compari-
son of samples to a water-quality standard, or the comparison 
of samples collected from different sites or from the same site 
at different times, is not compromised. For the major ions, this 
finding supports the interpretation of the cation/anion balance 
calculations that analytical errors are minimal and that all 
major dissolved ionic species are included in the analysis. For 
dissolved and total metals, the concentration of the dissolved 
metals consistently falling below the concentration of the total 
metals and the concentrations of spiked samples falling within 
acceptable percent recovery ranges in most samples indicate 
that the sample matrix did not significantly affect the analyti-
cal measurement of the metals. High total metal concentra-
tions of Al, Cr, Cu, Fe, V, and Zn measured in field blanks for 
water-quality samples collected from the wells were the only 
parameters that indicated error could affect the interpretation 
of the environmental data. As a result, we conclude that any 
error resulting from the collection, processing, transporting, 
and analysis of the water-quality samples for major ions and 
dissolved and total metals does not affect the overall interpre-
tation of the environmental data. 
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Table 9.  Analytical results for spiked and unspiked samples, and comparison of precent recoveries to EPA percent recovery allowable 
limits for analytical methods 200.7 and 200.8. For unspiked results that are less than the analytical detection limit, one half the detection 
limit was used to compute percent recoveries. Unfiltered samples were spiked. 
[Abbreviations: mm/dd/yyyy, month/day/year; μg, micrograms; μg/L, micrograms per liter; US EPA, United States Environmental Protection Agency; <, less than] 

Local 
identifier

Field 
identifier

Station 
number

Sample 
date

(mm/dd/yyyy)
Parameter

Spike 
amount,

(μg)

Analytical 
result, 

unspiked 
sample, 
(μg/L)

Analytical 
result, 
spiked 
sample, 
(μg/L)

Percent 
recovery

US EPA 
percent 
recovery 

allowable 
limits

(D–37–22)31dcb–S1 Cow Camp Spring 373122109321501 09/17/2008 Iron 100 323 431 108 70–130
Aluminum 50 499 552 106 70–130
Lead 50 0.5 52.8 105 70–130
Molybdenum 50 1.6 55 107 70–130
Uranium 50 9.18 65.7 113 70–130
Arsenic 50 2 50.4 97 70–130
Chromium 50 0.5 51 101 70–130
Copper 50 0.574 46.2 91 70–130
Nickel 50 0.43 47.4 94 70–130
Selenium 50 1.6 44 85 70–130
Vanadium 50 1.56 54.4 106 70–130
Zinc 50 1.04 40.8 80 70–130

(D–37–22)27ccc–S1 Entrance Spring 373202109293401 11/11/2008 Iron 100 43.5 150 107 70–130
Aluminum 50 66.1 116 99 70–130
Lead 50 0.114 53.0 106 70–130
Molybdenum 50 3.87 58.3 109 70–130
Uranium 50 25.7 80.0 109 70–130
Arsenic 50 2.32 53.0 101 70–130
Chromium 50 <0.4 49.9 99 70–130
Copper 50 <4 45.2 86 70–130
Nickel 50 0.41 46.3 92 70–130
Selenium 50 8.95 55.9 94 70–130
Vanadium 50 5.35 56.3 102 70–130
Zinc 50 <2 43.1 84 70–130

(D–38–22)8dcd–1 West well 372930109310701 04/21/2009 Iron 100 219 313.0 94 70–130
Aluminum 50 <18 54.9 92 70–130
Lead 50 4.74 57.3 105 70–130
Molybdenum 50 43.5 85.6 84 70–130
Uranium 50 18 73 110 70–130
Arsenic 50 2.5 47.8 91 70–130
Chromium 50 4.1 55.5 103 70–130
Copper 50 13 57.9 90 70–130
Nickel 50 10 53.4 87 70–130
Selenium 50 0.52 42.3 84 70–130
Vanadium 50 <4.8 53 101 70–130
Zinc 50 24.8 56.4 63 70–130

(D–37–22)27ccc–S1 Entrance Spring 373202109293401 09/23/2009 Iron 50 46.2 90.6 89 70–130
Aluminum 50 51.6 107.4 112 70–130
Lead 50 0.28 47.5 94 70–130
Molybdenum 50 3.87 69.2 131 70–130
Uranium 50 20.2 80.4 120 70–130
Arsenic 50 2.31 53 101 70–130
Chromium 50 <0.4 52.7 105 70–130
Copper 50 <4 46.6 89 70–130
Nickel 50 0.64 47.4 94 70–130
Selenium 50 8.1 56.8 97 70–130
Vanadium 50 5.24 58.1 106 70–130
Zinc 50 2.07 47.4 91 70–130
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Description of Study Area
The White Mesa uranium mill is located on White Mesa 

in San Juan County, Utah (fig. 1). White Mesa is composed of 
Quaternary eolian deposits that overlie a sequence of Meso-
zoic rocks (fig. 2). Two aquifers are used by Ute Mountain Ute 
tribal members in the vicinity of the White Mesa uranium mill. 
A shallow, unconfined aquifer exists in the Dakota Sandstone 
and Burro Canyon Formation, which extends to a depth of 
about 23 m. The water in this aquifer is the source of numer-
ous springs located on the reservation south of the mill. The 
water in these springs is used by tribal members for drinking 
and watering cattle, and by wildlife hunted by tribal mem-
bers. Below the Burro Canyon Formation are about 366 m of 
low-permeability rocks (Morrison Formation) overlying the 
Entrada and Navajo Sandstones, which support the aquifer 
supplying drinking water to tribal members in the town of 
White Mesa.

To evaluate the potential for dissolution of airborne 
material (potential sources include ore-storage piles, alter-
native feed-storage area, and drying stacks) deposited on 
soil and leakage from the tailings ponds to contaminate the 
groundwater of White Mesa, it is necessary to understand (1) 
the direction of groundwater flow, (2) the residence time of 
groundwater, and (3) whether the geochemistry of the ground-
water enhances or retards transport of U. To understand these 
factors, knowledge of the mineralogy (chemical composition) 
and hydrologic properties of the rocks composing White Mesa 
is essential. In the next section, a summary of the lithology 
of the rocks in the White Mesa, described by Witkind (1964) 
and Johnson and Thordarson (1966), is given, beginning at the 
bottom of the stratigraphic column with the Navajo Sandstone 
and progressing up through the stratigraphic column to end 
with the Eolian Sand. A summary of the hydrologic proper-
ties of these rocks, described by Whitfield and others (1983) 
and Freethey and Cordy (1991), is given in the “Hydrology” 
section. 

Lithology of the Rocks Composing White Mesa

Navajo Sandstone
The Navajo Sandstone is Late Triassic/Early Jurassic in 

age, eolian in origin, and is about 125 m thick near the Abajo 
Mountains. It is a very pale orange, massive crossbedded, fine- 
to medium-grained, quartz sandstone that is generally well 
sorted and is characterized by long, sweeping tangential sets of 
cross strata. The Navajo Sandstone is composed primarily of 
subround to round, frosted quartz grains ranging in diameter 
from 0.05 to 0.36 mm, with most grains having a diameter of 
about 0.15 mm. All of the quartz grains are covered by a thin 
film of iron oxide. The Navajo Sandstone is poorly cemented 
and friable, with silica acting as the principal cement, but 
calcite and iron oxide also act as cement. Near the top of the 
Navajo Sandstone, several limy sandstone beds, most of them 
about 4 feet thick and of limited lateral extent, occur. Calcite is 
the dominant cement in these deposits. 

Entrada Sandstone
The Entrada Sandstone is Late Jurassic in age, eolian in 

origin, and 91 to 122 m thick in southeast Utah. It is a very 
pale orange massive friable crossbedded, very fine to medium-
grained sandstone. The Entrada Sandstone is composed 
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Figure 2.  Stratigraphic column for White Mesa, San Juan 
County, Utah (Titan Environmental Corporation, 1994). 
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primarily of angular to well-rounded quartz grains ranging in 
diameter from about 0.05 to 0.3 mm, with most of the grains 
having a diameter of about 0.15 mm. The sandstone beds are 
weakly cemented by calcite, silica, and iron oxide. 

Summerville Formation
The Summerville Formation is Late Jurassic in age and 

ranges in thickness from 20 to 38 m but in most places is 26 m 
thick. The sediments composing the Summerville Formation 
were deposited in a marine and marginal marine environ-
ment and consist of alternating beds of pale reddish-brown to 
moderate reddish-brown shaly siltstone and very fine to fine-
grained sandstone. 

Morrison Formation
The Morrison Formation of Late Jurassic age overlies the 

Summerville Formation and has been divided into the Salt 
Wash Member, the Recapture Member, the Westwater Canyon 
Member, and the Brushy Basin Member. All of the sediments 
composing the Morrison Formation were deposited by streams 
whose source was a highland area midway along the state line 
between Arizona and Utah. 

The Salt Wash Member of the Morrison Formation is com-
posed of lenticular sandstone beds that alternate at irregular 
intervals with beds of silty claystone, mudstone, and siltstone, 
and it averages about 300 feet in thickness in southeastern 
Utah. The sandstone beds of the Salt Wash Member range 
in color from moderate grayish yellow to light gray. All of 
the sandstone beds are crossbedded and moderately friable 
and range in thickness from 0.3 to 12 m but can be as much 
as 61 m thick in the few places where the intervening clay-
stone beds become sandy and form a continuous sandstone 
sequence. The sandstone is composed primarily of fine (0.20 
mm) to coarse (0.65 mm), angular to round, frosted grains of 
quartz with small amounts of microcline and chert that are 
moderately to well cemented by calcite, silica, and iron oxide. 
Stringers of conglomerate, claystone, and carbonaceous mate-
rial are scattered unevenly throughout the sandstone. The clay-
stone, mudstone, and siltstone beds are chiefly pale reddish 
brown but locally are altered to yellowish gray. Pale reddish-
brown thin-bedded, very fine, fine-, and medium-grained 
sandstone beds that laterally grade into the claystone-siltstone 
sequence are interbedded through the claystone and siltstone 
beds of the basal part of the Salt Wash. 

The Recapture Member of the Morrison Formation is 
composed of interbedded grayish-red, silty and sandy clay-
stone and thin lenses of light brown fine- to medium-grained 
sandstone; it ranges in thickness from 0 to 61 m in southeast 
Utah. The Recapture Member intertongues with and grades 
into the Salt Wash near Blanding, Utah, becoming unrecog-
nizable as a separate formation. Several facies, including a 
conglomeratic sandstone facies, an intermediate sandstone 
facies, and an outer claystone and sandstone facies, have been 
identified in the Recapture Member. In southeast Utah, the Re-
capture is predominantly claystone containing a few isolated 
lenses of sandstone or conglomerate. 

The Westwater Canyon Member of the Morrison is com-
posed of interbedded yellowish-brown fine- to coarse-grained 
sandstone and minor amounts of greenish-gray to reddish-
brown silty and sandy claystone, and it is as much as 76 m 
thick in southeastern Utah. The Westwater Canyon Member 
intertongues with, and grades into the lower part of the Brushy 
Basin Member between Blanding and Monticello, Utah. 

The Brushy Basin Member of the Morrison Formation is 
composed of beds of impure structureless, variegated clay-
stone, mudstone, and siltstone that range in thickness from 84 
to 107 m. It has an average thickness of about 91 m in the area 
surrounding the Abajo Mountains. These beds are described as 
a moderate greenish yellow, streaked irregularly by pale red, 
light red, and light brownish gray. In general, the claystone 
matrix consists of minute (0.01 mm and smaller) angular 
grains of quartz cemented by calcite and silica. Angular to 
subround quartz grains that range from 0.05 to about 0.21 mm 
in diameter, with most being about 0.1 mm, are scattered irreg-
ularly through the matrix. Much bentonitic clay of volcanic 
origin is also present. Johnson and Thordarson (1966) state 
that, locally, the Brushy Basin Member contains thin beds of 
limestone and beds of grayish-red to greenish-black siltstone 
that were probably deposited in small fresh-water lakes.

Burro Canyon Formation and Dakota Sandstone 
Witkind (1964) discusses these two formations as a single 

unit because of the poor exposures and the indiscernible 
contact between them in the Abajo Mountains area. The Burro 
Canyon Formation is of late Cretaceous age, and the Dakota 
Sandstone is of early Cretaceous age. In the vicinity of the 
Abajo Mountains, the Burro Canyon Formation consists of 
alternating beds of conglomerate, conglomeratic sandstone, 
and sandstone. The sandstone beds are light gray and pale 
grayish-orange, friable, massive in places, but locally, thin 
to thick bedded, crossbedded, and channeled. The dominant 
mineral is quartz, with small amounts of microcline and 
chert present. The shape of the grains range from angular to 
well rounded, and they have diameters ranging from 0.02 to 
0.5 mm, with most being about 0.1 mm in diameter. Calcite is 
the dominant cement, with silica and iron oxide also function-
ing as cement. The conglomerate and conglomeratic sandstone 
are normally at the base of the Burro Canyon Formation, and 
the rocks become less coarse near the top. 

The Dakota Sandstone is described as a pale grayish-
orange to yellowish brown, massive, intricately crossbedded, 
friable fine- to coarse-grained sandstone. Scattered irregularly 
through the Dakota Sandstone are lenses of conglomer-
ate, dark-gray claystone seams, and lenticular carbonaceous 
seams. The sandstone consists chiefly of quartz grains that are 
cemented by silica and calcite. The grains are of two sizes; 
most common are angular grains about 0.06 mm in diameter 
that surround large numbers of well-rounded quartz grains 
about 0.40 mm in diameter. 
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Eolian Sand
The surface of the eastern portion of the White Mesa, 

including the mill site area, has been mapped as an eolian 
deposit by Haynes and others (1972). Witkind (1964) 
describes this deposit in the area north of Blanding, Utah, as 
“unconsolidated pale reddish brown dune sand composed of 
angular to well-rounded quartz grains that range from 0.02 to 
0.20 mm in diameter. All the grains are covered by a film of 
iron oxide that gives them a distinctive reddish brown appear-
ance. The iron oxide also acts as a weak cement, and many of 
the feebly held grains form aggregates as much as 0.4 mm in 
diameter.”

Uranium Deposits

Johnson and Thordarson (1966) state that U deposits in 
southeast Utah occur as tabular deposits nearly parallel to the 
bedding in fluvial sandstones that range in thickness from a 
few centimeters to 6 m or more, and in width from 0.6 to more 
than 305 m. 

The source of the U and other metals in Colorado Pla-
teau U deposits is not known; however, lead-uranium ratios 
indicate that these ores are about 65 million years old, and 
the enclosing rocks are much older: the Morrison Formation 
is 130 million years old, so the ore minerals had to have been 
epigenetically introduced or redistributed (Johnson and Thor-
darson, 1966). Thus, the metals apparently were deposited 
from solutions that mostly traveled laterally through the rocks 
until confinement caused precipitation of the ore minerals in a 
favorable host rock. The distribution of the ore-bearing solu-
tions over large areas on the Colorado Plateau is indicated by 
the widespread occurrence of uranium, vanadium, and copper 
deposits. 

Of the formations present in the White Mesa, Johnson and 
Thordarson (1966) state that U deposits in amounts suitable 
for economic recovery occur only in the Salt Wash Member 
of the Morrison Formation. Johnson and Thordarson (1966) 
state that “significant ore deposits, however, are not evenly 
distributed through the Salt Wash but rather are clustered in 
eastward-trending belts of relatively favorable ground thought 
to represent the traces of ancient stream channels or channel 
systems on the Salt Wash fan.” Favorable ground is defined 
as areas within the Salt Wash Formation that contain a greater 
percentage of sandstone and have sandstone lenses that are 
thicker than average, which can indicate the position of rather 
persistent trunk channel systems. 

Among other formations found on the White Mesa, the 
Navajo and Entrada Formations, the Recapture and Westwater 
Canyon Members of the Morrison Formation, and the Sum-
merville Formation are thought to contain no appreciable 
potential U reserves. The Brushy Basin could contain appre-
ciable potential reserves of low-grade ore and sub ore-grade 
uranium-bearing rock because of the presence of uranium 
deposits 1,000 to 10,000 tons or more in size in the vicinity 
of the study area. The Burro Canyon Formation and Dakota 

Sandstone are not known to contain significant uranium 
deposits in the report area, even though the sandstone beds of 
the Burro Canyon and Dakota Formations are similar in many 
respects to the ore-bearing rocks in the Salt Wash Member 
of the Morrison Formation. Most likely this was caused by 
the blanket like sandstone beds of the Burro Canyon and 
Dakota dispersing, rather than concentrating, uranium-bearing 
solutions. 

Hydrology

The area surrounding the Ute Mountain Ute community 
of White Mesa experiences a climate characterized by meager 
and undependable rainfall, with large annual ranges in temper-
ature and a season of severe cold. Average yearly precipitation 
measured at Blanding, Utah, from 1904 to 2005, was 34 cm 
(Western Regional Climate Center, 2010). 

A conceptual model of the hydrologic cycle on the White 
Mesa is shown in figure 3. This model was developed using 
information presented in Whitfield and others (1983), Freethey 
and Cordy (1991), Kirby (2008), quarterly monitoring reports 
produced by the mill for the State of Utah, and our observa-
tions. Groundwater in the White Mesa occurs within each for-
mation shown in figure 2; however, not all of these formations 
function as aquifers. According to Freethey and Cordy (1991), 
the Dakota Sandstone and Burro Canyon Formation support 
an unconfined aquifer. The Westwater Canyon, Recapture, and 
Salt Wash members of the Morrison Formation house a con-
fined aquifer that is not used by tribal members. The Navajo 
Sandstone contains a confined aquifer that provides drinking 
water to the towns of White Mesa and Blanding. The Brushy 
Basin Member of the Morrison Formation and the Summer-
ville Formation act as aquitards that prevent the mixing of 
groundwater with the formations above and below them. The 
conceptual model and the rest of the discussion in this section 
focus on the unconfined aquifer in the Dakota Sandstone and 
Burro Canyon Formation because it is the potential for mill 
contamination of this aquifer that concerns the Ute Mountain 
Ute Tribe. Groundwater in this aquifer flows south/southeast 
from the mill to the Ute Mountain Ute Reservation (Kirby, 
2008), and the springs, emanating primarily from the Burro 
Canyon Formation, are used by tribal members. 

Precipitation falling on the White Mesa is a major source 
of recharge to the unconfined aquifer. There are no perma-
nent streams on the White Mesa within these formations, 
and these formations do not extend to the Abajo Mountains; 
thus, they are isolated from the Abajo Mountains and cannot 
be recharged from precipitation falling on the Abajo Moun-
tains. The infiltration of precipitation on the White Mesa is 
facilitated by the presence of eolian sand, which increases 
recharge potential because it is easily infiltrated and pre-
vents rapid evaporation or runoff (Witfield and others, 1983). 
Groundwater recharge to this aquifer probably varies sea-
sonally because of greater precipitation in winter on White 
Mesa, 19.8 cm in winter compared to 12.1 cm in summer, 
(National Oceanic and Atmospheric Administration (NOAA); 
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http://www.ncdc.noaa.gov/oa/ncdc.html) in combination with 
the lower winter air temperatures, likely results in most of the 
groundwater recharge occurring in the winter months. 

Another source of groundwater recharge to the unconfined 
aquifer east and northeast of the mill is Recapture Reser-
voir. Two wildlife ponds constructed by the mill to attract 
birds away from the tailing cells are filled with water from 
Recapture Reservoir. Water from these wildlife ponds leaks 
downward into the unconfined aquifer and flows east toward 
Entrance Spring. Northeast of the mill and north of Entrance 
Spring, water from Recapture Reservoir is used to irrigate 
agricultural fields, which percolates down to the unconfined 
aquifer. Evidence for both of these sources of groundwater 
recharge is discussed in the “Hydrology” subsection of the 
“Results and Discussion.” 

Precipitation is probably the only source of recharge to the 
two aquifers beneath the unconfined aquifer. A major source 
of recharge for the Morrison Formation is most likely the 
Abajo Mountains because the Morrison Formation is exposed 
from White Mesa north, so precipitation falling on the Abajo 
Mountains could recharge this aquifer. One potential recharge 
area for the Entrada and Navajo Sandstones is precipitation 
falling on Comb Ridge to the west of the study area (Freethey 
and Cordy, 1991). 

Groundwater discharge from the unconfined aquifer 
occurs primarily by evapotranspiration and discharge from the 
numerous springs around White Mesa that occur at the contact 
of the Burro Canyon Formation and the Brushy Basin Mem-
ber of the Morrison Formation. Although most groundwater 
recharge probably occurs in winter, and the eolian sand facili-
tates groundwater recharge, most precipitation probably never 
reaches the water table. Whitfield and others (1983) state that 
in recharge areas in southeast Utah, an estimated 2 percent of 
average annual precipitation reaches the zone of saturation. 

Freethey and Cordy (1993) state that in southeast Utah only 
about 1 percent of precipitation recharges aquifers exposed at 
the surface, which receive 20 to 25 cm of winter precipitation. 
Seepage to the underlying Brushy Basin Member of the Mor-
rison Formation is thought to be negligible because the Brushy 
Basin Member is considered a confining unit, as described 
above and shown by the number of springs in the area. 

One key concern with respect to the fate of any contami-
nant potentially released from the mill to groundwater is the 
speed at which it would migrate in groundwater and discharge 
to the springs around White Mesa that are used by tribal mem-
bers. A consultant hired by the mill (Titan, 1994) estimated 
travel times between 8,900 and 13,400 years for groundwater 
to travel distances of 8,000 to 12,000 feet. These estimates 
were calculated with Darcy’s Law using hydraulic conductiv-
ity data obtained from 12 single, well-pumping/recovery tests 
and from 30 packer tests. 

The calculation of groundwater travel times with Darcy’s 
Law is a valid method. The permeability tests, however, 
were performed in wells only on mill property north of the 
reservation and would not have measured permeability in the 
Dakota Sandstone and Burro Canyon Formation south of mill 
property. As a result of the heterogeneous composition of the 
stream sediments that compose the Dakota Sandstone and 
Burro Canyon Formation, it is possible that permeability on 
mill property is not representative of permeability south of 
the mill. In these formations, it is entirely possible that highly 
permeable pathways, such as joints, fractures, or paleo-stream 
channels, exist between the mill and the reservation, which 
could result in faster groundwater travel times than those 
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Figure 3.  Conceptual model of the near-surface principal aquifers and occurrence of discharge and recharge on White Mesa, San 
Juan County, Utah.
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calculated using permeability data measured only on mill 
property. Therefore, the calculated groundwater travel times 
potentially are not an accurate measurement of the time it 
takes groundwater to travel from the mill to the reservation. In 
this study, a different approach was taken to estimate ground-
water travel times that used measurements of concentrations 
of noble gases and the isotopes, tritium and helium-3. These 
measurements are used to calculate the time elapsed since 
water infiltrated the aquifer and arrived at the sampling loca-
tion, either a well or a spring. As a result, this method accounts 
for differences in permeability along the groundwater flow 
path. The results of this sampling are discussed in the “Noble 
Gases and Tritium/Helium-3” subsection of the “Results and 
Discussion.”

Mill Operations

Production Circuit
The White Mesa uranium mill was originally designed 

for a capacity of 1,500 dry tons per day, but the capacity was 
boosted to the present rated design of 1,980 dry tons per day 
prior to commissioning (U.S. Department of Energy, 2005). 
Mill operations are periodic, and the periods of mill operation 
have been as follows:

May 6, 1980–February 4, 1983: 1,511,544 tons of ore and 
other materials were processed

October 1, 1985–December 7, 1987: 1,023,393 tons were 
processed

July 1988–November 1990: 1,015,032 tons were processed
August 1995–January 1996: 203,317 tons were processed
May 1996–September 1996: Processed 3,868 tons of cal-

cium fluoride material
Since early 1997: The mill has processed over 100,000 

tons from several additional feed stocks.
From November 1999 to April 2002 the mill was in 

standby status (INTERA, 2006). During this time, the mill 
received and stockpiled alternate feed materials. From April 
2002 to May 2003, 266,690 tons of alternate feed materials 
were processed. Subsequently, the mill returned to standby 
mode but continued to stockpile alternate feed materials. The 
mill is currently operating, having commenced operations in 
March 2005, with the processing of Cameco alternate feed 
materials. During this mill run, additional alternate feed mate-
rials currently in stockpile will also be processed. The mill 
began processing conventionally mined ores during the first 
quarter of 2008.

Trucks delivering alternative feed materials to the mill 
arrive at the Blanding Ore Buying Station and drive up on 
large scales to be weighed (U.S. Department of Energy, 2005). 
The trucks then move to the buying station yard and unload 
their ore in designated areas. From there, large front end load-
ers move the ore to the buying station, where it is temporarily 
stockpiled on an ore storage pad that covers an area of approx-
imately 8 hectares. The pad is underlain by compacted, mostly 
fine-grained material. Crushed limestone was reported to have 
been incorporated into the pad at the time of construction. The 

surface of the pad is sloped to promote drainage and prevent 
offsite movement of drainage. The alternative feed materials 
are temporarily staged until a sufficient quantity is received to 
run the mill. The period that materials are stockpiled varies but 
is typically about 2 years. Feeds currently stored on the site 
in piles typically cover an area of approximately 0.04 to 0.61 
hectares and often merge. Pile thicknesses vary but can exceed 
9 m.

Leaching U from crushed ore requires treating the ore with 
heat, a strong acid (sulfuric acid), and an oxidant (sodium 
chlorate). The resulting solution is referred to as “pregnant 
liquor.” To extract U dissolved in the pregnant liquor, kero-
sene is added, which concentrates U in the organic phase. The 
organic and aqueous phases of this mixture separate (U laden 
kerosene floats to the top of the solution), after which the U is 
extracted from the kerosene by the addition of acidified brine. 
The U is precipitated from the acidified brine solution using 
ammonia, air, and heat. To complete the U extraction process, 
the precipitated U is dried at approximately 650ºC, which 
dewaters the U oxide and burns off any additional impurities 
as well (International Uranium Corp., 2010). 

Tailings Circuit
The Dakota Sandstone is the uppermost strata in which 

the tailings disposal cells are sited (Titan, 1994). The tailings 
facilities at White Mesa mill consist of four cells. Cell 1 is 
constructed with a 3.0-cm thick PVC earthen-covered liner 
and is used to store the process solution. Cell 2 is constructed 
with a 3.0-cm thick PVC earthen-covered liner and is used 
to store the barren tailings sands. Cell 3 is constructed with a 
3.0-cm thick PVC earthen-covered liner and is used to store 
the barren tailings sands and solutions. Seams in the liner for 
Cell 4A were compromised as a result of thermal stress from 
years of exposure to full sunlight. Because of sunlight dam-
age to the liner material in Cell 4A that started in the 1990s, 
relining of Cell 4A began in 2007, which now provides an 
additional 2 million tons of tailings capacity (Denison Mines, 
2010).

Wet tailings disposal cells store slurried tailings, and dry 
tailings disposal cells store low-moisture-content tailings from 
mill operations (Titan Environmental Corporation, 1994). 
An engineered cap is placed over the tailings in the wet and 
dry cells to limit infiltration of precipitation. The wet tail-
ings disposal cell has a 15-cm base/drainage layer of crushed 
rock and sand overlain by a synthetic liner. Under operational 
conditions, the tailings are placed within the cell as slurry; 
therefore, the tailings are completely saturated. The maximum 
depth of the tailings within the cell is three feet below the top 
of the cell dike (freeboard limit). The cap for the wet tailings 
disposal cell is identical to that for the dry tailings disposal 
cell. The bottom of the latter cell has a 0.3-m clay layer base, 
which is overlain with a synthetic liner. Dry tailings are placed 
within the cell over the liner. The dry cell cap consists of a 
1.2-m thick random-fill base layer overlain by 0.3 m of clay, 
0.3 m of filter material (capillary break), 1.1 m of random fill 
(protective layer), and a rock cover.
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As a zero permitted discharge facility, the White Mesa mill 
must evaporate all of the liquids used during processing (Titan 
Environmental Corporation, 1994). This evaporation takes 
place in two areas: Cell 1, which is used for solutions only, 
and Cell 3, in which tailings and solutions exist. The original 
engineering design indicated that a net water gain to the cells 
would occur during mill operations. In addition to natural 
evaporation, spray systems occasionally have been used to 
enhance evaporation rates and control dust. To minimize net 
water gain, solutions are recycled from the active tailings cells 
to the maximum extent possible. Solutions from Cells 1 and 
3 are brought back to the counter current decantation circuit, 
where additional extraction can be realized. Recycling to other 
parts of the mill circuit is not feasible because of the acid 
content of the solution. 

Ongoing tailings reclamation occurs through the following 
processes. As each tailings cell is filled with tailings, solutions 
are separated from tailings solids and pumped to the evapora-
tion pond. Tailings solids are allowed to dry in place. As each 
cell reaches final capacity, reclamation will begin with the 
placement of interim cover over the tailings. As additional 
cells are excavated, the overburden is used to reclaim previous 
cells. This sequential reclamation process is intended to reduce 
total reclamation time as well as reduce potential for adverse 
effects to human health and the environment.

An overview of mill operations has lead to the identifica-
tion of a few potential exposure pathways of heavy metals 
from the mill to tribal members (fig. 4). These air and ground-
water exposure pathways of U and other metals to tribal mem-
bers include (1) airborne dust from ore storage pads and trucks 
delivering ore to the mill, as well as emissions from the mill’s 
drying ovens; (2) dissolution of airborne dust deposited on the 

soil; and (3) leakage from the tailings ponds to the groundwa-
ter aquifer, which flows from the mill toward the reservation.

Results and Discussion
This section presents the data collected during the inves-

tigation and the interpretive results. The first topic presented 
and discussed is hydrology, which includes age dating and 
observed changes in water levels during the study period. 
Next, water-rock interaction is discussed, which describes the 
primary geochemical processes controlling groundwater qual-
ity in the study area. The two sections following that describe 
trace-element concentrations and distributions, and uranium 
mobility in the aquifer systems within the study area. After 
that is a discussion of the isotope geochemistry of uranium, 
oxygen, hydrogen, and sulfur and how these isotopes can help 
to identify contaminant and recharge sources to the groundwa-
ter. The final two topics are the concentration of trace elements 
in sediment samples associated with ephemeral drainages and 
vegetation samples adjacent to the mill site.

Hydrology

Noble Gases and Tritium/Helium-3
Dissolved-gas samples were collected and analyzed to 

evaluate the groundwater recharge temperature. Most noble 
gases that are dissolved in groundwater originate in the atmo-
sphere. As water recharges the aquifer, it becomes isolated 
from the atmosphere, and the dissolved-gas concentrations 
are “fixed” on the basis of solubility relative to temperature, 
pressure, and salinity at the water table (Aeschbach-Hertig and 
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Sandstone/Burro Canyon FormationLeakage to the
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the ore-storage pads to surrounding areas
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Figure 4.  Potential sources of contamination from the mill site to surrounding areas.
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others, 1999; Ballentine and Hall, 1999; Stute and Schlosser, 
2001). Because these gases are generally nonreactive along 
flow paths in the subsurface, their dissolved concentrations 
measured in groundwater at points of discharge (wells and 
springs) provide a record of physical conditions (temperature 
and pressure) that reflect the altitude of the ground-water 
recharge location. For this study, dissolved concentrations of 
N2, 

40Ar, 84Kr, 20Ne, and 129Xe were used in the closed system 
equilibration model (Aeschbach-Hertig and others, 2000; 
Kipfer and others, 2002) to calculate estimated groundwater 
recharge temperature, pressure, excess air, and a fractionation 
factor (related to the partial dissolution of trapped air bubbles). 
Because there are five known parameters (the individual 
dissolved-gas concentrations) and four unknowns, this is an 
over-determined problem that can be solved (optimized) with 
a system of linear equations.

The dissolved-gas concentrations of N2, 
40Ar, 84Kr, 20Ne, 

4He, and 129Xe in groundwater are listed in table 10. Estimated 
most-probable recharge temperatures for wells completed 
in (East, West, and Millview wells; table 1) and springs 
(Entrance, Oasis, Ruin, and Cow Camp Springs) emanat-
ing from the shallow Dakota Sandstone and Burro Canyon 
aquifers range from 14 to 20°C. This temperature range is 
coincident with identified sources of local recharge through 
infiltration of precipitation or artificial recharge by wildlife 
refuge ponds adjacent to the mill site on White Mesa. Esti-
mated most-probable recharge temperatures for two wells 
completed in the Navajo Sandstone aquifer (north and south 
wells) range from 8 to 9°C, and likely indicate water origi-
nating from higher elevations, such as known recharge areas 
near the Abajo Mountains northwest of the study area, not at 
altitudes common to the White Mesa area.

Tritium (3H) is a radioactive isotope of hydrogen that 
decays to tritiogenic helium-3 (3Hetrit) and has a half-life of 
12.3 years. Tritium is produced in the upper atmosphere and 
occurs naturally in precipitation at concentrations of less than 
about 8 tritium units (TU) in northern Utah (International 
Atomic Energy Agency, 2010). Testing of above-ground ther-
monuclear weapons in the 1950s and 1960s was the source for 
3H concentrations in precipitation, which peaked at more than 
1,000 TU in the northern hemisphere. The ratio of 3H to 3Hetrit 
yields the apparent age (time since recharge occurred) of a 
groundwater sample according to the following equation: 

	 t = λ–1 ln((3Hetrit/
3H)+1)	 (6)

where 
	 t	 is the apparent age in years, and
	 λ	 is the 3H decay constant of 0.0563 per year.

The 3H/3He method, used to date water younger than about 
50 years, is explained in detail by Solomon and Cook (2000).

The age derived from equation (6) reflects mixed waters of 
different ages and, for that reason, is called the “apparent age” 
of a sample. Note that a sample containing a mixture of mod-
ern and pre-modern water (where “modern” refers to recharge 
that occurred during or after the period of above-ground 

nuclear testing and “pre-modern” refers to recharge occurring 
before that time), however, always will appear to have the age 
of the modern fraction because dilution with pre-modern water 
does not change the ratio of 3H to 3Hetrit. The amount of mix-
ing between modern and pre-modern recharge water can be 
determined with mixing curves using historic concentrations 
of tritium in rainfall.

3H/3He age data for water sampled in the White Mesa area 
range from recent, or “modern,” to very old, as indicated by 
the presence of elevated amounts of 4Heterr derived from the 
decay of uranium to thorium over long periods (table 10). 
Samples from wells finished in the shallow Dakota Sandstone/
Burro Canyon aquifer had apparent ages greater than 50 
years (East, West, and Millview wells). Analysis of samples 
from wells finished in the Navajo Sandstone aquifer yielded 
ages greater than 50 years (North and South wells), and had 
elevated levels of terrigenic 4He compared to other sites. 
Water from Cow Camp Spring had an apparent age of 12 to 19 
years. Both Oasis and Entrance Springs had water with recent 
apparent ages (fig. 5). Cow Camp Spring was the only site that 
yielded 3Hetrit, or dissolved helium derived from tritium decay, 
which allowed for calculation of apparent age by using the 
ratio of 3Hetrit to 3H in the water. Sites categorized as “recent” 
have detectable amounts of 3H but no 3Hetrit, which results in a 
calculated apparent age equal to zero. 

The apparent age and probable recharge temperatures 
of water derived from wells completed in the Dakota/Burro 
Canyon aquifer suggest that the aquifer is locally recharged by 
precipitation and that lateral water movement in the aquifer is 
low, given the isolated geographic conditions present on White 
Mesa. The apparent age of Entrance Spring could indicate 
a localized and possibly induced flow path from artificial 
recharge. A potential source for this artificial recharge includes 
infiltrating water from the unlined wildlife refuge ponds 
located to the northeast of the mill site and irrigated agricul-
ture surrounding Blanding, Utah. This possibility is justified 
further by data presented in Hurst and Solomon (2008), who 
found measurable levels of 3H in monitoring wells surrounding 
the wildlife refuge ponds within the mill site, indicating infil-
tration from the wildlife ponds. Other shallow wells located on 
White Mesa have apparent ages that are greater than 50 years 
and are indicative of areas where infiltration by precipitation is 
the dominant source of recharge. Two sites, Cow Camp Spring 
and Oasis Spring, have apparent ages of very recent (1990s) 
and modern, respectively. These sites are both located farther 
from the mill site and wildlife ponds than Entrance Spring 
and are likely recharged by water derived from precipitation 
and localized stream flow paths associated with the ephemeral 
stream channels in which they occur. Entrance Spring dis-
charges in an ephemeral stream channel also but is within the 
area where water-levels are influenced by the wildlife ponds 
(Denison Mines, 2008; fig. 8). 
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Water Levels 
Non-vented and vented pressure transducers were installed 

at the West and East wells, respectively (fig. 5), and data were 
logged hourly from late December 2007 to late April 2009 and 
late December 2007 to late September 2009, at the respective 
wells, except when equipment malfunctioned, resulting in 
periods of missing data. Also, barometric pressure was logged 
hourly at the West well, and subtracted from the water pres-
sure transducer data logged at the site. Water pressure readings 

were transformed to water level, in feet below land surface 
datum (lsd), and verified with measurements of water level 
made in the field with an electronic tape. Water levels mea-
sured at each well varied by less than 0.37 m during the moni-
toring period and ranged from 25.60 to 25.93 m below lsd at 
the West well and from 16.67 to 17.03 m below lsd at the East 
well (Figs. 6 and 7). From late December 2007 to late June 
2008 there was a slight trend toward increased water levels, on 
the order of 0.06 m, at both wells. On the basis of data from 
the West well, this trend appeared to level off by August 2008, 

and, on the basis of data from the East well, it 
was not repeated the following year. 

Water-level fluctuations measured at the 
West and East wells are strongly correlated 
(fig. 8), indicating that the wells are screened 
in the same aquifer (Dakota aquifer). The rela-
tively minor water-level fluctuations observed 
at both wells support the interpretation by con-
sultants and others that the Dakota aquifer in 
the vicinity of the mill is perched and isolated 
from significant recharge from high-elevation 
precipitation and perennial streams (Titan 
Environmental Corp., 1994; Intera, Inc., 2006; 
Denison Mines Inc., 2008). If water levels in 
the wells were influenced by high-elevation 
precipitation and perennial streams, one would 
expect to see clear trends, such as increased 
water levels in response to precipitation events 
or seasonal factors, such as infiltration of 
snowmelt. The minor increase in water levels 
from December 2007 to June 2008 seen in 
figures 6 and 7 could be related to greater than 
normal precipitation that was measured on 
White Mesa at Blanding, Utah, from Decem-
ber 2007 to February 2008 (Fig. 9; National 
Oceanic and Atmospheric Administration, 

2010). During this period, 
24.1 cm of precipitation was 
measured, which is nearly 160 
percent greater than normal. 

Despite the use of a vented 
transducer at the East well, 
and subtracting barometric 
pressure from pressure values 
logged by the non-vented 
transducer in the West well, 

there is a strong correlation between water 
levels measured at both wells and barometric 
pressure measured at the West well (fig. 8). 
This could indicate relatively high barometric 
efficiency, suggesting that the Dakota aquifer is 
semi-confined in the vicinity of the mill (Fitts, 
2002). This is consistent with the low porosity 
and hydraulic conductivity values associated 
with the Dakota aquifer (Freethey and Cordy, 
1991; Denison Mines Inc., 2008). 
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Figure 5.  Apparent ages of water samples collected from wells and springs 
surrounding the White Mesa mill site in southeastern Utah. 
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Figure 7.  Hourly water levels measured in the East well from December 17, 2007, to April 21, 2009. 

Figure 6.  Hourly water levels measured in the West well from December 20, 2007, to September 22, 2009.  
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Figure 8.  Water level and barometric pressure logged at the West well and water level logged at the East well from December 20, 
2007, to March 11, 2008. 

Figure 9.  Monthly precipitation departure from normal, in inches, for Blanding, Utah, from January 2007 to December 2009. 
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Water-Rock Interaction

The mobility of U, if introduced from the mill into the 
unconfined aquifer in the Dakota Sandstone/Burro Canyon 
Formation, would be a function of the chemical composition 
of the groundwater in this aquifer. Therefore, in this section, a 
detailed analysis of the processes controlling the geochemistry 
of groundwater in this aquifer is undertaken using data pre-
sented in Appendix 1. In the “Uranium Mobility” section, the 

information learned from this analysis is combined with the 
physical and chemical properties of U to evaluate the potential 
for U mobility in groundwater throughout the White Mesa. 

Groundwater in the Dakota Sandstone/Burro Canyon For-
mation in the White Mesa is characterized by neutral pH, the 
presence of dissolved oxygen, and much greater spatial vari-
ability than temporal variability in the composition of major 
ions (figs. 10–13).

Figure 10.  pH of water samples collected from springs and wells in the vicinity of the White Mesa mill, San Juan County, Utah. 

Figure 11.  Concentration of dissolved oxygen in water samples collected from springs and wells in the vicinity of the White Mesa mill, 
San Juan County, Utah. 
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Figure 12.  Average major-ion composition of water samples collected from wells and springs adjacent to the White Mesa mill, San 
Juan County, Utah. 

