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Migration and Geochemical Evolution of 
Ground Water Affected by Uranium-Mill Effluent 
Near Canon City, Colorado 

By Daniel T. Chafin and Edward R. Banta 

ABSTRACT 

A uranium-ore processing mill began 
operating about 2 miles south of Cation City, 
Colorado, in 1958 and remained active until 
January_1986. This report presents information oil 
migration pathways of ground water affected by 
mill activities and on geochemical processes that 
affect the quality of this ground water, especially 
with respect to dissolved uranium and dissolved 
molybdenum. 

Both deep and near-surface pathways were 
evaluated. Analysis of water-level and chemical 
data indicates that neither of the two hypothesized 
deep pathways nor a near-surface pathway north
east of the mill are likely to exist. The primary 
near-surface pathway is from the vicinity of the 
old unlined mill-tailings ponds, along Sand Creek 
drainage and into Lincoln Park, an unincorporated 
neighborhood that is immediately south of Canon 
City and between the mill and the Arkansas River. 
The near-surface pathway is in alluvium and in 
fractured bedrock immediately underlying the 
alluvium, probably extending no deeper than 
100 feet. A much smaller quantity of water prob
ably has migrated from the vicinity of the mill 
northward into a small, unnamed drainage west of 
Sand Creek and through a gap in the Raton ridge. 

Remediation activities at the uranium-
mill site, which began in 1979, have substantially 
decreased concentrations of dissolved uranium 
and dissolved molybdenum in ground water 
downgradient from the mill. For example, at 
well 138 in Lincoln Park, dissolved-uranium 

concentrations decreased from 3,570 micrograms 
per liter in 1979 to less than 600 micrograms per 
liter in 1994. 

Ground-water ~ow along the primary 
pathway through the gap formed by Sand Creek 
in the ridge between the uranium mill and Lincoln 
Park was estimated to be 1 ,900 to 12,000 liters 
per day. Uranium flux was estimated as 8.3 to 
52 grams per day, and molybdenum flux was esti
mated as 48 to 300 grams per day. 

Mass-balance chemical-reaction modeling 
indicates that dilution is a major process affecting 
downgradient evolution of water along the 
primary pathway. Near the uranium mill, most 
dilution is accomplished by ground-water flow 
into the structural basin where the mill is located, 
injection of municipal water at an injection
withdrawal system downgradient from the old 
tailings ponds, and infiltration of streamflow 
along the channel of Sand Creek. Near Lincoln 
Park, water from a leaky irrigation ditch causes 
additional dilution of mill contaminants. 

The modeling also indicates that cation 
exchange is much greater near the uranium mill 
than near Lincoln Park. Most of the pathway had 
exchange of calcium (and sometimes magnesium 
and potassium) for sodium. Uranyl (U02 ++) ions 
generally are sorbed, except in alluvium in 
Lincoln Park where these ions are desorbed 
(flushed) by calcium-rich water that is injected 
and that infiltrates from the De Weese Dye Ditch 
and associated irrigation. Powellite (CaMo04) 

generally is dissolved where recharge of precip
itation or injected municipal water occurs. 
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Powellite probably is dissolved in the unsaturated 
zone by fresh recharge water and is precipitated in 
the saturated zone. Powellite also is flushed 
(dissolved) where uranyl ions are desorbed by 
freshwater that is injected and that infiltrates from 
irrigation. Dissolved molybdenum generally is 
more mobile than dissolved uranium in the study 
area. As a result, the ratio of dissolved molyb
denum to dissolved uranium generally increases 
in the downgradient direction from the mill to the 
DeWeese Dye Ditch. 