Dissolved oxygen is present in groundwater throughout 
White Mesa because there is little organic matter in the soil 
(Hansen and Fish, 1993). As oxygen in the atmosphere infil-
trates into the soil and dissolves in groundwater it comes into 
contact with soil organic matter, which is oxidized according 
to the following equation (Freeze and Cherry, 1979):

	 O2(g) + CH2O (simple carbohydrate) = CO2(g) + H2O	 (7)

Because soils on White Mesa contain so little organic 
matter, 0.5 to 2 percent, there is not enough organic matter to 
consume the oxygen present in the groundwater.

Piper Diagrams demonstrate that the major-ion composi-
tions of water from the sampling sites form several groups 
(fig. 12). Samples from West well, Mill Spring, and Ruin 

Spring are composed primarily of calcium and sulfate, 
whereas water from Entrance Spring, Oasis Spring, and the 
two domestic wells (Bayless and Lyman) are composed pri-
marily of calcium, sulfate, and bicarbonate. Cow Camp Spring 
is composed primarily of sodium and sulfate. The two domes-
tic supply wells are predominated bycomposed primarily of 
calcium and bicarbonate, whereas the East well is composed 
primarily of sodium and bicarbonate. 

Average values of specific conductance (fig. 14) show 
that there is a great deal of variation in the concentration of 
dissolved ions that, for the most part, parallels the variation in 
the composition of major ions. For example, the two public 
supply wells (North and South wells) have the lowest values 
of specific conductance relative to the other sampling sites 
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(less than 500 microsiemens per centimeter (µS/cm)). The 
East well also has a relatively low value of specific conduc-
tance (624 µS/cm). Entrance Spring, Oasis Spring, and the 
two domestic wells (Bayless and Lyman wells) have very 
similar values of specific conductance and are also similar in 
major-ion composition. Mill and Ruin Springs have relatively 
high values of specific conductance, but the West well, while 
similar in major-ion composition to these two wells, has the 
highest average value of specific conductance measured in this 
study at 5,086 µS/cm. Cow Camp Spring also has a relatively 
high value of specific conductance (1,543 µS/cm) but falls 
between Mill Spring and Ruin Spring.

The process controlling the major ion chemistry of ground-
water in the White Mesa can be a combination of (1) evapora-
tive concentration due to the arid climate of the region and 
(2) weathering reactions between precipitation and the rocks 
composing the Dakota Sandstone and the Burro Canyon For-
mation. The effect of evaporation on the composition of water 
quality was evaluated by plotting the concentration of calcium, 
magnesium, sodium, bicarbonate, and sulfate as a function of 
the concentration of chloride (Kimball, 1981), and the effect of 
weathering reactions on groundwater chemistry was modeled 
using the Inverse Modeling function of the USGS Geochemi-
cal model PHREEQC (Parkhurst and Appelo, 2010). 
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The concentrations of calcium, magnesium, sodium, bicar-
bonate, and sulfate are plotted as a function of the concentra-
tion of chloride in figures 15 and 16. On these plots, the square 
represents the concentration of each ion in rainfall as measured 
at the National Atmospheric Deposition Program/National 
Trends Network (NADP/NTN) precipitation chemistry site 
in Canyonlands National Park in 2007 (http://nadp.sws.uiuc.
edu/). The concentration of the bicarbonate ion was obtained 
from calculations used in the PHREEQC inverse modeling 
described below because the concentration of bicarbonate was 
not measured in the NADP/NTN analysis because of the low 
pH of the rainwater (5.21). A line of unit slope, or one-to-one 
concentration, is drawn from this point showing the path of 
simple evaporative concentration. If the major ions were not 
added or taken away from the groundwater, the concentration 
of the major ions would plot along this line (Kimball, 1981). 
Only results from the December 2007 and September 2008 
sampling are shown in figures 15 and 16; however, similar 
results were obtained for each sampling event. Figures 15 
and 16 show that the concentrations of magnesium, sodium, 
bicarbonate, and sulfate at all sites, and the concentrations of 
calcium and bicarbonate at all sites except the East well and 
Cow Camp Spring, exceed that expected from simple evapora-
tive concentration of groundwater. These results indicate that 
mineral weathering reactions are the primary process control-
ling the major-ion composition of groundwater on White Mesa 
at all sites, with the possible exception of calcium at the East 
well and Cow Camp Spring. 

The inverse modeling function of PHREEQC was used 
to quantify the weathering reactions controlling groundwater 
chemistry by allowing precipitation, as measured in 2007 
from the NADP/NTN site at Canyonlands National Park, 

to react with the minerals present in the Dakota Sandstone/
Burro Canyon Formation at all sites, except for Bayless well, 
Lyman well, and Entrance Spring. For these 3 sites, Recapture 
Reservoir water was used instead of precipitation because, as 
discussed in the “Isotopes of Oxygen and Hydrogen” section, 
in this area of White Mesa, groundwater is recharged with 
water from Recapture Reservoir. In the area of the Bayless 
and Lyman wells, this is a result of water from Recapture 
Reservoir used for irrigation. At Entrance Spring, water from 
Recapture Reservoir is used to fill the wildlife ponds on mill 
property and leakage from those ponds recharges groundwater. 
On the basis of a literature review and the results of the min-
eralogical analyses of samples collected from several of the 
spring sampling sites, the following reactions were incorpo-
rated into the PHREEQC model:

Calcite Dissolution:

	 CaCO3(s) + CO2(g) + H2O ↔ Ca2+ + 2HCO3ˉ	 (8)

Dolomite Dissolution:

	CaMg(CO3)2(s) + 2CO2(g) + 2H2O ↔ Ca2+ + Mg2+ + 4HCO3ˉ		
		  (9)

Gypsum Dissolution:

	 CaSO4 ∙ 2H2O ↔ Ca2+ + SO4
2– + 2H2O	 (10)

Quartz Dissolution:

	 SiO2(quartz) + 2H2O = H4SiO4(aq)	 (11)

Figure 14.  Average values of specific conductance in water samples collected from springs and wells in the vicinity 
of the White Mesa mill, San Juan County, Utah. 
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Halite Dissolution:

	 NaCl → Na+ + Clˉ	 (12)

Incongruent Dissolution of Albite:

	 2NaAlSi3O8 + 2CO2 + 11H2O = 2Na+ +2HCO3ˉ + 4H4SiO4 + 		
	 Al2Si2O5(OH)4 (kaolinite)	 (13)

Incongruent Dissolution of Orthoclase:

	 2KAlSi3O8 + 2CO2 + 11H2O = 2K+ +2HCO3ˉ + 4H4SiO4 + 		
	 Al2Si2O5(OH)4 (kaolinite)	 (14)

Cation Exchange:

	 1/2Ca2+ + Na-X → 1/2Ca-X2 + Na+	 (15)

Quantifying the reactions to account for the difference in 
concentration between precipitation or Recapture Reservoir 
and groundwater at each sampling site requires a cumula-
tive integration of all the reactions that occur as precipitation 
infiltrates to the water table and travels to the sampling site. 
So, for example, at an upgradient site like Oasis Spring, the 
results of the PHREEQC modeling show the kind and degree 
of weathering reactions that occur upgradient of Oasis Spring 
only. At a downgradient site like Ruin Spring, the PHREEQC 
models include the reactions occurring upgradient of Oasis 
Spring as well as reactions that occur between the two sites. 
This approach was considered to be an accurate representa-
tion of the reactions controlling groundwater chemistry in 
the unconfined aquifer for two reasons: first, precipitation 
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Figure 15.  Concentration of sodium, calcium, magnesium, sulfate, and bicarbonate in water samples collected from springs and 
wells during December 2007 in the vicinity of the White Mesa mill, San Juan County, Utah, compared to evaporative concentration of 
precipitation. 
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and water from Recapture Reservoir are the only sources of 
groundwater recharge; second, a potentiometric surface map 
of the unconfined aquifer presented in Kirby (2008) shows 
that groundwater flows from the north end of the White 
Mesa toward the south. On a more local scale, potentiometric 
surface maps of mill property shown in unpublished quarterly 
monitoring reports prepared by the mill and in a consultant’s 
report commissioned by the mill (Titan, 1994) show ground-
water flowing from the mill south to the reservation. In the 
modeling, it was assumed the groundwater system is open to 
exchange with CO2, and the partial pressure of CO2 in equilib-
rium with precipitation was set at 10–3.5 atmosphere (atm). 

The PHREEQC simulations compute several different 
models to account for the differences in chemistry between 
precipitation and groundwater at each site. It is up to the user 
to select the model which is the most valid on the basis of geo-
chemical principles and knowledge of the geology and hydrol-
ogy of the area. One factor in selecting the most appropriate 
model was the interpretation of saturation indices computed 
by PHREEQC for each mineral used in the inverse modeling 
function. Groundwater at all sites during each sampling event 
was saturated with respect to quartz and undersaturated with 
respect to halite, gypsum, albite, and orthoclase. The East well 
was undersaturated with respect to calcite and dolomite, but 

Figure 16.  Concentration of sodium, calcium, magnesium, sulfate, and bicarbonate in water samples collected from springs and 
wells during September 2008 in the vicinity of the White Mesa mill, San Juan County, Utah, compared to evaporative concentration of 
precipitation. 
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the groundwater at all other sites was either in equilibrium, or 
saturated, with respect to calcite and dolomite. Recapture Res-
ervoir water is saturated with respect to calcite, at equilibrium 
with respect to dolomite, and undersaturated with respect to 
the other minerals reacted in the PHREEQC Inverse Model-
ing. In evaluating the degree of saturation of the groundwater 
at each site with respect to calcite and dolomite, we assumed 
that values with the range of 0.0 ± 0.1 for calcite and 0.0 ± 0.4 
for dolomite indicated equilibrium (David Parkhurst, USGS, 
personnel communication, 2010). 

The temporal variability in the values of the saturation 
indices for calcite and dolomite at Oasis, Mill, Entrance, 
and Cow Camp Springs made determination of the degree 

of saturation with respect to calcite and dolomite difficult 
(fig. 17). We suspect that the positive values of the calcite and 
dolomite saturation indices at these sites are a result of CO2 
degassing while the sample was collected, causing calcite pre-
cipitation, so that it appeared supersaturated when, in fact, the 
groundwater is undersaturated or in equilibrium with respect 
to calcite. We conclude this for several reasons. Calculations 
made by PHREEQC indicated that CO2 concentrations in 
groundwater at all sites is an order of magnitude higher than 
atmospheric. Mill Spring, Entrance Spring, and Cow Camp 
Spring are sampled downstream from their source, and all flow 
as very shallow, slow rivulets of water, which would easily 
allow for the excess CO2 to escape to the atmosphere. Oasis 

Figure 17.  Saturation indices calculated for water samples from springs and wells surrounding the White Mesa mill, San Juan County, 
Utah, for calcite and dolomite.
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Spring is sampled on a seepage face and usually was only 
dribbling out of the rock so that it took a long time to fill the 
sample bottle, which would allow for the escape of excess CO2 
to the atmosphere. In contrast, Ruin Spring is sampled directly 
from a pipe set into a basin that captures water from the spring 
discharge and may have minimized the opportunity for CO2 
degassing to occur relative to Mill Spring, Entrance Spring, 
and Cow Camp Springs. the rock that serves as the source of 
the spring, which is always flowing at a relatively quick veloc-
ity, so there is no chance for CO2 to escape to the atmosphere. 
Therefore, on the basis of the calcite saturation indices at Ruin 
Spring, we assume that the positive calcite saturation values 
calculated at Oasis Spring, Mill Spring, Entrance Spring, and 

Cow Camp are a result of CO2 degassing to the atmosphere, 
and in the interpretation of the PHREEQC inverse models, 
we assume that these waters are in equilibrium with calcite. 
Similarly, on the basis of the saturation index values computed 
for Ruin Spring and the East well, we assume that the ground-
water at all of our sampling sites is undersaturated with respect 
to dolomite. 

Results of the PHREEQC inverse model calculations are 
given in table 11. The results indicate that variations in the 
degree of cation exchange and, perhaps, in the spatial distribu-
tion of gypsum are the cause of the spatial variability in the 
composition of the major ions. This analysis was not done for 
the West well because after the project began it was learned 

Figure 17.  Saturation indices calculated for water samples from springs and wells surrounding the White Mesa mill, San Juan County, 
Utah, for calcite and dolomite.—Continued
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that this well is screened in both the Dakota Sandstone and 
the Burro Canyon Formation and the Brushy Basin Forma-
tion; therefore, water is being withdrawn from two differ-
ent formations, and the water chemistry is influenced by the 
minerals present in the Brushy Basin Formation as well as in 
the Dakota Sandstone and the Burro Canyon Formation. We 
are interested in the chemistry of the latter formation only, 
however, because this is the aquifer of concern to the Ute 
Mountain Ute Tribe. An interpretation of the results of the 
PHREEQC simulations to determine the source of the major 
ions for each distinctive major ion chemistry group identified 
on the Piper Diagram (fig. 12) is presented (fig.18).

Precipitation falling on the White Mesa is essentially a 
dilute solution of carbonic acid that is undersaturated with 
respect to all of the minerals present in the Dakota Sandstone 
and the Burro Canyon Formations. The chemical changes that 
occur as precipitation infiltrates into the Dakota Sandstone 
and the Burro Canyon Formation and subsequently flows 
as groundwater in these formations include an increase in 
specific conductance; equilibrium, or saturation, with calcite 
at many of the sites; and a varied major-ion composition at all 
of the groundwater sampling sites, which is distinctly different 
from that of precipitation. The processes responsible for these 
changes include (1) concentration due to evaporation, (2) dis-
solution of the aluminosilicate minerals orthoclase and albite, 
(3) cation exchange of Ca2+ for Na+ on the surface of the clay 
mineral kaolinte, and (4) dissolution of the readily soluble 
minerals calcite, dolomite, gypsum, and halite. Of these pro-
cesses, it is the dissolution of calcite, dolomite, gypsum, and 
halite that is primarily responsible for the evolution of ground-
water chemistry. At all sites, dissolution of the aluminosilicate 
minerals, orthoclase and albite, occurs also, but it is about two 
orders of magnitude less than that of calcite, dolomite, and 
gypsum because the kinetics of dissolution of aluminosili-
cate minerals are much slower than for carbonate and sulfate 
minerals, such that the former contribute only a very minor 
amount of ions into solution. Similarly, whereas concentration 

resulting from evaporation while precipitation percolates to 
the water table occurs, the increase in concentration due to this 
process is minor relative to the amount of solutes released into 
solution from the dissolution of carbonate and sulfate miner-
als. The cation exchange reaction can alter the major-ion com-
position and the degree of saturation with respect to certain 
minerals but does not affect specific conductance. 

At the north, or upgradient, end of White Mesa, in the area 
of Oasis Spring, because precipitation is undersaturated with 
respect to all minerals present in the Dakota Sandstone/Burro 
Canyon Formation, the dissolution of all these minerals occurs 
to varying degrees. Cation-exchange reactions appear to be of 
minor importance in controlling groundwater chemistry here. 
At the northeastern end of the White Mesa, in the area of Bay-
less well, Lyman well, and Entrance Spring, calcite dissolution 
does not occur because water from Recapture Reservoir is 
saturated with respect to calcite. Nonetheless, the (1) predomi-
nance of gypsum dissolution, as at Oasis Spring, (2) dissolu-
tion of calcite at Oasis Spring, and (3) infiltration of water that 
is saturated with respect to calcite into the Dakota Sandstone 
and the Burro Canyon Formation in the northeastern section 
of the White Mesa results in these three sites having a similar 
major-ion composition to each other and to Oasis Spring.

As groundwater moves further south to Mill Spring and 
Ruin Spring, it attains equilibrium with respect to calcite and 
is greatly enriched with sulfate and slightly enriched with 
sodium relative to the upgradient sites. The groundwater is at 
equilibrium with respect to calcite most likely because Ca2+ 
released by the dissolution of gypsum suppresses the dissolu-
tion of calcite through a common ion effect. As a result, at 
some point between these sites and Oasis Spring, calcite disso-
lution ceases and calcite precipitation could occur. The shift in 
the anion composition of the groundwater to sulfate dominated 
water results from large amounts of gypsum dissolution. The 
shift in the cation composition of the groundwater to slight 
enrichment with sodium results from the exchange of Ca2+ for 
Na+ on the surface of kaolinite. This cation-exchange reaction 

Table 11.  Transfer of minerals in groundwater (millimoles per liter).
[Negative values represent minerals removed from groundwater. Abbreviations: mmol, millimoles; —, not available]

Bayless 
domestic 

well,
December 

2007

Lyman 
domestic 

well,
December 

2007

Oasis 
Spring,

November 
2008

Entrance 
Spring,

April 
2009

Mill 
Spring,
March 

2008

Ruin 
Spring,

September 
2008

Cow 
Camp 

Spring,
September

 2008

East 
monitoring 

well,
September 

2008

Calcite — –0.418 0.220 — — –0.610 0.501 2.02
Dolomite 1.18 1.25 0.631 1.15 1.39 1.28 1.01 0.057
Halite 1.55 0.658 0.860 1.23 0.96 0.678 3.13 0.402
Gypsum 1.59 1.89 0.909 1.47 4.13 4.84 3.72 0.664
Orthoclase 0.068 0.048 0.032 0.100 0.050 0.084 0.145 0.030
Albite 0.744 0.110 0.624 0.028 0.069 0.011 — 0.028
Quartz –1.38 — –1.11 — — — — —
Kaolinite –0.406 –0.079 –0.328 –0.064 –0.059 –0.048 –0.072 –0.029
CaX2 — –0.209 — –0.627 –2.15 –1.96 –3.03 –2.58
NaX — 0.419 — 1.25 4.31 3.93 6.06 5.45
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Figure 18.  Schematic describing the geochemical evolution of groundwater in the surficial aquifer, White Mesa, San Juan County, Utah. 

Precipitation
Average pH is 5.2; average specific conductance is 7.2 µS/cm; calcium sulfate type water; undersaturated 
with respect to all minerals present in the White Mesa.

Bayless and Lyman wells, Oasis Spring, and Entrance Spring
Neutral pH; average specific conductance is 619–963 µS/cm; dissolved oxygen present; calcium bicarbonate 
sulfate type water; dissolution of calcite, gypsum, and perhaps dolomite are the major controls on water 
quality.

Mill Spring and Ruin Spring
Neutral pH; average specific conductance is 1,321–2,066 µS/cm; dissolved oxygen present; calcium sulfate 
bicarbonate water; dissolution of gypsum and cation exchange of Ca2+ for Na+ on the surface of kaolinite are 
the major controls on water quality.

Cow Camp Spring
Neutral pH; average specific conductance is 1,543 µS/cm; dissolved oxygen present; sodium calcium sulfate 
water; greater cation exchange than at Mill Spring and Ruin Spring and gypsum dissolution are the major 
controls on water quality.

East well
Neutral pH; average specific conductance is 624 µS/cm; dissolved oxygen present; sodium bicarbonate type 
water; greater cation exchange than at Cow Camp Spring and calcite dissolution are the major controls on 
water quality.

North and South wells
Neutral pH; average specific conductance is 409–467 µS/cm; dissolved oxygen absent; calcium bicarbonate 
type water; dissolution of calcite is the major control on water quality.

occurs on the surface of the clay mineral kaolinite because the 
surfaces of clay minerals are charged, such that they engage 
in ion exchange to some degree (Drever, 1997). Thus, at some 
point along the groundwater flow path from Oasis Spring, the 
suppression of calcite dissolution and the initiation of cation 
exchange reactions begin to change the major-ion composition 
of the groundwater. 

At Cow Camp Spring, an even greater amount of the 
exchange of Ca2+ for Na+ results in the groundwater becoming 
enriched with Na+ relative to the upgradient sites. The differ-
ence in water quality between Cow Camp Spring and the East 
well is related to a much greater amount of gypsum dissolu-
tion occurring at Cow Camp Spring relative to that at the East 
well. Even though the exchange of Ca2+ for Na+ occurs to a 
greater degree here than at the East well, the greater amount of 
gypsum dissolution causes release of relatively large amounts 
of Ca2+ and SO4

2– into solution and can explain the shift in 
composition at Cow Camp Spring to one in which Ca2+ and 

SO4
2– compose a greater percentage of the cation and anion 

composition, respectively, relative to the East well. 
At the East well, the processes responsible for creat-

ing a sodium-bicarbonate water are the release of Ca2+ into 
groundwater from the dissolution of calcite, primarily, and of 
gypsum, secondarily, followed by cation exchange of Ca2+ for 
Na+ and the release of HCO3

– from the dissolution of calcite. 
The groundwater is undersaturated with respect to calcite, 
and the largest amount of calcite dissolution occurs here. The 
water, however, evolves to a sodium bicarbonate composition 
because a cation-exchange reaction removes Ca2+ from solu-
tion and introduces Na+ into solution. A lack of gypsum disso-
lution limits the common-ion effect, and, thus, keeps the water 
undersaturated with respect to calcite, which allows for calcite 
dissolution to occur and furnishes Ca2+ for the cation exchange 
reaction. The small amount of gypsum dissolution relative to 
calcite dissolution allows for an increase in the concentration 
of HCO3

– relative to SO4
2–. 
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The PHREEQC modeling was not done for the two public 
supply wells in the Navajo sandstone. Given that the com-
position of the Navajo Sandstone is primarily quartz and 
calcite, and that the major-ion composition of the two wells 
plots well into the calcium bicarbonate region of the Piper 
Diagram (fig. 12), it is clear that dissolution of calcite is the 
dominate reaction controlling water chemistry in this aquifer. 
A major difference in the chemistry of the groundwater in the 
Navajo Formation relative to the groundwater in the Dakota 
Sandstone and the Burro Canyon Formation is the absence of 
oxygen in groundwater in the Navajo Formation. The presence 
of iron oxides, presumably hematite (Fe2O3) and/or goethite 
(FeO(OH)), as a film on the quartz grains provides a clue 
about how the oxygen in the groundwater could have been 
consumed. Groundwater in the Navajo Sandstone is very old, 
and as groundwater moved along the flow path from its place 
of recharge to the monitoring wells, enough time would have 
elapsed to allow reactions between iron-containing minerals 
and oxygen, which could have consumed all of the oxygen 
dissolved in the groundwater at the time of recharge. One 
example is the reaction of iron pyroxene with water and oxy-
gen to form hematite:

	 2FeSiO3 + 4H2O + 2O2 → 2Fe2O3 + 2H4SiO4	 (16)

Another example is the reaction of iron ions released into 
solution by the dissolution of minerals, such as pyrite, that can 
also react with oxygen to form hematite:

	 4Fe3+ + 3O2 → 2Fe2O3	  (17)

We conclude that spatial variability in the major-ion 
composition of groundwater in the Dakota Sandstone and 
the Burro Canyon Formation results primarily from spatial 
variation in the extent of cation-exchange reactions and from 
spatial variation in the extent of gypsum dissolution. Why 
there is such variability in the relative importance of these 
reactions among our sampling sites is not known. One possi-
bility could be the heterogeneous nature of the stream deposits 
that compose the Dakota Sandstone and the Burro Canyon 
Formations. Given the nature of these deposits, it is probably 
not unexpected that there would be spatial variability in the 
distribution of minerals composing the rocks in these forma-
tions. Another factor controlling groundwater chemistry is that 
the amount of time (residence time) in which the groundwater 
reacts with these minerals generally increases as it flows south 
within White Mesa. Thus, the major-ion composition and/or 
concentration of the groundwater will continue to evolve along 
the groundwater flow path until or if the groundwater becomes 
saturated with respect to the minerals present in the Dakota 
Sandstone/Burro Canyon Formations. 

Trace-Element Geochemistry

Concentration data were compiled for selected chemical 
constituents analyzed in water samples from monitoring wells, 
springs, and pond/reservoir sites in the vicinity of the White 

Mesa mill site (fig. 19 and Appendix 1). Box plots were used 
to summarize data from each sample site containing at least 
three samples collected during the time period from Septem-
ber 2007 through September 2009 (fig. 20). The chemical 
constituents selected for display are generally associated with 
U deposits or are mobile under the chemically oxidizing and 
alkaline conditions present in selected ground- and surface-
water resources adjacent to the White Mesa mill. Box plots 
were not used to summarize data from sample sites with less 
than three samples. When appropriate, the chemical constitu-
ent data were compared to U.S. Environmental Protection 
Agency maximum contaminant levels (MCL) and maximum 
contaminant level goals (MCLG; U.S. Environmental Protec-
tion Agency, 2009).

With the exception of arsenic, thallium, and uranium, 
the concentration of most trace elements in water samples 
collected during the study were below both the MCLs and 
MCLGs established by the U.S. EPA. Arsenic concentrations 
in unfiltered water samples are below the MCL of 10 µg/L at 
most sampling sites (fig. 20); however, public supply wells, 
South and North, contain median arsenic concentrations 
greater than 8 µg/L, which are well above those measured at 
the other sampling sites. Both of the public supply wells with 
elevated arsenic concentration were completed in the Navajo 
sandstone. Heilweil and Susong (2007) found elevated levels 
of arsenic, ranging from 2 to 44 µg/L, in groundwater samples 
collected from the Navajo Sandstone associated with an artifi-
cial recharge project in southwestern Utah. 

Water samples from Entrance Spring had the highest 
median U concentration (26.6 µg/L, sample number [n] = 8) 
relative to water samples collected from the other sites 
(fig. 20). Water samples collected from both Entrance and Mill 
Springs exceeded the MCL for U in drinking water. Entrance 
Spring is located on the eastern boundary of the White Mesa 
uranium mill, and Mill Spring is located on the western 
boundary of the mill site (fig. 19). Thallium concentration in 
all water samples were below the MCL for drinking water; 
however, thallium levels in water samples from the Lyman 
well and West well did exceed the MCLG for thallium set by 
the US EPA at 0.5 µg/L. 

The concentration of selenium is below the MCL for drink-
ing water in all the water samples that were analyzed. Water 
samples from Entrance and Ruin Springs contain the high-
est selenium concentrations, with some samples exceeding 
10 µg/L (fig. 20). Selenium is a common element associated 
with U deposits (Miesch, 1962; 1963). 

The highest median concentration of vanadium (unfiltered; 
6.8 µg/L) was found in water samples collected from Entrance 
Spring (fig. 20). Elevated concentrations of vanadium also 
were found in water samples collected from the South Mill 
(9.9 µg/L) and Anasazi pond (8.2 µg/L) sites. Vanadium is an 
element commonly associated with U deposits (Northrop and 
others, 1990). The occurrence of elevated concentrations of 
selenium, U, and vanadium in water samples from Entrance 
Spring could indicate contaminant migration from within the 
mill boundaries or contact with undiscovered and naturally 
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occurring U ore bodies in the 
vicinity of the mill site.

Multiple passive diffusion bag 
samplers (Vroblesky and others, 
2003) were deployed in monitor-
ing wells MW3A, and West and 
MW 18 during December 2008 
and October 2009 (fig. 21) to 
assess vertical variation of U in 
the Dakota Sandstone/Burro Can-
yon Formation (surficial aquifer). 
Vertical variation of dissolved-U 
concentrations during the Decem-
ber 2008 deployment period in 
all three wells was low and did 
not show any discernable trends. 
The U concentration in the three 
diffusion bag samples deployed 
in the West well ranged from 11.4 
to 13.7 µg/L, which was slightly 
lower than the average U concen-
tration of 16.0 µg/L determined 
from pumped samples collected 
during the study. Two diffu-
sion sampling bags deployed in 
MW3A had U concentrations of 
17.6 and 18.8 µg/L, compared to 
the U concentration of 19.9 µg/L 
determined from a pumped water 
sample collected and analyzed by 
Hurst and Solomon (2008). Three 
passive diffusion bag samples 
deployed in MW18 had U con-
centrations that ranged from 27.2 
to 38.4 µg/L and were similar to 
the U concentration of 40.8 µg/L 
in a pumped water sample col-
lected and analyzed by Denison 
Mines (writ. commun., 2008).

Vertical variation of U con-
centrations during the October 
2009 deployment period was 
similar to the December 2008 
results in the West and MW3A 
wells (fig. 21). Vertical variation 
of U concentration in MW18 was 
greater during the October 2009 
deployment than in December, 
however, ranging from 20.2 µg/L 
in the shallowest diffusion bag to 
44.5 µg/L in the deepest. 
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Figure 20.  Distribution of selected chemical constituents in unfiltered and filtered water samples collected from spring, monitoring well, 
and pond/reservoir sites near White Mesa uranium mill, San Juan County, Utah, compared to drinking water standards. 
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Figure 20.  Distribution of selected chemical constituents in unfiltered and filtered water samples collected from spring, monitoring 
well, and pond/reservoir sites near White Mesa uranium mill, San Juan County, Utah, compared to drinking water standards.—
Continued 
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Figure 21.  Schematic diagrams summarizing vertical variation in uranium concentration in passive diffusion bag samplers placed in 
three monitoring wells within and surrounding the White Mesa mill, San Juan County, Utah, during December 2008 and October 2009. 
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Uranium Mobility

An evaluation of the fate of U that could potentially be 
released from the mill into the aquifer in the Dakota Sandstone 
and the Burro Canyon Formation requires an understanding 
of the processes controlling the mobility of U in groundwa-
ter. The mobility of U in groundwater is determined by U 
solution-mineral equilibria and sorption reactions (Hsi and 
Langmuir, 1985). These properties are a function of pH, 
redox conditions, the presence of complexing agents, and the 
presence of other metals, such as vanadium, that can induce 
precipitation. The term mobile, in this report, means that the 
conditions in the unconfined aquifer favor U solubility and, 
thus, allow U to travel at rates nearly equal to groundwater 
movement. Uranium would not be considered mobile if the 
conditions in the unconfined aquifer retarded its movement in 
groundwater as a result of precipitation and/or sorption. 

Uranium solubility is highly dependent on redox condi-
tions. For example, under reducing conditions, U exists 
as U4+ and can form the insoluble compounds coffinite 
(U(SiO4)0.9(OH)0.4) and uraninite (UO2), and concentrations 
of dissolved U in groundwater would only be on the order 
of 0.06 µg/L (Sherman and others, 2007). Uranium can also 
precipitate out of solution as carnotite (K2(UO2)2(VO4)2) under 
all redox conditions over the pH range of 4–8 in the presence 
of dissolved vanadium in concentrations of 0.1 mg/L (Drever, 
1997). Under oxidizing conditions, however, U is present as 
U6+and is at least 10,000 times more soluble than U4+ (Sher-
man and others, 2007). In solution, U interacts strongly with 
carbonate (CO3

2–) and phosphate (PO4
3–) to form complexes, 

such as UO2(CO3)3
4–, UO2(CO3)2

2–, and UO2(HPO4)2
2–. The 

formation of these complexes increases the solubility of U 
because, as Drever (1997) states, “The simplest process that 
might regulate the concentration of a trace element in solu-
tion is equilibrium with respect to a solid phase containing 
the element as a major component. The presence of ligands 
that can form complexes with U can increase the dissolved 
concentration of U above that expected on the basis of equi-
librium with any U bearing mineral than it would be in water 
free of ligands.” The formation of UO2(CO3)3

4–, UO2(CO3)2
2–, 

and UO2(HPO4)2
2– complexes also affects the capacity for U 

adsorption to clay minerals and iron oxides and, thus, influ-
ences the mobility of dissolved U in groundwater. 

As stated previously, U tends to be most mobile in ground-
water when it exists in solution as U6+ and forms soluble phos-
phate and uranyl-carbonate complexes in oxidizing alkaline 
water (Zielinski and others, 1997; Sherman and others, 2007). 
These conditions can occur in near-surface, unconfined aqui-
fers that are open to exchange with the atmosphere and contain 
little organic matter (Zielinski and others, 1997). As discussed 
below, the conditions that favor U mobility in groundwater 
exist in the unconfined Dakota Sandstone and the Burro Can-
yon Formation aquifer despite the variability of the major-ion 
chemistry in this aquifer. 

Within the unconfined aquifer, dissolved U was observed 
to be present at concentrations at or below 10 µg/L at all sites, 

except in several samples at West Well, Entrance Spring and 
Mill Spring. The concentration of dissolved U was at or above 
the EPA Drinking Water MCL of 30 µg/L on several occa-
sions at Entrance Spring and Mill Spring. Almost all of the U 
measured is in the aqueous phase, and the small concentrations 
of dissolved U result in groundwater being extremely under-
saturated with respect to common U bearing minerals (fig. 22). 
The WATEQ database used in the PHREEQC modeling did 
not contain data for the mineral carnotite, so a saturation index 
for this mineral could not be calculated. Given that the highest 
concentration of dissolved vanadium measured at any of our 
sites is 6.5 µg/L, however, it is assumed that groundwater is 
also undersaturated with respect to this mineral. 

Another factor that enhances the mobility of U in the 
groundwater in the White Mesa is the formation of uranyl-
carbonate and uranyl-phosphate complexes. Dissolved U at all 
sampling sites does not exist as the free ion (U6+), or as UO2+, 
in solution but exists primarily as UO2(CO3)3

4– and second-
arily as UO2(CO3)2

2– and UO2(HPO4)2
2–, and there is spatial 

variation in the relative amount of these three complexes 
(fig. 23). These complexes decrease the adsorption of U to the 
surface of kaolinite in the Dakota Sandstone and the Burro 
Canyon Formation because of the low pH of the point of 
zero charge (pzc) of kaolinite. The pzc is the pH at which the 
surface charge on a solid, such as a clay mineral or iron oxide, 
submerged in an electrolyte is zero (Drever, 1997). In acid 
solutions, or when the pH of groundwater is less than the pzc, 
the surface of a solid will be positively charged and will attract 
anions and repel cations. In alkaline solutions, or when the pH 
of groundwater is greater than the pzc, the surface of a solid 
will be negatively charged and will attract cations (cation-
exchange capacity is significant) and will repel anions (anion-
exchange capacity will be small or zero; Drever, 1997). Since 
the pzc of kaolinite is 4.6 (Appelo and Postma, 2005), and the 
pH of the groundwater in the Dakota Sandstone and the Burro 
Canyon Formation is above 7, the negatively charged uranyl-
carbonate and uranyl-phosphate complexes will not adsorb 
to kaolinite. The pzc of iron oxides, such as hematite (8.5), 
goethite (9.3), and Fe(OH)3 (8.5; Appelo and Postma, 2005), 
suggests that adsorption to iron oxides is possible; however, 
because dissolved carbonate species (HCO3

– and CO3
2–) 

are preferentially adsorbed to soil surfaces compared to the 
uranyl-carbonate and uranyl-phosphate complexes, adsorption 
to iron oxides will not occur either (Duff and Amrhein, 1996; 
Echevarria and others, 2001). 

The fact that groundwater in White Mesa contains dis-
solved oxygen, is extremely under-saturated with respect to 
common U bearing minerals, and contains enough CO3

2– and 
PO4

3– to completely complex dissolved U, leads to the conclu-
sion that any solid phase U in contact with the groundwater 
would readily dissolve and any aqueous phase U would 
remain in solution. Thus, any U introduced into the unconfined 
aquifer in the Dakota Sandstone/Burro Canyon Formation 
from the mill, whether as dust blown off of the ore-storage 
pads, from trucks delivering ore to the mill, or as liquid from a 
leak in the tailings cells, would be mobile.
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Figure 22.  Saturation indices calculated for water samples collected from springs and wells surrounding the White Mesa mill, San 
Juan County, Utah, for coffinite and uraninite. 
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Figure 23.  Pie charts showing dominant uranium complexes 
calculated for water samples collected from springs and wells 
surrounding the White Mesa mill, San Juan County, Utah. 
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The hypothesis that U released from a tailing cell as a 
result of a leak would be mobile in the unconfined aquifer was 
tested by using PHREEQC to mix, in varying proportions, the 
water in tailings Cell 1 with groundwater in the unconfined 
aquifer. The resulting solution, equilibrated with atmospheric 
concentrations of oxygen and carbon dioxide, was mixed with 
the groundwater composition measured at Oasis Spring in 
November 2008. The first scenario mixed equal volumes of 
tailing-cell water and groundwater, the second scenario mixed 
a solution of 90-percent groundwater and 10-percent tailing-
cell water, and the third scenario mixed a solution of 70-per-
cent groundwater and 30-percent tailing-cell water. 

Under all simulations, the resulting mixed solution was 
very undersaturated with respect to coffinite and uraninite; 
thus, precipitation of U as these mineral phases would not 
occur. Also, in all mixed solutions, dissolved U existed as U6+, 
but the type of complexes that formed differed. In the solution 
resulting from mixing equal volumes of tailing-cell water and 
groundwater, 27 percent of the dissolved U exists as UO2

2+, 9 
percent as (UO2)2(OH)2

2+, 5 percent as (UO2)4(OH)7+ and the 

remainder of the dissolved U forms various positively and 
negatively charged and neutral complexes. In the solution 
resulting from mixing 90-percent groundwater with 10-per-
cent tailing-cell water, 66 percent of the dissolved U exists as 
UO2(CO3)2

2–, 13 percent as UO2(CO3)3
4–, 9 percent as UO2CO3, 

and the remainder of the dissolved U forms various posi-
tively and negatively charged and neutral complexes. In the 
solution resulting from mixing 70-percent groundwater with 
30-percent tailing-cell water, 19 percent of the dissolved U 
exists as (UO2)4(OH)7+, 9 percent as UO2CO3, and 5 percent as 
UO2(CO3)2

2–, and the remainder of the dissolved U forms vari-
ous positively and negatively charged and neutral complexes. 

The implication of this modeling is that under condi-
tions in which small amounts of tailing-cell solution mixes 
with groundwater, the U would tend to remain in solution 
because U remains undersaturated with respect to common 
U-bearing minerals and forms predominantly negatively 
charged complexes, which limits adsorption to clay miner-
als and iron oxides. Under conditions in which the solution is 
composed of higher amounts of tailing cell water, it is possible 
that dissolved U would not be as mobile as the predominant 
complexes that form, which are positively charged and have 
the potential to adsorb to clay minerals and iron oxides. Thus, 
it appears that if a leak in a tailings cell occurred, dissolved 
U would tend to remain in solution, unless the proportion 
of tailing cell water that mixes with groundwater composes 
about 30 percent or greater of the resulting mixed solution. 
Whether U would precipitate out of solution as carnotite could 
not be determined because Hurst and Solomon (2008) did 
not measured the concentration of vanadium in tailing Cell 1. 
Since the pH of the mixed solution under the three scenarios 
described above ranged between 4.58 and 6.79, it is possible 
that U could precipitate as carnotite.

In the model, tailing-cell water also was mixed with water 
in one of the public supply wells in the Navajo Formation in 
the following proportions: 1-percent tailing-cell water and 
99-percent groundwater, 10-percent tailing-cell water and 
90-percent groundwater, and 50-percent tailing-cell water 
and 50-percent groundwater. Results were similar to those 
obtained with mixing the tailing-cell water with water in the 
unconfined aquifer. Under all simulations the mixed solution 
was very undersaturated with respect to coffinite and uraninite, 
and dissolved U existed as U6+, but the type of complexes 
that formed differed. In the solution formed from mixing 
with 1-percent tailing-cell water, the dissolved-U concentra-
tion was 5.8 mg/L, with 63 percent of the dissolved U exist-
ing as UO2(CO3)

4–. In the solution formed from mixing with 
10-percent tailing-cell water, the dissolved-U concentration 
was 58.1 mg/L, with 84 percent of the dissolved U existing 
as UO2(CO3)

4– and 11 percent as UO2(CO3)
4–. In the solution 

formed from mixing with 50-percent tailing-cell water, the dis-
solved-U concentration was 290 mg/L, with 19 percent of the 
dissolved U existing as UO2

2+, 10 percent as (UO2)2(OH)2
2+, 

and 9 percent as (UO2)3(OH)5+. The implication of this model-
ing is that under conditions in which tailing-cell water mixes 
with groundwater in the Navajo Formation in proportions of 
10 percent or less of the total solution, U would be mobile 
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because precipitation of U would not occur and predomi-
nately negatively charged complexes would form, which limit 
adsorption to clay minerals and iron oxides. When the tailing 
cell water composes a small amount of the solution, 1 percent 
or less, the concentration of U is less than the EPA MCL of 
30 µg/L, however. Under conditions in which the solution 
is composed of 50 percent or more of tailing-cell water, the 
mobility of U could be limited because predominately posi-
tively charged complexes would form, which enhance adsorp-
tion of U to clay minerals and iron oxides. 

Isotope Geochemistry 

Uranium Isotope Geochemistry
After describing the controls on groundwater chemistry in 

an unconfined aquifer and its effect on the mobility of U, it is 
important to determine the source of U in the aquifer. Spe-
cifically, are the concentrations of U measured in this study, 
especially those at Entrance Spring, indicative of the range of 
natural or background concentrations, or is there evidence of 
contamination from the mill? Examining the spatial varia-
tion in dissolved-U concentrations can provide some insight. 
Hem (1989) states that U is present in concentrations between 
0.1 and 10 µg/L in most natural water. In addition to the sites 
shown in figure 19, dissolved-U concentrations were measured 
at three other sites in the unconfined aquifer upgradient from 
the mill. The Lyman and Bayless domestic wells, sampled 
in December 2007 only, had dissolved-U concentrations of 
5.36 µg/L and 3.1 µg/L, respectively. Reference Spring North 
(fig. 1), a very slow flowing seep on a hillslope 9 km north-
west of the mill sampled in June 2007, had a dissolved-U 
concentration of 8.1 µg/L. Uranium concentrations at these 
three upgradient sites fall within the concentration range of 
most natural waters. All dissolved-U concentrations in ground-
water at down-gradient sample sites sampled during this study, 
except for Entrance Spring and the September 2008 and Sep-
tember 2009 samples collected at Mill Spring, had dissolved-
U concentrations in the range expected for naturally occurring 
U and that of upgradient sites. The fact that dissolved-U con-
centrations at Entrance and Mill Springs are elevated relative 
to the limited number of surrounding monitored sites does not, 
of itself, indicate that they are the result of a non-natural input 
of U to the White Mesa groundwater system. Work at Fry 
Canyon, about 50 miles to the west of the mill site, has shown 
that dissolved-U concentrations in groundwater at or above 
40 µg/L are derived entirely from natural sources (Wilkowske 
and others, 2002). Concentration data for U alone cannot be 
used to identify the source of U in the groundwater of the 
unconfined aquifer.

In this study, U isotopes were used to help distinguish the 
source of U in the groundwater in the unconfined aquifer. All 
elements exist as a mixture of two or more isotopes. Uranium 
exists as three isotopes: on a mass basis, 99 percent of U exists 
as 238U; 0.7 percent of U exists as 235U; and 0.0054 percent of 
U exits as 234U. Zielinski and others (1997) demonstrated that 
the 234U/238U alpha activity ratio (AR) can help to distinguish 

between U derived from weathering and U derived from pro-
cessing mills. They state that most natural groundwater has a 
234U/238U alpha activity ratio greater than 1.0, with typical val-
ues in the range of 1 to 3, but values in excess of 10 can occur. 
By contrast, U in raffinate, a term used to describe the liquid 
waste generated by the processing of U ores, is derived from 
a mixture of materials with AR both above and below 1.0; 
considering the variety of U ores that are processed in a mill, a 
time-integrated average AR of 1.0 ± 0.1 is estimated for it. 

Raffinate contains residual amounts of U originally 
brought into solution by reacting the U ore with strong oxidiz-
ing solutions of acid or alkali. The raffinate should retain the 
U-isotope composition of the processed ore because neither 
rapid, nearly complete dissolution of U from finely crushed 
ore samples for further chemical processing of the leachate to 
efficiently remove most U from solution by solvent exchange, 
sorption, or precipitation will promote isotopic fractionation 
(Zielinski and others, 1996). As a result, we assume that any 
solid-phase ore, such as that stored on the ore-storage pads at 
the mill, if blown offsite and deposited in water, will dissolve, 
and the uranium derived from this source will have an average 
AR of 1.0 ± 0.1 also.

The difference in the 234U/238U AR between U derived from 
raffinate and U derived from oxidative leaching by ground-
water of soil and rocks is due to a process known as “alpha 
recoil” that occurs during radioactive decay of a 238U atom 
(Sherman and others, 2007). Alpha recoil refers to the frac-
tionation of 238U and its daughter product 234U during radioac-
tive decay, which results from the displacement of a 234U atom 
from the site of its parent 238U atom. When 238U decays to 234Th 
(thorium) by alpha decay, the Th nucleus can be recoiled out 
of the mineral into the groundwater. The 234Th decays via 234Pa 
(protactinium) to 234U, resulting in an excess of 234U in the 
groundwater. By contrast, U ores that have not been subject to 
major oxidative leaching within the last million years approxi-
mate closed systems that are in radioactive (secular) equi-
librium (Zielinski and others, 1996). In secular equilibrium, 
the rate of decay of 234U is equal to the rate of decay of the 
238U parent, and if the isotopes are measured in terms of their 
alpha-emission rates, radioactive equilibrium between 238U 
and 234U represents a condition of equal alpha activity, where 
the 234U/238U AR is 1.0. The most likely reason that the AR is 
measured instead of absolute abundances of the two isotopes 
is that 234U represents only 0.0054 percent of U by mass and 
there is a large difference in the half-life of the two isotopes: 
4.47 x 109 years for 238U and 2.44 x 105 years for 234U.

A plot of AR values as a function of U concentration shows 
that 234U/238U AR values for U concentrations less than the 
EPA MCL of 30 µg/L fall within the range of 1.4 to 3.4, which 
indicate a natural source of U at these sites (fig. 24). For the 
three samples that had a dissolved-U concentration in excess 
of 30 µg/L, 33.2 and 48.4 µg/L at Entrance Spring and 75.6 
µg/L at Mill Spring, the 234U/238U AR were 1.55, 1.26, and 
2.29, respectively. While AR values for all samples collected 
at Entrance Spring fall within the range expected for U derived 
from natural sources, they showed a general decline with 
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increasing concentrations that approach the values expected 
for U derived from raffinate. The 234U/238U AR of 2.29, associ-
ated with a dissolved-U concentration of 75.6 µg/L, at Mill 
Spring indicates a natural source of U, but the AR of this 
sample is almost exactly the same (2.14) as that measured on 
another sample collected from Mill Spring that had a dis-
solved-U concentration of 3.98 µg/L. Is the pattern of AR val-
ues measured at Entrance Spring an indication of contamina-
tion by the mill? How can the large difference in concentration 
between two samples collected at Mill Spring, with virtually 
no difference in the value of the AR, be explained? 

An attempt to answer these questions was made by plot-
ting the 234U/238U AR for all of the sampling sites as a function 
of the reciprocal of dissolved-U concentration (fig. 25). The 
consistently low values of the AR at Entrance Spring, and the 
general decrease of these values with an increase in concen-
tration fall on a mixing line (Zielinski and others, 1997) and 
suggest that perhaps there is some mixing of U derived from 
ore with groundwater at Entrance Spring. The two points for 
Mill Spring are displaced horizontally from one another, indi-
cating a change in U concentration in the absence of isotopic 
changes. This same pattern can be seen for three samples 
collected at Oasis Spring. According to Zielinski (1997), such 
changes fall on a line indicating that evaporation or dilution is 
occurring. Thus, the increase in concentration at Mill Spring 

from 3.98 to 75.6 µg/L is a result of evaporative concentration 
and is not evidence of contamination from the mill. 

The 235U/238U ratio was determined for all of our samples, 
also, and is useful in distinguishing between anthropogenic 
and natural sources of U. The use of this isotope pair in this 
study is not as useful as 234U/238U AR, however, because the 
main source of anthropogenic 235U is the manufacturing of 
atomic weapons and not U processing facilities such as the 
White Mesa mill. Therefore, this isotopic pair would be more 
appropriate for monitoring the effects of a weapons production 
facility, but enough work has been done with 235U/238U ratios to 
establish that the mass ratio of 0.0072 is indicative of naturally 
occurring U (Ketterer and others, 2000; Sherman and others, 
2007). This ratio was 0.0072 in all of our samples, which sup-
ports the 234U/238U AR data that indicated the dissolved U at 
our sites is derived from natural sources.

The U isotope data indicate that the mill is not a source of 
U in the groundwater in the unconfined aquifer at any sites 
monitored during the study, with the possible exception of 
Entrance Spring. As defined previously, potential pathways of 
U transport from the mill to the groundwater system include 
(1) airborne dust from ore storage pads and emissions from the 
mill’s drying ovens, with subsequent dissolution and seepage 
of contaminated water into the aquifer, and (2) direct leakage 
from the mill tailing ponds or seepage from tailings cells. If 
the elevated-U concentrations observed in Entrance Spring 

Figure 24.  Dissolved uranium and 234U/238U activity ratios measured in water samples collected from various sources near the White 
Mesa uranium mill, San Juan County, Utah. 
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Figure 25.  Transformed dissolved uranium (inverse concentration multiplied by 1,000) and 234U/238U activity ratios measured in water 
samples collected from various sources near the White Mesa uranium mill, San Juan County, Utah. 

are not the result of natural sources, a possible pathway from 
the mill site to the spring is airborne transport with subsequent 
dissolution of the wind deposited material in the Entrance 
Spring drainage. This pathway is feasible for several reasons: 
(1) the ore to be processed in the mill is stored uncovered on 
ore storage pads directly across from Entrance Spring, and 
much of this material is fine grained, which easily can be 
transported by the wind; (2) starting approximately three years 
ago trucks delivering ore were covered, as stipulated Bureau 
of Land Management and Department of Transportation poli-
cies (Bureau of Land Management, 2011), but prior to that 
time trucks delivering ore were may have been uncovered and 
turned onto the mill from Highway 191, directly across from 
Entrance Spring; and (3) as discussed in the “Uranium Mobil-
ity” section, any solid phase U in contact with infiltrating 
water would dissolve readily, and any aqueous phase U would 
likely remain in solution. The tailings cells are not a likely 
source of U at Entrance Spring. An analysis of the groundwa-
ter flow paths on the White Mesa indicate that the prevailing 
groundwater flow direction is toward the south, and that any 
leakage from a tailings cell is unlikely to flow east toward 
Entrance Spring.

The evidence presented in this section, however, does not 
conclusively prove or disprove a hypothesis that the source 
of U in Entrance Spring is material from the ore storage 
pads deposited by wind into the drainage. We evaluated this 

hypothesis further by collecting stream sediment and veg-
etation samples around the White Mesa. The results of this 
sampling are discussed in the “Sediment” and “Vegetation” 
sections.

Isotopes of Oxygen and Hydrogen
Water samples from selected springs, monitoring wells, 

domestic-supply wells, and surface-water sources (fig. 19) 
were analyzed for delta oxygen-18 (δ18O) and deuterium (δD) 
values by the USGS Stable Isotope Laboratory in Reston, 
Virginia. The δ18O and δD values were compared to the global 
(Craig, 1961) and arid-zone (Welch and Preissler, 1986) mete-
oric water lines (fig. 26), and three distinct groupings of water 
samples were identified. 

Group 1 includes water samples from the North and South 
wells that contain the isotopically lightest signature (δ18O 
is less than –15.5 and δD is less than –115 permil) and plot 
directly on the global meteoric water line (fig. 26). Both of 
these wells are completed in the Navajo Sandstone, which rep-
resents a regional aquifer system that is recharged by higher 
elevation areas that include Comb Ridge to the west and the 
Abajo Mountains to the north (Freethey and Cordy, 1991; 
Naftz and others, 1997). The isotopic composition of water 
samples from the North and South wells is very similar to the 
isotopic composition of two snow samples (fig. 26) collected 
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from the Abajo Mountains to the north of the study area 
(Spangler and others, 1996) that also plot in group 1.

The δ18O and δD values for water samples in group 2 
plot below the global meteoric water line (fig. 26) and are 
more aligned to the arid-zone meteoric water line. Wells and 
springs in group 2 include Oasis Spring, East and West wells, 
Mill spring, Ruin Spring, Mill View well, and Cow Camp 
Spring. The isotopic enrichment and deviation from the global 
meteoric water line indicate more localized and lower eleva-
tion recharge, which would be subject to isotopic enrichment 
through evaporation. These recharge characteristics typify 
the conditions in the surficial aquifer composed of the Dakota 
Sandstone and Burro Canyon Formation. As discussed previ-
ously, precipitation directly on the White Mesa is the only 
source of recharge to the surficial aquifer. The isotopic signa-
ture of recharge on the White Mesa is further supported by the 
δ18O and δD values associated with water samples from two 
surface-water sites (South Mill and Anasazi Ponds, shown in 
fig. 19). Both of these sites collect localized precipitation char-
acteristic of White Mesa that falls on lower elevations, and 
the isotopic composition of water samples from these sources 
is similar to the isotopically enriched composition of group 
2 water samples collected from springs and wells associated 
with the surficial aquifer on White Mesa (fig. 26). 

Water samples in group 3 plot below the arid-zone mete-
oric water line and represent the most isotopically enriched 
water samples collected from the study area. Group 3 sites 
include Entrance Spring, Lyman well, Bayless well, and 
Recapture Reservoir (fig. 26). A trend line through the δ18O 
and δD values of group 3 water samples indicates an evapora-
tive signature because the slope is lower than the meteoric 
water line (Drever, 1997). 

Water from Recapture Reservoir is the primary water 
source for ore processing at the White Mesa mill and for 
irrigated agriculture in areas surrounding Blanding, Utah 
(Utah Division of Water Quality, 2006). The similar isotopic 
signature of water samples from Recapture Reservoir and 
Entrance Spring could indicate a linkage with mill runoff, 
seepage discharging from Entrance Spring, or the inputs from 
irrigated agriculture in the area utilizing water from Recapture 
Reservoir. The reason for the enriched isotopic signature of 
water from Recapture Reservoir likely is due to evaporation of 
snowmelt from the Abajo Mountains during reservoir stor-
age. Inflow to Recapture Reservoir is entirely from ephemeral 
streams, and release of reservoir water to Recapture Creek 
only occurs during wet years when the reservoir reaches full 
capacity (Utah Division of Water Quality, 2006). Additional 
data are needed from Recapture Reservoir to better identify 
the seasonal variations in the isotopic composition.

The similar δ18O and δD values in water samples from the 
Bayless well and Recapture Reservoir (fig. 26) could suggest 

Figure 26.  Delta deuterium and delta oxygen-18 composition of water samples collected from 
the study area and comparison of sample groups 1, 2, and 3 to the global (Craig, 1961) and arid-
zone (Welch and Preissler, 1986) meteoric water lines. Isotopic data from snow samples in the 
Abajo Mountains from Spangler and others (1996). 
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the infiltration of irrigation water 
from Recapture Reservoir into the 
surficial aquifer. In addition, the 
enriched isotopic signature of the 
water sample from Lyman well is 
consistent with evapotranspiration 
of Recapture Reservoir water dur-
ing irrigation and then subsequent 
recharge to the surficial aquifer. Both 
the Bayless and Lyman wells are in 
rural areas with irrigated agriculture.

The isotopic linkage between 
water samples from Entrance Spring 
and facilities water used at the mill 
site is further supported by δ18O 
and δD values for water samples 
collected from the wildlife ponds 
that were published by Hurst and 
Solomon (2008). The wildlife ponds 
are unlined ponds on the eastern side 
of the mill site (fig. 1) and are filled 
with facilities water from Recapture 
Reservoir. The δ18O and δD values 
of water samples from the wildlife 
ponds are enriched relative to the 
mill facilities water from Recapture 
Reservoir used to fill the ponds (fig. 
27). This isotopic enrichment results 
from evaporation of the facilities 
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water. A mixing line constructed between the isotopic com-
position of water from Anasazi Pond and the wildlife ponds 
can assist in the depiction of likely water sources to Entrance 
Spring (fig. 27). Four of the six water samples collected from 
Entrance Spring are isotopically enriched relative to water 
from Recapture Reservoir (fig. 27). This isotopic enrichment 
can be explained by mixing with the isotopically enriched 
water from the unlined wildlife ponds or other ponded facili-
ties water on the mill site that is subject to evaporation. The 
two water samples from Entrance Spring that are less isotopi-
cally enriched than the facilities water from Recapture Reser-
voir are likely the result of mixing between typical recharge 
water to the White Mesa (for example, water from Anasazi 
Pond) and facilities water from Recapture Reservoir and/or 
evaporated water from the wildlife ponds. 

The δ18O and δD data indicate that water discharging from 
Entrance Spring contains an isotopic fingerprint of water from 
Recapture Reservoir that also is used as facilities water on the 
mill site. In addition, water from Recapture Reservoir also 
is used to irrigate fields surrounding the town of Blanding. 
Infiltration of this irrigated water also could contribute to the 
enriched isotopic fingerprint observed for Entrance Spring. 
As noted in a previous report section, Entrance Spring also 
contains the highest median U concentration relative to the 
spring and groundwater sites that were sampled during the 
study period.

had relatively consistent isotopic values that ranged from 
–1.04 to –0.89 permil (Hurst and Solomon, 2008) and is likely 
related to the δ34Ssulfate isotopic signature of sulfuric acid used 
in ore processing.

The δ18Osulfate and δ34Ssulfate values in water samples from 
wells and springs surrounding the mill site were compared 
to the isotopic composition of water from the tailings cells 
and wildlife ponds (fig. 28). The δ18Osulfate values in water 
samples from the tailings cells and wildlife ponds are isotopi-
cally enriched and likely reflect the evaporative processes that 
occur in these surface-water sites (Hurst and Solomon, 2008). 
Similarities in the δ34Ssulfate values in water samples from the 
wildlife ponds and tailings cells indicate a potential link-
age that may be related to eolian transport of aerosols from 
the tailings cells, surface runoff from the mill facility, and/
or rainout of sulfuric acid released to the atmosphere from 
the mill site (Hurst and Solomon, 2008). None of the spring 
or monitoring well samples collected from areas surrounding 
the mill site contains δ18Osulfate and δ34Ssulfate isotopic signatures 
that would indicate recharge from tailings cells within the mill 
boundary (fig. 28).

Figure 29 displays the relationship between sulfate con-
centrations and δ34Ssulfate for water samples collected from the 
monitoring wells and spring sites adjacent to White Mesa 
mill, as well as water samples collected by Hurst and Solomon 
(2008) from the wildlife ponds and tailings cells at the mill 
site. With the exception of the water samples from the tailings 

D
el

ta
 D

eu
te

ri
um

, i
n 

pe
rm

il

Delta Oxygen-18, in permil

Lyman well
Bayless well
Entrance Spring
Recapture Reservoir
Anasazi Pond
Wildlife Pond (Hurst and Solomon, 2008)

-100

-95

-90

-85

-80

-75

-70

-65

-60

-55

-50

-45

-40

-12 -10 -8 -6 -4 -2 0

Group 3

Glob
al 

mete
or

ic 
wate

r li
ne

Arid
-zo

ne
 m

ete
or

ic 
wate

r li
ne

Mixing lin
e

Isotopes of Sulfur and Oxygen 
in Sulfate

Filtered water samples from 
selected springs, monitoring wells, 
and domestic-supply wells (fig. 19) 
were analyzed for δ18O in the sulfate 
ion (δ18Osulfate) and delta sulfur-34 in 
the sulfate ion (δ34Ssulfate) by the USGS 
Stable Isotope Laboratory in Reston, 
Virginia. Because sulfuric acid is used 
in ore processing in the mill, the isoto-
pic composition of both δ18Osulfate and 
δ34Ssulfate can provide a unique isotopic 
fingerprint of groundwater contamina-
tion derived from mill sources. Hurst 
and Solomon (2008) determined the 
δ18Osulfate and δ34Ssulfate values in water 
samples from multiple monitoring 
wells inside the mill property, as well 
as the tailings cells and wildlife ponds. 
The tailings cells were found to be 
enriched in δ18Osulfate (ranging from 3.9 
to 4.5 permil) relative to other water 
samples on the mill property, and this 
isotopic enrichment was likely the 
result of evaporation of liquids in the 
tailing cells. In addition, the δ34Ssulfate 
values in water from the tailings cells 

Figure 27.  Delta deuterium and delta oxygen-18 composition of group 3 water samples 
compared to the isotopic composition of water samples from Anasazi Pond outside of the 
mill property and the wildlife ponds located within the mill site, San Juan County, Utah.  
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cells, increasing sulfate concentration 
tends to be associated with heavier 
δ34Ssulfate values. The similarity in 
δ34Ssulfate values for the tailings and 
wildlife ponds, and the difference 
between these values and those from 
other sites, provides a good finger-
print of water from these sources. 
To date (2010), the δ34Ssulfate values 
measured in wells and springs sur-
rounding the White Mesa mill site do 
not have an isotopic signature charac-
teristic of the tailings cells. Because 
the wildlife ponds are actively 
leaking (Hurst and Solomon, 2008), 
it is likely that future groundwater 
samples from the surficial aquifer at 
sites within and adjacent to the mill 
site will exhibit decreasing trends in 
δ34Ssulfate values; however, this poten-
tial decrease in δ34Ssulfate values alone 
cannot be used to identify leakage 
from the tailings ponds exclusively.

Sediment

Trace-element geochemistry
Sediment samples from ephem-

eral drainages that could potentially 
receive and accumulate water and 
wind-blown material from the mill 
site were sampled during June 2008. 
Stream-sediment samples were col-
lected from 28 sites in the ephemeral-
stream channels draining the White 
Mesa uranium mill site (fig. 30). 
In addition, three stream-sediment 
samples were collected approximately 
five kilometers (km) north of the mill 
site (fig. 31) to represent local back-
ground conditions. The fine-grained 
fraction (−200 mesh) of each sedi-
ment sample underwent a multi-acid, 
total digestion and was analyzed for 
42 major and trace elements (Appen-
dix 2), including U.

Two standard reference mate-
rials obtained from the USGS 
(Green River Shale, SGR-1B, and 
Mica Schist, SDC-1) were submit-
ted blindly with the routine stream 
sediment samples collected from the 
drainages surrounding the mill site. 
Analytical results from the standard 
reference materials were generally 
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Figure 28.  Delta 18Osulfate and delta 34Ssulfate composition of water samples collected from 
areas surrounding the White Mesa mill site compared to samples from the tailings cells and 
wildlife ponds located within the mill site, San Juan County, Utah. 
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Figure 29.  Changes in delta 34Ssulfate as a function of sulfate concentration in water 
samples collected from areas surrounding the White Mesa mill site compared to water 
samples from the tailings cells and wildlife ponds located within the mill site, San Juan 
County, Utah. 
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within acceptable limits and aver-
aged within 12.4 percent for Green 
River Shale (SGR-1B) and 10.3 
percent for Mica Schist (SDC-1; 
table 12).

The U concentration from the 
stream-sediment samples ranged 
from 1.5 to 16.2 parts per million 
(ppm). The highest U concentration 
measured in the local background 
samples (fig. 31), which ranged 
from 1.8 to 3.6 ppm, was equaled 
or exceeded in 8 of the 28 stream 
sediment samples. The stream-
sediment data also were compared 
to the median concentration of 
stream-sediment samples collected 
in southeastern Utah (latitude 
range: 37.003 to 37.650 decimal 
degrees; longitude range: 109.044 
to 110.779 decimal degrees) during 
the 1970s as part of the National 
Uranium Resource Evaluation 
(NURE) program (U.S. Geologi-
cal Survey, 2010c). The median U 
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Figure 30.  Sites where sediment samples were collected in ephemeral drainages in close proximity to the White Mesa uranium mill, 
San Juan County, Utah, during June 2008. 

Figure 31.  Sites where background sediment samples were collected in ephemeral 
drainages approximately 5 kilometers north of the White Mesa uranium mill, San Juan 
County, Utah, during June 2008.
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concentration in the NURE data set for southeastern Utah was 
2.0 ppm (n = 627), and 27 of the 28 sediment samples col-
lected in close proximity to the mill site exceeded the median 
value (fig. 32). 

Figure 33 shows the location of the eight sediment 
samples that exceeded the maximum U concentration from 
the three local background samples. With the exception of site 
WM2-S21, sediment samples with elevated-U concentration 
cluster in the three ephemeral drainages east of the eastern mill 
boundary. In general, this area is downwind from the uncov-
ered ore materials that are stockpiled at the mill and are in the 

same general area as Entrance Spring, which had the high-
est median U concentration of all the water monitoring sites 
sampled during the study period.

The USGS StreamStats software (Ries and others, 
2008) was used to delineate the watershed for each of the 
three ephemeral drainages east of the mill site that were 
found to contain elevated-U concentrations in stream sedi-
ments (fig. 34). Because of the elevated-U found in the three 
ephemeral channels, it is likely that each of the designated 
watersheds could receive wind-blown dust with elevated-U 
concentrations from within the mill boundaries (for example, 

Table 12.  Measurement errors for trace elements calculated from two reference materials that were submitted and analyzed with 
sediment samples collected from ephemeral drainages surrounding the White Mesa mill site, Utah, during June 2008.
[Abbreviations: ND, not determined; μg/g, micrograms per gram; <, less than lower reporting limit]

Chemical 
constituent

Green River 
Shale (SGR–1b) 

reference material, 
measured value, 

(µg/g)

Green River 
Shale (SGR–1b) 

reference material, 
expected value,

(µg/g)

Green River 
Shale (SGR–1b) 
measurement 

error, 
(percent)

Mica Schist  
(SDC–1) 

reference material, 
measured value, 

(µg/g)

Mica Schist 
(SDC–1)  

reference material, 
expected value, 

(µg/g)

Mica Schist 
(SDC–1) 

measurement 
error, 

(percent)

Arsenic 64.0 67.0 –4.5 <1 0.2 ND
Barium 294.0 290.0 1.4 681.0 630.0 8.1
Beryllium 1.5 ND ND 3.7 3.0 23.3
Cadmium 1.1 0.9 22.2 <0.1 ND ND
Cerium 35.5 36.0 –1.4 90.8 93.0 –2.4
Cobalt 11.9 12.0 –0.8 18.3 18.0 1.7
Chromium 28.0 30.0 –6.7 60.0 64.0 –6.3
Cesium 5.0 5.2 –3.8 <5 4.0 ND
Copper 60.8 66.0 –7.9 26.0 30.0 –13.3
Gallium 9.5 12.0 –21.2 24.3 21.0 15.7
Lanthanum 19.2 20.0 –4.0 42.1 42.0 0.2
Lithium 128.0 147.0 –12.9 33.0 34.0 –2.9
Manganese 233.0 267.0 –12.7 839.0 880.0 –4.7
Molybdenum 35.2 35.0 0.6 0.2 ND ND
Niobium 4.9 5.2 –5.8 15.7 21.0 –25.2
Nickel 26.5 29.0 –8.6 29.6 38.0 –22.1
Lead 40.2 38.0 5.8 21.2 25.0 –15.2
Rubidium 82.9 ND ND 126.0 127.0 –0.8
Antimony 2.7 3.4 –22.1 0.5 0.5 –3.7
Selenium 5.0 4.6 8.7 16.0 17.0 –5.9
Tin 0.7 1.9 –63.2 2.9 3.0 –3.3
Strontium 377.0 420.0 –10.2 170.0 180.0 –5.6
Thorium 4.3 4.8 –10.4 11.0 12.0 –8.3
Thallium 0.5 ND ND 0.5 0.7 –28.6
Uranium 5.4 5.4 0.0 2.7 3.1 –12.9
Vanadium 146.0 130.0 12.3 113.0 102.0 10.8
Tungsten 1.9 2.6 –26.9 0.6 0.8 –25.0
Yttrium 9.1 13.0 –30.0 31.7 ND ND
Zinc 72.0 74.0 –2.7 102.0 103.0 –1.0
Selenium 2.5 3.5 –28.6 <0.2 ND ND

Median 8.6 7.2
Mean 12.4 10.3
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Maximum local background sediment concentration
measured (n=3)

Median NURE n=627
sediment concentration
for southeastern Utah (n=3)
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Figure 32.  Uranium concentration in 
sediment samples collected in ephemeral 
drainages in close proximity to the White 
Mesa uranium mill, San Juan County, Utah. 

Figure 33.  Sites where the measured uranium concentration in sediment samples exceeded the maximum uranium concentration 
observed in local background samples compared to sites where it did not during June 2008, San Juan County, Utah. 
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uncovered ore-storage piles or possible runoff from within 
the mill boundaries during rain and snowmelt events). Future 
assessments of offsite migration of ore material also should 
collect sediment samples from the two remaining unsampled 
ephemeral watersheds directly east of the mill site.

Sample site WM2-S21, located approximately 1.2 km 
south of the mill site in an ephemeral drainage originating 
within the mill boundaries, contained the highest U concentra-
tion (greater than 16 ppm) measured in any of the sediment 
samples. The elevated-U concentration in this sample was 
confirmed by two additional analyses of the stream-sediment 
sample (reanalysis 1 = 16.2 ppm and reanalysis 2 = 15.0 ppm). 
The U concentration in this sample was more than 8 times 
the median U concentration in the NURE data collected from 
southeastern Utah and likely is associated with transport of 
ore-grade material during a runoff event that was capable of 
transporting sediment down the ephemeral stream channel. 
The USGS StreamStats program (Ries and others, 2008) was 
used to delineate the watershed above sediment sample site 
WM2-S21 (fig. 35) also. The watershed boundaries delin-
eated by the StreamStats program did not include the White 
Mesa mill site. Because of low surface gradients in this area, 
it is possible that the watershed boundaries estimated by the 
StreamStats program are not representative of actual condi-
tions, which could include areas of the mill site. Additional 
data collected upstream of sample site WM2-S21 could help to 
determine the likely source(s) of the elevated-U concentration 
that was observed and to better delineate the watershed above 
the sample site. 

Geochemical fingerprinting
In addition to U, the concentration of 41 other chemical 

constituents was determined in the 31 sediment samples col-
lected from the ephemeral drainages surrounding the White 
Mesa mill site. Pattern-recognition modeling techniques were 
applied to this multivariate database to identify multi-element 
“geochemical fingerprints” that can be used to differentiate 
natural weathering of sediments from ore material and to use 
this information to identify areas that likely have received 
offsite migration of ore material through air or water transport.

Pattern-recognition modeling techniques have been used 
in a variety of environmental applications where multivariate 
chemical databases needed to be interpreted in the context of 
multiple environmental processes (for example, differentiating 
natural vs. anthropogenic trace-metal signatures). Naftz 
(1996a and 1996b) applied pattern-recognition modeling 
techniques to a large, chemical data base generated from the 
U.S. Department of the Interior’s (DOI) National Irrigation 
Water Quality Program (NIWQP) to identify water that could 
pose a selenium hazard to waterfowl. Pattern-recognition 
techniques have been used for geochemical interpretation 
of organic biomarker signals (Christie and others, 1984). 
Archeological studies have used pattern-recognition 
techniques to discriminate marble sources (Mello and others, 
1988) and classify ancient ceramics using major- and trace-
element data (Heydorn and Thuesen, 1989). Pyrolysis-mass 

Figure 34.  Location of sediment sample sites with elevated 
uranium and their corresponding watershed boundaries as 
estimated by the USGS StreamStats program (Ries and others, 
2008) relative to the location of the White Mesa mill site, San Juan 
County, Utah: A, WM2-S3A; B, WM2-S5A; and C, WM2-S9A. 
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Figure 35.  Location of sediment sample site WM2-S21 and the 
watershed boundary estimated by the USGS StreamStats program 
(Ries and others, 2008) relative to the location of the White Mesa 
mill site, San Juan County, Utah. 

spectrometry analyses coupled with pattern-recognition 
techniques were useful in differentiating the origin of smoke 
aerosols (Voorhees and Tsao, 1985) and humic materials 
(MacCarthy and others, 1985). Also, pattern-recognition 
techniques applied to the elemental composition of oils have 
been used to determine spill-source identification in an oceanic 
setting (Duewer and others, 1975). In a hydrologic application, 
pattern-recognition techniques have been used to optimize 
multi-element groundwater quality monitoring programs at an 
oil-shale retort site (Meglen and Erickson, 1983).

Principal component analysis (PCA) was applied to the 
multi-element stream-sediment database to differentiate 
natural weathering from U ore “geochemical fingerprints.” 
Two chemical constituents (cesium and tellurium) were not 
used in the PCA because the measured values consistently 
were below the lower reporting limit. Three factors were 

found to account for 76 percent of the total variance of the 
multi-element stream-sediment database. The rotated loadings 
for the first two factors are shown in figure 36, with loading 
values (unitless) greater than 0.2 or less than –0.2 consid-
ered significant. Significant loadings associated with factor 
1 include the elements Mg, Fe, Cr, K, Ti, and Y. The chemi-
cal elements associated with factor 1 were interpreted to be 
associated with the weathering of surficial geological units, 
predominantly the Burro Canyon Formation, surrounding the 
mill site. The Burro Canyon Formation consists primarily of 
sandstone, and the dominant minerals are quartz with small 
amounts of microcline and chert (Witkind, 1964). Calcite 
is the dominant cement; however, small amounts of silica 
and iron oxide cements were observed as well. Eolian sand 
deposits have been mapped by Haynes and others (1972) in 
the surficial materials east of the mill site, which are composed 
primarily of quartz grains covered by a thin film or iron oxide. 
Mineralogical analyses of rock samples collected during the 
study from areas surrounding White Mesa mill contained 
calcite, kaolinite, quartz, rutile, gypsum, orthoclase, anhydrite, 
and albite (Appendix 3).

The high loading for potassium (K) in factor 1 likely is 
explained by the presence of microcline and orthoclase, both 
K-containing feldspars, in the sediments. The high loading for 
iron (Fe) in factor 1 likely is explained by Fe oxide cement 
and coatings in the surficial geologic units, and the high load-
ings for chromium (Cr) and yttrium (Y) in factor 1 could be 
associated with trace elements in the Fe oxide coatings. The 
high factor 1 loading for titanium (Ti) could be associated with 
the mineral rutile, a Ti oxide that was detected in one of the 
mineralogical samples (Appendix 3). Finally, the high load-
ing in factor 1 for magnesium (Mg) could be explained by the 
presence of calcite cements and the common substitution of 
magnesium for calcium in the mineral structure. 

Significant loadings associated with factor 2 include Mo, 
As, S, Se, U, W, and Sb. These elements were interpreted to 
be associated with U-ore material contained within the White 
Mesa mill site. The elements, molybdenum (Mo), arsenic (As), 
and selenium (Se), are commonly associated with U deposits 
in the Salt Wash Member of the Morrison Formation (Miesch, 
1962; 1963), sandstone-hosted U deposits in west-central 
Utah (Miller and others, 1984), as well as other U deposits in 
the western United States (Rose and others, 1979). Research 
by Miesch (1961 and 1963) found that antimony (Sb) was 
intrinsically related to U deposits in the Colorado Plateau. The 
high loading in factor 2 for sulfur (S) likely is related to the 
abundant amount of sulfide found in ores associated with U 
deposits (Miesch 1963).

The rotated scores for the first two factors were plot-
ted (fig. 37) to evaluate the occurrence of distinct clusters in 
the data that could indicate common geochemical processes 
controlling the multi-element sediment chemistry observed 
among the ephemeral channel sampling sites in the study area. 
The rotated factor scores for the 31 sediment samples are 
grouped into two distinct clusters, identified as an ore migra-
tion and natural weathering grouping (fig. 37). The boundaries 
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drawn around the clusters of fac-
tor scores are not definitive, but aid 
in the visualization of the data and 
confirm possible commonalities in 
geochemical processes indicated by 
the variations in multi-element sedi-
ment chemistry for each of the score 
clusters and the sample-site locations 
identified in each of the clusters. 
Samples with high ore-migration 
factor scores also contain high scores 
associated with natural weathering. 
This combination of high scores with 
respect to both the ore-migration and 
natural-weathering factors is consis-
tent with an ore-migration imprint 
in drainages containing naturally 
weathered stream sediments. The 
locations of the six samples with high 
ore-migration scores are shown in 
figure 38 and are located primarily in 
the ephemeral drainages directly east 
of the mill site. These are the same 
areas with elevated-U concentrations 
in the ephemeral drainage watersheds 
designated by StreamStats, which are 
downwind from the uncovered ore 
materials that are stockpiled at the 
mill site. The two remaining sediment 
samples with elevated ore-migration 
scores are located south and directly 
west of the mill site (fig. 38).

The three background samples 
are not shown in figure 38, but they 
contain low ore-migration scores and 
high natural-weathering scores and 
plot within the natural-weathering 
score cluster (fig. 37). Two of the 31 
sediment samples are outside of both 
the natural-weathering and ore-migra-
tion score clusters. It is unclear why 
these two samples do not plot within 
the two score clusters and could 
represent an anomalous lithology 
or other unique set of geochemical 
characteristics. 

Vegetation

Big sagebrush
Big sagebrush (Artemisia tri-

dentata) is one of the most widely 
distributed and easily recognized 
shrubs in the western United States 
and has been used to establish 

Figure 36.  Loading values for principal components analysis factors 1 and 2 and chemical 
constituents with significant values for stream-sediment samples collected during June 2008 
in the vicinity of the White Mesa mill site, San Juan County, Utah. 
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Figure 37.  Scatter plot comparing factor 1 and factor 2 scores determined by principal 
components analysis of 31 stream-sediment samples collected from ephemeral drainages 
surrounding the White Mesa mill site, San Juan County, Utah, during June 2008. 
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geochemical baselines for selected chemical constituents since 
the late 1970s (Gough and Erdman, 1980; 1983). Big sage-
brush develops an extensive root system and can accumulate 
trace-chemical constituents from soil water and groundwater 
containing mobile ions associated with ore deposits (Stewart 
and McKown, 1995). Because of the rough surface texture 
and resins on the leaf surfaces, sagebrush has been found to be 
very efficient at trapping dust (Wilt and others, 1992; Cutter 
and Guyette, 1993). Dust trapping on leaf surfaces was uti-
lized in previous work to identify eolian transport of gold from 
a mill site (Smith and Kretschmer, 1992) and to detect ore 
spillage (Busche, 1989). Tissue samples were collected from 
big sagebrush in areas surrounding the White Mesa mill site 
during September 2009 (fig. 39) to determine areas of offsite 
migration of ore and associated material from eolian transport.

Tissue samples of new growth from plants growing within 
a 15-m radius from the center of each sample grid were com-
posited and submitted for chemical analyses without surface 
rinsing to preserve any dust deposition geochemical signal 
(Appendix 4). Analytical results from the laboratory were veri-
fied by blindly submitting a certified standard reference mate-
rial (National Institute of Standards plant reference material 
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Figure 38.  Location of sediment-sampling sites with high factor 2 scores (ore migration) compared to the location of sites with high 
factor 1 scores (natural weathering) and low factor 2 scores (ore migration), San Juan County, Utah, during June 2008. 

1573a, tomato leaves) with the routine samples. On average, 
the laboratory results were within 13.1 percent of the accepted 
value and ranged from 3.4 to 33.4 percent (table 13). 

In addition to the routine plant tissue samples collected 
from the center of each grid cell, additional samples were 
collected to determine the analytical and within-grid-cell 
variance. Six samples were collected from sample splits taken 
prior to laboratory analysis to assess analytical variance (table 
14). Selected chemical constituents in the splits were con-
sistently below the lower reporting limit (Ag, Cs, In, Te, Tl) 
or above the upper reporting limit (P) and could not be used 
to determine a mean percent difference between the analyti-
cal splits. The mean percent difference for the remaining 37 
major and trace constituents was small, averaging 7.3 percent 
and ranging from 1.0 percent for strontium to 39.4 percent 
for chromium (table 14). In addition to the analytical sample 
splits, an additional plant composite sample was collected 200 
m in a random direction from the routine sample site in the 
center of 10 of the grid cells (fig. 39) and used to qualitatively 
assess the within-grid-cell variance. The analytical results 
for the 10 sample pairs are shown in table 15 and generally 
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indicate similar concentrations for the paired samples at this 
smaller, within-grid-cell geographic scale. 