INTRODUCTION 

A uranium-ore processing mill owned by the 
Cotter Corporation began operating at a site 2 mi 
south of Caiion City, Colorado, in 1958. Production 
increased to a peak in 1981 and, thereafter, declined 
until the mill was put on standby status in January 
1986~ The mill remained inactive through 1996 
(Preston Niesen, Cotter Corporation, written 
commun., 1997). From 1958 through 1979, mill 
wastes were discharged to a series of unlined tailings 
ponds adjacent to the mill. By 1968, ground water 
from some wells in Lincoln Park, an unincorporated 
suburban and semirural area that is immediately south 
of Caiion City and between the mill and the Arkansas 
River, was affected by contaminants apparently origi
nating from the old tailings ponds; dissolved uranium 
and dissolved molybdenum were identified as two 
constituents of particular concern (W.A. Wahler and 
Associates, 1978a). In 1983, the Colorado Department 
of Public Health and Environment (CDPHE), which 
licenses the mill, filed a claim against Cotter Corpora
tion under the Comprehensive Environmental 
Response, Compensation, and Liability Act of 1980 
(CERCLA). In 1984, Lincoln Park was placed on the 
National Priorities List (U.S. Environmental Protec
tion Agency, 1984) required by CERCLA. 

In 1994, the CDPHE entered into a cooperative 
agreement with the U.S. Geological Survey (USGS) 
to evaluate areas affected by the uranium mill. The 
purposes of the study were ( 1) to characterize the 
ground-water hydrology and geochemistry of the 
uranium mill and the immediate surrounding area, 
including Lincoln Park; and (2) to compare the likely 
effects of proposed remediation strategies. 

Purpose and Scope 

This report discusses the migration pathways of 
ground water directly or indirectly contaminated by 
liquid and solid wastes from uranium-mill processing 
and processes that affect the geochemical evolution of 
this ground water, especially with respect to the 
concentrations of dissolved uranium and dissolved 
molybdenum. In this report, the term "raffinate" refers 
to liquid wastes discharged directly from the uranium 
mill and to leachate derived from mill tailings. The 
interpretations are based on historical water-quality 
data collected by Cotter Corporation from 1968 
through 1994 and on data collected in 1995 and 1996 
by the USGS. Data collected by the USGS include 
chlorofluorocarbon concentrations in 7 selected 
ground-water samples for interpretation of recharge 
dates; 13 sets of stable-isotope ratios for selected 
ground-water (11), surface-water (1), and municipal-
water (1) samples; and various solid-phase analyses 
for selected well cuttings. Historical water-quality data 
collected by the Cotter Corporation and water-quality 
(except for the chlorofluorocarbon-age dates) and 
solid-phase data analyzed by the USGS for this study 
are reported in Banta (1997). Water-quality data 
collected by the USGS for this study also are 
presented in this report. 

Site Description 

The uranium mill is located about 2 mi south of 
Caiion City in south-central Colorado (fig. 1). The 
climate of the Canon City area is semiarid; average 
annual precipitation is 12.7 in., about one-third of 
which occurs as snow and about two-thirds as rain 
(W.A. Wahler and Associates, 1978a, p. ll-1). 

The uranium mill (elevation 5,600 ft) is located 
in a small structural basin bounded by a hogback
shaped ridge immediately to the south and a lower 
ridge situated between the mill and Lincoln Park 
(fig. 1). For simplicity in this report, the hogback
shaped ridge south of the mill is referred to as the 
hogback, and the ridge between the mill and Lincoln 
Park is referred to as the Raton ridge. Between the 
hogback and the Raton ridge, the land surface is 
moderately rolling and slopes generally northeastward 
at about 100ft/mi. In addition to the mill and its asso
ciated facilities, the area includes a golf course, 
located north of the mill. 
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Lincoln Park (approximate population 4,000) is 
on relatively flat land that forms a terrace between the 
Raton ridge and an escarpment on the south side of the 
Arkansas River. The land surface slopes northeastward 
at about 80 ft/mi. Lincoln Park, which is separated 
from the Raton ridge by a band of undeveloped land 
that is about 0.5 mi wide, consists of a rural-suburban 
mixture of single-family dwellings on small plots, 
small ranches, farms, and orchards. Scattered services 
include restaurants, small shops, and stores. Municipal 
water is available throughout Lincoln Park, and private 
water wells are used primarily for stock watering and 
irrigation. 

Mining of coal from the Vermejo Formation 
(see "Geology" section) beneath the uranium-mill site 
began in 1908 and ceased in 1934. This mining 
resulted in shafts and underground rooms where the 
coal was removed. The locations of the mines are 
shown in Hearne and Litke (1987, fig. 2). The shaft 
having the most potential effect on ground-water flow 
in the study area is the Littell shaft, which is located 
near the old tailings ponds (fig. 1). This shaft was orig
inally about 1,060 ft deep (Washburne, 1910), was 
later deepened to 1,084 ft (W.A. Wahler and Associ
ates, 1978b ), and was finally plugged in 1978. 