The U concentration in the plant-tissue samples from 
sagebrush ranged from 1.3 to 171 ppm (dry weight). The 
highest concentrations of U were found in plant tissue samples 
collected from regions north, south, and east of the mill site, 
and the lowest U concentrations were found west, northwest, 
and southwest of the mill site (fig. 40). Wind data collected 
from 2000 to 2008 at the Blanding airport (National Oceanic 

and Atmospheric Administration, 2010), located about 6 km 
north of the mill, offers insight into the likely U source for the 
observed spatial distribution of U in the plant tissue samples 
(fig. 40). The predominant wind direction during the nine-year 
monitoring period was from the south-southwest (SSW) at an 
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Table 13.  Measurement errors calculated for National Institute of Standards and Technology (NIST) reference material that was sub-
mitted and analyzed with vegetation samples collected from areas surrounding the White Mesa mill site, Utah, during September 2009.
[Abbreviations: mg/kg, milligrams per kilogram; NIST, National Institute of Standards; ND, not determined; %, percent; *, element concentration determined 
but not NIST certified]

Chemical constituent 
and 

concentration 
units

NIST 
reference material 

(1573a, tomato leaves), 
measured value 1, 

concentration 
as specified

NIST 
reference material 

(1573a, tomato leaves), 
measured value 2, 

concentration 
as specified

NIST 
reference material 

(1573a, tomato leaves), 
measured value 3, 

concentration 
as specified

NIST 
reference material 

(1573a, tomato leaves), 
expected value, 
concentration 
as specified

NIST 
reference material 

(1573a, tomato leaves) 
average measurement 

error,
 (percent)

Aluminum (mg/kg) 560.0000 570.0000 560.0000 598.0000 5.8
Antimony (mg/kg) 0.0600 0.0640 0.0660 0.0630 3.7
Arsenic (mg/kg) ND ND ND 0.1120 ND
Boron (mg/kg) ND ND ND 33.3000 ND
Cadmium (mg/kg) 1.3000 1.5000 1.5000 1.5200 5.7
Chromium (mg/kg) 1.9000 1.8000 1.6000 1.9900 11.2
Cobalt (mg/kg) 0.5000 0.6000 0.6000 0.5700 7.6
Copper (mg/kg) 4.3000 4.4000 4.3000 4.7000 7.8
Iron (mg/kg) 350.0000 350.0000 330.0000 368.0000 6.7
Manganese (mg/kg) 221.5000 223.5000 220.4000 246.0000 9.8
Mercury (mg/kg) ND ND ND 0.0340 ND
Nickel (mg/kg) 1.3000 1.2000 1.3000 1.5900 20.3
Rubidium (mg/kg) 10.3910 10.1890 9.1880 14.8900 33.4
Selenium (mg/kg) ND ND ND 0.0540 ND
Sodium (mg/kg) 140.0000 180.0000 140.0000 136.0000 12.7
Vanadium (mg/kg) 0.6000 0.6000 0.6000 0.8350 28.1
Zinc (mg/kg) 26.1000 26.0000 26.0000 30.9000 15.7
*Magnesium (%) 0.9670 0.9760 0.9640 1.2000 19.3
*Sulfur (%) 0.9190 0.9350 0.9290 0.9600 3.4
*Barium (mg/kg) 58.8000 59.2000 58.1000 63.0000 6.8
*Bromine (mg/kg) ND ND ND 1,300.0000 ND
*Cerium (mg/kg) 1.4000 1.5000 1.5000 2.0000 26.7
*Cesium (mg/kg) ND ND ND 0.0530 ND
*Gadolinium (mg/kg) ND ND ND 0.1700 ND
*Hatnium (mg/kg) ND ND ND 0.1400 ND
*Lanthanum (mg/kg) 2.0000 2.2000 2.3000 2.3000 5.8
*Molybdenum (mg/kg) 0.4000 0.4000 0.4000 0.4600 13.0
*Tin (mg/kg) 0.0830 0.1230 0.1440 0.1000 28.0
*Silver (mg/kg) ND ND ND 0.0170 ND
*Strontium (mg/kg) 79.5000 79.3000 78.7000 85.0000 6.9
*Thorium (mg/kg) 0.1000 0.1200 0.1200 0.1200 5.6
*Uranium (mg/kg) 0.0410 0.0410 0.0410 0.0350 17.1
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Table 14.  Comparison of analytical results from laboratory splits of sagebrush samples collected from areas surrounding the White 
Mesa mill site, Utah, during September 2009. 
[Abbreviations: <, less than lower reporting limit; >, greater than upper reporting limit; ND, not determined; *, mean percent difference calculated with at least one missing value; ppm, 
parts per million]

Site ID
Aluminum, 

(percent 
dry weight)

Calcium, 
(percent 

dry weight)

Iron, 
(percent 

dry weight)

Potassium, 
(percent 

dry weight)

Magnesium, 
(percent 

dry weight)

Sodium, 
(percent 

dry weight)

Sulfur, 
(percent 

dry weight)

Titanium, 
(percent 

dry weight)

Silver, 
(ppm dry 
weight)

Barium, 
(ppm dry 
weight)

10–1a 0.67 10.7 0.33 12.3 4.98 0.18 3.97 0.03 <1 262
10–1b 0.61 10.4 0.3 13.1 4.9 0.17 4 0.03 <1 258
Percent difference 9.4 2.8 9.5 6.3 1.6 5.7 0.8 0.0 ND 1.5

12–1a 0.43 9.94 0.23 >15 2.18 0.11 3.25 0.02 <1 370
12–1b 0.44 9.89 0.23 13.7 2.19 0.1 3.28 0.02 <1 369
Percent difference 2.3 0.5 0.0 ND 0.5 9.5 0.9 0.0 ND 0.3

14–2a 1.16 10.4 0.58 12.3 2.97 0.24 3.18 0.06 <1 388
14–2b 1.04 10.6 0.53 12.5 3.02 0.22 3.22 0.05 <1 377
Percent difference 10.9 1.9 9.0 1.6 1.7 8.7 1.3 18.2 ND 2.9

31–1a 0.68 9.75 0.35 10.9 3.27 0.16 3.07 0.03 <1 356
31–1b 0.65 9.68 0.34 11 3.27 0.16 3.09 0.03 <1 357
Percent difference 4.5 0.7 2.9 0.9 0.0 0.0 0.6 0.0 ND 0.3

38–1a 0.81 9.55 0.41 9.81 3.01 0.15 3.14 0.02 <1 335
38–1b 0.79 9.37 0.4 11.4 3 0.15 3.02 0.02 <1 347
Percent difference 2.5 1.9 2.5 15.0 0.3 0.0 3.9 0.0 ND 3.5

40–2a 0.87 7.91 0.45 >15 2.38 0.13 2.3 0.03 <1 313
40–2b 0.82 7.84 0.43 15 2.31 0.12 2.23 0.02 <1 304
Percent difference 5.9 0.9 4.5 3.0 8.0 3.1 40.0 2.9

Mean percent  
difference (+/–)

5.9 1.5 4.7 6.0* 1.2 5.3 1.8 9.7 ND 1.9

Site ID
Beryllium, 
(ppm dry 
weight)

Bismuth, 
(ppm dry 
weight)

Cadmium, 
(ppm dry 
weight)

Cerium, 
(ppm dry 
weight)

Cobalt, 
(ppm dry 
weight)

Chromium, 
(ppm dry 
weight)

Cesium, 
(ppm dry 
weight)

Copper, 
(ppm dry 
weight)

Gallium, 
(ppm dry 
weight)

Indium, 
(ppm dry 
weight)

Lanthanium, 
(ppm dry 
weight)

10–1a 0.4 0.66 1.2 11 3.7 7 <5 207 2.05 <0.02 7.4
10–1b 0.3 0.63 1.1 10.5 3.6 8 <5 202 1.9 <0.02 7
Percent difference 28.6 4.7 8.7 4.7 2.7 13.3 ND 2.4 7.6 ND 5.6

12–1a <0.1 0.12 1.2 5.06 1.5 5 <5 203 1.42 <0.02 2.6
12–1b <0.1 0.11 1.1 4.99 1.4 4 <5 206 1.38 <0.02 2.6
Percent difference ND 8.7 8.7 1.4 6.9 22.2 ND 1.5 2.9 ND 0.0

14–2a 0.3 0.45 1.6 13.7 4.4 15 <5 196 3.11 0.03 9.5
14–2b 0.3 0.43 1.6 12.8 4.2 8 <5 195 3.04 0.09 9.4
Percent difference 0.0 4.5 0.0 6.8 4.7 60.9 ND 0.5 2.3 100.0 1.1

31–1a 0.2 0.12 1.5 7.58 3.3 9 <5 151 1.83 <0.02 4.7
31–1b 0.2 0.11 1.5 7.24 3.2 6 <5 145 1.77 <0.02 4.5
Percent difference 0.0 8.7 0.0 4.6 3.1 40.0 ND 4.1 3.3 ND 4.3

38–1a 0.2 0.09 1.1 7.95 2.6 7 <5 191 1.96 <0.02 5.2
38–1b 0.2 0.1 1.2 8.14 2.7 7 <5 187 2.1 <0.02 5.3
Percent difference 0.0 10.5 8.7 2.4 3.8 0.0 ND 2.1 6.9 ND 1.9

40–2a 0.2 0.08 1.7 9.69 2.8 24 <5 141 2.27 <0.02 6
40–2b 0.2 0.06 1.6 9.05 2.6 8 <5 136 2.07 <0.02 5.6
Percent difference 0.0 28.6 6.1 6.8 7.4 100.0 ND 3.6 9.2 ND 6.9

Mean percent  
difference (+/–)

5.7* 10.9 5.4 4.4 4.8 39.4 ND 2.4 5.4 ND 3.3
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Site ID
Lithium, 
(ppm dry 
weight)

Manganese, 
(ppm dry 
weight)

Molybdium, 
(ppm dry 
weight)

Niobium, 
(ppm dry 
weight)

Nickel, 
(ppm dry 
weight)

Phosphorous, 
(ppm dry 
weight)

Lead, 
(ppm dry 
weight)

Rubidium, 
(ppm dry 
weight)

Antimony, 
(ppm dry 
weight)

Scandium, 
(ppm dry 
weight)

Tin, 
(ppm dry 
weight)

10–1a 11 780 26.9 2.9 28.8 >10,000 13.8 26.8 0.37 1.7 8.1
10–1b 12 761 27.1 2.1 28.6 >10,000 12.4 23.9 0.29 1.5 2.1
Percent difference 8.7 2.5 0.7 32.0 0.7 ND 10.7 11.4 24.2 12.5 117.6

12–1a 58 755 21.7 0.9 9.7 >10,000 3.7 41.2 0.25 0.9 0.3
12–1b 60 764 20.9 0.9 9.6 >10,000 4.4 38 0.28 0.8 0.4
Percent difference 3.4 1.2 3.8 0.0 1.0 ND 17.3 8.1 11.3 11.8 28.6

14–2a 17 944 27.6 2.1 18.9 >10,000 12.3 34.8 0.33 2.2 1.7
14–2b 18 979 31 2.2 17.7 >10,000 11.4 34.9 0.31 2.2 1.7
Percent difference 5.7 3.6 11.6 4.7 6.6 ND 7.6 0.3 6.3 0.0 0.0

31–1a 19 649 17.4 1.5 23.3 >10,000 4.6 23 0.36 1.2 0.3
31–1b 16 647 17.1 1.5 23.2 >10,000 4.2 22.5 0.43 1.2 0.4
Percent difference 17.1 0.3 1.7 0.0 0.4 ND 9.1 2.2 17.7 0.0 28.6

38–1a 16 731 13.2 1.2 13.8 >10,000 4.4 25.1 0.29 1.3 0.3
38–1b 17 724 14.8 1.5 13.7 >10,000 4.7 30.4 0.39 1.5 0.3
Percent difference 6.1 1.0 11.4 22.2 0.7 ND 6.6 19.1 29.4 14.3 0.0

40–2a 10 789 11.6 1.2 21.3 >10,000 5.3 34.2 0.32 1.4 0.4
40–2b 9 773 11.2 1.1 20.6 >10,000 4.8 31.4 0.33 1.3 0.4
Percent difference 10.5 2.0 3.5 8.7 3.3 ND 9.9 8.5 3.1 7.4 0.0

Mean percent 
difference (+/–)

8.6 1.8 5.5 11.3 2.1 ND 10.2 8.3 15.3 7.7 29.1

Table 14.  Comparison of analytical results from laboratory splits of sagebrush samples collected from areas surrounding the White 
Mesa mill site, Utah, during September 2009.—Continued  
[Abbreviations: <, less than lower reporting limit; >, greater than upper reporting limit; ND, not determined; *, mean percent difference calculated with at least one missing value; 
ppm, parts per million]

Site ID
Strontium, 
(ppm dry 
weight)

Tellurium, 
(ppm dry 
weight)

Thorium, 
(ppm dry 
weight)

Thallium, 
(ppm dry 
weight)

Uranium, 
(ppm dry 
weight)

Vanadium, 
(ppm dry 
weight)

Tungsten, 
(ppm dry 
weight)

Yttrium, 
(ppm dry 
weight)

Zinc, 
(ppm dry 
weight)

Arsenic, 
(ppm dry 
weight)

Selenium, 
(ppm dry 
weight)

10–1a 1,220 <0.1 1.8 <0.1 56.8 250 2.7 3.2 447 1.1 0.4
10–1b 1,210 <0.1 1.7 <0.1 49.5 229 2.4 2.9 443 0.9 0.3
Percent difference 0.8 ND 5.7 ND 13.7 8.8 11.8 9.8 0.9 20.0 28.6

12–1a 1,360 <0.1 0.8 <0.1 2.3 14 0.2 1.7 556 2 0.5
12–1b 1,380 <0.1 0.7 <0.1 2.2 14 0.2 1.7 563 <0.6 0.5
Percent difference 1.5 ND 13.3 ND 4.4 0.0 0.0 0.0 1.3 ND 0.0

14–2a 1,100 <0.1 2.2 <0.1 44.9 165 2.1 4.8 340 0.8 0.7
14–2b 1,110 <0.1 2 <0.1 40.6 150 2 4.6 329 0.9 0.7
Percent difference 0.9 ND 9.5 ND 10.1 9.5 4.9 4.3 3.3 11.8 0.0

31–1a 1,030 <0.1 1.3 <0.1 15.3 61 0.3 2.9 271 <0.6 0.2
31–1b 1,020 <0.1 1.2 <0.1 14.9 59 0.3 2.7 268 1.5 0.2
Percent difference 1.0 ND 8.0 ND 2.6 3.3 0.0 7.1 1.1 ND 0.0

38–1a 1,090 <0.1 1.3 <0.1 8.1 40 0.4 2.9 329 0.7 0.2
38–1b 1,110 <0.1 1.3 <0.1 8.4 39 0.4 3.2 329 0.7 <0.2
Percent difference 1.8 ND 0.0 ND 3.6 2.5 0.0 9.8 0.0 0.0 ND

40–2a 604 <0.1 1.6 <0.1 7.6 31 0.4 3.4 261 <0.6 0.4
40–2b 603 <0.1 1.5 <0.1 6.7 29 0.4 3.1 253 <0.6 0.4
Percent difference 0.2 ND 6.5 ND 12.6 6.7 0.0 9.2 3.1 ND 0.0

Mean percent 
difference (+/–) 1.0 ND 7.2 ND 7.9 5.1 2.8 6.7 1.6 10.6* 5.7*
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Table 15.  Comparison of analytical results from sagebrush samples collected within each sample grid (200-meter separation distance) 
from areas surrounding the White Mesa mill site, Utah, during September 2009.
[ppm, parts per million; <, less than lower reporting limit; >, greater than upper reporting limit]

Site  
ID

Aluminum, 
in percent
dry weight

Calcium, 
in percent
dry weight

Iron, 
in percent
dry weight

Potassium, 
in percent
dry weight

Magnesium, 
in percent
dry weight

Sodium, 
in percent
dry weight

Sulfur, 
in percent
dry weight

Titanium, 
in percent
dry weight

Silver, 
in ppm

dry weight

Barium, 
in ppm

dry weight

Beryllium, 
in ppm

dry weight

Bismuth, 
in ppm

dry weight

10-0 1.31 9.1 0.62 12.9 3.11 0.22 2.68 0.04 <1 370 0.6 3
10-2 0.59 9.94 0.28 14.1 3.87 0.15 3.83 0.02 <1 174 0.3 1.46
12-0 0.68 11.3 0.36 13.4 2.89 0.13 2.94 0.04 <1 573 0.2 0.16
12-2 0.32 9.66 0.18 >15 2.58 0.07 2.29 0.02 <1 185 <0.1 0.12
14-0 1.34 9.7 0.69 11.8 2.67 0.26 2.75 0.05 <1 356 0.4 0.81
14-2a 1.16 10.4 0.58 12.3 2.97 0.24 3.18 0.06 <1 388 0.3 0.45
15-0 0.58 9.69 0.31 12.6 2.87 0.11 3.09 0.03 <1 277 0.1 0.29
15-2 0.3 7.43 0.18 >15 3.88 0.67 >5 0.02 <1 143 <0.1 0.16
17-0 0.73 8.44 0.38 12.2 2.77 0.17 3.02 0.03 <1 270 0.2 0.16
17-2 0.52 10.3 0.28 11.4 2.83 0.11 3.2 0.02 <1 330 0.1 0.08
22-0 0.98 9 0.57 12.5 2.79 0.24 1.99 0.02 <1 303 0.3 0.32
22-2 1.02 10.1 0.54 11.4 2.9 0.23 2.55 0.03 <1 359 0.2 0.36
23-0 0.89 9.66 0.45 12.6 2.95 0.15 2.96 0.04 <1 287 0.2 0.17
23-2 0.53 10.9 0.28 11.5 2.99 0.11 3.14 0.02 <1 376 <0.1 0.18
31-0 0.64 10.6 0.33 11.5 2.37 0.13 2.89 0.03 <1 259 0.2 0.09
31-2 0.9 8 0.45 12.2 3.01 0.17 2.9 0.03 <1 266 0.2 0.12
38-0 0.75 10 0.37 8.92 2.88 0.13 3.02 0.02 <1 325 0.2 0.09
38-2 0.78 9.84 0.39 10.8 3.26 0.14 3 0.03 <1 377 0.2 0.1
40-0 0.56 11.2 0.29 11.9 3 0.09 3.12 0.02 5 324 <0.1 0.07
40-2a 0.87 7.91 0.45 >15 2.38 0.13 2.3 0.03 <1 313 0.2 0.08

Site ID
Cadmium, 

in ppm
dry weight

Cerium, 
in ppm

dry weight

Cobalt, 
in ppm

dry weight

Chromium, 
in ppm

dry weight

Cesium, 
in ppm

dry weight

Copper, 
in ppm

dry weight

Gallium, 
in ppm

dry weight

Indium, 
in ppm

dry weight

Lanthanium, 
in ppm

dry weight

Lithium, 
in ppm

dry weight

Manganese, 
in ppm

dry weight

Molybdium, 
in ppm

dry weight

10-0 1.9 25 6.7 11 <5 166 3.64 0.83 16.1 25 700 35
10-2 1 11.7 3.7 17 <5 264 1.96 0.03 7.9 27 760 42
12-0 1.4 7.57 2.1 4 <5 192 2.03 <0.02 4 16 941 21.7
12-2 1.7 3.91 1.3 4 <5 171 1.1 <0.02 2.1 12 851 12.7
14-0 1 16.3 5.6 10 <5 250 3.49 0.03 12.6 20 798 45.3
14-2a 1.6 13.7 4.4 15 <5 196 3.11 0.03 9.5 17 944 27.6
15-0 5 7.34 6.7 6 <5 235 1.63 <0.02 4.2 43 678 10.7
15-2 1.5 3.23 1.4 4 <5 246 1.12 <0.02 1.8 134 570 7.5
17-0 1.2 7.98 3.1 5 <5 185 2.07 <0.02 4.4 12 723 15
17-2 2 6.04 2.3 6 <5 175 1.56 <0.02 3.4 8 707 12.3
22-0 2.3 12.5 4 14 <5 199 2.64 <0.02 7.5 15 869 18.7
22-2 2.3 13.3 3.9 10 <5 176 2.82 <0.02 7.6 14 665 43.6
23-0 1.1 10.5 2.5 10 <5 157 2.37 <0.02 6.3 19 587 15.8
23-2 1.5 6.77 2 5 <5 158 1.46 <0.02 4.2 9 741 10.2
31-0 1.4 7.96 2 6 <5 168 1.71 <0.02 4.7 12 599 12.1
31-2 1.3 9.91 2.7 8 <5 163 2.29 <0.02 5.9 13 920 13.1
38-0 1 8.15 2.5 8 <5 151 1.92 <0.02 5 14 679 13.6
38-2 1.3 8.29 2.6 7 <5 155 2 <0.02 5.1 14 837 15.3
40-0 1.6 6.15 2.2 6 <5 155 1.63 <0.02 3.8 9 834 20.3
40-2a 1.7 9.69 2.8 24 <5 141 2.27 <0.02 6 10 789 11.6
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Table 15.  Comparison of analytical results from sagebrush samples collected within each sample grid (200-meter separation distance) 
from areas surrounding the White Mesa mill site, Utah, during September 2009.—Continued
[ppm, parts per million; <, less than lower reporting limit; >, greater than upper reporting limit]

Site ID
Niobium, 

in ppm
dry weight

Nickel, 
in ppm

dry weight

Phosphorous, 
in ppm

dry weight

Lead, 
in ppm

dry weight

Rubidium, 
in ppm

dry weight

Antimony, 
in ppm

dry weight

Scandium, 
in ppm

dry weight

Tin, 
in ppm

dry weight

Strontium, 
in ppm

dry weight

Tellurium, 
in ppm

dry weight

Thorium, 
in ppm

dry weight

Thallium, 
in ppm

dry weight

10-0 19.2 28.9 >10,000 33.3 34 1.44 3.7 84 872 <0.1 5.1 0.1
10-2 2.4 27.6 >10,000 15.4 41.4 0.31 1.9 4.2 1,790 <0.1 2.4 <0.1
12-0 1.3 11.9 >10,000 3.7 30.6 0.29 1.3 0.4 1,560 <0.1 1.1 <0.1
12-2 0.7 17.7 >10,000 2.1 37.7 0.3 0.7 0.2 734 <0.1 0.6 <0.1
14-0 1.9 23.3 >10,000 17.7 26.7 0.35 2.7 2.7 1,080 <0.1 2.8 0.1
14-2a 2.1 18.9 >10,000 12.3 34.8 0.33 2.2 1.7 1,100 <0.1 2.2 <0.1
15-0 1.5 40 >10,000 5.9 36.7 0.28 1.2 3 1,290 <0.1 1.2 <0.1
15-2 0.6 23.1 >10,000 2.7 51.1 0.2 0.7 0.4 1,010 <0.1 0.5 <0.1
17-0 1.5 23.6 >10,000 4.5 31.7 0.37 1.4 0.4 1,080 <0.1 1.3 <0.1
17-2 1.2 21.9 >10,000 3.2 28.8 0.3 1 0.3 1,280 <0.1 1 <0.1
22-0 1.3 49.8 >10,000 8.7 43.8 0.29 1.7 2.9 800 <0.1 2 <0.1
22-2 1.5 44.7 >10,000 9.1 33.7 0.43 1.9 0.9 983 <0.1 2.1 <0.1
23-0 1.6 20.7 >10,000 6.6 26.2 0.51 1.5 0.7 901 <0.1 1.7 <0.1
23-2 1.4 15.4 >10,000 5 36.7 0.53 1 0.7 1,050 <0.1 1 <0.1
31-0 1.3 14.3 >10,000 3.9 25.3 0.2 1 0.3 865 <0.1 1.3 <0.1
31-2 1.7 13.7 >10,000 5.3 22.4 0.33 1.5 0.4 646 <0.1 1.7 <0.1
38-0 1.5 16.6 >10,000 4.1 28 0.29 1.3 0.5 1,050 <0.1 1.4 <0.1
38-2 1.5 14.8 >10,000 4.8 26.8 0.26 1.4 0.3 1,190 <0.1 1.4 0.3
40-0 1 22 >10,000 5.2 44.5 0.22 1 0.2 1,040 <0.1 1 <0.1
40-2a 1.2 21.3 >10,000 5.3 34.2 0.32 1.4 0.4 604 <0.1 1.6 <0.1

Site ID
Uranium, 

in ppm
dry weight

Vanadium, 
in ppm

dry weight

Tungsten, 
in ppm

dry weight

Yttrium, 
in ppm

dry weight

Zinc, 
in ppm

dry weight

Arsenic, 
in ppm

dry weight

Selenium, 
in ppm

dry weight

10-0 171 582 11.5 7 515 1.2 0.6
10-2 74 220 3.1 3.5 474 0.8 0.5
12-0 3 19 0.3 2.7 421 <0.6 3.3
12-2 1.3 9 0.2 1.3 712 <0.6 <0.2
14-0 72.8 278 3.9 5.9 352 1.5 1
14-2a 44.9 165 2.1 4.8 340 0.8 0.7
15-0 15.7 55 1 2.4 615 1.7 0.2
15-2 5 15 0.3 1.1 679 <0.6 0.7
17-0 17.8 54 0.4 2.8 317 <0.6 0.2
17-2 9.4 31 0.3 2.2 285 1 0.4
22-0 41.9 91 1.4 3.9 286 0.9 0.3
22-2 40.5 80 1.5 4 237 1.6 0.4
23-0 15.3 45 0.7 3.5 294 0.7 <0.2
23-2 13.4 41 0.8 2.1 240 <0.6 <0.2
31-0 6.6 31 0.3 2.7 390 <0.6 <0.2
31-2 9.9 44 0.4 3.5 329 <0.6 <0.2
38-0 7.3 31 0.3 2.8 262 <0.6 0.4
38-2 7.1 32 0.3 2.9 281 <0.6 0.2
40-0 7 22 0.3 2.2 229 <0.6 0.4
40-2a 7.6 31 0.4 3.4 261 <0.6 0.4

azimuth of about 200 degrees (fig. 41). This 
could explain the anomalous U concentra-
tions detected in plant tissue samples col-
lected to the north and northeast of the mill 
site. Furthermore, some of the highest wind 
speeds, exceeding 4 meters per second (m/s) 
were from westerly directions (azimuth 200 to 
340 degrees), providing an explanation for the 
anomalous U concentrations east of the mill 
site with the predominant direction from the 
SSW (205 degrees). 

The second most predominant wind direc-
tion observed at the Blanding airport was 
from the north at an azimuth of 360 degrees 
(fig. 41). Wind originating from this direction 
likely can be responsible for the anomalous-U 
concentrations detected in plant tissue samples 
collected to the south of the mill site (fig. 40). 

Elevated levels of vanadium (V) also 
would be present in ore material delivered to 
the White Mesa mill from mines operating in 
the Colorado Plateau. According to Northrop 

and others (1990), tabular-type V-U deposits occur in fluvial 
sandstones of the Salt Wash Member of the Morrison Forma-
tion in the Henry structural basin of southeastern Utah, and 
are characteristic of Salt Wash-hosted tabular V-U deposits 
throughout the Colorado Plateau. The V concentration in the 
plant tissue samples ranged from 9 to 582 ppm (dry weight), 
and its spatial distribution in the plant tissue samples was simi-
lar to the U distribution (fig. 42). Plant samples with elevated 
V concentrations consistently were found north-northeast, 
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Figure 40.  Uranium concentration in plant-tissue samples collected from big sagebrush (Artemisia tridentata) in areas surrounding 
and within the White Mesa uranium mill, San Juan County, Utah, during September 2009.  

Figure 41.  Rose diagram compiled from wind monitoring 
data collected at the Blanding airport, San Juan County, Utah, 
from January 2000 through May 2008 (National Oceanic and 
Atmospheric Administration, 2010).  

east, and south of the mill site, indicating offsite transport in 
the predominant wind directions. The V concentration in plant 
samples collected west of the mill site was low (consistently 
less than 100 ppm, dry weight).

The spatial distribution of a non-ore related element, 
calcium, in plant tissue samples was investigated to substanti-
ate the eolian transport of ore-material to areas surrounding 
the mill site. As noted in a previous section, calcite (CaCO3) 
is the dominant cement in the Burro Canyon Formation and 
has been identified in rock samples collected from the study 
area (Appendix 3). Because calcium is present in the soil and 
rock material surrounding the mill site and not enriched in 
the ore material transported to the site, the spatial distribu-
tion of calcium concentration in plant tissue samples would 
not be elevated in the leeward areas surrounding the mill site. 
The calcium concentration in the plant-tissue samples from 
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sagebrush ranged from 7.4 to 11.4 percent (dry weight). In 
contrast to the spatial distribution of U and V concentrations 
in plant tissue samples, calcium concentrations did not display 
any spatial pattern related to eolian transport (fig. 43). The 
observed distribution of calcium is consistent with a chemical 
element uniformly distributed in the soil and rock material of 
the study site and inconsistent with a chemical element that 
would be enriched from material transported and stockpiled at 
the mill site, such as U and V. 

Cottonwood Tree Coring
Cottonwood trees growing adjacent to five of the springs 

that were routinely sampled during the study (Oasis, Mill, 
Entrance, Cow Camp, and Ruin Springs; fig. 19) were cored 
using standard tree coring methods (Yanosky and Vroblesky, 
1992). Previous work has indicated that chemical analyses of 
tree cores can provide insight into the historical concentra-
tion of selected contaminants in shallow groundwater systems 
(Yanosky and Vroblesky, 1989a; Yanosky and Vroblesky, 
1989b; Yanosky and Vroblesky, 1992); therefore, chemical 
analyses of cores from cottonwood trees growing adjacent to 
springs surrounding the White Mesa mill site could provide a 

good proxy for the historical reconstruction of U concentra-
tions in groundwater before and after mill operation. 

The outer 2 cm of each tree core were analyzed for U 
content at the USGS National Water Quality Laboratory. Dat-
ing of two of the five tree cores indicated that (fig. 44) it is 
likely that the outer 2 cm of core material grew during mill op-
eration. Chemical analysis of the outer tree-core material did 
not detect a U concentration above the lower reporting limit 
of 0.1 micrograms per gram (µg/g), dry weight (table 16). 
Because U could not be detected in the five outer tree-core 
samples, additional U analyses of older core material would 
not be useful for reconstructing historical trends in spring-
water U concentration; therefore, additional samples were not 
analyzed.

Environmental Implications
The mill site has been in operation since 1980 and is cur-

rently (2010) the only conventional uranium mill operating 
in the United States. In 2007, the Ute Mountain Ute Tribe 
requested that the EPA and USGS conduct an independent 
evaluation of potential offsite migration of radionuclides and 
selected trace elements associated with ore storage and the 

Figure 42.  Vanadium concentration in plant-tissue samples collected from big sagebrush (Artemisia tridentata) in areas surrounding 
and within the White Mesa uranium mill, San Juan County, Utah, during September 2009. 
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Figure 43.  Calcium concentration in plant-tissue samples collected from big sagebrush (Artemisia tridentata) in areas surrounding and 
within the White Mesa uranium mill, San Juan County, Utah, during September 2009. 

Table 16.  Analytical results from tree cores collected at spring 
sites surrounding the White Mesa mill site near Blanding, Utah.
[Abbreviations: mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; 
<, less than]

Tree–coring 
site

Sample date
(mm/dd/yyyy)

Uranium 
concentration, 

(µg/g dry weight)

Water 
present in 

biota tissue, 
(percent of 
dry weight)

Oasis Spring 11/12/2008 <0.1 69
Mill Spring 11/12/2008 <0.1 58
Entrance Spring 11/11/2008 <0.1 86
Cow Camp Spring 11/13/2008 <0.1 69
Ruin Spring 11/12/2008 <0.1 69

2000 19541960197019801990

~ 2.5 cm 

Figure 44.  Photograph of dated tree core collected from near 
Ruin Spring, Utah. Core prepared and dated by T. Yanosky, U.S. 
Geological Survey (retired). 
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milling process to tribal lands and Bureau of Land Manage-
ment (BLM) managed properties adjacent to the mill site. 
Specific objectives of this study were (1) to better understand 
recharge sources and residence times of groundwater sur-
rounding the mill site, (2) to determine the current concen-
trations of U and associated trace elements in groundwater 
surrounding the mill site, (3) to differentiate natural from 
anthropogenic contaminant sources to groundwater resources 
surrounding the mill site, (4) to assess the solubility and poten-
tial for offsite transport of U-bearing minerals in groundwater 
surrounding the mill site, and (5) to use stream-sediment and 
plant-material samples from areas surrounding the mill site to 
identify potential areas of offsite contamination and contami-
nant sources. The study results are summarized in terms of 
implications for offsite migration of contaminants from the 
mill site (fig. 45).

Age-dating methods and an evaluation of groundwater 
recharge temperatures using dissolved-gas samples were used 
to assess the recharge source and the residence time of ground-
water at various sampling sites surrounding the mill site. The 
apparent age and probable recharge temperatures estimated 
from these methods for water derived from wells completed 
in the surficial aquifer indicate that the aquifer is recharged 
locally by precipitation. Tritium/helium age-dating of water 
samples collected from Cow Camp Spring, Oasis Spring, and 
Entrance Spring yielded apparent ages of recent to 18 years. 
This apparent age indicates a localized and potentially induced 
flow path from artificial recharge to the surficial aquifer. 
Potential sources of artificial recharge include infiltrating 
water from the unlined wildlife refuge ponds located to the 
northeast of the mill site and irrigated agriculture in the fields 
surrounding Blanding, Utah. Water samples with apparent 
ages greater than 50 years, including wells completed in the 
Dakota Sandstone/Burro Canyon and Navajo Sandstone aqui-
fers, indicate little to no current risk of contamination from 
mill operations because the mill only has been in operation 
since 1980. 

Water samples from Entrance Spring were found to be the 
most isotopically enriched relative to all the water samples 
that were collected during the study. The δ18O and δD data 
indicate that water discharging from Entrance Spring contains 
the isotopic fingerprint of water from Recapture Reservoir, 
which is used as facilities water on the mill site and as an 
irrigation source for fields surrounding the town of Blanding. 
Infiltration of the facilities water or excess irrigation water 
could contribute to the enriched isotopic fingerprint observed 
for Entrance Spring. 

Stable isotopes of sulfur and oxygen in sulfate were used 
to identify potential leakage from the tailings cells to areas 
outside the mill site. Hurst and Solomon (2008) found that 
water samples from the tailings cells were enriched in δ18Osulfate 
relative to other water samples on the mill property. In addi-
tion, Hurst and Solomon found that the sulfuric acid used 
during ore processing resulted in relatively consistent values 
of δ34Ssulfate in water samples from the tailings cells. None of 
the spring or monitoring-well samples collected from areas 

surrounding the mill site contain δ18Osulfate and δ34Ssulfate isotopic 
signatures indicative of recharge from tailings cells within 
the mill boundary. Similarities in the δ34Ssulfate values in water 
samples from the wildlife ponds and tailings cells indicate 
a possible contaminant linkage originating from the tail-
ings cells (Hurst and Solomon, 2008) that could be related to 
eolian transport of aerosols from the cells. To date (2010), the 
δ34Ssulfate or δ18Osulfate values measured in wells and springs sur-
rounding the White Mesa mill site do not have an isotopic sig-
nature characteristic of the tailings cells. Because the wildlife 
ponds are actively leaking, it is likely that future groundwater 
samples from the surficial aquifer at sites within and adjacent 
to the mill site could exhibit decreasing δ34Ssulfate values .

All dissolved uranium concentrations in groundwater 
at downgradient sites sampled during this study, except for 
Entrance Spring and the September 2008 and September 2009 
samples collected at Mill Spring, had dissolved-U concen-
trations in the range expected for naturally occurring U and 
that of upgradient sites. Uranium isotopes were used to help 
distinguish the source of U in the groundwater samples col-
lected from all sites during the study. The uranium isotope data 
indicate that the mill is not a source of uranium in the ground-
water in the unconfined aquifer at any sites monitored during 
the study, with the possible exception of Entrance Spring. 
The 234U/238U activity ratio values for water-quality samples 
collected at Entrance Spring, and the decrease in this ratio 
concomitant with an increase in the concentration of dissolved 
U, indicate that there could be some mixing of uranium ore 
with groundwater at the spring. A possible mechanism for this 
mixing is the eolian transport of small sized particles blown 
off the ore storage pads, deposited in the Entrance Spring 
drainage, and then dissolved in surface runoff. 

Water-quality data collected during the study from 2007 
through 2009 were summarized. With the exception of arsenic, 
thallium, and uranium, the concentration of most trace ele-
ments in water samples collected during the study were below 
both the MCLs and MCLGs established by the U.S. Envi-
ronmental Protection Agency. Water samples from Entrance 
Spring had the highest median U concentration compared to 
other water samples collected from wells and springs moni-
tored during the study. If the elevated uranium concentra-
tions observed in Entrance Spring are not the result of natural 
sources, a possible pathway from the mill site to the spring 
could be airborne transport of ore with subsequent dissolution 
of the wind deposited material in the Entrance Spring drain-
age. This pathway is feasible for several reasons: (1) the ore 
to be processed in the mill is stored uncovered on ore storage 
pads directly across from Entrance Spring, and much of this 
material is fine grained, which easily can be transported by 
the wind; (2) starting approximately three years ago trucks 
delivering ore were covered, prior to that time trucks deliver-
ing ore were possibly uncovered and turned onto the mill from 
Highway 191, directly across from Entrance Spring; and (3) as 
discussed in the “Uranium Mobility” section, any solid-phase 
U in contact with infiltrating water would dissolve readily, and 
any aqueous-phase U likely would remain in solution. The 
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Indications of offsite 
contaminant migration?  

Yes No 

δ18 O and δD

Indications of offsite
contaminant migration?  

Yes No 

Noble gases and 3H

Water samples from 
Entrance Spring are 
contained in the sample 
grouping (group 3) that 
contain the most 
isotopically enriched 
water.  Water samples 
from Entrance Spring are 
similar in isotopic 
composition to water 
from Recapture 
Reservoir, which is the 
primary water source for 
ore processing and 
facilities within the mill 
site and is used as an 
irrigation source in areas 
around Blanding, Utah. 
Isotopic mixing lines 
indicate that evaporated 
facilities water from the 
mill site could have 
influenced the isotopic 
composition of water 
discharging from 
Entrance Spring.

Water samples from wells 
completed in the Navajo 
Sandstone plot along the 
global meteoric water line 
and have similar δ18O and 
δD values as snow in the 
Abajo Mountians, 
indicating a recharge 
elevation higher than the 
mill site. The majority of 
water samples surrounding 
the mill site plot close to 
the arid zone meteoric 
water line and indicate a 
localized, lower elevation 
recharge source with little 
evaporation or recharge of 
water used within the mill 
site. 

The “modern day” 
apparent age indicated for 
water from Entrance 
Spring indicates a 
localized and likely 
induced flowpath from 
artificial recharge to the 
aquifer. One potential 
source for this artificial 
recharge is infiltrating 
water from the unlined 
wildlife refuge ponds 
located to the northeast of 
the mill site. Hurst and 
Solomon (2008) found 
measurable levels of 3H in 
monitoring wells 
surrounding the wildlife 
refuge ponds, likely due to 
infiltrating water from the 
wildlife ponds on mill 
property. 

Wells completed in the 
Navajo Sandstone 
aquifer have low 
recharge temperatures, 
indicating recharge from 
higher elevation areas 
than White Mesa. 
Apparent ages for well 
and spring samples 
range from recent to 
very old, as indicated by 
the presence of elevated 
4Heterr.

Indications of offsite 
contaminant migration?  

Yes No 

δ34 Ssulfate and δ18Osulfate

Indications of offsite
contaminant migration?  

Yes No 

U isotopes

As a result of evapora-
tion, samples from the
tailings cells were found
to be enriched in
δ18Osulfate relative to
other water samples on
the mill property. The
use of sulfuric acid
during ore processing
results in relatively
consistent δ34Ssulfate
values ranging from 
-1.04 to -0.89 permil.
Similarities in the
δ34Ssulfate values in water
samples from the
wildlife ponds and
tailings cells indicate a
potential contaminant
linkage originating from
the tailings cells (Hurst
and Solomon, 2008).

To date (2010), the
δ34Ssulfate or δ18Osulfate
values measured in
wells and springs
surrounding the White
Mesa mill site do not
have an isotopic
signature characteristic
of the tailings cells.
Because the wildlife 
ponds are actively 
leaking (Hurst and 
Solomon, 2008), it is 
likely that future 
groundwater samples 
from the surficial aquifer 
at sites within and 
adjacent to the mill site 
could exhibit decreasing 
δ34Ssulfate values 
indicative of leakage 
from the tailings cells 
and/or the wildlife
ponds.

The 234U/238U activity ratio values 
for water-quality samples collected 
at Entrance Spring and the 
decrease in this ratio concomitant 
with an increase in the concentra-
tion of dissolved uranium may 
indicate that small sized particles 
are being blown off the ore storage 
pads, deposited in the Entrance 
Spring drainage, and dissolve in 
the groundwater. This occurs by 
one of two, or both, mechanisms: 
the particles can be deposited 
directly into Entrance Spring 
downstream from where it flows 
out of the Dakota Sandstone, and 
dissolves directly in the spring 
water as it flows across the ground, 
or the particles can be deposited on 
the surface of the soil adjacent to 
Entrance Spring and dissolve in 
and/or be deposited into Entrance 
Spring by precipitation that runs 
off the soil surface and enters 
Entrance Spring.

The 234U/238U and 
235U/238U activity ratio 
values at all other 
sampling sites are 
indicative of natural 
sources of uranium and 
are not evidence of 
offsite migration of 
uranium.

Figure 45.  Diagram summarizing study results with respect to offsite contaminant migration from the White Mesa mill site, San Juan 
County, Utah.
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Indications of offsite 
contaminant migration?

Yes No 

Trace-element data

Indications of offsite
contaminant migration?

Yes No 

Geochemical modeling

Water samples from 
Entrance Spring had the 
highest median uranium 
concentration (26 µg/L, 
n = 8) compared to 
water samples collected 
from the other wells and 
springs monitored 
during the study. Water 
samples collected from 
Entrance Spring also 
contained elevated 
concentrations of 
selenium and vanadium. 
Both elements are 
commonly associated 
with uranium deposits. 
The occurrence of these 
elements in water 
samples from Entrance 
Spring could indicate 
contaminant migration 
from within the mill 
boundaries.

With the exception of 
arsenic, thallium, and 
uranium, the concentra-
tion of most trace 
elements in water 
samples collected during 
the study were below 
both the maximum 
contaminant levels and 
maximum contaminant 
level goals established 
by the U.S. Environmen-
tal Protection Agency.

The presence of 
dissolved oxygen and the 
dissolution of calcite, 
resulting in groundwater 
with a neutral pH and a 
high concentration of 
bicarbonate, enhances 
the mobility of uranium 
in solution because
1) Groundwater is 
extremely undersaturated 
with respect to common
uranium bearing 
minerals and
2) The formation of 
uranyl carbonate and 
phosphate complexes 
limit adsorption of 
uranium to kaolinite and 
iron oxides.