Earth-moving operations on uranium-mill prop
erty have resulted in substantial changes to the natural 
physiography locally. Earth-fill flood-control dams 
were constructed by the Soil Conservation Service 
(SCS) [now (1999) the Natural Resources Conserva
tion Service] of the U.S. Department of Agriculture in 
both gaps in the Raton ridge in 1971. The dam at the 
Sand Creek gap is referred to as the SCS dam (fig. 1) 
in this report. The dam at the west gap is referred to as 
the west SCS dam (fig. 1). The SCS dam and the west 
SCS dam were constructed of fill that was largely 
derived from nearby upstream earth. Between 1978 
and 1980, an impoundment was constructed adjacent 
to the mill with clay layers, gravel drains, and a 
synthetic liner. The impoundment was used to accept 
mill wastes and tailings from the old tailings ponds. In 
about 1979, gravel-filled trenches were constructed to 
intercept ground-water flow in the vicinity of the old 
tailings ponds and immediately upgradient from the 
SCS reservoir (fig. 1). In 1988, a clay barrier was 
constructed on the south side of the SCS dam to 
further decrease ground-water flow through the Sand 
Creek gap. 

Geology 

Geology of the study area is shown in figure 1. 
Two sources of geologic mapping were used to 
generate this map. The primary source of information 
was Scott ( 1977); however, details of the distribution 
of deposits of Quaternary age were adapted from 
Hershey ( 1977). Some geologic units that crop out 
only outside the area of greatest interest were 
combined to simplify the map. The stratigraphic units 
of interest in the study area are listed and described in 
table 1. 

The uranium mill is situated in a small structural 
basin formed by the Chandler Syncline. The hogback 
and the Raton ridge, which define the north and south 
boundaries of the basin, are formed by the hard sand
stone of the Raton Formation of Tertiary and Creta
ceous age. Between the hogback and the Raton ridge, 
the bedrock layers of Cretaceous and Tertiary age of 
the Pierre Shale through the Poison Canyon Formation 
are folded so that a given stratigraphic horizon is at its 
lowest elevation approximately under the location of 
the old tailings ponds (fig. 2). North of the Raton 
ridge, the Vermejo Formation, Trinidad Sandstone, 
and Pierre Shale of Cretaceous age subcrop under 
terrace deposits and alluvium of Quaternary age. 
Terrace deposits underlie most of Lincoln Park, and 
alluvium occupies a narrow band along Sand Creek. 
Alluvium-filled channels cut the ridge formed by the 
Raton Formation at two places. The gap in the ridge 
through which Sand Creek passes is referred to as the 
Sand Creek gap in this report; the gap to the west is 
referred to as the west gap. Additional discussion of 
the geology of the study area is in Hearne and Litke 
(1987). 

Hydrology 

Ground-water flow and associated transport of 
solutes in the study area are largely controlled by such 
natural factors as rate of recharge from precipitation, 
lithology, geologic structure, and fractures. In addi
tion, the anthropogenic modifications (described in the 
"Site Description" section) have substantially altered 
the ground-water system. A map showing median 
water levels for most of the study area is included in 
Banta and Chafin (in press). Because of the histori
cally and annually variable nature of the ground-water 
system, this map does not adequately indicate some 
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EXPLANATION 

Alluvium (Quaternary) 

TetTace alluvium (Quaternary) 

Terrace deposits (Quaternary) 

Poison Canyon Formation (Tertiary) 

Raton Formation (Tertiary and Cretaceous) 

- Vermejo Formation (Cretaceous) 

- Trinidad Sandstone (Cretaceous) 

- Pierre Shale (Cretaceous) 

- Niobrara Formation, Carlile Shale, Greenhorn 
Umestone, Graneros Shale, Dakota Sandstone, 
and Purgatoire Formation, undifferentiated 
(All Cretaceous) 

- Morrison and Ralston Creek Formations 
(Jurassic) 

Migmatitic biotite gneiss (Precambrian) 

--Contact 
--Fault 
A A' 
1---1 Une of section-Geologic section shown in figure 2 

Figure 1. Geology of the study area-Continued. 

important ground-water-flow directions, and some of 
the interpretations in this report are based on chemical 
gradients. 

The ground-water system in the study area can 
be conceptually divided by the Raton ridge into two 
areas: ( 1) The upgradient area near the uranium mill, 
where hydraulic conductivities generally are small and 
where ground-water flow in the bedrock, although 
small in magnitude, is an important part of the ground
water system; and (2) the downgradient area in 
Lincoln Park, where flow in permeable, unconsoli
dated sediments dominates the ground-water system. 
This section describes the two areas of the ground
water system. 

Upgradient Area 

In the upgradient area, ground water is in the 
alluvium along Sand Creek; in the terrace alluvium 
adjacent to the alluvium; in the Poison Canyon, Raton, 
and Vermejo Formations; in the Trinidad Sandstone; 
and in the Pierre Shale. Of these geologic units, only 
alluvium and terrace alluvium generally are permeable 
enough to transmit large volumes of ground water at 
substantial rates. In the bedrock units (Tertiary and 
older}, the rate of ground-water flow generally is 
limited ~y small hydraulic conductivities, although 
fractures in the bedrock, where present, allow small 
amounts of water to travel at substantial velocities. 

Weathered zones and fractures are commonly 
observed in cuttings and cores obtained from the near
surface parts of the Poison Canyon and Vermejo 
Formations. The Raton Formation also is fractured 
(Hershey, 1977). Fractures and weathering tend to 
enhance the ability of the units to transmit water. Most 
of the monitoring wells constructed in the upgradient 
area are completed in the Poison Canyon Formation 
and yield only small amounts of water; these wells 
generally need several hours or overnight to recover 
when purged for sampling. 

Recharge to the unconsolidated units in the 
upgradient area is predominantly by inflow of ground 
water through Alkali Gap (fig. 1). On occasions when 
there is flow of stormwater in Sand Creek, infiltration 
of surface water also contributes to recharge. In the 
areas mapped as bedrock, terrace deposits, or terrace 
alluvium, recharge comes from precipitation that 
exceeds evapotranspiration. Because the two gaps in 
the Raton ridge provide the major outlets for ground 
water from the upgradient area, the direction of 
ground-water flow in the upgradient area generally is 
toward one or the other of these gaps. Flow downward 
across the bedding planes of the Poison Canyon, 
Raton, and Vermejo Formations likely accounts for a 
small part of the ground-water discharge from the 
upgradient area because of the generally small 
hydraulic conductivities of these units. The inter
bedded shales of the Poison Canyon and Vermejo 
Formations also tend to further decrease the potential 
for flow across the bedding planes. Since construction 
of the SCS dam, the existence of a surface-water body 
upgradient from the dam (the SCS reservoir) has 
provided an area where evaporation causes some addi
tional Joss of water from the hydrologic system. 

In 1989, a network of injection and withdrawal 
wells began operation downgradient of the lined 
impoundment. Piped municipal water (represented by 
site 997; location unspecified) was injected to attempt 
to reverse the hydraulic gradient to prevent northward 
migration of raffinate-affected ground water. 

Downgradient Area 

In the area north of the Raton ridge, alluvium 
along Sand Creek and terrace alluvium are the prin
cipal units capable of transmitting ground water at 
substantial rates. These unconsolidated units are 
underlain by the Verrnejo Formation, Trinidad Sand
stone, and Pierre Shale (in northward order). Each of 
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Table 1. Stratigraphic units of interest in the study area 

Geologic unit and 
System Series thickness 

(feet) 

Holocene 
Alluvium, 

0-10 

Holocene and Terrace alluvium, 
Quaternary Pleistocene 0-60 

Terrace deposits, 
Pleistocene 

0-20 

Poison Canyon 
Tertiary Paleocene Formation, 

0-1,000 

Paleocene 
Tertiary and and Raton Formation, 

Cretaceous Upper 0-500 
Cretaceous 

Vermejo Formation, 
0-1,100 

Cretaceous 
Upper 

Cretaceous 
Trinidad Sandstone, 

0-90 

Pierre Shale, 
3,900 

these bedrock units probably has an upper part that is 
weathered and fractured. In this report, the term "allu
vial aquifer" is used to refer to the saturated alluvium, 
terrace alluvium, and underlying weathered or frac
tured bedrock in the downgradient area. 