Although the
groundwater in the
Dakota Sandstone/
Burro Canyon
Formation aquifer
enhances the mobility
of uranium in
groundwater, there is no
evidence of offsite
migration of uranium at
any site with the
possible exception of
Entrance Spring.

Indications of offsite 
contaminant migration?

Yes No 

Sediment data

Indications of offsite
contaminant migration?  

Yes No 

Plant tissue data

Sediment samples with 
U concentration 
exceeding background 
cluster in the three 
ephemeral drainages 
east of the eastern mill 
boundary, which is 
downwind from the 
uncovered ore materials 
that are stockpiled at the 
mill. Principal 
component analysis of 
the multi-element 
sediment data resulted in 
a subset of samples with 
elevated ore-migration 
factor scores. The 
locations of the samples 
with high ore-migration 
scores are located in the 
ephemeral drainages 
directly east of the mill 
site.

With the exception of 
one sample, samples 
collected from 
ephemeral drainages on 
the south and west 
boundaries of the mill 
site do not exceed 
background uranium 
concentrations.

Elevated concentrations 
of uranium and 
vanadium were found in 
sagebrush samples 
collected 
north-northeast, east, 
and south of the mill 
site, indicating offsite 
transport in the wind 
directions with the 
highest frequency and 
velocities. The uranium 
and vanadium 
concentrations in plant 
samples collected west 
of the mill site were low. 
Both of these elements 
are elevated in ore 
material transported to 
the mill site for 
processing.

Chemical analyses of 
the outer 2 cm of tree 
cores collected from 
five spring sites near the 
mill site all contained 
uranium concentrations 
below the lower 
reporting limit of 0.1 
µg/g (dry weight).

Figure 45.  Diagram summarizing study results with respect to offsite contaminant migration from the White Mesa mill site, San Juan 
County, Utah.—Continued
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tailings cells are not a likely source of U at Entrance Spring. 
An analysis of the groundwater flow paths on the White Mesa 
indicate that the prevailing groundwater-flow direction is 
toward the south, and any leakage from tailings is unlikely to 
flow east toward Entrance Spring. Water samples collected 
from Entrance Spring also contained elevated concentrations 
of selenium and vanadium. All three of these constituents 
commonly are associated with U deposits, and their elevated 
levels at Entrance Spring could indicate contaminant migra-
tion from within the mill boundaries or contact with undiscov-
ered and naturally occurring U ore bodies in the vicinity of the 
mill site. 

The mobility of U in groundwater is determined by U 
solution-mineral equilibria and sorption reactions that are a 
function of pH, redox conditions, the presence of complexing 
agents, and the presence of other metals, such as vanadium, 
that can induce coprecipitation. Much of the groundwater in 
the study area contained measurable dissolved oxygen, and the 
dissolution of calcite along potential groundwater flow paths 
resulted in groundwater with neutral pH and a high concen-
tration of bicarbonate, which enhances the mobility of U. 
Although the groundwater in the surficial aquifer enhances the 
mobility of U in groundwater, there is no evidence of offsite 
migration of U at any of the monitoring sites with the possible 
exception of Entrance Spring.

Sediment samples were collected from ephemeral drain-
ages surrounding the mill site and were analyzed for major 
and trace constitutes to identify potential offsite transport of 
contaminants from within mill boundaries. Sediment samples 
from three ephemeral drainages east of the eastern mill bound-
ary, which are downwind from the uncovered ore materials 
that are stockpiled at the mill, had U concentrations exceeding 
background. One of these three ephemeral drainages houses 
Entrance Spring, which contains anomalous isotopic values 
and trace-element concentration data relative to water samples 
collected from other parts of the study area. With the excep-
tion of one sample, samples collected from ephemeral drain-
ages on the south and west boundaries of the mill site did not 
exceed background U concentrations.

Tissue samples were collected from big sagebrush (Arte-
misia tridentata) in areas surrounding the White Mesa mill site 
to determine areas of offsite migration of ore and associated 
material, primarily from eolian transport. Elevated concentra-
tions of U and V were found in sagebrush samples collected 
north-northeast, east, and south of the mill site, indicating 
offsite transport in predominant wind directions. The U and V 
concentrations in plant samples collected west of the mill site 
were low.

Potential Monitoring Strategies
If environmental monitoring programs are continued or 

newly implemented in areas surrounding the White Mesa mill 
site, the following suggestions with respect to sampling media, 
sampling intervals, and monitoring constituents should be 
considered:

•	 Because of the continued operation of the White Mesa mill, 
quarterly monitoring of field parameters and major- and 
trace-element concentrations in selected springs and wells 
sampled during this study should continue. The sampling 
sites should include Mill Spring, Entrance Spring, Cow 
Camp Spring, Ruin Spring, East well, and West well.

•	 Because of the elevated uranium concentrations measured 
at Entrance Spring, annual monitoring for U isotopes, 
δ34Ssulfate, δ

18O, and δD is suggested.
•	 Annual monitoring of background water quality (field 

parameters and major- and trace-element concentrations) 
at Oasis Spring is needed to supplement geochemical 
background data collected during the study. If funds allow, 
Millview well should be re-drilled and annually sampled to 
provide additional background water-quality data.

•	 Study results indicate that plant sampling is a useful tool 
to detect offsite contaminant migration; therefore, big 
sagebrush should be sampled every three years in areas 
east of the mill site using the same grid sampling program 
used during the initial study. Plant tissue samples should 
be analyzed for the same constituents determined for the 
current study.

•	 Consideration should be given to off-site fugitive dust 
monitoring in areas east of the mill site.

•	 Consideration should be given to drilling a new monitoring 
well upgradient from the current locations of the East and 
West wells because it would be better positioned to act as 
an “early warning” system for the detection of groundwater 
contamination from mill activities.

•	 Because of the elevated uranium concentrations detected 
in ephemeral drainages east of the mill site, consideration 
should be given to collection of sediment samples from the 
two remaining unsampled, ephemeral watersheds directly 
east of the mill site

•	 Monitoring programs within the mill site should consider 
adding other key constituents that can provide additional 
insight into potential contaminant sources and processes, 
such as U isotopes, δ34Ssulfate, δ

18O, and δD. Furthermore, 
additional isotopic data from Recapture Reservoir are 
needed to better identify seasonal variations in δ18O and 
δD.

•	 Future monitoring data should be archived in a maintained 
and easily accessible database, similar to the database 
used to archive the data collected during the current study. 
Open access to all data collected during the current and 
any future studies will be critical in identifying long-term 
trends in potential off-site contamination.
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Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009. 
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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Reference Spring North 373550109341701 06/21/2007 — — — — — — — — —
(D–38–22)23cda–1 
South well

372756109280901 09/11/2007 — 1.8 — 8.1 — — 530 20.7 —
12/11/2007 15:00 0.00 <0.1 — 7.6 8.1 446 401 21.0 —
03/11/2008 15:05 — <0.1 — 7.9 8.0 451 480 13.3 —
11/12/2008 10:05 — <0.1 — 8.0 8.3 450 456 21.0 —

(D–38–22)23acb–1 
North well

372817109275701 09/11/2007 11:00 — 1 — 7.9 — — 393 23.6 —
12/11/2007 12:00 — <0.1 — 7.6 8.1 396 390 22.1 —
03/11/2008 11:20 — <0.1 — 8.0 8.0 405 420 12.8 —
11/11/2008 09:41 — 0.6 — 8.1 8.2 424 432 19.6 —

(D–38–22)23bba–S1 
Right Hand Fork Seep

372832109282001 03/12/2008 17:00 — — — — — — — — —

(D–38–22) 8dcd–1  
West well

372930109310701 06/21/2007 — — — — — — — — —

09/11/2007 15:30 — 3.4 — 6.7 — — 4,620 17.2 —
12/13/2007 13:00 84.70 1.1 — 6.8 6.9 5,140 4,960 15.1 —
03/13/2008 11:40 84.60 1.7 — 6.7 6.8 5,250 5,100 15.6 —
09/16/2008 14:15 84.70 <0.1 — 6.4 6.8 5,210 5,220 24.1 —
11/13/2008 10:14 84.56 3.1 — 6.5 7.1 5,130 5,120 17.2 —
12/08/2008 14:50 84.36 — — — — — — — —
12/08/2008 14:55 84.36 — — — — — — — —
12/08/2008 15:00 84.36 — — — — — — — —
04/21/2009 11:00 84.77 3.9 — 6.4 6.9 5,030 5,230 21.9 —
09/22/2009 10:30 84.69 <0.1 — 6.7 — — 5,200 19.3 —
10/19/2009 15:00 84.62 — — — — — — — —
10/19/2009 15:05 84.62 — — — — — — — —
10/19/2009 15:10 84.62 — — — — — — — —

(D–38–22)10cbc  
Anasazi Pond near spillway

372943109293201 09/18/2008 10:50 — 4.0 — 7.4 7.5 220 225 18.6 —

(D–38–22)10bcc–1  
East well

372954109293601 06/21/2007 — — — — — — — — —
09/11/2007 13:30 — 5.5 — 8.0 — — 558 15.9 —
12/14/2007 10:45 55.28 3.4 8.0 8.0 565 518 15.1 —
03/13/2008 17:00 55.30 1.3 — 8.3 8.2 614 663 19.5 —

(D–38–22)10bcc–1  
East well

09/16/2008 10:45 55.77 1.3 — 7.6 7.8 615 635 19.1 —

11/13/2008 14:00 55.30 3.0 — 7.8 8.2 615 641 18.2 —
04/21/2009 15:50 55.45 0.4 — 7.8 7.9 615 642 22.9 —
09/22/2009 15:40 55.50 0.5 — 8.0 8.1 646 712 — —
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(D–38–22) 8bad–S1 
Ruin Spring

373006109312301 06/01/2007 — — — — — — — — —

09/11/2007 16:00 — 4.6 — 7.2 — — 1,350 18.5 —
12/13/2007 09:30 — — 0.09 7.3 7.6 1,380 1,580 15.0 —
03/13/2008 12:20 — — — 7.5 7.6 1,160 1,170 10.5 —
06/18/2008 15:20 — — 0.89 7.2 7.8 1,240 1,240 13.3 —
09/17/2008 12:20 — 10.6 0.86 7.2 7.7 1,250 1,250 16.7 —
11/11/2008 13:45 — 8.9 0.75 7.5 8 1,280 1,290 15.9 —
04/22/2009 10:15 — 9.5 0.74 7.4 7.3 1,330 1,340 12.3 —
09/23/2009 13:30 — — 0.68 7.3 7.8 1,380 1,350 16.8 —

(D–38–22) 4adb  
South Mill Pond

373052109294901 03/12/2008 14:40 — 11.8 — 9.6 7.3 146 193 10.7 —

(D–37–22)32ddc–1 
MW3A

373116109305601 12/09/2008 09:15 80.72 — — — — — — — —

12/09/2008 09:20 80.72 — — — — — — — —
10/20/2009 08:20 80.47 — — — — — — — —
10/20/2009 08:25 80.47 — — — — — — — —

(D–37–22)31dcb–S1 
Cow Camp Spring

373122109321501 09/18/2007 17:00 — 0.3 — 7.1 — — 1,600 15.7 601
09/19/2007 19:00 — 0.3 — 7.1 — — 1,600 15.7 —
03/12/2008 13:25 — 4.6 15.7 7.5 7.7 1,540 1,490 15.1 —
06/18/2008 14:20 — — 0.27 7.7 8.1 1,530 1,530 23.0 —
09/17/2008 13:35 — 5.3 2.2 7.1 7.6 1,510 1,480 15.4 —
11/13/2008 15:55 — 8.5 1.8 8.0 8.3 1,530 1,540 8.1 —
04/22/2009 11:15 — 7.4 2.2 8.0 8.0 1,500 1,540 17.0 —
09/23/2009 10:15 — — 2.0 8.1 8.2 1,550 1,560 13.4 —

(D–37–22)32bab–S1 
Mill Spring

373158109312601 03/12/2008 11:55 — 7.0 0.17 7.3 7.6 1,330 1,310 6.2 —

09/18/2008 09:20 — 9.0 — 7.4 7.7 2,400 2,350 13.4 —
11/12/2008 15:00 — 11.1 0.12 7.5 8.0 1,820 1,830 4.8 —
04/23/2009 08:55 — 8.8 0.12 7.3 7.8 1,090 1,130 8.9 —
09/24/2009 11:10 — — — 7.4 7.5 3,660 3,710 13.7 —

(D–37–22)32bab–S1 
Mill Spring

10/19/2009 17:00 — — — — — — — 12.0 —

(D–37–22)27ccc–S1 
Entrance Spring

373202109293401 06/21/2007 — — — — — — — — —

09/20/2007 14:00 — 4.4 — 7.5 — — 731 20.8 601
12/13/2007 15:30 — 9.4 0.05 7.9 8.0 1,070 994 4.5 —
03/13/2008 16:10 — — — 8.1 8.0 959 975 8.5 —
06/19/2008 09:15 — — 20.2 7.6 7.9 984 939 18.0 —
07/22/2008 12:00 — — — — — — 256 — —
09/17/2008 10:00 — 8.7 22.9 7.5 7.8 920 910 15.4 —
11/11/2008 12:45 — 14.6 15.7 7.9 7.7 919 944 8.5 —
04/22/2009 09:30 — 6.3 22.9 7.3 7.5 884 915 10.3 —
09/23/2009 09:00 — 3.4 18.0 7.3 7.7 971 960 10.8 —

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–37–22)28acc–1 
MW18

373233109301001 12/09/2008 08:45 70.66 — — — — — — — —

12/09/2008 08:50 70.66 — — — — — — — —
12/09/2008 08:55 70.66 — — — — — — — —
10/20/2009 08:55 69.80 — — — — — — — —
10/20/2009 09:00 69.80 — — — — — — — —
10/20/2009 09:05 69.80 — — — — — — — —

(D–37–22)10cdc–1  
Lyman well

373442109291501 12/12/2007 11:00 — 0.1 — 7.5 7.1 819 824 14.0 —

(D–37–22) 8dba–1  
Millview well

373501109310801 09/18/2007 12:00 — 3.5 — 7.1 — — 636 14.0 619

(D–37–22) 2aad–1  
Bayless well

373612109273201 12/12/2007 13:30 27.78 7.6 — 7.5 7.4 956 963 13.3 —

(D–36–22)19aad–S1 
Oasis Spring

373850109315301 09/19/2007 15:55 — 3.7 — 7.0 — — 627 13.9 563

09/18/2008 14:00 — 4.6 — 7.5 7.5 679 610 13.5 —
11/12/2008 12:15 — 8.0 — 7.4 8.1 604 613 4.3 —
04/23/2009 10:45 — 9.2 — 7.7 7.5 578 582 6.9 —
09/24/2009 09:10 — — — 7.6 7.5 655 663 9.6 —

(D–36–22)12dbc   
Recapture Reservoir

374002109263501 04/23/2009 12:40 — 11.2 — 8.4 8.3 263 267 12.5 —

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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Reference Spring North 373550109341701 06/21/2007 — — — — — — — — —
(D–38–22)23cda–1  
South well

372756109280901 09/11/2007 — — — — — — — — — —
12/11/2007 15:00 — — 281 24.8 19.3 3.15 43.7 191 182
03/11/2008 15:05 –230 — 271 24.9 19.8 3.07 44.3 190 181
11/12/2008 10:05 –286 — 274 24.6 20 3.16 47.5 191 185

(D–38–22)23acb–1  
North well

372817109275701 09/11/2007 11:00 — — — — — — — — —
12/11/2007 12:00 — — 241 25.1 21.7 3.42 29.8 186 184
03/11/2008 11:20 –420 — 237 25.3 21.6 3.43 29.5 186 177
11/11/2008 09:41 –328 — 262 24.6 20.4 4.38 44.1 201 195

(D–38–22)23bba–S1  
Right Hand Fork Seep

372832109282001 03/12/2008 17:00 — — — — — — — — —

(D–38–22) 8dcd–1  
West well

372930109310701 06/21/2007 — — — — — — — — —
09/11/2007 15:30 — — — — — — — — —
12/13/2007 13:00 65 100 5,000 456 220 18.5 622 348 332
03/13/2008 11:40 –37 100 5,060 477 229 18.7 663 379 382
09/16/2008 14:15 –100 96 5,040 441 220 18.4 648 386 376
11/13/2008 10:14 49 95.5 4,980 461 239 75.8 618 380 370
12/08/2008 14:50 — 87 — — — — — — —
12/08/2008 14:55 — 94 — — — — — — —
12/08/2008 15:00 — 107 — — — — — — —
04/21/2009 11:00 76 96 4,990 465 234 19.6 602 374 354
09/22/2009 10:30 29 96 4,980 526 275 22.2 726 — 344
10/19/2009 15:00 — 90 — — — — — — —
10/19/2009 15:05 — 99 — — — — — — —
10/19/2009 15:10 — 108 — — — — — — —

(D–38–22)10cbc  
Anasazi Pond near spillway

372943109293201 09/18/2008 10:50 — — 149 35.1 3.02 6.49 0.27 113 108

(D–38–22)10bcc–1  
East well

372954109293601 06/21/2007 — — — — — — — — —
09/11/2007 13:30 — — — — — — — — —
12/14/2007 10:45 21 66 363 9.01 2.81 1.39 127 203 202
03/13/2008 17:00 –99 65.5 380 13.3 4.09 1.58 122 221 218

(D–38–22)10bcc–1  
East well

09/16/2008 10:45 –64 66 374 6.74 1.41 1.23 135 224 213

11/13/2008 14:00 –28 66.2 390 8.65 2.4 1.44 130 228 222
04/21/2009 15:50 –203 76 375 10.9 3.13 1.45 122 230 219
09/22/2009 15:40 7 77 384 7.61 2.42 1.4 124 240 209

(D–38–22) 8bad–S1  
Ruin Spring

373006109312301 06/01/2007 — — — — — — — — —

09/11/2007 16:00 — — — — — — — — —
12/13/2007 09:30 — — 1,070 154 34 3.52 114 194 186
03/13/2008 12:20 — — 828 129 29.7 2.53 89 190 184
06/18/2008 15:20 — — 942 142 30.7 3.01 99.8 196 191
09/17/2008 12:20 — — 952 142 31 3.34 106 196 193
11/11/2008 13:45 — — 965 152 32.4 3.53 110 196 179

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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04/22/2009 10:15 — — 963 145 30.9 2.99 108 193 194
09/23/2009 13:30 — — 1,040 148 32.5 3.41 114 197 189

(D–38–22) 4adb  
South Mill Pond

373052109294901 03/12/2008 14:40 — — 98 22.7 1.95 5.9 0.91 70 60.9

(D–37–22)32ddc–1  
MW3A

373116109305601 12/09/2008 09:15 — 82 — — — — — — —

12/09/2008 09:20 — 86 — — — — — — —
10/20/2009 08:20 — 81 — — — — — — —
10/20/2009 08:25 — 90 — — — — — — —

(D–37–22)31dcb–S1  
Cow Camp Spring

373122109321501 09/18/2007 17:00 — — — — — — — — —
09/19/2007 19:00 — — — — — — — — —
03/12/2008 13:25 — — 1,010 90.9 24.5 5.65 208 261 254
06/18/2008 14:20 — — 1,020 89.8 24.5 6.24 210 267 251
09/17/2008 13:35 — — 1,020 88 24.6 5.69 213 264 259
11/13/2008 15:55 — — 1,020 92.5 25 6.02 215 267 259
04/22/2009 11:15 — — 1,020 89.4 23.7 6.02 209 265 261
09/23/2009 10:15 — — 1,020 92.7 25.2 5.78 216 268 259

(D–37–22)32bab–S1  
Mill Spring

373158109312601 03/12/2008 11:55 — — 950 142 33.5 1.98 124 295 284

09/18/2008 09:20 — — 1,870 219 57.2 3.35 276 472 512
11/12/2008 15:00 — — 1,420 200 52.4 2.66 194 365 350
04/23/2009 08:55 — — 752 108 26.5 1.47 101 298 284
09/24/2009 11:10 — — 2,900 384 99.9 2.89 440 624 609

(D–37–22)32bab–S1  
Mill Spring

10/19/2009 17:00 — — — — — — — — —

(D–37–22)27ccc–S1  
Entrance Spring

373202109293401 06/21/2007 — — — — — — — — —

09/20/2007 14:00 — — — — — — — — —
12/13/2007 15:30 — — 728 116 34.4 3.46 75.8 245 239
03/13/2008 16:10 — — 620 101 29.2 4.25 66.1 235 240
06/19/2008 09:15 — — 647 100 30.5 2.06 70.5 252 240
07/22/2008 12:00 — — — — — — — — —
09/17/2008 10:00 — — 613 94.2 29.1 2.88 62.9 246 234
11/11/2008 12:45 — — 606 100 34.2 3.12 72 229 216
04/22/2009 09:30 — — 476 89 26.4 3.97 64.2 244 230
09/23/2009 09:00 — — 630 87.4 33.7 1.69 68.6 237 223

(D–37–22)28acc–1  
MW18

373233109301001 12/09/2008 08:45 — 79 — — — — — — —

12/09/2008 08:50 — 99 — — — — — — —
12/09/2008 08:55 — 129 — — — — — — —
10/20/2009 08:55 — 89 — — — — — — —
10/20/2009 09:00 — 114 — — — — — — —
10/20/2009 09:05 — 139 — — — — — — —

(D–37–22)10cdc–1  
Lyman well

373442109291501 12/12/2007 11:00 — — 566 106 31.6 1.95 27.3 218 217

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–37–22) 8dba–1  
Millview well

373501109310801 09/18/2007 12:00 — — — — — — — — —

(D–37–22) 2aad–1  
Bayless well

373612109273201 12/12/2007 13:30 — — 625 113 28.1 2.72 52.8 281 277

(D–36–22)19aad–S1  
Oasis Spring

373850109315301 09/19/2007 15:55 — — — — — — — — —

09/18/2008 14:00 –37 — 436 82.6 15.9 1.7 38.2 237 246
11/12/2008 12:15 20 — 386 74.3 16 1.27 35.9 187 170
04/23/2009 10:45 –122 — 376 67 14.2 1.3 33.7 176 169
09/24/2009 09:10 — — 410 84.2 13.9 3.11 33.5 187 183

(D–36–22)12dbc   
Recapture Reservoir

374002109263501 04/23/2009 12:40 — 1 158 34.2 4.92 1.66 12.6 109 105

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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Reference Spring North 373550109341701 06/21/2007 — — — — — — — — —
(D–38–22)23cda–1  
South well

372756109280901 09/11/2007 — — — — — — — — — —
12/11/2007 15:00 221 — 1.58 0.18 M 18.2 46.6 — <0.04
03/11/2008 15:05 221 — 1.54 0.17 U 18.2 48.2 <0.20 <0.04
11/12/2008 10:05 226 — 1.53 0.17 M 16.7 49 <0.20 <0.04

(D–38–22)23acb–1  
North well

372817109275701 09/11/2007 11:00 — — — — — — — — —
12/11/2007 12:00 225 — 0.92 0.19 M 18.3 30.8 — <0.04
03/11/2008 11:20 216 — 0.86 0.16 U 19 30.8 <0.20 <0.04
11/11/2008 09:41 237 — 1.09 0.2 M 16.4 32.1 <0.20 <0.04

(D–38–22)23bba–S1  
Right Hand Fork Seep

372832109282001 03/12/2008 17:00 — — — — — — — — —

(D–38–22) 8dcd–1  
West well

372930109310701 06/21/2007 — — — — — — — — —
09/11/2007 15:30 — — — — — — — — —
12/13/2007 13:00 404 — 11.7 0.19 U 15.6 3,000 — 0.24
03/13/2008 11:40 466 — 10.9 0.15 — 16.4 3,050 <0.20 E0.02
09/16/2008 14:15 458 — 10.2 0.12 U 14.2 3,030 <0.20 E0.02
11/13/2008 10:14 451 — 11 0.13 U 44.9 3,050 <0.20 0.33
12/08/2008 14:50 — — — — — — — — —
12/08/2008 14:55 — — — — — — — — —
12/08/2008 15:00 — — — — — — — — —
04/21/2009 11:00 431 — 11.2 0.16 — 16.8 3,090 <0.20 0.07
09/22/2009 10:30 419 — 11 0.1 U 21 3,070 <0.20 0.16
10/19/2009 15:00 — — — — — — — — —
10/19/2009 15:05 — — — — U — — — —
10/19/2009 15:10 — — — — — — — — —

132 —
(D–38–22)10cbc  
Anasazi Pond near spillway

372943109293201 09/18/2008 10:50 — — 0.8 E0.08 — 5.82 0.52 — <0.04

(D–38–22)10bcc–1  
East well

372954109293601 06/21/2007 — — — — — — — — —
09/11/2007 13:30 246 — — — — — — — —
12/14/2007 10:45 266 — 14 0.78 U 8.99 60.7 — 2.11
03/13/2008 17:00 260 — 14.3 0.73 — 8.4 64.4 <0.20 1.51
09/16/2008 10:45 271 — 14.3 0.89 U 6.94 64.5 <0.20 0.85

(D–38–22)10bcc–1  
East well

11/13/2008 14:00 268 — 14.6 0.87 U 7.54 67.2 <0.20 0.8

04/21/2009 15:50 255 — 14.3 0.83 — 7.95 68.6 <0.20 0.55
09/22/2009 15:40 — — 14.7 0.97 U 7.73 68.3 <0.20 0.54

(D–38–22) 8bad–S1  
Ruin Spring

373006109312301 06/01/2007 — — — — — — — — —

09/11/2007 16:00 227 — — — — — — — —
12/13/2007 09:30 224 — 26.6 0.58 — 12.1 516 — 1.45
03/13/2008 12:20 233 — 20.3 0.6 — 11.5 382 — 1.56
06/18/2008 15:20 235 — 23.9 0.54 — 11 442 — 1.59
09/17/2008 12:20 218 — 24.1 0.56 — 11.4 453 — 1.63

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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11/11/2008 13:45 237 — 25.3 0.57 — 12 460 — 1.61
04/22/2009 10:15 230 — 24.6 0.51 — 10.8 478 — 1.53
09/23/2009 13:30 62.3 5.6 25.6 0.57 — 12.6 507 — 1.43

(D–38–22) 4adb  
South Mill Pond

373052109294901 03/12/2008 14:40 — — 1.76 <0.12 — 3.86 0.9 — <0.04

(D–37–22)32ddc–1  
MW3A

373116109305601 12/09/2008 09:15 — — — — — — — — —

12/09/2008 09:20 — — — — — — — — —
10/20/2009 08:20 — — — — — — — — —
10/20/2009 08:25 — — — — — — — — —

(D–37–22)31dcb–S1  
Cow Camp Spring

373122109321501 09/18/2007 17:00 — — — — — — — — —
09/19/2007 19:00 309 — — — — — — — —
03/12/2008 13:25 306 — 112 0.42 — 19.2 356 — 0.11
06/18/2008 14:20 316 — 116 0.42 — 18.5 362 — <0.04
09/17/2008 13:35 316 — 111 0.43 — 17.4 357 — 0.07
11/13/2008 15:55 318 — 116 0.47 — 18.4 360 — 0.04
04/22/2009 11:15 — — 113 0.46 — 18.4 359 — <0.04
09/23/2009 10:15 346 — 117 0.44 — 18.8 366 — E0.03

(D–37–22)32bab–S1  
Mill Spring

373158109312601 03/12/2008 11:55 624 — 34.2 0.58 — 14.2 378 — <0.04

09/18/2008 09:20 426 — 63.1 0.64 — 16.9 815 — E0.02
11/12/2008 15:00 346 — 39.1 0.64 — 15.8 636 — <0.04
04/23/2009 08:55 — — 22.7 0.64 — 15.9 282 — <0.04
09/24/2009 11:10 — — 84.8 0.73 — 19.9 1,570 — <0.04
10/19/2009 17:00 — — — — — — — — —

(D–37–22)27ccc–S1  
Entrance Spring

373202109293401 06/21/2007 — — — — — — — — —

09/20/2007 14:00 291 — — — — — — — —
12/13/2007 15:30 292 — 79.8 0.63 — 15.4 206 — 1.38
03/13/2008 16:10 292 — 59.4 0.64 — 15.6 172 — 1.85
06/19/2008 09:15 — — 62.8 0.71 — 15.8 177 — 2.48
07/22/2008 12:00 286 — — — — — — — —
09/17/2008 10:00 264 — 54.1 0.68 — 12.3 162 — 1.45
11/11/2008 12:45 280 — 59.8 0.64 — 9.81 174 — 1.1
04/22/2009 09:30 272 — 40.5 0.56 — 15.4 129 — 1.95
09/23/2009 09:00 — — 60.7 0.64 — 14 188 — 0.43

(D–37–22)28acc–1  
MW18

373233109301001 12/09/2008 08:45 — — — — — — — — —

12/09/2008 08:50 — — — — — — — — —
12/09/2008 08:55 — — — — — — — — —
10/20/2009 08:55 — — — — M — — — —
10/20/2009 09:00 — — — — M — — — —
10/20/2009 09:05 264 — — — — — — — —

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–37–22)10cdc–1  
Lyman well

373442109291501 12/12/2007 11:00 — — 23.4 0.53 U 19.1 173 — 0.98

(D–37–22) 8dba–1  
Millview well

373501109310801 09/18/2007 12:00 338 — — — — — — — —

(D–37–22) 2aad–1  
Bayless well

373612109273201 12/12/2007 13:30 — — 55.1 0.51 U 14.5 153 — 0.12

(D–36–22)19aad–S1  
Oasis Spring

373850109315301 09/19/2007 15:55 300 — — — — — — — —

09/18/2008 14:00 207 — 29.7 0.4 — 17.3 70.2 — E0.04
11/12/2008 12:15 206 — 30.6 0.38 — 12.3 83.9 — 0.54
04/23/2009 10:45 223 — 28.6 0.38 — 12.1 82.6 — 0.8
09/24/2009 09:10 110 9.1 30 0.26 — 13.7 106 — 0.07

(D–36–22)12dbc   
Recapture Reservoir

374002109263501 04/23/2009 12:40 2.84 0.16 — 4.7 25.5 — <0.04

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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Reference Spring North 373550109341701 06/21/2007 — — — — — — — — —
(D–38–22)23cda–1  
South well

372756109280901 09/11/2007 — — — — — — — — — —
12/11/2007 15:00 — <1.6 8 82 E0.01 <0.04 0.44 <0.40 E0.01
03/11/2008 15:05 — <1.6 <4 78 <0.01 <0.04 <0.12 <0.40 <0.02
11/12/2008 10:05 0.008 <4.0 10 82 <0.02 <0.02 <0.12 <0.40 E0.01

(D–38–22)23acb–1  
North well

372817109275701 09/11/2007 11:00 — — — — — — — — —
12/11/2007 12:00 — <1.6 <4 83 E0.01 <0.04 <0.12 <0.40 E0.02
03/11/2008 11:20 — <1.6 <4 79 <0.01 E0.04 E0.08 <0.40 E0.01
11/11/2008 09:41 E0.008 <4.0 <6 77 <0.02 <0.02 <0.12 <0.40 E0.02

(D–38–22)23bba–S1  
Right Hand Fork Seep

372832109282001 03/12/2008 17:00 — — — — — — — — —

(D–38–22) 8dcd–1  
West well

372930109310701 06/21/2007 — — — — — — — — —
09/11/2007 15:30 — — — — — — — — —
12/13/2007 13:00 — <6.4 72 25 <0.03 0.52 6.5 13.3 2.6
03/13/2008 11:40 — <4.8 15 21 <0.02 0.27 0.66 2.5 1.2
09/16/2008 14:15 E0.005 <4.8 18 25 <0.02 0.41 0.49 3.1 0.76
11/13/2008 10:14 0.013 <12.0 37 31 <0.06 0.62 3.8 8.5 0.64
12/08/2008 14:50 — — — — — — — — —
12/08/2008 14:55 — — — — — — — — —
12/08/2008 15:00 — — — — — — — — —
04/21/2009 11:00 0.019 <12.0 <18 47 <0.06 0.32 3.6 4.1 4.5
09/22/2009 10:30 0.011 <12.0 <18 15 <0.06 0.26 1.2 2.1 0.61
10/19/2009 15:00 — — — — — — — — —
10/19/2009 15:05 — — — — — — — — —
10/19/2009 15:10 — — — — — — — — —

(D–38–22)10cbc  
Anasazi Pond near spillway

372943109293201 09/18/2008 10:50 0.091 2.4 1,680 121 <0.01 <0.04 <0.12 1.2 1.1

(D–38–22)10bcc–1  
East well

372954109293601 06/21/2007 — — — — — — — — —
09/11/2007 13:30 — — — — — — — — —
12/14/2007 10:45 — 2.7 783 14 <0.01 0.06 0.15 14.1 0.16
03/13/2008 17:00 — 3.6 69 16 <0.01 0.04 0.31 1.4 0.08
09/16/2008 10:45 E0.004 E1.4 45 7 <0.01 0.04 E0.09 1.7 0.1
11/13/2008 14:00 0.031 E2.6 65 16 <0.02 0.06 0.46 3 0.03

(D–38–22)10bcc–1  
East well

04/21/2009 15:50 0.056 E3.5 31 20 <0.02 0.07 0.68 1.7 0.09

09/22/2009 15:40 0.085 <12.0 228 11 <0.06 E0.03 <0.36 1.6 E0.04
(D–38–22) 8bad–S1  
Ruin Spring

373006109312301 06/01/2007 — — — — — — — — —

09/11/2007 16:00 — — — — — — — — —
12/13/2007 09:30 — <1.6 <4 30 <0.01 0.07 E0.08 <0.40 0.05
03/13/2008 12:20 — <1.6 <4 22 <0.01 <0.04 <0.12 <0.40 <0.02
06/18/2008 15:20 0.013 <1.6 <4 26 <0.01 0.05 <0.12 <0.40 0.08
09/17/2008 12:20 E0.004 <1.6 <4 28 <0.01 0.05 <0.12 <0.40 0.06
11/11/2008 13:45 0.011 <4.0 E6 28 <0.02 0.06 <0.12 <0.40 0.07

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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04/22/2009 10:15 0.013 <4.0 11 30 <0.02 0.08 0.25 <0.40 0.29
09/23/2009 13:30 0.012 <12.0 <6 28 <0.06 E0.05 <0.36 <0.40 0.17

(D–38–22) 4adb  
South Mill Pond

373052109294901 03/12/2008 14:40 — 8.2 3,470 54 <0.01 <0.04 <0.12 2.3 0.44

(D–37–22)32ddc–1  
MW3A

373116109305601 12/09/2008 09:15 — — — — — — — — —

12/09/2008 09:20 — — — — — — — — —
10/20/2009 08:20 — — — — — — — — —
10/20/2009 08:25 — — — — — — — — —

(D–37–22)31dcb–S1  
Cow Camp Spring

373122109321501 09/18/2007 17:00 — — — — — — — — —
09/19/2007 19:00 — — — — — — — — —
03/12/2008 13:25 — <1.6 38 34 <0.01 <0.04 E0.07 E0.20 0.05
06/18/2008 14:20 0.011 3.8 368 40 <0.01 <0.04 E0.08 E0.35 0.11
09/17/2008 13:35 E0.005 E1.0 499 35 <0.01 <0.04 E0.06 0.48 0.06
11/13/2008 15:55 0.009 <4.0 808 46 <0.02 <0.02 E0.07 0.61 0.08
04/22/2009 11:15 0.01 <4.0 522 43 <0.02 <0.02 0.23 E0.38 0.21
09/23/2009 10:15 E0.008 161 307 34 <0.06 E0.03 <0.36 E0.22 0.16

(D–37–22)32bab–S1  
Mill Spring

373158109312601 03/12/2008 11:55 — E0.9 118 49 <0.01 <0.04 E0.06 E0.26 0.63

09/18/2008 09:20 E0.004 <1.6 472 64 <0.01 E0.02 <0.12 0.52 1.2
11/12/2008 15:00 E0.007 <4.0 426 53 <0.02 E0.02 E0.07 E0.37 0.26
04/23/2009 08:55 0.009 <4.0 13 31 <0.02 <0.02 0.19 <0.40 0.41
09/24/2009 11:10 0.015 <12.0 1,980 46 <0.06 E0.03 E0.19 1.5 1.5
10/19/2009 17:00 — — — — — — — — —

(D–37–22)27ccc–S1  
Entrance Spring

373202109293401 06/21/2007 — — — — — — — — —

09/20/2007 14:00 — — — — — — — — —
12/13/2007 15:30 — 1.7 80 156 M <0.04 E0.10 <0.40 0.42
03/13/2008 16:10 — <1.6 330 143 <0.01 <0.04 E0.08 0.43 0.23
06/19/2008 09:15 0.012 E1.0 707 141 <0.01 <0.04 E0.08 0.63 0.21
07/22/2008 12:00 — — 116 — — — — 0.49 —
09/17/2008 10:00 E0.005 <1.6 142 148 <0.01 <0.04 <0.12 <0.40 0.17
11/11/2008 12:45 E0.004 <4.0 66 132 <0.02 E0.01 E0.06 <0.40 0.18
04/22/2009 09:30 E0.007 <4.0 2,930 152 <0.02 E0.02 0.23 2 0.57
09/23/2009 09:00 E0.007 <12.0 52 118 <0.06 <0.06 <0.36 <0.40 0.31

(D–37–22)28acc–1  
MW18

373233109301001 12/09/2008 08:45 — — — — — — — — —

12/09/2008 08:50 — — — — — — — — —
12/09/2008 08:55 — — — — — — — — —
10/20/2009 08:55 — — — — — — — — —
10/20/2009 09:00 — — — — — — — — —
10/20/2009 09:05 — — — — — — — — —

(D–37–22)10cdc–1  
Lyman well

373442109291501 12/12/2007 11:00 — 6.3 9 87 0.04 0.31 E0.07 <0.40 0.28

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–37–22) 8dba–1  
Millview well

373501109310801 09/18/2007 12:00 — — — — — — — — —

(D–37–22) 2aad–1  
Bayless well

373612109273201 12/12/2007 13:30 — <1.6 E4 137 M 0.24 0.16 0.5 2.5

(D–36–22)19aad–S1  
Oasis Spring

373850109315301 09/19/2007 15:55 — — — — — — — — —

09/18/2008 14:00 0.064 E1.1 70 128 <0.01 <0.04 <0.12 <0.40 0.39
11/12/2008 12:15 E0.005 <4.0 178 100 <0.02 <0.02 <0.12 <0.40 0.13
04/23/2009 10:45 E0.005 <4.0 70 100 <0.02 <0.02 0.13 <0.40 0.2
09/24/2009 09:10 0.091 <12.0 28 176 <0.06 <0.06 <0.36 0.46 1

(D–36–22)12dbc   
Recapture Reservoir

374002109263501 04/23/2009 12:40 <0.008 <4.0 24 85 <0.02 <0.02 <0.12 <0.40 0.12

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007—October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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Reference Spring North 373550109341701 06/21/2007 — — — — — — — — —
(D–38–22)23cda–1  
South well

372756109280901 09/11/2007 — — — — — — — — — —
12/11/2007 15:00 <1.0 3.8 <0.200 254 251 E0.05 0.42 54.4 10.9
03/11/2008 15:05 <1.0 E0.65 <0.200 228 238 <0.08 0.08 33.1 8.3
11/12/2008 10:05 <1.0 <4.0 0.32 198 232 <0.06 0.19 42.5 9.1

(D–38–22)23acb–1  
North well

372817109275701 09/11/2007 11:00 — — — — — — — — —
12/11/2007 12:00 <1.0 <1.2 <0.200 161 160 0.11 0.14 51.3 6.6
03/11/2008 11:20 <1.0 <1.2 <0.200 219 216 E0.05 0.19 30.6 5.4
11/11/2008 09:41 E0.86 E3.0 <0.200 245 233 <0.06 0.43 49.7 6.4

(D–38–22)23bba–S1  
Right Hand Fork Seep

372832109282001 03/12/2008 17:00 — — — — — — — — —

(D–38–22) 8dcd–1  
West well

372930109310701 06/21/2007 — — — — — — — — —
09/11/2007 15:30 — — — — — — — — —
12/13/2007 13:00 37.6 45.6 — 93 313 1.2 5.23 414 124
03/13/2008 11:40 9 26.4 1.89 3,050 4,090 0.34 3.07 429 374
09/16/2008 14:15 E2.0 4.3 <0.200 32 390 <0.24 1.7 349 414
11/13/2008 10:14 8.5 E11.9 <0.200 136 171 0.7 3.43 299 305
12/08/2008 14:50 — — — — 210 — — — —
12/08/2008 14:55 — — — — 98 — — — —
12/08/2008 15:00 — — — — 73,800 — — — —
04/21/2009 11:00 E2.4 13 0.32 215 219 1.16 4.74 290 344
09/22/2009 10:30 E2.1 <12.0 — 131 140 0.46 1 161 176
10/19/2009 15:00 — — — — <28 — — — —
10/19/2009 15:05 — — — — 509 — — — —
10/19/2009 15:10 — — — — 28,600 — — — —

(D–38–22)10cbc  
Anasazi Pond near spillway

372943109293201 09/18/2008 10:50 1.5 2.7 — 29 1,490 <0.08 2.94 2.3 550

(D–38–22)10bcc–1  
East well

372954109293601 06/21/2007 — — — — — — — — —
09/11/2007 13:30 — — — — — — — — —
12/14/2007 10:45 1.6 109 <0.200 <8 406 1.05 24.9 63.9 11.9
03/13/2008 17:00 4.7 19.2 <0.20 <8 309 0.15 7.63 46.9 8.2
09/16/2008 10:45 E0.86 8.7 <0.200 17 2,200 <0.08 1.78 50.6 29.1
11/13/2008 14:00 2.3 8.2 <0.200 E3 510 E0.03 1.51 49.7 1.3
04/21/2009 15:50 1.7 4.1 <0.200 E3 138 <0.06 0.67 45.8 8.8
09/22/2009 15:40 <3.0 6.4 — <4 381 <0.18 1.35 48.8 4.9

(D–38–22) 8bad–S1  
Ruin Spring

373006109312301 06/01/2007 — — — — — — — — —

09/11/2007 16:00 — — — — — — — — —
12/13/2007 09:30 E0.61 <1.2 — <8 <6 <0.08 <0.06 63.6 E0.2
03/13/2008 12:20 <1.0 <1.2 — <8 <6 <0.08 <0.06 — <0.2
06/18/2008 15:20 <1.0 <1.2 — <8 E4 <0.08 <0.06 53.3 <0.2
09/17/2008 12:20 <1.0 <1.2 — <8 E5 <0.08 <0.06 62.5 <0.2
11/11/2008 13:45 <1.0 <4.0 — 5 <14 <0.06 0.11 61.8 E0.1
04/22/2009 10:15 <1.0 <4.0 — <4 E14 <0.06 <0.10 66.8 E0.2
09/23/2009 13:30 <3.0 <4.0 — <4 <14 <0.18 <0.10 58.7 <0.6

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–38–22) 4adb  
South Mill Pond

373052109294901 03/12/2008 14:40 2.7 4.5 — 10 2,380 <0.08 3.04 E0.9 0.5

(D–37–22)32ddc–1  
MW3A

373116109305601 12/09/2008 09:15 — — — — <70 — — — —

12/09/2008 09:20 — — — — E36 — — — —
10/20/2009 08:20 — — — — <46 — — — —
10/20/2009 08:25 — — — — <46 — — — —

(D–37–22)31dcb–S1  
Cow Camp Spring

373122109321501 09/18/2007 17:00 — — — — — — — — —
09/19/2007 19:00 — — — — — — — — —
03/12/2008 13:25 <1.0 <1.2 — <8 29 <0.08 E0.05 60.9 0.9
06/18/2008 14:20 <1.0 E0.74 — E6 259 <0.08 0.51 74.2 2.4
09/17/2008 13:35 <1.0 <1.2 — <8 322 <0.08 0.5 71.1 4.6
11/13/2008 15:55 <1.0 <4.0 — E3 474 0.07 0.94 73.8 3.6
04/22/2009 11:15 <1.0 <4.0 — 5 310 E0.04 0.68 76.7 8.6
09/23/2009 10:15 E2.7 <4.0 — 6 205 0.32 0.36 63.1 0.9

(D–37–22)32bab–S1  
Mill Spring

373158109312601 03/12/2008 11:55 <1.0 <1.2 — 95 686 <0.08 0.11 60 95.1

09/18/2008 09:20 <1.0 <1.2 — 16 1,090 <0.08 0.58 125 136
11/12/2008 15:00 1.3 <4.0 — 22 294 <0.06 0.43 89.2 39.9
04/23/2009 08:55 <1.0 <4.0 — 18 116 <0.06 <0.10 58.8 57.8
09/24/2009 11:10 <3.0 <8.0 — 26 1,860 <0.18 1.76 195 83.1
10/19/2009 17:00 — — — — — — — — —

(D–37–22)27ccc–S1  
Entrance Spring

373202109293401 06/21/2007 — — — — — — — — —

09/20/2007 14:00 — — — — — — — — —
12/13/2007 15:30 E0.79 <1.2 — E8 54 E0.05 0.24 44.6 94.7
03/13/2008 16:10 1.2 1.5 — E5 205 <0.08 0.46 30.1 30.8
06/19/2008 09:15 <1.0 1.3 — 14 686 <0.08 1.57 32.8 24.6
07/22/2008 12:00 — 2.3 — — 96 — 2.18 — —
09/17/2008 10:00 <1.0 <1.2 — E6 96 <0.08 0.33 31.9 56.2
11/11/2008 12:45 <1.0 <4.0 — 6 43 E0.05 0.11 34 52.7
04/22/2009 09:30 <1.0 4.2 — 11 2,050 E0.03 5.59 30.8 144
09/23/2009 09:00 <3.0 <4.0 — 7 46 <0.18 0.28 35.8 4.1

(D–37–22)28acc–1  
MW18

373233109301001 12/09/2008 08:45 — — — — 54 — — — —

12/09/2008 08:50 — — — — 1,840 — — — —
12/09/2008 08:55 — — — — 2,700 — — — —
10/20/2009 08:55 — — — — 1,800 — — — —
10/20/2009 09:00 — — — — 2,470 — — — —
10/20/2009 09:05 — — — — 1,190 — — — —

(D–37–22)10cdc–1  
Lyman well

373442109291501 12/12/2007 11:00 1.1 <1.2 <0.200 E5 9 4.41 3.69 25.6 17.5

(D–37–22) 8dba–1  
Millview well

373501109310801 09/18/2007 12:00 — — — — — — — — —

(D–37–22) 2aad–1  
Bayless well

373612109273201 12/12/2007 13:30 2.4 2.2 <0.200 E5 372 0.5 0.77 21.1 3,150

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–36–22)19aad–S1  
Oasis Spring

373850109315301 09/19/2007 15:55 — — — — — — — — —

09/18/2008 14:00 <1.0 E0.75 — 29 199 <0.08 0.07 10 353
11/12/2008 12:15 <1.0 <4.0 — 10 120 <0.06 0.2 8.9 49.8
04/23/2009 10:45 <1.0 <4.0 — E4 47 E0.04 E0.08 9.2 18.6
09/24/2009 09:10 <3.0 <4.0 — 94 175 <0.18 E0.10 6.2 1,140

(D–36–22)12dbc   
Recapture Reservoir

374002109263501 04/23/2009 12:40 <1.0 <4.0 — <4 19 <0.06 <0.10 3.2 3.4

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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Reference Spring North 373550109341701 06/21/2007 — — — — — — — — —
(D–38–22)23cda–1  
South well

372756109280901 09/11/2007 — — — — — — — — — —
12/11/2007 15:00 9.6 0.9 0.8 E0.19 E0.07 <0.1 2,300 <0.04 0.06
03/11/2008 15:05 8 0.8 0.9 E0.11 E0.10 <0.1 2,010 <0.04 E0.02
11/12/2008 10:05 8.6 0.9 0.9 0.14 <0.20 M 2,050 <0.04 <0.16

(D–38–22)23acb–1  
North well

372817109275701 09/11/2007 11:00 — — — — — — — — —
12/11/2007 12:00 5.5 0.9 1 E0.15 E0.06 <0.1 2,180 <0.04 E0.03
03/11/2008 11:20 5.2 0.9 0.9 E0.11 E0.08 <0.1 1,850 <0.04 <0.04
11/11/2008 09:41 6.5 1.2 1.3 E0.10 <0.20 <0.008 1,760 <0.04 <0.16

(D–38–22)23bba–S1  
Right Hand Fork Seep

372832109282001 03/12/2008 17:00 — — — — — — — — —

(D–38–22) 8dcd–1  
West well

372930109310701 06/21/2007 — — — — — — — — —
09/11/2007 15:30 — — — — — — — — —
12/13/2007 13:00 139 10.7 40.5 12.5 14.4 <0.4 8,860 0.35 0.4
03/13/2008 11:40 348 33.4 36.9 7.7 7.4 <0.3 8,980 0.17 E0.12
09/16/2008 14:15 399 32 33.6 9.3 9.5 <0.3 9,490 0.35 0.26
11/13/2008 10:14 281 32.9 38.6 11 11.1 M 8,560 0.52 0.6
12/08/2008 14:50 — — — — — — — — —
12/08/2008 14:55 — — — — — — — — —
12/08/2008 15:00 — — — — — — — — —
04/21/2009 11:00 322 48.8 43.5 13.7 10 M 8,680 0.54 1.6
09/22/2009 10:30 326 24.1 43.2 5.3 6.1 <0.024 4,980 0.32 E0.40
10/19/2009 15:00 — — — — — — — — —
10/19/2009 15:05 — — — — — — — — —
10/19/2009 15:10 — — — — — — — — —

(D–38–22)10cbc  
Anasazi Pond near spillway

372943109293201 09/18/2008 10:50 586 1 0.9 1 1.9 <0.1 147 <0.04 5.5

(D–38–22)10bcc–1  
East well

372954109293601 06/21/2007 — — — — — — — — —
09/11/2007 13:30 — — — — — — — — —
12/14/2007 10:45 12 18.4 16.9 7.4 6.7 <0.1 203 <0.04 0.89
03/13/2008 17:00 8.1 17.6 18.4 1.2 1.3 <0.1 209 <0.04 0.52
09/16/2008 10:45 27.2 15.3 15.6 1.3 1.9 <0.1 100 <0.04 0.19
11/13/2008 14:00 9.4 16.4 17 1.9 2.8 <0.008 149 <0.04 0.5
04/21/2009 15:50 9.2 18.6 17.2 2 2.1 <0.008 205 <0.04 0.63
09/22/2009 15:40 7.4 16.6 18.2 0.67 1 <0.024 150 <0.12 0.92

(D–38–22) 8bad–S1  
Ruin Spring

373006109312301 06/01/2007 — — — — — — — — —

09/11/2007 16:00 — — — — — — — — —
12/13/2007 09:30 E0.2 19.7 19.4 0.45 E0.12 <0.1 1,530 <0.04 0.33
03/13/2008 12:20 <0.4 18.7 19.4 — 0.18 <0.1 — <0.04 0.24
06/18/2008 15:20 <0.4 18.5 19 0.53 0.22 <0.1 1,340 <0.04 0.26
09/17/2008 12:20 <0.4 19.5 19.9 0.43 0.13 <0.1 1,480 E0.03 0.33
11/11/2008 13:45 <0.4 19.4 19.9 0.69 <0.20 M 1,410 <0.04 0.34
04/22/2009 10:15 6.8 16.5 17.3 0.26 0.25 M 1,750 <0.04 0.56
09/23/2009 13:30 <0.4 17.6 20.1 0.78 0.52 <0.024 1,380 <0.12 0.53

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–38–22) 4adb  
South Mill Pond

373052109294901 03/12/2008 14:40 84.5 0.5 0.4 0.72 2.8 <0.1 123 <0.04 6.4

(D–37–22)32ddc–1  
MW3A

373116109305601 12/09/2008 09:15 — — — — — — — — —

12/09/2008 09:20 — — — — — — — — —
10/20/2009 08:20 — — — — — — — — —
10/20/2009 08:25 — — — — — — — — —

(D–37–22)31dcb–S1  
Cow Camp Spring

373122109321501 09/18/2007 17:00 — — — — — — — — —
09/19/2007 19:00 — — — — — — — — —
03/12/2008 13:25 1.6 1.7 1.8 0.32 E0.12 <0.1 2,970 <0.04 0.9
06/18/2008 14:20 13.6 1.7 1.7 0.66 0.43 <0.1 3,500 <0.04 1.5
09/17/2008 13:35 14.4 1.7 1.6 0.29 0.43 <0.1 3,120 <0.04 0.94
11/13/2008 15:55 32.7 1.8 1.8 0.45 0.62 M 3,070 <0.04 1.3
04/22/2009 11:15 21.7 1.8 1.7 0.2 0.5 M 3,420 <0.04 2.4
09/23/2009 10:15 5.2 1.6 1.9 0.51 0.65 0.1 2,710 <0.12 1

(D–37–22)32bab–S1  
Mill Spring

373158109312601 03/12/2008 11:55 89.4 1.4 1.5 1.2 1.1 <0.1 1,640 <0.04 0.3

09/18/2008 09:20 158 6.3 6.5 1.8 1.7 <0.1 3,000 <0.04 0.59
11/12/2008 15:00 56.3 3.5 3.9 1.3 0.96 M 2,340 <0.04 0.29
04/23/2009 08:55 59.4 0.8 0.8 0.57 0.47 <0.008 1,530 <0.04 0.34
09/24/2009 11:10 96.5 19.2 22.7 3.3 3.5 <0.024 4,300 <0.12 3.2
10/19/2009 17:00 — — — — — — — — —

(D–37–22)27ccc–S1  
Entrance Spring

373202109293401 06/21/2007 — — — — — — — — —

09/20/2007 14:00 — — — — — — — — —
12/13/2007 15:30 67.5 4.2 4 1.2 0.94 <0.1 1,320 <0.04 4.6
03/13/2008 16:10 37 5.5 5.8 0.94 1 <0.1 1,090 <0.04 4.6
06/19/2008 09:15 41.8 4.9 4.6 0.91 1.2 <0.1 1,330 <0.04 3.2
07/22/2008 12:00 69.3 — 1.4 — 2 — — — —
09/17/2008 10:00 59.1 4.4 4.4 0.71 0.64 <0.1 1,200 <0.04 6.1
11/11/2008 12:45 51 3.6 3.9 0.72 0.41 <0.008 1,080 <0.04 4.9
04/22/2009 09:30 204 4.7 4.1 1.2 3 <0.008 1,090 <0.04 6.5
09/23/2009 09:00 5.4 3.8 3.9 0.76 0.64 <0.024 1,180 <0.12 4

(D–37–22)28acc–1  
MW18

373233109301001 12/09/2008 08:45 — — — — — — — — —

12/09/2008 08:50 — — — — — — — — —
12/09/2008 08:55 — — — — — — — — —
10/20/2009 08:55 — — — — — — — — —
10/20/2009 09:00 — — — — — — — — —
10/20/2009 09:05 — — — — — — — — —

(D–37–22)10cdc–1  
Lyman well

373442109291501 12/12/2007 11:00 16.3 3.6 3.5 11 9.2 <0.1 975 0.66 0.76

(D–37–22) 8dba–1  
Millview well

373501109310801 09/18/2007 12:00 — — — — — — — — —

(D–37–22) 2aad–1  
Bayless well

373612109273201 12/12/2007 13:30 3320 7.2 7.4 7.4 9.4 <0.1 862 0.29 0.43

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–36–22)19aad–S1  
Oasis Spring

373850109315301 09/19/2007 15:55 — — — — — — — — —

09/18/2008 14:00 333 1.1 1.1 0.75 0.62 <0.1 493 <0.04 0.97
11/12/2008 12:15 48.7 1.4 1.4 0.51 0.34 <0.008 436 <0.04 1.1
04/23/2009 10:45 20 1.8 1.6 0.31 0.31 <0.008 472 <0.04 1.3
09/24/2009 09:10 1,130 2.5 2.7 0.99 1 <0.024 407 <0.12 1

(D–36–22)12dbc   
Recapture Reservoir

374002109263501 04/23/2009 12:40 6.6 1.8 1.7 0.41 0.39 <0.008 434 <0.04 0.66

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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Reference Spring North 373550109341701 06/21/2007 — — — — — — — — —
(D–38–22)23cda–1  
South well

372756109280901 09/11/2007 — — — — — — — — — —
12/11/2007 15:00 E0.05 6.9 7.3 <0.14 8.3 8.9 25 <0.04 <0.08
03/11/2008 15:05 <1.0 4.5 6.7 <0.14 8.2 8.7 20 <0.04 <0.08
11/12/2008 10:05 <1.6 E1.4 10.8 E0.04 8.6 8.2 24 <0.06 <0.12

(D–38–22)23acb–1  
North well

372817109275701 09/11/2007 11:00 — — — — — — — — —
12/11/2007 12:00 E0.07 3.8 10.2 <0.14 8.6 9.6 22 <0.04 <0.08
03/11/2008 11:20 0.28 3.2 4.5 <0.14 8 8.5 17 <0.04 <0.08
11/11/2008 09:41 <1.6 E1.3 51.2 E0.02 9.9 9.8 24 <0.06 <0.12

(D–38–22)23bba–S1  
Right Hand Fork Seep

372832109282001 03/12/2008 17:00 — — — — — — — — —

(D–38–22) 8dcd–1  
West well

372930109310701 06/21/2007 — — — — — — — — —
09/11/2007 15:30 — — — — — — — — —
12/13/2007 13:00 0.68 556 557 0.66 0.26 <1.8 62 1.2 0.88
03/13/2008 11:40 <0.30 42.5 46.1 <0.42 0.22 <1.8 62 0.53 0.36
09/16/2008 14:15 0.6 25.6 23.4 <0.42 E0.14 <1.8 58 0.63 0.34
11/13/2008 10:14 <4.8 48.9 41 0.28 0.27 E0.57 47 0.77 0.42
12/08/2008 14:50 <4.8 — — — — — — — —
12/08/2008 14:55 <4.8 — — — — — — — —
12/08/2008 15:00 <4.8 — — — — — — — —
04/21/2009 11:00 <4.8 28.8 24.8 0.27 0.39 2.5 70 1 0.52
09/22/2009 10:30 <4.8 13.7 19.5 E0.11 E0.15 4.8 26 0.57 0.6
10/19/2009 15:00 <4.8 — — — — — — — —
10/19/2009 15:05 <4.8 — — — — — — — —
10/19/2009 15:10 <4.8 — — — — — — — —

(D–38–22)10cbc  
Anasazi Pond near spillway

372943109293201 09/18/2008 10:50 8.2 <1.8 4.9 E0.11 2.8 3.3 24 0.2 0.22

(D–38–22)10bcc–1  
East well

372954109293601 06/21/2007 — — — — — — — — —
09/11/2007 13:30 — — — — — — — — —
12/14/2007 10:45 1.9 6.2 16.9 0.24 0.79 1.1 99 7.7 6.3
03/13/2008 17:00 0.91 21.7 40.2 0.32 0.53 0.61 85 5.8 5.5
09/16/2008 10:45 0.69 4.7 25 0.34 0.31 0.8 123 4.7 4.3
11/13/2008 14:00 <1.6 3.8 10.4 0.42 0.49 0.62 106 4.4 4.2
04/21/2009 15:50 <1.6 4.3 5.2 0.43 0.58 0.64 122 3.8 3.8
09/22/2009 15:40 <1.6 <6.0 7.1 0.32 0.79 0.98 114 4.8 4.5

(D–38–22) 8bad–S1  
Ruin Spring

373006109312301 06/01/2007 — — — — — — — — —

09/11/2007 16:00 — — — — — — — — —
12/13/2007 09:30 0.33 <1.8 <2.0 E0.08 0.45 E0.49 56 11.3 10.3
03/13/2008 12:20 <1.0 <1.8 <2.0 <0.14 0.38 E0.55 — 7.8 7.1
06/18/2008 15:20 0.34 <1.8 <2.0 <0.14 0.41 <1.0 60 9.5 8.9
09/17/2008 12:20 0.39 <1.8 <2.0 E0.07 0.46 E0.54 67 9.8 8.7
11/11/2008 13:45 <1.6 <2.0 2.6 0.09 0.45 0.49 68 10.1 9.4
04/22/2009 10:15 <1.6 <2.0 <2.0 0.08 0.55 0.45 74 11.7 10.3
09/23/2009 13:30 <1.6 <6.0 E1.5 E0.07 0.4 2 67 10.6 10.3

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–38–22) 4adb  
South Mill Pond

373052109294901 03/12/2008 14:40 9.9 <1.8 11.9 E0.10 1.1 1.7 12 0.14 0.17

(D–37–22)32ddc–1  
MW3A

373116109305601 12/09/2008 09:15 <4.8 — — — — — — — —

12/09/2008 09:20 <4.8 — — — — — — — —
10/20/2009 08:20 <4.8 — — — — — — — —
10/20/2009 08:25 <4.8 — — — — — — — —

(D–37–22)31dcb–S1  
Cow Camp Spring

373122109321501 09/18/2007 17:00 — — — — — — — — —
09/19/2007 19:00 — — — — — — — — —
03/12/2008 13:25 1 <1.8 <2.0 E0.12 1.8 2 58 1.9 1.7
06/18/2008 14:20 2 <1.8 E1.2 E0.10 2.2 2.4 66 1.8 1.7
09/17/2008 13:35 1.6 <1.8 E1.0 E0.11 1.9 2 60 2 1.7
11/13/2008 15:55 2.1 <2.0 2.3 0.14 2 2 63 1.7 1.5
04/22/2009 11:15 2.3 <2.0 <2.0 0.13 2.3 2.1 71 1.8 1.4
09/23/2009 10:15 1.9 <6.0 E1.0 E0.11 1.7 2.7 56 <0.18 1.6

(D–37–22)32bab–S1  
Mill Spring

373158109312601 03/12/2008 11:55 0.76 <1.8 <2.0 <0.14 0.88 1.5 61 0.45 0.47

09/18/2008 09:20 2.1 <1.8 E1.6 <0.14 1.6 3 98 0.53 0.43
11/12/2008 15:00 E0.84 <2.0 E1.5 0.05 0.75 1 82 0.42 0.34
04/23/2009 08:55 <1.6 <2.0 <2.0 E0.02 0.74 0.86 76 0.32 0.27
09/24/2009 11:10 6.9 <6.0 E3.6 0.29 1.7 6.7 130 8.7 8
10/19/2009 17:00 — — — — — — — — —

(D–37–22)27ccc–S1  
Entrance Spring

373202109293401 06/21/2007 — — — — — — — — —

09/20/2007 14:00 — — — — — — — — —
12/13/2007 15:30 4.4 E1.3 E2.0 E0.12 1.9 1.8 70 9.3 9.1
03/13/2008 16:10 6.6 <1.8 E1.6 E0.14 1.7 2 79 9.8 9
06/19/2008 09:15 6.9 <1.8 3.9 E0.12 1.6 2.1 105 11.7 10.3
07/22/2008 12:00 11.9 — 536 — — 1.7 — — 1.3
09/17/2008 10:00 7.8 <1.8 <2.0 E0.13 2.8 2.9 90 11 10.1
11/11/2008 12:45 5.3 <2.0 <2.0 0.12 2.2 2.3 76 9.8 8.9
04/22/2009 09:30 17.2 <2.0 11.3 0.13 3.8 4.9 95 13.4 11.9
09/23/2009 09:00 5.2 <6.0 2.1 E0.11 1.2 2.3 93 8.7 8.1

(D–37–22)28acc–1  
MW18

373233109301001 12/09/2008 08:45 E2.0 — — — — — — — —

12/09/2008 08:50 <3.2 — — — — — — — —
12/09/2008 08:55 <3.2 — — — — — — — —
10/20/2009 08:55 E1.6 — — — — — — — —
10/20/2009 09:00 <3.2 — — — — — — — —
10/20/2009 09:05 <3.2 — — — — — — — —

(D–37–22)10cdc–1  
Lyman well

373442109291501 12/12/2007 11:00 0.71 6.2 4.6 E0.13 0.78 0.81 55 0.37 0.24

(D–37–22) 8dba–1  
Millview well

373501109310801 09/18/2007 12:00 — — — — — — — — —

(D–37–22) 2aad–1  
Bayless well

373612109273201 12/12/2007 13:30 0.5 74.2 102 <0.14 2.4 2.9 49 0.46 0.43

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
200–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–36–22)19aad–S1  
Oasis Spring

373850109315301 09/19/2007 15:55 — — — — — — — — —

09/18/2008 14:00 1.2 <1.8 <2.0 <0.14 3.1 3.3 44 0.46 0.42
11/12/2008 12:15 E1.2 <2.0 <2.0 0.06 1 1 26 2.2 2.1
04/23/2009 10:45 E1.1 <2.0 <2.0 0.05 1 0.93 41 1.8 1.9
09/24/2009 09:10 <1.6 <6.0 <2.0 E0.12 4 5 37 0.63 0.65

(D–36–22)12dbc   
Recapture Reservoir

374002109263501 04/23/2009 12:40 <1.6 <2.0 <2.0 0.09 1.5 1.4 18 0.3 0.28

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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Reference Spring North 373550109341701 06/21/2007 8.1 — 0.000096 — 0.00715 — — —

(D–38–22)23cda–1  
South well

372756109280901 09/11/2007 — — — — — — –121 –16.60 —
12/11/2007 15:00 <0.02 <0.020 — — — –117 –15.92 –6.03
03/11/2008 15:05 E0.01 E0.011 — — — –16 –15.83 —
11/12/2008 10:05 0.01 E0.013 — — — –117 –15.92 –4.71

(D–38–22)23acb–1  
North well

372817109275701 09/11/2007 11:00 — — — — — –122 –16.70 —
12/11/2007 12:00 E0.01 E0.016 — — — –119 –16.11 –14.87
03/11/2008 11:20 <0.02 <0.020 — — — –117 –16.05 —
11/11/2008 09:41 0.02 E0.019 — — — –118 –16.11 –13.41

(D–38–22)23bba–S1  
Right Hand Fork Seep 372832109282001 03/12/2008 17:00 — — — — — –93.7 –12.16 —

(D–38–22) 8dcd–1  
West well

372930109310701 06/21/2007 15.1 — 0.00016 — 0.00717 — — —
09/11/2007 15:30 — — — — — –101 –13.10 —
12/13/2007 13:00 11.1 16.5 0.000163 — — –109 –13.96 9.40
03/13/2008 11:40 11.8 15.1 0.000176 — — –108 –13.90 —
09/16/2008 14:15 12.7 14 — — — –110 –14.01 —
11/13/2008 10:14 13.4 16.3 — — — –108 –14.00 9.38
12/08/2008 14:50 — 13.6 — — — — — —
12/08/2008 14:55 — 13.7 — — — — — —
12/08/2008 15:00 — 11.4 — — — — — —
04/21/2009 11:00 16.1 18 — — — — — —
09/22/2009 10:30 7.46 16.4 — 0.0237 — — — —
10/19/2009 15:00 — 14.5 — — — — — —
10/19/2009 15:05 — 13.4 — — — — — —
10/19/2009 15:10 — 11.7 — — — — — —

(D–38–22)10cbc  
Anasazi Pond near spillway 372943109293201 09/18/2008 10:50 0.37 0.544 — — — –88.5 –11.14 —

(D–38–22)10bcc–1  
East well

372954109293601 06/21/2007 3.00 — 0.000144 — 0.00709 — — —
09/11/2007 13:30 — — — — — –103 –13.70 —
12/14/2007 10:45 3.01 3.03 0.000154 — — –103 –13.46 7.92
03/13/2008 17:00 3.03 3.29 0.000158 — — –101 –13.14 —
09/16/2008 10:45 1.84 2.12 — — — –101 –13.12 —
11/13/2008 14:00 2.4 2.64 — — — –100 –13.00 8.06
04/21/2009 15:50 4.03 4.08 — — — — — —
09/22/2009 15:40 2.81 2.78 — — — — — —

(D–38–22) 8bad–S1  
Ruin Spring 373006109312301 06/01/2007 7.4 — 0.000102 — 0.00723 — — —

09/11/2007 16:00 — — — — — –114 –14.40 —
12/13/2007 09:30 8.61 9.39 0.00009 — — –98.9 –12.71 12.24
03/13/2008 12:20 — 8.49 0.000101 — — –98.7 –12.93 —
06/18/2008 15:20 9.02 9.7 — — — –98.2 –12.74 —
09/17/2008 12:20 8.24 9.24 — — — –98.7 –12.77 —
11/11/2008 13:45 8.62 10 — — — –98.4 –12.79 12.00
04/22/2009 10:15 11 10.8 — — — — — —
09/23/2009 13:30 7.81 10.2 — 0.0141 — — — —

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–38–22) 4adb  
South Mill Pond 373052109294901 03/12/2008 14:40 0.4 0.499 0.000059 — — –111 –14.15 —

(D–37–22)32ddc–1  
MW3A 373116109305601 12/09/2008 09:15 — 17.6 — — — — — —

12/09/2008 09:20 — 18.8 — — — — — —
10/20/2009 08:20 — 19 — — — — — —
10/20/2009 08:25 — 22.9 — — — — — —

(D–37–22)31dcb–S1  
Cow Camp Spring

373122109321501 09/18/2007 17:00 — — — — — –89.7 –11.99 —
09/19/2007 19:00 — — — — — –93.3 –12.30 —
03/12/2008 13:25 7.71 9.03 0.00018 — — –91.6 –12.02 —
06/18/2008 14:20 8.12 9.41 — — — –90.4 –11.96 —
09/17/2008 13:35 8.21 9.18 — — — –90.6 –12.00 —
11/13/2008 15:55 8.38 10.2 — — — –90.1 –12.01 7.35
04/22/2009 11:15 8.54 9.91 — — — — — —
09/23/2009 10:15 7.64 10.9 — 0.0242 — — — —

(D–37–22)32bab–S1  
Mill Spring 373158109312601 03/12/2008 11:55 3.98 4.48 0.000117 — — –103 –13.37 —

09/18/2008 09:20 25.8 29.3 — — — –97.7 –12.64 —
11/12/2008 15:00 8.35 10.5 — — — –102 –12.92 9.45
04/23/2009 08:55 1.57 1.89 — — — — — —
09/24/2009 11:10 75.6 114 — 0.0173 — — — —
10/19/2009 17:00 — — — — — — — —

(D–37–22)27ccc–S1  
Entrance Spring 373202109293401 06/21/2007 20.9 — 0.000083 — 0.00711 — — —

09/20/2007 14:00 — — — — — –80.4 –9.54 —
12/13/2007 15:30 33.2 41.8 0.000085 — — –84.3 –10.01 6.77
03/13/2008 16:10 48.4 55.8 0.000069 — — –84.4 –10.08 —
06/19/2008 09:15 26.6 28.1 — — — –80.6 –9.68 —
07/22/2008 12:00 — 2.95 — — — — — —
09/17/2008 10:00 21.3 24.6 — — — –80.1 –9.37 —
11/11/2008 12:45 21.9 25.7 — — — –79.0 –9.17 6.66
04/22/2009 09:30 23.5 27.5 0.000094 0.0129 — — — —
09/23/2009 09:00 16.9 20.2 — 0.0134 — — — —

(D–37–22)28acc–1  
MW18 373233109301001 12/09/2008 08:45 — 27.2 — — — — — —

12/09/2008 08:50 — 27.7 — — — — — —
12/09/2008 08:55 — 38.4 — — — — — —
10/20/2009 08:55 — 20.2 — — — — — —
10/20/2009 09:00 — 36.5 — — — — — —
10/20/2009 09:05 — 44.5 — — — — — —

(D–37–22)10cdc–1  
Lyman well 373442109291501 12/12/2007 11:00 5.36 5.42 0.000115 — — –75.4 –8.45 4.88

(D–37–22) 8dba–1  
Millview well 373501109310801 09/18/2007 12:00 — — — — — –97.7 –12.53 —

(D–37–22) 2aad–1  
Bayless well 373612109273201 12/12/2007 13:30 3.1 3.34 0.000108 — — –82.2 –9.6 2.98

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–36–22)19aad–S1  
Oasis Spring 373850109315301 09/19/2007 15:55 — — — — — –96.9 –12.49 —

09/18/2008 14:00 2.6 2.85 — — — –94.6 –12.29 —
11/12/2008 12:15 6.06 6.86 0.000112 — 0.00720 –98.6 –12.75 2.64
04/23/2009 10:45 7.05 7.16 0.000113 0.0155 — — — —
09/24/2009 09:10 4.14 4.7 — 0.0149 — — — —

(D–36–22)12dbc  
Recapture Reservoir 374002109263501 04/23/2009 12:40 0.61 0.627 0.000132 0.0182 — –81.1 –9.75 —

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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Reference Spring North 373550109341701 06/21/2007 — — — — — — — —
(D–38–22)23cda–1  
South well

372756109280901 09/11/2007 — — 1.38E–07 8.36E–08 2.69E–07 1.21E–08 3.92E–04 — <0.1
12/11/2007 15:00 — — — — — — — —
03/11/2008 15:05 — — — — — — — —
11/12/2008 10:05 –2.92 — — — — — — —

(D–38–22)23acb–1  
North well

372817109275701 09/11/2007 11:00 — 1.24E–07 8.45E–08 2.54E–07 1.23E–08 3.88E–04 — <0.1
12/11/2007 12:00 — — — — — — — —
03/11/2008 11:20 — — — — — — — —
11/11/2008 09:41 –3.44 — — — — — — —

(D–38–22)23bba–S1  
Right Hand Fork Seep

372832109282001 03/12/2008 17:00 — — — — — — — —

(D–38–22) 8dcd–1  
West well

372930109310701 06/21/2007 — — — — — — — —
09/11/2007 15:30 — 3.37E–08 5.96E–08 1.49E–07 8.20E–09 2.56E–04 — 0.5
12/13/2007 13:00 — — — — — — —
03/13/2008 11:40 — — — — — — — —
09/16/2008 14:15 — — — — — — — —
11/13/2008 10:14 –5.23 — — — — — — —
12/08/2008 14:50 — — — — — — — —
12/08/2008 14:55 — — — — — — — —
12/08/2008 15:00 — — — — — — — —
04/21/2009 11:00 — — — — — — — —
09/22/2009 10:30 — — — — — — — —
10/19/2009 15:00 — — — — — — — —
10/19/2009 15:05 — — — — — — — —
10/19/2009 15:10 — — — — — — — —

(D–38–22)10cbc  
Anasazi Pond near 
spillway

372943109293201 09/18/2008 10:50 — — — — — — — —

(D–38–22)10bcc–1  
East well

372954109293601 06/21/2007 — — — — — — — —
09/11/2007 13:30 — 3.90E–08 6.07E–08 1.77E–07 8.61E–09 2.76E–04 — 0.1
12/14/2007 10:45 — — — — — — —
03/13/2008 17:00 — — — — — — — —
09/16/2008 10:45 — — — — — — — —
11/13/2008 14:00 1.10 — — — — — — —
04/21/2009 15:50 — — — — — — — —
09/22/2009 15:40 — — — — — — — —

(D–38–22) 8bad–S1  
Ruin Spring

373006109312301 06/01/2007 — — — — — — — —

09/11/2007 16:00 — 4.18E–08 6.33E–08 1.87E–07 8.21E–09 2.82E–04 — <0.1
12/13/2007 09:30 — — — — — — —
03/13/2008 12:20 — — — — — — — —
06/18/2008 15:20 — — — — — — — —
09/17/2008 12:20 — — — — — — — —
11/11/2008 13:45 –4.20 — — — — — — —

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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04/22/2009 10:15 — — — — — — — —
09/23/2009 13:30 — — — — — — — —

(D–38–22) 4adb  
South Mill Pond

373052109294901 03/12/2008 14:40 — — — — — — — —

(D–37–22)32ddc–1  
MW3A

373116109305601 12/09/2008 09:15 — — — — — — — —

12/09/2008 09:20 — — — — — — — —
10/20/2009 08:20 — — — — — — — —
10/20/2009 08:25 — — — — — — — —

(D–37–22)31dcb–S1  
Cow Camp Spring

373122109321501 09/18/2007 17:00 — 4.27E–08 4.30E–08 1.61E–07 3.22E–09 0.00034 — 5.3
09/19/2007 19:00 — 3.57E–08 6.47E–08 1.57E–07 9.46E–09 2.88E–04 — 5.6
03/12/2008 13:25 — — — — — — — —
06/18/2008 14:20 — — — — — — — —
09/17/2008 13:35 — — — — — — — —
11/13/2008 15:55 5.40 — — — — — — —
04/22/2009 11:15 — — — — — — — —
09/23/2009 10:15 — — — — — — — —

(D–37–22)32bab–S1  
Mill Spring

373158109312601 03/12/2008 11:55 — — — — — — — —

09/18/2008 09:20 — — — — — — — —
11/12/2008 15:00 1.15 — — — — — — —
04/23/2009 08:55 — — — — — — — —
09/24/2009 11:10 — — — — — — — —
10/19/2009 17:00 — — — — — — 1.7 0.5

(D–37–22)27ccc–S1  
Entrance Spring

373202109293401 06/21/2007 — — — — — — — —

09/20/2007 14:00 — 3.68E–08 2.98E–08 1.35E–07 2.26E–09 0.000253 — 4.2
12/13/2007 15:30 — — — — — — —
03/13/2008 16:10 — — — — — — — —
06/19/2008 09:15 — — — — — — — —
07/22/2008 12:00 — — — — — — — —
09/17/2008 10:00 — — — — — — — —
11/11/2008 12:45 0.44 — — — — — — —
04/22/2009 09:30 — — — — — — — —
09/23/2009 09:00 — — — — — — — —

(D–37–22)28acc–1  
MW18

373233109301001 12/09/2008 08:45 — — — — — — — —

12/09/2008 08:50 — — — — — — — —
12/09/2008 08:55 — — — — — — — —
10/20/2009 08:55 — — — — — — — —
10/20/2009 09:00 — — — — — — — —
10/20/2009 09:05 — — — — — — — —

(D–37–22)10cdc–1  
Lyman well

373442109291501 12/12/2007 11:00 — — — — — — — —

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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(D–37–22) 8dba–1  
Millview well

373501109310801 09/18/2007 12:00 — 3.90E–08 3.73E–08 1.46E–07 2.65E–09 0.000284 — 0.3

(D–37–22) 2aad–1  
Bayless well

373612109273201 12/12/2007 13:30 — — — — — — — —

(D–36–22)19aad–S1  
Oasis Spring

373850109315301 09/19/2007 15:55 — 3.28E–08 3.20E–08 1.29E–07 2.18E–09 0.000245 — 3.6

09/18/2008 14:00 — — — — — — — —
11/12/2008 12:15 –2.97 — — — — — — —
04/23/2009 10:45 — — — — — — — —
09/24/2009 09:10 — — — — — — — —

(D–36–22)12dbc   
Recapture Reservoir

374002109263501 04/23/2009 12:40 — — — — — — — —

Appendix 1.  Field and laboratory data for water samples collected near the White Mesa uranium mill, San Juan County, Utah, June 
2007–October 2009.—Continued
[Abbreviations: ANC, acid neutralizing capacity; CaCO3, calcium carbonate; cm3/g at STP, cubic centimeters of gas per gram at standard temperature (25°C) and pressure (1 bar); E, 
estimated; ft, feet; gal/min, gallons per minute; hh:mm, hour:minute; LSD, land surface datum; M, presence verified but not quantified; mg/L, milligrams per liter; mm/dd/yyyy, month/
day/year; mm Hg, millimeters of mercury; mV, millivolts; permil, parts per thousand; pCi/L, picocuries per liter; SHE, standard hydrogen electrode; SiO2, silicon dioxide; U, analyzed 
for but not detected; μg/L, micrograms per liter; μS/cm, microsiemens per centimeter; °C, degrees Celcius; <, less than; —, no data]
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Appendix 2.  Chemical composition of fine sediment from dry ephemeral streams near the White Mesa uranium mill, San Juan County, 
Utah, June 2008.
[Analyses are by total digestion and reported as dry weight of bed sediment, except as noted. Abbreviations: mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; <, less than]

Field ID Station
number

Sample
date

(mm/dd/yyyy)

Aluminum,
(percent)

Calcium,
(percent)

Iron,
(percent)

Potassium,
(percent)

Magnesium,
(percent)

Sodium,
(percent)

Sulfur,
(percent)