Recharge to the alluvial aquifer comes from 
seepage from irrigation ditches and ponds, from infil
tration of excess irrigation water, and from infiltration 
of precipitation. Water also enters the alluvial aquifer 
through the two gaps in the Raton ridge as ground 
water in the alluvium-filled channels. However, the 
clay barrier (noted in the "Site Description" section), 
which was installed against the upgradient (south) toe 
ofthe SCS dam in 1988, has eliminated most ground
water flow through the Sand Creek gap. In 1990, injec
tion trenches were constructed about 100ft northeast 
of wells 329, 330, and 331 (fig. 3, inset). During the 
irrigation seasons of 1990 through 1994, municipal 

Lithologic and hydraulic characteristics 

Sand and graveL locally very coarse near the hogback. Hydraulic 
conductivity is large relative to olher units. 

GraveL sand. silt, and clay. Hydraulic conductivity ranges 
from moderate to large relative to other units. Yields 10 to 
400 gallons per minute to wells in Lincoln Park. 

Alluvial and colluvial gravel, containing some sand. silt, and clay, 
and in places. pebbles, cobbles, and boulders. Generally 
unsaturated. 

Claystone, siltstone, and medium-grained to pebbly sandstone; 
some conglomerate in lower part. Hydraulic conductivity 
generally is small relative to other units, but locally it is large 
enough to allow individual wells to yield water at substantial 
rates, probably because of fractures. 

Hard, medium- to coarse-grained sandstone. Hydraulic 
conductivity is small relative to olher units. 

Shaley, fine- to medium-grained sandstone interlayered with 
sandy to clayey shale and coal. In some areas, removal of coal 
layers by mining has resulted in water-filled voids. Some of the 
coal beds are fractured. Hydraulic conductivity is variable; it 
probably is small in lhe shale or shaley intervals and 
moderately large in zones of fractured coal relative to olher 
units. 

Fine- to medium-grained sandstone interlayered with 
carbonaceous shale. Hydraulic conductivity is unknown, but is 
likely to be small to moderate relative to olher units. 

Clayey, silty, and sandy shale containing bentonite beds. 
Hydraulic conductivity is small relative to other units. 

water was injected into these trenches at average rates 
ranging approximately from 30 to 60 gaVmin in a 
remediation effort referred to as the dam-to-ditch 
flush. In 1995, injection at these trenches was 
performed only during August and September; water 
was not injected in 1996 and 1997. 

The alluvial aquifer discharges water to Sand 
Creek, which is perennial for about 0.5 mi upstream 
from its mouth. The aquifer also discharges to a series 
of springs and seeps at the contact between terrace 
alluvium and the Pierre Shale along the Arkansas 
River. Substantial evapotranspiration is indicated by 
abundant vegetation along the scarp between Lincoln 
Park and the flood plain of the Arkansas River. Satu
rated thickness of the alluvial aquifer ranges from 0 ft 
along the Raton ridge to about 60 ft, according to 
Colorado State Engineer well records. Saturated thick
ness varies seasonally; it is largest during the irrigation 
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Figure 2. Geologic section of the study area. Location of Littell shaft projected onto line of section (line of section is shown in 
fig. 1). 

season and decreases during the nonirrigation season. 
The alluvial aquifer yields water to numerous wells in 
Lincoln Park, which are used mainly for irrigation. 

Sample Collection 

Data used for this study consist of extensive 
water-quality data collected prior to this study and 
water-quality and solid-phase data collected during 
this study. Most of the data collected prior to this study 
were collected by the Cotter Corporation and are 
reported in Banta ( 1997). This section describes the 
sampling conducted for this study. 