WM2-S1 373159109311601 06/17/2008 2.73 1.51 1.14 1.02 0.35 0.28 0.02
WM2-S2 373201109311901 06/17/2008 2.02 0.95 0.77 0.6 0.2 0.15 0.02
WM2-S3 373159109312201 06/17/2008 4.25 0.99 1.87 1.93 0.54 0.67 0.02
WM2-S5 373159109312801 06/17/2008 4.14 1.41 1.81 1.85 0.54 0.76 0.3
WM2-S6 373214109310001 06/17/2008 4.91 0.68 1.34 1.59 0.48 0.46 0.02
WM2-S7 373201109311201 06/17/2008 4.24 0.62 1.6 1.96 0.52 0.66 0.02
WM2-S9 373204109314201 06/17/2008 4.76 1.64 1.59 2.02 0.64 0.61 0.05
WM2-S10 373109109300901 06/17/2008 5.37 0.62 2.09 2.22 0.78 0.65 0.02
WM2-S11 373106109302001 06/17/2008 4.59 0.4 1.97 2.02 0.59 0.69 0.02
WM2-S12 373110109301701 06/17/2008 4.38 0.37 1.66 1.99 0.56 0.68 0.02
WM2-S13 373102109304001 06/17/2008 4.99 1.62 1.98 2.08 0.71 0.67 0.02
WM2-S14 373051109304601 06/17/2008 4.13 2.78 2.01 1.8 0.63 0.62 0.02
WM2-S15 373044109304601 06/17/2008 4.05 1.54 1.53 1.9 0.54 0.64 0.01
WM2-S16 373056109294601 06/18/2008 4.59 0.65 1.72 2.06 0.57 0.64 0.02
WM2-S17 373113109312501 06/18/2008 4.62 0.97 1.74 2.03 0.62 0.68 0.02
WM2-S18 373125109311801 06/18/2008 4.54 0.9 1.82 1.96 0.58 0.65 0.02
WM2-S19 373048109310401 06/18/2008 4.98 0.43 2.11 2.1 0.71 0.67 0.01
WM2-S20 373109109294701 06/18/2008 4.67 0.41 1.91 2.1 0.63 0.69 0.02
WM2-S21 373045109303401 06/18/2008 4.84 2.01 1.77 1.96 0.76 1.04 0.55
WMS-1A 373205109293701 06/17/2008 4.95 0.61 1.92 2.09 0.64 0.67 0.02
WMS-2A 373202109293402 06/17/2008 4.43 1.07 1.5 1.96 0.58 0.72 0.04
WMS-3A 373202109292301 06/17/2008 5.87 1.13 2.17 2.02 0.69 0.49 0.07
WMS-4A 373154109293601 06/17/2008 4.77 1.55 1.86 2 0.62 0.69 0.02
WMS-5A 373151109292401 06/17/2008 5.24 0.96 2.07 2.04 0.62 0.6 0.03
WMS-6A 373152109292001 06/17/2008 4.58 0.56 1.73 1.91 0.61 0.66 0.02
WMS-7A 373146109294001 06/18/2008 4.87 0.53 1.81 2.16 0.64 0.72 0.02
WMS-8A 373145109293601 06/18/2008 4.61 0.71 1.92 2.02 0.59 0.72 0.02
WMS-9A 373146109292401 06/18/2008 4.54 0.73 1.66 2.02 0.58 0.7 0.02
WMS-10A 373147109291201 06/18/2008 5.37 1.09 1.91 2.03 0.63 0.47 0.21
WMS-30 373503109310401 06/18/2008 3.97 1.28 1.34 1.84 0.52 0.52 0.01
WMS-31 373458109311201 06/18/2008 4.06 2.06 1.5 1.75 0.63 0.52 0.02
WMS-32 373457109313101 06/18/2008 4.57 1.26 1.74 1.89 0.59 0.64 0.01

Appendix 2
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Titanium,
(percent)

Silver,
(µg/g)

Arsenic,
(µg/g)

Barium,
(µg/g)

Beryllium,
(µg/g)

Bismuth,
(µg/g)

Cadmium,
(µg/g)

WM2-S1 373159109311601 06/17/2008 0.16 <1 6 331 0.9 0.16 0.1
WM2-S2 373201109311901 06/17/2008 0.08 <1 8 220 0.7 0.12 0.1
WM2-S3 373159109312201 06/17/2008 0.31 <1 5 489 1.5 0.19 <0.1
WM2-S5 373159109312801 06/17/2008 0.31 <1 5 466 1.2 0.2 0.1
WM2-S6 373214109310001 06/17/2008 0.23 <1 8 565 1.8 0.4 <0.1
WM2-S7 373201109311201 06/17/2008 0.22 <1 5 506 1.6 0.15 0.1
WM2-S9 373204109314201 06/17/2008 0.23 <1 5 949 2 0.2 0.2
WM2-S10 373109109300901 06/17/2008 0.26 <1 6 506 2 0.29 0.2
WM2-S11 373106109302001 06/17/2008 0.29 <1 5 483 1.8 0.26 0.1
WM2-S12 373110109301701 06/17/2008 0.22 <1 5 488 1.7 0.19 0.1
WM2-S13 373102109304001 06/17/2008 0.26 <1 6 523 1.8 0.44 0.2
WM2-S14 373051109304601 06/17/2008 0.31 <1 5 499 1.7 0.19 0.2
WM2-S15 373044109304601 06/17/2008 0.24 <1 4 482 1.2 0.19 0.1
WM2-S16 373056109294601 06/18/2008 0.22 <1 5 497 1.6 0.18 0.1
WM2-S17 373113109312501 06/18/2008 0.23 <1 6 512 1.7 0.2 0.1
WM2-S18 373125109311801 06/18/2008 0.25 <1 6 513 2 0.18 0.1
WM2-S19 373048109310401 06/18/2008 0.28 <1 5 498 2.2 0.26 0.2
WM2-S20 373109109294701 06/18/2008 0.26 <1 5 477 1.5 0.19 0.2
WM2-S21 373045109303401 06/18/2008 0.23 <1 7 534 1.7 0.22 0.1
WMS-1A 373205109293701 06/17/2008 0.26 <1 5 522 2.1 0.27 0.2
WMS-2A 373202109293402 06/17/2008 0.23 <1 6 475 1.6 0.26 0.2
WMS-3A 373202109292301 06/17/2008 0.26 <1 6 493 1.6 0.31 0.2
WMS-4A 373154109293601 06/17/2008 0.26 <1 5 515 1.6 0.42 0.1
WMS-5A 373151109292401 06/17/2008 0.26 <1 6 634 2.1 0.22 0.2
WMS-6A 373152109292001 06/17/2008 0.25 <1 6 485 1.5 0.3 0.2
WMS-7A 373146109294001 06/18/2008 0.24 <1 6 497 1.7 0.34 0.1
WMS-8A 373145109293601 06/18/2008 0.29 <1 5 492 1.8 0.2 0.4
WMS-9A 373146109292401 06/18/2008 0.22 <1 5 505 1.7 0.23 0.2
WMS-10A 373147109291201 06/18/2008 0.23 <1 5 592 2.4 0.21 0.1
WMS-30 373503109310401 06/18/2008 0.17 <1 5 465 1.5 0.27 0.1
WMS-31 373458109311201 06/18/2008 0.23 <1 5 454 1.7 0.34 0.1
WMS-32 373457109313101 06/18/2008 0.24 <1 6 502 1.5 0.3 0.2

Appendix 2.  Chemical composition of fine sediment from dry ephemeral streams near the White Mesa uranium mill, San Juan County, 
Utah, June 2008.—Continued
[Analyses are by total digestion and reported as dry weight of bed sediment, except as noted. Abbreviations: mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; <, less than]
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Cerium,
(µg/kg)

Cobalt,
(µg/g)

Chromium,
(µg/g)

Cesium,
(µg/g)

Copper,
(µg/g)

Gallium,
(µg/g)

Indium,
(µg/g)

WM2-S1 373159109311601 06/17/2008 45.4 4.2 16 <5 4.4 6.94 0.02
WM2-S2 373201109311901 06/17/2008 35.9 3.2 11 <5 2.9 4.72 <0.02
WM2-S3 373159109312201 06/17/2008 70.9 6 30 <5 12.1 10.7 0.03
WM2-S5 373159109312801 06/17/2008 56.7 5.4 28 <5 10 9.99 0.03
WM2-S6 373214109310001 06/17/2008 62.7 4.3 24 <5 9.3 13.2 0.05
WM2-S7 373201109311201 06/17/2008 50.7 5.3 23 <5 10.9 10.2 0.02
WM2-S9 373204109314201 06/17/2008 61.1 5.5 26 <5 9.8 11.4 0.03
WM2-S10 373109109300901 06/17/2008 65.6 7.4 41 <5 16.5 13.3 0.04
WM2-S11 373106109302001 06/17/2008 65.2 6.2 29 <5 13.4 11.4 0.03
WM2-S12 373110109301701 06/17/2008 53.7 6 26 <5 12.4 10.8 0.03
WM2-S13 373102109304001 06/17/2008 66 6.9 30 <5 13.9 12.5 0.03
WM2-S14 373051109304601 06/17/2008 74 6.4 33 <5 11.4 10.4 0.03
WM2-S15 373044109304601 06/17/2008 49.8 5.1 27 <5 9.7 9.81 0.02
WM2-S16 373056109294601 06/18/2008 58.8 5.7 25 <5 11.4 11 0.03
WM2-S17 373113109312501 06/18/2008 52.9 6 30 <5 12 11.2 0.03
WM2-S18 373125109311801 06/18/2008 53.6 6.2 33 <5 10.8 11.7 0.03
WM2-S19 373048109310401 06/18/2008 63.6 7.2 32 <5 14.4 12.5 0.03
WM2-S20 373109109294701 06/18/2008 58.3 6.4 28 <5 13.1 11.3 0.03
WM2-S21 373045109303401 06/18/2008 51.1 6.9 28 <5 16.8 11.5 0.04
WMS-1A 373205109293701 06/17/2008 62.3 7.3 31 <5 14.1 12.5 0.04
WMS-2A 373202109293402 06/17/2008 49.6 5.8 25 <5 15.3 10.4 0.03
WMS-3A 373202109292301 06/17/2008 45.4 5.7 27 <5 14.3 14.9 0.04
WMS-4A 373154109293601 06/17/2008 59.9 6.6 28 <5 14.3 11.6 0.03
WMS-5A 373151109292401 06/17/2008 41.6 6.7 33 <5 16.2 13.5 0.04
WMS-6A 373152109292001 06/17/2008 56.3 6.2 26 <5 14.3 11.3 0.03
WMS-7A 373146109294001 06/18/2008 53.1 6.2 28 <5 14 11.7 0.03
WMS-8A 373145109293601 06/18/2008 59.1 6.1 28 <5 13.5 11.2 0.03
WMS-9A 373146109292401 06/18/2008 49.5 5.8 28 <5 13 10.9 0.03
WMS-10A 373147109291201 06/18/2008 59.5 6.2 34 <5 10.7 13.2 0.04
WMS-30 373503109310401 06/18/2008 61.1 5.2 22 <5 8.4 9.74 0.03
WMS-31 373458109311201 06/18/2008 64 5.4 25 <5 10 9.23 0.03
WMS-32 373457109313101 06/18/2008 64.4 5.4 28 <5 10.6 11.1 0.03

Appendix 2.  Chemical composition of fine sediment from dry ephemeral streams near the White Mesa uranium mill, San Juan County, 
Utah, June 2008.—Continued
[Analyses are by total digestion and reported as dry weight of bed sediment, except as noted. Abbreviations: mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; <, less than]



108    Assessment of potential migration of radionuclides and trace elements from the White Mesa uranium mill

Field ID Station
number

Sample
date

(mm/dd/yyyy)

Lanthanum,
(µg/g)

Lithium,
(µg/g)

Manganese,
(µg/g)

Molybdenum,
(µg/g)

Niobium,
(µg/g)

Nickel,
(µg/g)

Phosphorus,
(µg/g)

WM2-S1 373159109311601 06/17/2008 21.8 16 244 0.97 3.9 7.2 200
WM2-S2 373201109311901 06/17/2008 18 13 171 2.7 2.8 6.1 170
WM2-S3 373159109312201 06/17/2008 35.1 21 376 0.71 7 11.6 360
WM2-S5 373159109312801 06/17/2008 27.2 21 378 0.91 6.1 10.6 370
WM2-S6 373214109310001 06/17/2008 32.3 35 216 1.31 6.9 9.6 400
WM2-S7 373201109311201 06/17/2008 25.3 20 337 0.79 5.5 10.8 350
WM2-S9 373204109314201 06/17/2008 30.4 22 371 1.04 6 12.5 300
WM2-S10 373109109300901 06/17/2008 32 27 541 0.87 6.5 20.5 610
WM2-S11 373106109302001 06/17/2008 35.2 23 460 0.71 5.9 12.6 470
WM2-S12 373110109301701 06/17/2008 26 21 401 0.69 5.2 12.5 480
WM2-S13 373102109304001 06/17/2008 32.1 26 467 0.78 5.3 13.5 540
WM2-S14 373051109304601 06/17/2008 36 21 496 0.67 4.4 13.1 530
WM2-S15 373044109304601 06/17/2008 23.3 20 391 0.56 4.9 11.9 470
WM2-S16 373056109294601 06/18/2008 28 22 376 0.59 5.1 11.3 460
WM2-S17 373113109312501 06/18/2008 26.7 23 417 0.64 4.8 13 500
WM2-S18 373125109311801 06/18/2008 27.6 23 377 0.65 5.7 14.2 440
WM2-S19 373048109310401 06/18/2008 30.9 24 579 0.7 6.1 14 560
WM2-S20 373109109294701 06/18/2008 28.1 22 491 0.72 5.9 12.2 570
WM2-S21 373045109303401 06/18/2008 24.9 25 408 1.43 6.6 13.8 470
WMS-1A 373205109293701 06/17/2008 30.5 25 497 0.71 6.4 13.7 540
WMS-2A 373202109293402 06/17/2008 24.6 21 320 1.02 5.4 12.7 390
WMS-3A 373202109292301 06/17/2008 22.9 28 239 1.27 8.5 10.8 300
WMS-4A 373154109293601 06/17/2008 29.8 23 389 0.9 6.2 12.6 480
WMS-5A 373151109292401 06/17/2008 21 23 322 1.08 7.5 14.1 450
WMS-6A 373152109292001 06/17/2008 28.7 21 326 0.82 5.3 11.3 490
WMS-7A 373146109294001 06/18/2008 26.1 24 425 0.7 5.3 12.1 560
WMS-8A 373145109293601 06/18/2008 28.9 23 429 0.69 6 11.8 510
WMS-9A 373146109292401 06/18/2008 24.3 22 369 0.82 4.9 12.1 460
WMS-10A 373147109291201 06/18/2008 28.4 22 248 0.85 7.4 15.5 320
WMS-30 373503109310401 06/18/2008 30.3 20 237 0.56 4.1 10.1 240
WMS-31 373458109311201 06/18/2008 32.4 21 266 0.58 4.4 10.3 320
WMS-32 373457109313101 06/18/2008 32 24 325 0.7 5.3 11.7 380

Appendix 2.  Chemical composition of fine sediment from dry ephemeral streams near the White Mesa uranium mill, San Juan County, 
Utah, June 2008.—Continued
[Analyses are by total digestion and reported as dry weight of bed sediment, except as noted. Abbreviations: mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; <, less than]
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Lead,
(µg/g)

Rubidium,
(µg/g)

Antimony,
(µg/g)

Scandium,
(µg/g)

Tin,
(µg/g)

Strontium,
(µg/g)

Tellurium,
(µg/g)

WM2-S1 373159109311601 06/17/2008 12.4 42.7 0.37 3.6 1.1 75.2 <0.1
WM2-S2 373201109311901 06/17/2008 11.1 25.3 0.36 2.5 1.1 54.4 <0.1
WM2-S3 373159109312201 06/17/2008 16.4 74.9 0.55 6 1.9 97.8 <0.1
WM2-S5 373159109312801 06/17/2008 17 72.1 0.58 5.3 5.6 145 <0.1
WM2-S6 373214109310001 06/17/2008 22.4 63.4 0.72 5.2 7.8 93.3 <0.1
WM2-S7 373201109311201 06/17/2008 15.7 75.2 0.51 5.3 12 88.4 <0.1
WM2-S9 373204109314201 06/17/2008 15.6 93.6 0.51 6.4 4.2 219 <0.1
WM2-S10 373109109300901 06/17/2008 17.2 88.8 0.54 7.4 2.4 102 <0.1
WM2-S11 373106109302001 06/17/2008 16.1 81.6 0.52 6.1 1.2 88.8 <0.1
WM2-S12 373110109301701 06/17/2008 16.1 79.3 0.47 5.5 1.2 87 <0.1
WM2-S13 373102109304001 06/17/2008 16.4 83.2 0.47 6.5 3.2 121 <0.1
WM2-S14 373051109304601 06/17/2008 15.6 70.8 0.46 5.8 2.5 171 <0.1
WM2-S15 373044109304601 06/17/2008 13.9 71.9 0.4 4.9 4.3 127 <0.1
WM2-S16 373056109294601 06/18/2008 16.4 79.3 0.41 5.5 1.6 100 <0.1
WM2-S17 373113109312501 06/18/2008 15 77.8 0.44 5.9 1 96.9 <0.1
WM2-S18 373125109311801 06/18/2008 15.2 79.5 0.5 6.1 1.7 95.7 <0.1
WM2-S19 373048109310401 06/18/2008 16.8 85.4 0.55 6.9 1.3 92.3 <0.1
WM2-S20 373109109294701 06/18/2008 16.8 82.9 0.52 6 1.1 91.9 <0.1
WM2-S21 373045109303401 06/18/2008 18.6 75.3 0.62 6.1 2.7 154 <0.1
WMS-1A 373205109293701 06/17/2008 16.5 87.5 0.5 6.9 1.5 98.1 <0.1
WMS-2A 373202109293402 06/17/2008 19.5 72.9 0.5 5 1.8 115 <0.1
WMS-3A 373202109292301 06/17/2008 18.4 104 0.78 7.9 2.3 160 <0.1
WMS-4A 373154109293601 06/17/2008 16.8 80.8 0.51 6.3 1.3 113 <0.1
WMS-5A 373151109292401 06/17/2008 17.6 95.4 0.69 7.4 2.2 201 <0.1
WMS-6A 373152109292001 06/17/2008 19 81.9 0.57 5.5 1.2 96.5 <0.1
WMS-7A 373146109294001 06/18/2008 16.9 82.9 0.53 6 1.2 100 <0.1
WMS-8A 373145109293601 06/18/2008 16.4 77.1 0.51 5.8 1.7 98.1 <0.1
WMS-9A 373146109292401 06/18/2008 16.8 78.7 0.49 5.5 1.4 99.4 <0.1
WMS-10A 373147109291201 06/18/2008 16.9 103 0.66 7.1 6.6 150 <0.1
WMS-30 373503109310401 06/18/2008 15 74.2 0.36 4.8 1.2 92.9 <0.1
WMS-31 373458109311201 06/18/2008 15.6 66.7 0.39 4.7 1 110 <0.1
WMS-32 373457109313101 06/18/2008 16.7 74.3 0.41 5.6 1.2 102 <0.1

Appendix 2.  Chemical composition of fine sediment from dry ephemeral streams near the White Mesa uranium mill, San Juan County, 
Utah, June 2008.—Continued
[Analyses are by total digestion and reported as dry weight of bed sediment, except as noted. Abbreviations: mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; <, less than]
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Thorium,
(µg/g)

Thallium,
(µg/g)

Uranium,
(µg/g)

Vanadium,
(µg/g)

Tungsten,
(µg/g)

Yttrium,
(µg/g)

Zinc,
(µg/g)

Selenium,
(µg/g)

WM2-S1 373159109311601 06/17/2008 7.3 0.3 2.2 39 0.3 9.7 26 <0.2
WM2-S2 373201109311901 06/17/2008 4.5 0.2 1.5 26 0.3 7.2 20 <0.2
WM2-S3 373159109312201 06/17/2008 11.7 0.4 3 59 0.5 17.2 37 <0.2
WM2-S5 373159109312801 06/17/2008 10.1 0.4 2.9 61 0.5 14.6 36 <0.2
WM2-S6 373214109310001 06/17/2008 10 0.4 3 51 0.7 15.2 42 <0.2
WM2-S7 373201109311201 06/17/2008 8.3 0.4 2.2 51 0.4 13.6 39 <0.2
WM2-S9 373204109314201 06/17/2008 8 0.5 2.2 51 0.5 14.7 35 <0.2
WM2-S10 373109109300901 06/17/2008 10 0.5 2.8 66 0.5 17.2 57 0.2
WM2-S11 373106109302001 06/17/2008 10.3 0.4 3.5 61 0.4 17.5 44 <0.2
WM2-S12 373110109301701 06/17/2008 8.3 0.4 2.6 53 0.4 14.8 42 <0.2
WM2-S13 373102109304001 06/17/2008 10.4 0.5 2.6 62 0.5 17 45 <0.2
WM2-S14 373051109304601 06/17/2008 11.8 0.4 3.2 66 0.4 18.6 40 <0.2
WM2-S15 373044109304601 06/17/2008 7.8 0.4 2.2 47 0.4 13.4 34 <0.2
WM2-S16 373056109294601 06/18/2008 8.9 0.4 2.2 53 0.5 14.6 41 <0.2
WM2-S17 373113109312501 06/18/2008 7.8 0.4 2.2 54 0.5 14.9 42 <0.2
WM2-S18 373125109311801 06/18/2008 9.1 0.4 2.4 59 0.4 16.4 41 <0.2
WM2-S19 373048109310401 06/18/2008 10.9 0.5 2.7 62 0.5 18.1 49 <0.2
WM2-S20 373109109294701 06/18/2008 9 0.4 2.7 58 0.5 16.5 44 <0.2
WM2-S21 373045109303401 06/18/2008 8.1 0.4 16.2 75 0.7 15.1 50 0.6
WMS-1A 373205109293701 06/17/2008 9.5 0.5 2.4 60 0.5 16.8 48 <0.2
WMS-2A 373202109293402 06/17/2008 7.6 0.5 6.6 73 0.5 12.7 46 0.4
WMS-3A 373202109292301 06/17/2008 9.9 0.5 5.9 73 0.8 11.7 39 0.2
WMS-4A 373154109293601 06/17/2008 10 0.4 5.7 71 0.5 16.2 46 <0.2
WMS-5A 373151109292401 06/17/2008 7.9 0.5 4.9 79 0.8 12.2 43 0.3
WMS-6A 373152109292001 06/17/2008 8.9 0.5 3.4 60 0.5 14 42 0.5
WMS-7A 373146109294001 06/18/2008 8.6 0.4 3.7 58 0.5 14.9 46 <0.2
WMS-8A 373145109293601 06/18/2008 9.7 0.4 3.9 66 0.5 16 46 <0.2
WMS-9A 373146109292401 06/18/2008 8.3 0.4 3.6 60 0.4 13.6 44 <0.2
WMS-10A 373147109291201 06/18/2008 8.3 0.6 2.6 56 0.8 12.7 40 <0.2
WMS-30 373503109310401 06/18/2008 6.6 0.4 1.8 42 0.3 13.6 32 <0.2
WMS-31 373458109311201 06/18/2008 8.6 0.4 2.6 50 0.3 16 36 <0.2
WMS-32 373457109313101 06/18/2008 10.5 0.4 3.6 56 0.4 15.8 40 <0.2

Appendix 2.  Chemical composition of fine sediment from dry ephemeral streams near the White Mesa uranium mill, San Juan County, 
Utah, June 2008.—Continued
[Analyses are by total digestion and reported as dry weight of bed sediment, except as noted. Abbreviations: mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; <, less than]
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Source I/Ic Wt% #L
FIZ#37241 3.18 (0%) 11.9 (0.2) 17
FIZ#31135 1.05 (0%) 1.0 (0.2) 242
JCS#369 4.20 (0%) 85.6 (0.8) 40
JCS#375 3.40 (0%) 1.4 (0.3) 9

Ruin Spring—green band Whole Pattern Fitting and Rietveld Refinement

Phase ID (4)
Calcite - Ca(CO3)
Kaolinite 1A - Al2Si2O5(OH)4

Quartz - SiO2

Rutile - TiO2

XRF (Wt%): TiO2 = 1.4%, CaO = 6.7%, SiO2 = 86.1%, Al2O3 = 0.4%, CO2 = 5.2%

NOTE: Fitting Halted at Iteration 20(4): R = 16.65% (E = 7.85%, R/E = 2.12, P = 37, EPS = 0.5)

Refinement Iterations

R = 52.5%
2 = 52.5%

3 = 19.3%
4 = 17.3%

E = 7.85%

R = 16.65%

11.9%

1.0%

85.6%

1.4%

Wt%

10 20 30 40 50 60
Two-Theta (deg)
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04-008-9805> Gypsum - Ca(SO4)(H2O)2

97-003-7241> Calcite - Ca(CO3)
04-007-0522> Quartz - SiO2

97-009-7922> Natron - Na2(CO3)(H2O)10

97-010-0847> Monohydrocalcite - Ca(CO3)(H2O)
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Two-Theta (deg)
10 20 30 40 50 60

NOTE: Fitting Halted at Iteration 25(4): R = 15.38% (E = 8.24%, R/E = 1.87, P = 35, EPS = 0.5)

Refinement Iterations

R = % 39.1%

47.4% 3.3%

10.1%

Wt%

Phase ID (4)
Gypsum - Ca(SO4)(H2O)2

Calcite - Ca(CO3)
Quartz á Fe - SiO2

Monohydrocalcite (supercell) - Ca(CO3)(H2O)
XRF (Wt%): CaO = 44.4%, SO2 = 14.9%, SiO2 = 3.3%, CO2 = 24.6%

E = 8.24%

R = 15.38%

2 = 24.0%
3 = 16.8%

4 = 15.6%

Whole Pattern Fitting and Rietveld Refinement

Source I/Ic Wt% #L
04-008-9805 2.10 (0%) 39.1 (0.5) 92
FIZ#37241 3.20 (0%) 47.4 (0.7) 17
04-007-0522 1.00 (0%) 3.3 (0.2) 152
FIZ#100847 1.32 (0%) 10.1 (0.4) 348

Ruin Spring—rock crust
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Two-Theta (deg)
10 20 30 40 50 60

Phase ID (2)
Kaolinite 1A - Al2Si2O5(OH)4

Quartz - SiO2

XRF (Wt%): SiO2 = 99.3%, Al2O3 = 0.5%

NOTE: Fitting Halted at Iteration 19(4): R = 11.22% (E = 6.93%, R/E = 1.62, P = 25, EPS = 0.5)

Refinement Iterations

R = 40.9%

1.3%

98.7%

Wt%

2 = 21.5%
3 = 13.8%

4 = 11.3%

R = 11.22%

E = 6.93%

Whole Pattern Fitting and Rietveld Refinement
Source I/Ic Wt% #L
FIZ#31135 1.06 (0%) 1.3 (0.2) 241
JCS#369 4.23 (0%) 98.7 (0.5) 40

Entrance Spring
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Above Oasis Spring
97-003-7241> Calcite - Ca(CO3)

04-008-9805> Gypsum - Ca(SO4)(H2O)2

98-000-0235> Halite - NaCl
98-000-0338> Orthoclase - KAlSi3O8

98-000-0369> Quartz - SiO2

98-000-0375> Rutile - TiO2

97-002-6004> Yavapaiite - KFe(SO4)2
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Two-Theta (deg)
10 20 30 40 50 60

Refinement Iterations Wt%

0.5%
2.9%

96.5%

R = %

Whole Pattern Fitting and Rietveld Refinement
Phase ID (4)
Calcite - Ca(CO3)
Gypsum - Ca(SO4)(H2O)2

Orthoclase - KAlSi3O8

Quartz - SiO2

NOTE: Fitting Halted at Iteration 0(1): R = 21.81% (E = 7.53%, R/E = 2.9, P = 28, EPS = 0.5)

Source I/Ic Wt% #L
FIZ#3724 13.19 (0%) 0.2 (?) 16
04-008-9805 2.09 (0%) 0.5 (0.4) 92
JCS#338 0.67 (0%) 2.9 (0.9) 137
JCS#369 4.21 (0%) 96.5 (3.1) 40

XRF (Wt%): CaO = 0.2%, K2O = 0.5%, SO2 = 0.2%, SiO2 = 98.3%, Al2O3 = 0.5%, CO2 = 0.1%

Above Oasis Spring
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Two-Theta (deg)
10 20 30 40 50 60

Whole Pattern Fitting and Rietveld Refinement

NOTE: Fitting Halted at Iteration 20(4): R = 19.3% (E = 6.56%, R/E = 2.94, P = 29, EPS = 0.5)

Refinement Iterations

R = 39.5%

0.4%

6.3%

93.3%

Wt%

2 = 33.4%
3 = 22.3%

4 = 19.4%

R = 19.3%

E = 6.56%

Phase ID (3)

Calcite - Ca(CO3)
Kaolinite 1A - Al2Si2O5(OH)4

Quartz - SiO2

Source I/Ic Wt% #L
FIZ#37241 3.20 (0%) 0.4 (0.1) 17
FIZ#31135 1.06 (0%) 6.3 (0.3) 242
JCS#369 4.23 (0%) 93.3 (0.8) 40

XRF (Wt%): CaO = 0.2%, SiO2 = 96.3%, Al2O3 = 2.5%, CO2 = 0.2%

Below Oasis Spring
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Oasis Spring channel

97-003-7241> Calcite - Ca(CO3)
98-000-0369> Quartz - SiO2
98-000-0375> Rutile - TiO2
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Whole Pattern Fitting and Rietveld Refinement

E = 7.71%

10 20 30 40 50 60
Two-Theta (deg)

Refinement Iterations

R = 65.9%

98.8%
1.0%

Wt%

R = 22.76%

2 = 38.9%
3 = 33.6%

4 = 23.6%

NOTE: Fitting Halted at Iteration 21(4): R = 22.76% (E = 7.71%, R/E = 2.95, P = 26, EPS = 0.5)

XRF(Wt%): CaO = 0.5%, SO2 = 0.5%, SiO2 = 98.9%, CO2 = 0.1%

Source I/Ic Wt% #L
FIZ#37241 3.19 (0%) 0.1 (0.1) 17
JCS#369 4.22 (0%) 98.8 (1.1) 40
JCS#90 1.86 (0%) 1.0 (0.3) 35

Phase ID (3)
Calcite - Ca(CO3)

Anhydrite - CaSO4

Quartz - SiO2

Oasis Spring channel
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Oasis Spring channel 2

97-003-7241> Calcite - Ca(CO3)
98-000-0338> Orthoclase - KAlSi3O8

98-000-0041> Albite - Na(AlSi3O8)
98-000-0369> Quartz - SiO2
98-000-0375> Rutile - TiO2
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Whole Pattern Fitting and Rietveld Refinement

10 20 30 40 50 60
Two-Theta (deg)

Oasis Spring channel 2

Refinement Iterations

R = 79.2%

1.4%
1.7%

96.0% 0.6%

Wt%

E = 6.62%
R = 9.84%

2 = 35.8%
3 = 11.5%

4 = 9.9%

Phase ID (6)
Calcite - Ca(CO3)
Orthoclase - KAlSi3O8

Albite - Na(AlSi3O8)
Quartz - SiO2

Anhydrite - CaSO4

Rutile - TiO2

NOTE: Fitting Halted at Iteration 22(4): R = 9.84% (E = 6.62%, R/E = 1.49, P = 44, EPS = 0.5)

XRF(Wt%): TiO2 = 0.6%, CaO = 0.2%, K2O = 0.2%, SO2 = 0.1%, SiO2 = 98.0%, Al2O3 = 0.6%, Na2O = 0.2%, CO2 = 0.1%

Source I/Ic Wt% #L
FIZ#37241 3.19 (0%) 0.2 (0.0) 17
JCS#338 0.69 (0%) 1.4 (0.2) 138
JCS#41 0.66 (0%) 1.7 (0.2) 234
JCS#369 4.22 (0%) 96.0 (0.5) 40
JCS#90 1.86 (0%) 0.1 (0.1) 35
JCS#375 3.41 (0%) 0.6 (0.1) 9
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Whole Pattern Fitting and Rietveld Refinement

10 20 30 40 50 60
Two-Theta (deg)

Refinement Iterations Wt%

NOTE: Fitting Halted at Iteration 20(4): R = 14.86% (E = 7.85%, R/E = 1.89, P = 33, EPS = 0.5)

R = 35.4%

3.6%

2.2%

92.9%
1.2%

2 = 18.4%
3 = 16.3%

4 = 15.1%

R = 14.86%

E = 7.85%

Phase ID (4)
Calcite - Ca(CO3)
Kaolinite 1A - Al2Si2O5(OH)4

Quartz - SiO2

Rutile - TiO2 XRF(Wt%): TiO2 = 1.2%, CaO = 2.0%, SiO2 = 94.0%, Al2O3 = 0.9%, CO2 = 1.6%

Source I/Ic Wt% #L
FIZ#37241 3.20 (0%) 3.6 (0.2) 17
FIZ#31135 1.05 (0%) 2.2 (0.3) 242
JCS#369 4.23 (0%) 92.9 (0.8) 40
JCS#375 3.42 (0%) 1.2 (0.2) 9

Cow Spring chert
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R = 14.55%

E = 7.83%

Whole Pattern Fitting and Rietveld Refinement

10 20 30 40 50 60
Two-Theta (deg)

Cow Spring chert

3.4%
2.0%

5.7%

88.6%

Wt%

R = 62.5%

NOTE: Fitting Halted at Iteration 22(4): R = 14.55% (E = 7.83%, R/E = 1.86, P = 44, EPS = 0.5)

Phase ID (6)
Calcite - Ca(CO3)
Kaolinite 1A - Al2Si2O5(OH)4

Orthoclase - KAlSi3O8

Quartz - SiO2

Anhydrite - CaSO4

Rutile - TiO2

2 = 18.3%
3 = 16.0%

4 = 14.8%

XRF(Wt%): TiO2 = 0.2%, CaO = 2.0%, K2O = 1.0%, SO2 = 0.1%, SiO2 = 93.2%, Al2O3 = 1.9%, CO2 = 1.5%

Source I/Ic Wt% #L
FIZ#37241 3.20 (0%) 3.4 (0.1) 17
FIZ#31135 1.05 (0%) 2.0 (0.3) 242
JCS#338 0.69 (0%) 5.7 (0.8) 138
JCS#369 4.23 (0%) 88.6 (1.0) 40
JCS#90 1.86 (0%) 0.1 (0.1) 35
JCS#375 3.39 (0%) 0.2 (0.0) 9

Refinement Iterations
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Appendix 4.  Percent ash and chemical composition of new growth from sagebrush plants near the White Mesa uranium mill, San Juan 
County, Utah, September 2009.
[All analyses of biota tissue in dry weight. Abbreviations: ins, insufficient sample amount; mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; >, greater than; <, less than]

Field ID Station
number

Sample
date

(mm/dd/yyyy)

Ash,
(percent)

Aluminum,
total

digestion,
(percent)

Calcium,
 recoverable,

(percent)

Iron,
total

digestion,
(percent)

Potassium,
recoverable,

(percent)

Magnesium,
recoverable,

(percent)

Sodium,
recoverable,

(percent)

Sulfur,
total

digestion,
(percent)

Titanium,
total

digestion,
 (percent)

1-0 373233109314301 09/01/2009 4.68 0.97 9 0.47 13.2 2.24 0.17 2.67 0.05
2-0 373231109312101 09/01/2009 4.54 0.72 10.7 0.36 14 2.37 0.15 3.17 0.04
3-0 373233109304901 09/03/2009 4.13 0.68 10.1 0.35 14.7 3.17 0.17 3.87 0.04
4-0 373233109303101 09/03/2009 4.8 0.82 8.64 0.41 13.9 2.95 0.2 3.17 0.04
5-0 373233109301002 09/03/2009 4.8 1.28 8.79 0.6 14 2.72 0.22 2.77 0.05
6-0 373233109294701 09/03/2009 4.97 1.02 9.14 0.49 13.6 2.59 0.18 2.48 0.03
7-0 373233109292201 09/01/2009 4.46 0.68 11 0.34 13.2 2.95 0.13 3.97 0.04
8-0 373217109314401 09/01/2009 4.75 0.68 8.59 0.33 >15 2.22 0.12 3 0.03
9-0 373217109311501 09/02/2009 4.92 0.48 11.1 0.25 13.8 2.42 0.11 2.88 0.03
10-0 373217109294501 09/03/2009 4.81 1.31 9.1 0.62 12.9 3.11 0.22 2.68 0.04
10-1a 373221109295201 09/03/2009 4.36 0.67 10.7 0.33 12.3 4.98 0.18 3.97 0.03
10-1b 373221109295201 09/03/2009 4.29 0.61 10.4 0.3 13.1 4.9 0.17 4 0.03
10-2 373214109295201 09/03/2009 4.17 0.59 9.94 0.28 14.1 3.87 0.15 3.83 0.02
11-0 373218109292101 09/01/2009 4.71 0.91 9.73 0.44 14.7 2.43 0.14 2.65 0.05
12-0 373202109314301 09/01/2009 4.25 0.68 11.3 0.36 13.4 2.89 0.13 2.94 0.04
12-1a 373203109313701 09/02/2009 4.26 0.43 9.94 0.23 >15 2.18 0.11 3.25 0.02
12-1b 373203109313701 09/02/2009 4.27 0.44 9.89 0.23 13.7 2.19 0.1 3.28 0.02
12-2 373158109314801 09/02/2009 4.36 0.32 9.66 0.18 >15 2.58 0.07 2.29 0.02
13-0 373203109312001 09/01/2009 4.35 1.24 10.9 0.6 12.4 2.45 0.19 2.66 0.07
14-0 373202109294401 09/03/2009 4.68 1.34 9.7 0.69 11.8 2.67 0.26 2.75 0.05
14-1 373159109295001 09/03/2009 4.91 1.31 9.25 0.67 12.6 2.73 0.25 2.41 0.04
14-2a 373159109294001 09/03/2009 4.82 1.16 10.4 0.58 12.3 2.97 0.24 3.18 0.06
14-2b 373159109294001 09/03/2009 4.8 1.04 10.6 0.53 12.5 3.02 0.22 3.22 0.05
15-0 373202109292201 09/01/2009 4.35 0.58 9.69 0.31 12.6 2.87 0.11 3.09 0.03
15-1 373159109292801 09/01/2009 4.96 0.78 9.68 0.4 9.84 2.89 0.13 2.56 0.04
15-2 373159109291701 09/01/2009 5.12 0.3 7.43 0.18 >15 3.88 0.67 >5 0.02
16-0 373147109314301 09/02/2009 4.29 0.71 10.8 0.36 10.2 2.97 0.14 2.66 0.04
17-0 373147109311901 09/02/2009 4.73 0.73 8.44 0.38 12.2 2.77 0.17 3.02 0.03
17-1 373151109312601 09/01/2009 4.55 0.62 9.5 0.31 12.6 2.73 0.12 2.31 0.03
17-2 373143109312601 09/01/2009 4.79 0.52 10.3 0.28 11.4 2.83 0.11 3.2 0.02
18-0 373146109294401 09/03/2009 4.73 1.23 9.2 0.61 11.4 2.71 0.24 2.8 0.03
19-0 373148109292201 09/01/2009 4.4 0.67 9.58 0.34 11.7 1.71 0.1 2.61 0.03
20-0 373132109314301 09/02/2009 4.48 0.53 8.85 0.28 12.9 3.29 0.12 2.57 0.03
21-0 373132109312001 09/02/2009 4.54 0.75 9.63 0.38 13.4 2.75 0.19 2.79 0.03
22-0 373131109294501 09/03/2009 4.68 0.98 9 0.57 12.5 2.79 0.24 1.99 0.02
22-1 373122109294801 09/03/2009 4.69 1.03 11.4 0.53 10.8 2.49 0.18 2.77 0.04
22-2 373129109294201 09/03/2009 4.65 1.02 10.1 0.54 11.4 2.9 0.23 2.55 0.03
23-0 373132109292201 09/01/2009 4.36 0.89 9.66 0.45 12.6 2.95 0.15 2.96 0.04
23-1 373135109291701 09/01/2009 4.21 0.65 10.2 0.35 13 2.73 0.11 2.83 0.03
23-2 373128109292801 09/01/2009 4.34 0.53 10.9 0.28 11.5 2.99 0.11 3.14 0.02

Appendix 4
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Ash,
(percent)

Aluminum,
total

digestion,
(percent)

Calcium,
 recoverable,

(percent)

Iron,
total

digestion,
(percent)

Potassium,
recoverable,

(percent)

Magnesium,
recoverable,

(percent)

Sodium,
recoverable,

(percent)

Sulfur,
total

digestion,
(percent)

Titanium,
total

digestion,
 (percent)

24-0 373116109314201 09/02/2009 4.49 0.61 8.36 0.34 14.6 2.58 0.15 3.08 0.03
25-0 373116109311901 09/02/2009 4.49 1.07 9.31 0.51 12 2.68 0.27 2.97 0.03
26-0 373110109305501 09/02/2009 4.7 0.81 9.89 0.42 11.3 2.84 0.18 3.04 0.03
27-0 373114109303101 09/03/2009 4.06 0.9 9.39 0.46 11.2 3.42 0.22 3.17 0.03
28-0 373115109300901 09/03/2009 4.6 1.16 8.77 0.58 12 2.28 0.21 2.32 0.03
29-0 373116109294501 09/03/2009 4.25 0.73 9.09 0.37 11.3 2.39 0.14 2.14 0.02
30-0 373116109292201 09/02/2009 4.43 0.69 9.95 0.36 13.9 2.41 0.12 3.05 0.02
31-0 373106109314701 09/02/2009 4.39 0.64 10.6 0.33 11.5 2.37 0.13 2.89 0.03
31-1a 373101109314201 09/02/2009 4.55 0.68 9.75 0.35 10.9 3.27 0.16 3.07 0.03
31-1b 373101109314201 09/02/2009 4.46 0.65 9.68 0.34 11 3.27 0.16 3.09 0.03
31-2 373058109314901 09/02/2009 4.69 0.9 8 0.45 12.2 3.01 0.17 2.9 0.03
32-0 373100109311801 09/02/2009 4.55 0.84 9.42 0.43 12.3 3 0.18 2.93 0.03
33-0 373100109305701 09/02/2009 4.39 1.01 9.5 0.51 11.6 3.29 0.19 3 0.04
34-0 373100109303201 09/02/2009 4.49 1.06 9.35 0.53 10.8 2.68 0.2 2.67 0.03
35-0 373101109300901 09/02/2009 3.97 0.96 8.1 0.47 13.3 2.82 0.15 2.94 0.03
36-0 373101109294601 09/02/2009 4.39 0.96 9.33 0.47 11.7 2.61 0.15 2.34 0.02
37-0 373101109292201 09/01/2009 4.34 0.72 8.37 0.37 11.6 2.32 0.13 2.68 0.01
38-0 373045109314301 09/02/2009 4.66 0.75 10 0.37 8.92 2.88 0.13 3.02 0.02
38-1a 373049109313701 09/02/2009 4.55 0.81 9.55 0.41 9.81 3.01 0.15 3.14 0.02
38-1b 373049109313701 09/02/2009 4.56 0.79 9.37 0.4 11.4 3 0.15 3.02 0.02
38-2 373041109314901 09/02/2009 4.52 0.78 9.84 0.39 10.8 3.26 0.14 3 0.03
39-0 373045109312001 09/02/2009 4.76 1.02 10.8 0.51 9.83 3.48 0.17 3.3 0.03
40-0 373045109305601 09/02/2009 4.57 0.56 11.2 0.29 11.9 3 0.09 3.12 0.02
40-1 373049109310201 09/02/2009 4.74 0.55 10 0.29 13.1 3.96 0.12 3.13 0.03
40-2a 373042109305001 09/02/2009 4.62 0.87 7.91 0.45 >15 2.38 0.13 2.3 0.03
40-2b 373042109305001 09/02/2009 4.66 0.82 7.84 0.43 15 2.31 0.12 2.23 0.02
41-0 373045109303201 09/02/2009 4.34 0.68 10.4 0.33 12.1 2.69 0.1 3.12 0.02
42-0 373045109300901 09/02/2009 4.44 1.1 7.84 0.54 >15 2.28 0.16 2.56 0.03
43-0 373045109294501 09/02/2009 4.04 1.24 8.68 0.58 13.7 2.74 0.18 2.78 0.04
44-0 373045109292201 09/01/2009 4.7 1.1 8.13 0.54 13.7 2.32 0.15 2.15 0.03

Appendix 4.  Percent ash and chemical composition of new growth from sagebrush plants near the White Mesa uranium mill, San 
Juan County, Utah, September 2009.—Continued
[All analyses of biota tissue in dry weight. Abbreviations: ins, insufficient sample amount; mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; >, greater than; <, less than]
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Silver,
total

digestion,
(µg/g)

Barium,
total

digestion,
(µg/g)

Beryllium,
total

digestion,
(µg/g)

Bismuth,
total

digestion,
(µg/g)

Cadmium,
total

digestion,
(µg/g)

Cerium,
total

digestion,
(µg/g)

Cobalt,
total

digestion,
(µg/g)

Chromium,
total 

digestion,
(µg/g)

Cesium,
total

digestion,
(µg/g)

1-0 373233109314301 09/01/2009 <1 275 0.4 0.16 0.9 10 2.4 7 <5
2-0 373231109312101 09/01/2009 <1 617 0.4 0.14 1.7 8.51 2.8 8 <5
3-0 373233109304901 09/03/2009 <1 263 0.4 0.18 0.9 8.1 3.3 6 <5
4-0 373233109303101 09/03/2009 <1 243 0.4 0.38 1.2 10.9 4.7 9 <5
5-0 373233109301002 09/03/2009 <1 320 0.5 0.64 1.5 18.5 5.3 10 <5
6-0 373233109294701 09/03/2009 <1 287 0.5 0.93 1.7 14.1 4.3 8 <5
7-0 373233109292201 09/01/2009 <1 289 0.3 0.29 1.3 8.38 2.2 6 <5
8-0 373217109314401 09/01/2009 <1 290 0.4 0.1 0.9 7.23 1.8 7 <5
9-0 373217109311501 09/02/2009 <1 224 0.3 0.14 0.9 5.26 2.2 5 <5
10-0 373217109294501 09/03/2009 <1 370 0.6 3 1.9 25 6.7 11 <5
10-1a 373221109295201 09/03/2009 <1 262 0.4 0.66 1.2 11 3.7 7 <5
10-1b 373221109295201 09/03/2009 <1 258 0.3 0.63 1.1 10.5 3.6 8 <5
10-2 373214109295201 09/03/2009 <1 174 0.3 1.46 1 11.7 3.7 17 <5
11-0 373218109292101 09/01/2009 <1 227 0.4 0.3 1.7 10.4 2.4 8 <5
12-0 373202109314301 09/01/2009 <1 573 0.2 0.16 1.4 7.57 2.1 4 <5
12-1a 373203109313701 09/02/2009 <1 370 <0.1 0.12 1.2 5.06 1.5 5 <5
12-1b 373203109313701 09/02/2009 <1 369 <0.1 0.11 1.1 4.99 1.4 4 <5
12-2 373158109314801 09/02/2009 <1 185 <0.1 0.12 1.7 3.91 1.3 4 <5
13-0 373203109312001 09/01/2009 <1 303 0.3 0.19 1.6 14.2 3.3 8 <5
14-0 373202109294401 09/03/2009 <1 356 0.4 0.81 1 16.3 5.6 10 <5
14-1 373159109295001 09/03/2009 <1 329 0.4 1.25 1.7 22.5 6.9 10 <5
14-2a 373159109294001 09/03/2009 <1 388 0.3 0.45 1.6 13.7 4.4 15 <5
14-2b 373159109294001 09/03/2009 <1 377 0.3 0.43 1.6 12.8 4.2 8 <5
15-0 373202109292201 09/01/2009 <1 277 0.1 0.29 5 7.34 6.7 6 <5
15-1 373159109292801 09/01/2009 <1 294 0.2 0.36 1.5 9.23 2.7 7 <5
15-2 373159109291701 09/01/2009 <1 143 <0.1 0.16 1.5 3.23 1.4 4 <5
16-0 373147109314301 09/02/2009 <1 309 0.2 0.18 1.4 8.31 2.2 6 <5
17-0 373147109311901 09/02/2009 <1 270 0.2 0.16 1.2 7.98 3.1 5 <5
17-1 373151109312601 09/01/2009 <1 234 0.1 0.1 0.9 7.36 2 6 <5
17-2 373143109312601 09/01/2009 <1 330 0.1 0.08 2 6.04 2.3 6 <5
18-0 373146109294401 09/03/2009 <1 368 0.3 0.77 2.2 18 4.9 11 <5
19-0 373148109292201 09/01/2009 <1 192 0.1 0.12 2.6 6.71 2.3 6 <5
20-0 373132109314301 09/02/2009 <1 217 0.1 0.08 0.7 5.99 1.9 6 <5
21-0 373132109312001 09/02/2009 <1 286 0.2 0.12 1.4 8.71 4.1 10 <5
22-0 373131109294501 09/03/2009 <1 303 0.3 0.32 2.3 12.5 4 14 <5
22-1 373122109294801 09/03/2009 <1 310 0.2 0.12 1.6 12.7 3.2 10 <5
22-2 373129109294201 09/03/2009 <1 359 0.2 0.36 2.3 13.3 3.9 10 <5
23-0 373132109292201 09/01/2009 <1 287 0.2 0.17 1.1 10.5 2.5 10 <5
23-1 373135109291701 09/01/2009 <1 293 0.1 0.14 2.2 8.25 2.3 6 <5
23-2 373128109292801 09/01/2009 <1 376 <0.1 0.18 1.5 6.77 2 5 <5
24-0 373116109314201 09/02/2009 <1 248 0.1 0.08 1.2 7.06 2.6 6 <5
25-0 373116109311901 09/02/2009 <1 341 0.3 0.13 2.1 11.5 4.6 9 <5
26-0 373110109305501 09/02/2009 <1 319 0.2 0.14 2.3 10.1 4.2 7 <5
27-0 373114109303101 09/03/2009 <1 418 0.2 0.14 1.6 10 4.1 10 <5
28-0 373115109300901 09/03/2009 <1 372 0.5 0.13 2.5 13.7 4.7 11 <5
29-0 373116109294501 09/03/2009 4 310 0.2 0.11 2.4 8.34 2.7 6 <5
30-0 373116109292201 09/02/2009 <1 339 0.2 0.21 2 5.05 2.1 6 <5

Appendix 4.  Percent ash and chemical composition of new growth from sagebrush plants near the White Mesa uranium mill, San 
Juan County, Utah, September 2009.—Continued
[All analyses of biota tissue in dry weight. Abbreviations: ins, insufficient sample amount; mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; >, greater than; <, less than]
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Silver,
total

digestion,
(µg/g)

Barium,
total

digestion,
(µg/g)

Beryllium,
total

digestion,
(µg/g)

Bismuth,
total

digestion,
(µg/g)

Cadmium,
total

digestion,
(µg/g)

Cerium,
total

digestion,
(µg/g)

Cobalt,
total

digestion,
(µg/g)

Chromium,
total 

digestion,
(µg/g)

Cesium,
total

digestion,
(µg/g)

31-0 373106109314701 09/02/2009 <1 259 0.2 0.09 1.4 7.96 2 6 <5
31-1a 373101109314201 09/02/2009 <1 356 0.2 0.12 1.5 7.58 3.3 9 <5
31-1b 373101109314201 09/02/2009 <1 357 0.2 0.11 1.5 7.24 3.2 6 <5
31-2 373058109314901 09/02/2009 <1 266 0.2 0.12 1.3 9.91 2.7 8 <5
32-0 373100109311801 09/02/2009 <1 299 0.2 0.14 1.4 9.14 3.5 8 <5
33-0 373100109305701 09/02/2009 <1 394 0.3 0.14 1.7 11.3 3.7 9 <5
34-0 373100109303201 09/02/2009 <1 389 0.3 0.14 1.8 11.5 3.7 10 <5
35-0 373101109300901 09/02/2009 <1 370 0.2 0.12 1.3 11.1 3.1 9 <5
36-0 373101109294601 09/02/2009 <1 327 0.2 0.11 2 11.3 3.2 8 <5
37-0 373101109292201 09/01/2009 <1 293 0.2 0.22 1.7 8.17 2.6 9 <5
38-0 373045109314301 09/02/2009 <1 325 0.2 0.09 1 8.15 2.5 8 <5
38-1a 373049109313701 09/02/2009 <1 335 0.2 0.09 1.1 7.95 2.6 7 <5
38-1b 373049109313701 09/02/2009 <1 347 0.2 0.1 1.2 8.14 2.7 7 <5
38-2 373041109314901 09/02/2009 <1 377 0.2 0.1 1.3 8.29 2.6 7 <5
39-0 373045109312001 09/02/2009 <1 427 0.2 0.12 1.5 11.3 3.1 10 <5
40-0 373045109305601 09/02/2009 5 324 <0.1 0.07 1.6 6.15 2.2 6 <5
40-1 373049109310201 09/02/2009 <1 332 0.1 0.09 0.6 6.22 2.4 5 <5
40-2a 373042109305001 09/02/2009 <1 313 0.2 0.08 1.7 9.69 2.8 24 <5
40-2b 373042109305001 09/02/2009 <1 304 0.2 0.06 1.6 9.05 2.6 8 <5
41-0 373045109303201 09/02/2009 <1 418 0.2 0.05 2.2 7.67 2 6 <5
42-0 373045109300901 09/02/2009 <1 390 0.5 0.09 1.8 13.3 3.3 10 <5
43-0 373045109294501 09/02/2009 <1 413 0.4 0.11 1.4 14.2 3.2 10 <5
44-0 373045109292201 09/01/2009 <1 339 0.3 0.13 2 13.7 2.7 10 <5

Appendix 4.  Percent ash and chemical composition of new growth from sagebrush plants near the White Mesa uranium mill, San 
Juan County, Utah, September 2009.—Continued
[All analyses of biota tissue in dry weight. Abbreviations: ins, insufficient sample amount; mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; >, greater than; <, less than]
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Copper,
total

digestion,
(µg/g)

Gallium,
total

digestion,
(µg/g)

Indium,
total

digestion,
(µg/g)

Lanthanum,
total

digestion,
(µg/g)

Lithium,
total

digestion,
(µg/g)

Manganese,
total

digestion,
(µg/g)

Molybdenum,
total

digestion,
(µg/g)

Niobium,
total

digestion,
(µg/g)

Nickel,
total

digestion,
(µg/g)

1-0 373233109314301 09/01/2009 186 2.71 <0.02 4.9 15 1,020 10.7 1.8 15.8
2-0 373231109312101 09/01/2009 170 2.32 <0.02 4.5 10 928 10.4 1.7 20.6
3-0 373233109304901 09/03/2009 206 2.21 <0.02 4.8 8 558 36 1.7 22.6
4-0 373233109303101 09/03/2009 190 2.59 0.02 6.3 11 588 40.8 1.9 25.6
5-0 373233109301002 09/03/2009 175 3.63 0.02 11.4 13 825 23.7 2 23.7
6-0 373233109294701 09/03/2009 153 2.9 0.02 8.5 15 804 14.6 1.6 24.6
7-0 373233109292201 09/01/2009 221 2.06 <0.02 4.9 13 1,030 18.7 1.9 15.1
8-0 373217109314401 09/01/2009 204 1.91 <0.02 3.6 11 1,010 5.86 1 22.8
9-0 373217109311501 09/02/2009 207 1.59 <0.02 2.9 8 286 41.5 1 37.1
10-0 373217109294501 09/03/2009 166 3.64 0.83 16.1 25 700 35 19.2 28.9
10-1a 373221109295201 09/03/2009 207 2.05 <0.02 7.4 11 780 26.9 2.9 28.8
10-1b 373221109295201 09/03/2009 202 1.9 <0.02 7 12 761 27.1 2.1 28.6
10-2 373214109295201 09/03/2009 264 1.96 0.03 7.9 27 760 42 2.4 27.6
11-0 373218109292101 09/01/2009 129 2.5 0.03 6.5 19 641 23.3 1.9 13.9
12-0 373202109314301 09/01/2009 192 2.03 <0.02 4 16 941 21.7 1.3 11.9
12-1a 373203109313701 09/02/2009 203 1.42 <0.02 2.6 58 755 21.7 0.9 9.7
12-1b 373203109313701 09/02/2009 206 1.38 <0.02 2.6 60 764 20.9 0.9 9.6
12-2 373158109314801 09/02/2009 171 1.1 <0.02 2.1 12 851 12.7 0.7 17.7
13-0 373203109312001 09/01/2009 131 3.33 0.02 7.7 14 807 23.4 2.4 18.4
14-0 373202109294401 09/03/2009 250 3.49 0.03 12.6 20 798 45.3 1.9 23.3
14-1 373159109295001 09/03/2009 195 3.72 0.03 14.5 17 957 50.2 1.9 24.3
14-2a 373159109294001 09/03/2009 196 3.11 0.03 9.5 17 944 27.6 2.1 18.9
14-2b 373159109294001 09/03/2009 195 3.04 0.09 9.4 18 979 31 2.2 17.7
15-0 373202109292201 09/01/2009 235 1.63 <0.02 4.2 43 678 10.7 1.5 40
15-1 373159109292801 09/01/2009 220 2.19 <0.02 6.6 35 696 28.1 2 13.8
15-2 373159109291701 09/01/2009 246 1.12 <0.02 1.8 134 570 7.5 0.6 23.1
16-0 373147109314301 09/02/2009 170 2.17 <0.02 4.4 12 938 10.9 1.5 17.2
17-0 373147109311901 09/02/2009 185 2.07 <0.02 4.4 12 723 15 1.5 23.6
17-1 373151109312601 09/01/2009 145 1.7 <0.02 4.1 15 429 17 1.4 12.8
17-2 373143109312601 09/01/2009 175 1.56 <0.02 3.4 8 707 12.3 1.2 21.9
18-0 373146109294401 09/03/2009 152 3.47 0.02 11.9 15 982 17.1 1.4 26.5
19-0 373148109292201 09/01/2009 208 1.67 <0.02 3.8 8 629 13.8 1.4 16.7
20-0 373132109314301 09/02/2009 178 1.47 <0.02 3.5 20 524 27.4 1.1 11.5
21-0 373132109312001 09/02/2009 184 2.07 <0.02 5 12 532 11.6 2 27.3
22-0 373131109294501 09/03/2009 199 2.64 <0.02 7.5 15 869 18.7 1.3 49.8
22-1 373122109294801 09/03/2009 182 2.69 <0.02 7.1 12 700 11.8 1.6 25.2
22-2 373129109294201 09/03/2009 176 2.82 <0.02 7.6 14 665 43.6 1.5 44.7
23-0 373132109292201 09/01/2009 157 2.37 <0.02 6.3 19 587 15.8 1.6 20.7
23-1 373135109291701 09/01/2009 183 1.82 <0.02 4.8 9 1,010 11.9 1.4 16.4
23-2 373128109292801 09/01/2009 158 1.46 <0.02 4.2 9 741 10.2 1.4 15.4
24-0 373116109314201 09/02/2009 189 1.72 <0.02 3.9 12 675 9.68 1.1 18.6
25-0 373116109311901 09/02/2009 149 2.76 <0.02 7 11 683 13.7 1.2 22.5
26-0 373110109305501 09/02/2009 175 2.44 <0.02 6.1 9 901 9.62 2 23.3
27-0 373114109303101 09/03/2009 208 2.23 <0.02 6.3 29 771 18.5 1.3 22.3
28-0 373115109300901 09/03/2009 143 2.86 <0.02 8.1 14 881 12.7 1.1 26.9
29-0 373116109294501 09/03/2009 157 1.98 <0.02 5 11 1,170 9.54 1.1 18.6
30-0 373116109292201 09/02/2009 166 1.93 <0.02 5.1 10 720 12.4 1.4 14.2

Appendix 4.  Percent ash and chemical composition of new growth from sagebrush plants near the White Mesa uranium mill, San 
Juan County, Utah, September 2009.—Continued
[All analyses of biota tissue in dry weight. Abbreviations: ins, insufficient sample amount; mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; >, greater than; <, less than]



142    Assessment of potential migration of radionuclides and trace elements from the White Mesa uranium mill

Field ID Station
number

Sample
date

(mm/dd/yyyy)

Copper,
total

digestion,
(µg/g)

Gallium,
total

digestion,
(µg/g)

Indium,
total

digestion,
(µg/g)

Lanthanum,
total

digestion,
(µg/g)

Lithium,
total

digestion,
(µg/g)

Manganese,
total

digestion,
(µg/g)

Molybdenum,
total

digestion,
(µg/g)

Niobium,
total

digestion,
(µg/g)

Nickel,
total

digestion,
(µg/g)

31-0 373106109314701 09/02/2009 168 1.71 <0.02 4.7 12 599 12.1 1.3 14.3
31-1a 373101109314201 09/02/2009 151 1.83 <0.02 4.7 19 649 17.4 1.5 23.3
31-1b 373101109314201 09/02/2009 145 1.77 <0.02 4.5 16 647 17.1 1.5 23.2
31-2 373058109314901 09/02/2009 163 2.29 <0.02 5.9 13 920 13.1 1.7 13.7
32-0 373100109311801 09/02/2009 167 2.19 <0.02 5.4 11 699 10.8 1.4 22.5
33-0 373100109305701 09/02/2009 167 2.58 <0.02 6.9 20 783 17.1 1.8 17.2
34-0 373100109303201 09/02/2009 164 2.48 <0.02 7.3 12 816 9.36 1.3 23.4
35-0 373101109300901 09/02/2009 172 2.44 <0.02 6.9 21 780 32.3 1.7 14.6
36-0 373101109294601 09/02/2009 153 2.5 <0.02 6.9 17 1,010 12.1 1.3 15.2
37-0 373101109292201 09/01/2009 142 2.1 <0.02 5 12 978 14.1 1.3 17.8
38-0 373045109314301 09/02/2009 151 1.92 <0.02 5 14 679 13.6 1.5 16.6
38-1a 373049109313701 09/02/2009 191 1.96 <0.02 5.2 16 731 13.2 1.2 13.8
38-1b 373049109313701 09/02/2009 187 2.1 <0.02 5.3 17 724 14.8 1.5 13.7
38-2 373041109314901 09/02/2009 155 2 <0.02 5.1 14 837 15.3 1.5 14.8
39-0 373045109312001 09/02/2009 197 2.62 <0.02 6.9 14 847 12.5 1.8 16.7
40-0 373045109305601 09/02/2009 155 1.63 <0.02 3.8 9 834 20.3 1 22
40-1 373049109310201 09/02/2009 120 1.5 <0.02 3.9 13 563 14.3 1.1 33.6
40-2a 373042109305001 09/02/2009 141 2.27 <0.02 6 10 789 11.6 1.2 21.3
40-2b 373042109305001 09/02/2009 136 2.07 <0.02 5.6 9 773 11.2 1.1 20.6
41-0 373045109303201 09/02/2009 139 1.69 <0.02 4.7 10 620 18.9 1.3 18.3
42-0 373045109300901 09/02/2009 153 2.69 <0.02 7.9 16 789 11.7 1.6 20.1
43-0 373045109294501 09/02/2009 166 3.05 <0.02 9.4 31 738 21.9 1.7 18.7
44-0 373045109292201 09/01/2009 125 2.82 <0.02 8.4 11 898 9.76 1.4 17.7

Appendix 4.  Percent ash and chemical composition of new growth from sagebrush plants near the White Mesa uranium mill, San 
Juan County, Utah, September 2009.—Continued
[All analyses of biota tissue in dry weight. Abbreviations: ins, insufficient sample amount; mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; >, greater than; <, less than]
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Phosphorus,
total

digestion,
(µg/g)

Lead,
total

digestion,
(µg/g)

Rubidium,
total

digestion,
(µg/g)

Antimony,
total

digestion,
(µg/g)

Scandium,
total

digestion,
(µg/g)

Tin,
total

digestion,
(µg/g)

Strontium,
total

digestion,
(µg/g)

Tellurium,
total

digestion,
(µg/g)

Thorium,
recoverable,

(µg/g)

1-0 373233109314301 09/01/2009 >10,000 5.3 48.8 0.31 1.8 0.6 1,880 <0.1 1.5
2-0 373231109312101 09/01/2009 >10,000 4.4 32 0.34 1.5 0.5 1,590 <0.1 1.2
3-0 373233109304901 09/03/2009 >10,000 5.7 26.5 0.35 1.5 0.9 1,160 <0.1 1.3
4-0 373233109303101 09/03/2009 >10,000 9 59.7 0.33 1.8 1.5 679 <0.1 1.8
5-0 373233109301002 09/03/2009 >10,000 16.3 47.7 0.29 2.7 2.2 826 <0.1 3.1
6-0 373233109294701 09/03/2009 >10,000 13.6 42.5 0.22 2.1 2 670 <0.1 2.3
7-0 373233109292201 09/01/2009 >10,000 6.6 22.3 0.52 1.4 4 824 <0.1 1.3
8-0 373217109314401 09/01/2009 >10,000 3.5 40.3 0.17 1.1 0.3 1,150 <0.1 1.1
9-0 373217109311501 09/02/2009 >10,000 3 14.8 0.17 1.1 0.5 735 <0.1 0.8
10-0 373217109294501 09/03/2009 >10,000 33.3 34 1.44 3.7 84 872 <0.1 5.1
10-1a 373221109295201 09/03/2009 >10,000 13.8 26.8 0.37 1.7 8.1 1,220 <0.1 1.8
10-1b 373221109295201 09/03/2009 >10,000 12.4 23.9 0.29 1.5 2.1 1,210 <0.1 1.7
10-2 373214109295201 09/03/2009 >10,000 15.4 41.4 0.31 1.9 4.2 1,790 <0.1 2.4
11-0 373218109292101 09/01/2009 >10,000 6.7 28 0.26 1.8 1.4 971 <0.1 1.5
12-0 373202109314301 09/01/2009 >10,000 3.7 30.6 0.29 1.3 0.4 1,560 <0.1 1.1
12-1a 373203109313701 09/02/2009 >10,000 3.7 41.2 0.25 0.9 0.3 1,360 <0.1 0.8
12-1b 373203109313701 09/02/2009 >10,000 4.4 38 0.28 0.8 0.4 1,380 <0.1 0.7
12-2 373158109314801 09/02/2009 >10,000 2.1 37.7 0.3 0.7 0.2 734 <0.1 0.6
13-0 373203109312001 09/01/2009 >10,000 6.6 20.6 0.43 2.3 0.8 758 <0.1 2.1
14-0 373202109294401 09/03/2009 >10,000 17.7 26.7 0.35 2.7 2.7 1,080 <0.1 2.8
14-1 373159109295001 09/03/2009 >10,000 25 42.4 0.46 3.1 2.8 713 <0.1 3.7
14-2a 373159109294001 09/03/2009 >10,000 12.3 34.8 0.33 2.2 1.7 1,100 <0.1 2.2
14-2b 373159109294001 09/03/2009 >10,000 11.4 34.9 0.31 2.2 1.7 1,110 <0.1 2
15-0 373202109292201 09/01/2009 >10,000 5.9 36.7 0.28 1.2 3 1,290 <0.1 1.2
15-1 373159109292801 09/01/2009 >10,000 8.7 28.3 0.3 1.7 1.6 1,510 <0.1 1.5
15-2 373159109291701 09/01/2009 >10,000 2.7 51.1 0.2 0.7 0.4 1,010 <0.1 0.5
16-0 373147109314301 09/02/2009 >10,000 4.3 21.7 0.44 1.4 0.4 854 <0.1 1.3
17-0 373147109311901 09/02/2009 >10,000 4.5 31.7 0.37 1.4 0.4 1,080 <0.1 1.3
17-1 373151109312601 09/01/2009 >10,000 3.8 18.2 0.22 1.1 0.3 785 <0.1 1.1
17-2 373143109312601 09/01/2009 >10,000 3.2 28.8 0.3 1 0.3 1,280 <0.1 1
18-0 373146109294401 09/03/2009 >10,000 17.4 33.9 0.47 2.5 1.7 726 <0.1 3
19-0 373148109292201 09/01/2009 >10,000 4.4 52 0.37 1.2 0.5 584 <0.1 1.2
20-0 373132109314301 09/02/2009 >10,000 3 34.5 0.33 1 0.9 1,460 <0.1 0.9
21-0 373132109312001 09/02/2009 >10,000 4.4 56.4 0.27 1.3 0.4 1,040 <0.1 1.4
22-0 373131109294501 09/03/2009 >10,000 8.7 43.8 0.29 1.7 2.9 800 <0.1 2
22-1 373122109294801 09/03/2009 >10,000 6.6 24.2 0.31 1.7 0.6 1,070 <0.1 2
22-2 373129109294201 09/03/2009 >10,000 9.1 33.7 0.43 1.9 0.9 983 <0.1 2.1
23-0 373132109292201 09/01/2009 >10,000 6.6 26.2 0.51 1.5 0.7 901 <0.1 1.7
23-1 373135109291701 09/01/2009 >10,000 4.9 37.3 0.31 1.2 1.1 840 <0.1 1.3
23-2 373128109292801 09/01/2009 >10,000 5 36.7 0.53 1 0.7 1,050 <0.1 1
24-0 373116109314201 09/02/2009 >10,000 3.8 46.5 0.25 1.1 0.5 793 <0.1 1.1
25-0 373116109311901 09/02/2009 >10,000 5.7 40.6 0.33 1.7 0.7 1,050 <0.1 1.8
26-0 373110109305501 09/02/2009 >10,000 5.2 35 0.36 1.6 0.6 911 <0.1 1.6
27-0 373114109303101 09/03/2009 >10,000 6.3 30.8 0.26 1.5 0.5 1,840 <0.1 1.7
28-0 373115109300901 09/03/2009 >10,000 7.4 34.1 0.2 1.9 0.6 759 <0.1 2.1
29-0 373116109294501 09/03/2009 >10,000 8.6 30.4 0.28 1.2 0.7 720 <0.1 1.3
30-0 373116109292201 09/02/2009 >10,000 3.2 38 0.29 1 0.8 988 <0.1 0.8

Appendix 4.  Percent ash and chemical composition of new growth from sagebrush plants near the White Mesa uranium mill, San 
Juan County, Utah, September 2009.—Continued
[All analyses of biota tissue in dry weight. Abbreviations: ins, insufficient sample amount; mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; >, greater than; <, less than]
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Phosphorus,
total

digestion,
(µg/g)

Lead,
total

digestion,
(µg/g)

Rubidium,
total

digestion,
(µg/g)

Antimony,
total

digestion,
(µg/g)

Scandium,
total

digestion,
(µg/g)

Tin,
total

digestion,
(µg/g)

Strontium,
total

digestion,
(µg/g)

Tellurium,
total

digestion,
(µg/g)

Thorium,
recoverable,

(µg/g)

31-0 373106109314701 09/02/2009 >10,000 3.9 25.3 0.2 1 0.3 865 <0.1 1.3
31-1a 373101109314201 09/02/2009 >10,000 4.6 23 0.36 1.2 0.3 1,030 <0.1 1.3
31-1b 373101109314201 09/02/2009 >10,000 4.2 22.5 0.43 1.2 0.4 1,020 <0.1 1.2
31-2 373058109314901 09/02/2009 >10,000 5.3 22.4 0.33 1.5 0.4 646 <0.1 1.7
32-0 373100109311801 09/02/2009 >10,000 5.3 26.8 0.33 1.5 0.6 915 <0.1 1.6
33-0 373100109305701 09/02/2009 >10,000 6.3 37 0.35 1.8 0.5 1,160 <0.1 1.8
34-0 373100109303201 09/02/2009 >10,000 6.7 24.9 0.36 1.6 0.6 857 <0.1 2
35-0 373101109300901 09/02/2009 >10,000 6.1 41.4 0.46 1.6 0.5 1,050 <0.1 1.9
36-0 373101109294601 09/02/2009 >10,000 7 31.9 0.36 1.6 0.5 837 <0.1 1.8
37-0 373101109292201 09/01/2009 >10,000 5.6 26.2 0.29 1.3 0.5 828 <0.1 1.4

38-0 373045109314301 09/02/2009 >10,000 4.1 28 0.29 1.3 0.5 1,050 <0.1 1.4
38-1a 373049109313701 09/02/2009 >10,000 4.4 25.1 0.29 1.3 0.3 1,090 <0.1 1.3
38-1b 373049109313701 09/02/2009 >10,000 4.7 30.4 0.39 1.5 0.3 1,110 <0.1 1.3
38-2 373041109314901 09/02/2009 >10,000 4.8 26.8 0.26 1.4 0.3 1,190 <0.1 1.4
39-0 373045109312001 09/02/2009 >10,000 5.8 29.5 0.46 1.8 0.5 1,270 <0.1 1.9
40-0 373045109305601 09/02/2009 >10,000 5.2 44.5 0.22 1 0.2 1,040 <0.1 1
40-1 373049109310201 09/02/2009 >10,000 3.9 33.3 0.28 1 0.4 1,870 <0.1 1.1
40-2a 373042109305001 09/02/2009 >10,000 5.3 34.2 0.32 1.4 0.4 604 <0.1 1.6
40-2b 373042109305001 09/02/2009 >10,000 4.8 31.4 0.33 1.3 0.4 603 <0.1 1.5
41-0 373045109303201 09/02/2009 >10,000 4 36.6 0.24 1 0.4 1,400 <0.1 1.3
42-0 373045109300901 09/02/2009 >10,000 6.4 42.6 0.34 1.7 0.4 937 <0.1 2.1
43-0 373045109294501 09/02/2009 >10,000 7.2 33.8 0.48 1.9 0.6 1,440 <0.1 2.3
44-0 373045109292201 09/01/2009 >10,000 7.1 37.4 0.25 1.7 0.6 680 <0.1 2.2

Appendix 4.  Percent ash and chemical composition of new growth from sagebrush plants near the White Mesa uranium mill, San 
Juan County, Utah, September 2009.—Continued
[All analyses of biota tissue in dry weight. Abbreviations: ins, insufficient sample amount; mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; >, greater than; <, less than]
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Thallium,
total

digestion,
(µg/g)

Uranium,
total 

digestion,
(µg/g)

Vanadium,
total

digestion,
(µg/g)

Tungsten,
total

digestion,
(µg/g)

Yttrium,
total

digestion,
(µg/g)

Zinc,
total

digestion,
(µg/g)

Arsenic,
total

digestion,
(µg/g)

Selenium,
total

digestion,
(µg/g)

1-0 373233109314301 09/01/2009 <0.1 3.2 25 0.4 3.4 459 ins ins
2-0 373231109312101 09/01/2009 <0.1 5.3 30 0.4 3 519 1 0.8
3-0 373233109304901 09/03/2009 <0.1 19 78 0.4 2.9 410 0.9 <0.2
4-0 373233109303101 09/03/2009 <0.1 36.3 131 1.3 3.9 365 1.6 0.3
5-0 373233109301002 09/03/2009 0.1 56.8 297 2.9 5.8 422 1.6 0.3
6-0 373233109294701 09/03/2009 <0.1 52.9 259 2.4 4.3 377 0.8 0.6
7-0 373233109292201 09/01/2009 <0.1 18.4 70 1.3 2.8 598 0.8 <0.2
8-0 373217109314401 09/01/2009 <0.1 2.1 17 0.3 2.5 411 2.1 0.4
9-0 373217109311501 09/02/2009 <0.1 7.1 34 0.3 1.9 236 1.2 0.2
10-0 373217109294501 09/03/2009 0.1 171 582 11.5 7 515 1.2 0.6
10-1a 373221109295201 09/03/2009 <0.1 56.8 250 2.7 3.2 447 1.1 0.4
10-1b 373221109295201 09/03/2009 <0.1 49.5 229 2.4 2.9 443 0.9 0.3
10-2 373214109295201 09/03/2009 <0.1 74 220 3.1 3.5 474 0.8 0.5
11-0 373218109292101 09/01/2009 <0.1 16.4 69 0.9 3.6 517 <0.6 0.3
12-0 373202109314301 09/01/2009 <0.1 3 19 0.3 2.7 421 <0.6 3.3
12-1a 373203109313701 09/02/2009 <0.1 2.3 14 0.2 1.7 556 2 0.5
12-1b 373203109313701 09/02/2009 <0.1 2.2 14 0.2 1.7 563 <0.6 0.5
12-2 373158109314801 09/02/2009 <0.1 1.3 9 0.2 1.3 712 <0.6 <0.2
13-0 373203109312001 09/01/2009 <0.1 7 44 0.5 4.8 502 <0.6 <0.2
14-0 373202109294401 09/03/2009 0.1 72.8 278 3.9 5.9 352 1.5 1
14-1 373159109295001 09/03/2009 0.2 100 319 4.9 6.6 392 0.8 0.6
14-2a 373159109294001 09/03/2009 <0.1 44.9 165 2.1 4.8 340 0.8 0.7
14-2b 373159109294001 09/03/2009 <0.1 40.6 150 2 4.6 329 0.9 0.7
15-0 373202109292201 09/01/2009 <0.1 15.7 55 1 2.4 615 1.7 0.2
15-1 373159109292801 09/01/2009 0.1 25 110 1.6 3.4 646 <0.6 0.7
15-2 373159109291701 09/01/2009 <0.1 5 15 0.3 1.1 679 0.7 <0.2
16-0 373147109314301 09/02/2009 <0.1 4.3 19 0.4 2.9 372 0.6 <0.2
17-0 373147109311901 09/02/2009 <0.1 17.8 54 0.4 2.8 317 <0.6 0.2
17-1 373151109312601 09/01/2009 <0.1 6.3 27 0.3 2.5 459 <0.6 <0.2
17-2 373143109312601 09/01/2009 <0.1 9.4 31 0.3 2.2 285 1 0.4
18-0 373146109294401 09/03/2009 0.1 72.5 201 3.3 5.7 354 0.8 0.4
19-0 373148109292201 09/01/2009 <0.1 8.6 31 0.5 2.3 606 <0.6 <0.2
20-0 373132109314301 09/02/2009 0.1 6.1 28 0.3 2.1 472 <0.6 0.3
21-0 373132109312001 09/02/2009 <0.1 19.8 76 0.3 3.4 360 1.1 0.4
22-0 373131109294501 09/03/2009 <0.1 41.9 91 1.4 3.9 286 0.9 0.3
22-1 373122109294801 09/03/2009 <0.1 32.7 57 0.5 4.2 495 0.7 0.4
22-2 373129109294201 09/03/2009 <0.1 40.5 80 1.5 4 237 1.6 0.4
23-0 373132109292201 09/01/2009 <0.1 15.3 45 0.7 3.5 294 0.7 <0.2
23-1 373135109291701 09/01/2009 <0.1 10.8 31 0.6 2.7 298 <0.6 <0.2
23-2 373128109292801 09/01/2009 <0.1 13.4 41 0.8 2.1 240 <0.6 <0.2
24-0 373116109314201 09/02/2009 <0.1 11.1 39 0.3 2.5 306 2.8 0.3
25-0 373116109311901 09/02/2009 <0.1 21.9 92 0.4 4.4 290 1.6 0.3
26-0 373110109305501 09/02/2009 <0.1 18.3 74 0.4 3.8 306 0.7 0.2
27-0 373114109303101 09/03/2009 <0.1 24.5 90 0.4 3.7 395 0.8 0.3
28-0 373115109300901 09/03/2009 0.3 40 84 0.5 4.7 240 0.9 0.3
29-0 373116109294501 09/03/2009 <0.1 19 33 0.5 2.9 283 0.9 <0.2
30-0 373116109292201 09/02/2009 <0.1 7.5 35 0.5 2.7 223 0.7 0.6

Appendix 4.  Percent ash and chemical composition of new growth from sagebrush plants near the White Mesa uranium mill, San 
Juan County, Utah, September 2009.—Continued
[All analyses of biota tissue in dry weight. Abbreviations: ins, insufficient sample amount; mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; >, greater than; <, less than]
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Field ID Station
number

Sample
date

(mm/dd/yyyy)

Thallium,
total

digestion,
(µg/g)

Uranium,
total 

digestion,
(µg/g)

Vanadium,
total

digestion,
(µg/g)

Tungsten,
total

digestion,
(µg/g)

Yttrium,
total

digestion,
(µg/g)

Zinc,
total

digestion,
(µg/g)

Arsenic,
total

digestion,
(µg/g)

Selenium,
total

digestion,
(µg/g)

31-0 373106109314701 09/02/2009 <0.1 6.6 31 0.3 2.7 390 <0.6 <0.2
31-1a 373101109314201 09/02/2009 <0.1 15.3 61 0.3 2.9 271 <0.6 0.2
31-1b 373101109314201 09/02/2009 <0.1 14.9 59 0.3 2.7 268 1.5 0.2
31-2 373058109314901 09/02/2009 <0.1 9.9 44 0.4 3.5 329 <0.6 <0.2
32-0 373100109311801 09/02/2009 <0.1 18.7 69 0.4 3.2 285 0.7 0.3
33-0 373100109305701 09/02/2009 <0.1 17.7 73 0.5 4.1 306 <0.6 <0.2
34-0 373100109303201 09/02/2009 <0.1 28 82 0.4 4 325 0.6 0.2
35-0 373101109300901 09/02/2009 <0.1 23.4 49 0.4 3.9 355 <0.6 <0.2
36-0 373101109294601 09/02/2009 <0.1 21.1 39 0.6 3.8 311 0.7 <0.2
37-0 373101109292201 09/01/2009 <0.1 14.5 36 0.7 2.8 268 <0.6 1.1
38-0 373045109314301 09/02/2009 <0.1 7.3 31 0.3 2.8 262 <0.6 0.4
38-1a 373049109313701 09/02/2009 <0.1 8.1 40 0.4 2.9 329 0.7 0.2
38-1b 373049109313701 09/02/2009 <0.1 8.4 39 0.4 3.2 329 0.7 <0.2
38-2 373041109314901 09/02/2009 0.3 7.1 32 0.3 2.9 281 <0.6 0.2
39-0 373045109312001 09/02/2009 <0.1 10.5 47 0.5 3.8 296 <0.6 0.3
40-0 373045109305601 09/02/2009 <0.1 7 22 0.3 2.2 229 <0.6 0.4
40-1 373049109310201 09/02/2009 <0.1 10.9 36 0.3 2.2 173 <0.6 0.7
40-2a 373042109305001 09/02/2009 <0.1 7.6 31 0.4 3.4 261 <0.6 0.4
40-2b 373042109305001 09/02/2009 <0.1 6.7 29 0.4 3.1 253 <0.6 0.4
41-0 373045109303201 09/02/2009 <0.1 5 20 0.3 2.6 237 1.5 0.3
42-0 373045109300901 09/02/2009 <0.1 23.1 46 0.4 4.5 247 <0.6 0.4
43-0 373045109294501 09/02/2009 0.2 27 42 0.5 5.3 256 0.6 <0.2
44-0 373045109292201 09/01/2009 <0.1 10.8 32 0.6 4.5 297 1.6 <0.2

Appendix 4.  Percent ash and chemical composition of new growth from sagebrush plants near the White Mesa uranium mill, San 
Juan County, Utah, September 2009.—Continued
[All analyses of biota tissue in dry weight. Abbreviations: ins, insufficient sample amount; mm/dd/yyyy, month/day/year; μg/g, micrograms per gram; >, greater than; <, less than]
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