Fifty-five wells, one spring, one surface-water 
site, and one pipe outlet of municipal water at the 
uranium mill (which represents water injected for the 
injection-withdrawal system and the dam-to-ditch 
flush) were sampled for this study. Seven wells were 
sampled for chlorofluorocarbon (CFC) analysis (age 
dating). Thirty-nine wells, one spring, one surface
water site on the De Weese Dye Ditch, and municipal 

water were sampled to determine 234uP38u isotopic 
ratios, which are reported in Zielinski and others 
( 1997). Twenty-two wells, one surface-water site, and 
municipal water were sampled for concentrations of 
major ions, ammonia, nitrite plus nitrate, bromide, 
fluoride, silica, aluminum, iron, manganese, selenium, 
laboratory alkalinity, and dissolved-solids residue on 
evaporation at 180°C; all but 11 wells from this group 
also were sampled for the followin9 isotopic ratios: 
2H11 H and 180!160 of water, 13Ct1-c of inorganic 
carbon, and 34sP2s of sulfate. Samples from all 
58 sites were analyzed for dissolved uranium and 
dissolved molybdenum; temperature, specific conduc
tance, and pH were measured onsite. In addition, 
alkalinity and dissolved oxygen were measured in 
samples from most of the sites. 

All ground-water samples were collected 
following adequate purging of the well, except for 
subsurface-drain collector 701, which had insufficient 
water. Many small-yield wells completed in the Poison 
Canyon and Vermejo Formations required evacuation 
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and recovery before sampling. Most wells were 
sampled with a portable, electric, submersible pump or 
a piston pump driven with compressed air. Three sites 
(15, 377, and 701 ) were sampled with bailers. Pumps 
delivered sample water through polyethylene tubing, 
which was decontaminated between sampling at the 
sites by flushing with a soap solution and rinsing with 
municipal water and deionized water. 

Wells that had adequate yield were pumped 
from near the top of the water column to remove stag
nant water from the casing before the pump intake was 
lowered into or near the slotted interval of the well for 
additional purging and sampling. Most wells were 
sampled after stabilization of temperature, pH, specific 
conductance, and dissolved-oxygen concentrations for 
three consecutive readings taken at 5-minute intervals. 
Stabilized measurements of these parameters are the 
reported values. These measurements were taken in 
water flowing upward through a graduated cylinder or 
in grab samples from other wells and springs. 

Samples collected for analysis of alkalinity, 
major ions, ammonia, nitrite plus nitrate, bromide, 
fluoride, silica, aluminum, iron, manganese, molyb
denum, selenium, uranium, and dissolved-solids 
residue on evaporation at 180°C were filtered through 
nominal 0.45-J..lm openings. Samples collected for 
analysis of major ions, silica, aluminum, iron, manga
nese, molybdenum, selenium, and uranium were stabi
lized with nitric acid. Samples collected for analysis of 
ammonia and nitrite plus nitrate were chilled on ice 
between sample collection and analysis. Sam~les 
collected for isotopic analysis of 2HI1H and 1 01160 
of water, 13C/ 12C of inorganic carbon, and 34S/32S of 
sulfate required neither filtering nor chemical treat
ment prior to delivery to the laboratory. Incremental 
alkalinity titrations were done onsite at all sites where 
major ions were sampled and at numerous other sites. 
Constituents were analyzed by USGS laboratories in 
Denver, Colorado, and Reston, Virginia. Results of 
analyses are listed in table 7 in the "Supplemental 
Information" section at the back of this report. 

Seven wells were sampled for CFC analysis to 
determine approximate recharge ages for ground 
water. The theory, sampling, and analytical techniques 
for CFC dating of ground water are described by 
Busenberg and Plummer (1992), Dunkle and others 
(1993), and Reilly and others (1994). Results ofCFC 
sampling are listed in table 8 in the "Supplemental 
Information" section at the back of this report. 

Twenty-eight samples from borehole cuttings 
and core collected by the Cotter Corporation were 
selected for various solid-phase analyses. All samples 
were analyzed for mineralogical composition by X-ray 
diffraction. Thirteen samples were selected for size
fraction analysis, and the <2-J..tm size fractions for 
these 13 samples and a powdered sample (total of 
14 samples) were analyzed for clay-mineral composi
tion by X-ray diffraction. In addition, ion-exchange 
capacity and relative exchangeable-cation abundances 
were determined for the <2-J..lm size fractions for these 
14 samples. Sample descriptions for the >62-J..tm size 
fractions of all 28 samples and results of analyses for 
the 14 samples are listed in Banta (1997). 

MIGRATION OF RAFFINATE-AFFECTED 
GROUND WATER 

Migration of raffinate-affected ground water in 
the vicinity of the uranium mill has been hypothesized 
to occur along near-surface (:5100 ft deep) and deep 
pathways. The hypothesized near-surface pathways 
are (1) a middle pathway down the Sand Creek 
drainage, (2) a west pathway, and (3) an east pathway. 
These hypothesized pathways are shown in figure 3. 
This section evaluates the likelihood of contaminant 
transport along these hypothesized pathways. Most of 
these evaluations are based on a review of data 
collected by the Cotter Corporation and reported in 
Banta (1997). 

Middle Near-Surface Pathway 

Previous investigations (W.A. Wahler and Asso
ciates, 1978a; Geotrans, Inc., and others, 1986; Hearne 
and Litke, 1987; ENVIRON Corporation a~d others, 
1991; Adrian Brown Consultants, Inc., 1993) have 
established that the primary migration pathway of 
raffinate-affected ground water was from the vicinity 
of the uranium-mill site and the old tailings ponds, 
down the Sand Creek drainage, through the Sand 
Creek gap, and into Lincoln Park (the middle pathway 
in fig. 3). Ground-water-collection and pumpback 
systems, which were first installed in 1979, and the 
clay barrier installed at the SCS dam in September 
1988 were designed to decrease the flow of raffinate
affected ground water into Lincoln Park. The effects of 
these remediation efforts are discussed in subsequent 
subsections. 
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Determination of the areal distribution of 
raffinate-affected ground water requires an estimate of 
background concentrations of dissolved uranium and 
dissolved molybdenum. In this report, the term "back
ground" describes concentrations of dissolved 
uranium and dissolved molybdenum not affected by 
raffinate migration. Historical water-quality analyses 
for three wells (10, 11, and 114; locations shown in 
fig. 3) completed in Quaternary alluvium (table 2) 
provide an estimate of background concentrations of 
dissolved uranium and dissolved molybdenum in allu
vial ground water in Lincoln Park. Banta (1994) 
described selection of wells 10 and 114 as background 
sites in a statistical determination of raffinate contami
nation in selected wells in Lincoln Park; well 11 is 
located near the Raton ridge far to the east of the 
general area affected by migration of raffinate and, 
therefore, can be confidently considered to yield water 
with background concentrations. Dissolved-uranium 
concentrations for these three wells ranged from 4 to 
31 J..l.g/L. Thus, the general area in Lincoln Park 
affected by raffinate-derived uranium is defined in this 
report by uranium concentrations exceeding 31 J.J.g/L. 
Dissolved-molybdenum concentrations ranged from 
<5 to 40 J..l.g/L, and the general area in Lincoln Park 
affected by raffinate-derived molybdenum migration is 
approximated by areas with molybdenum concentra
tions exceeding 40 J..l.g/L. 

The use of these background concentrations for 
dissolved uranium (31 J..l.g/L) and dissolved molyb
denum (40 J..l.g/L) do not imply that smaller concentra-

tions in samples from other wells are not affected by 
raffinate. Concentrations (table 2) as small as 4 J..l.g/L 
for uranium and <5 J..l.g/L for molybdenum and median 
concentrations averaging about 14 J..l.giL for uranium 
and 7 J..l.g/L for molybdenum in water from the three 
background wells indicate that raffinate-affected 
concentrations can be substantially smaller than 
31 J..l.g/L for uranium and 40 J.J.g/L for molybdenum. 
However, because information is not available to 
determine which of the smaller concentrations are 
affected by raffinate, this report uses the more conser
vative maximum background concentrations to ensure 
that concentrations that exceed these background 
concentrations have a very high probability of being 
affected by raffinate. 

Background concentrations of dissolved 
uranium and dissolved molybdenum in the area south 
of the Raton ridge are more difficult to determine. 
Because of large concentrations of dissolved uranium 
and dissolved molybdenum in this area, background 
concentrations used for Lincoln Park are used for the 
middle near-surface pathway in the area south of the 
Raton ridge for the purpose of outlining general areas 
of raffinate-affected ground water. More specific back
ground concentrations are discussed on a case-by-case 
basis. 

Various statistics for dissolved-uranium and 
dissolved-molybdenum concentrations in ground 
water, including median and maximum concentrations 
for 1987-89 and 199~95, were plotted on maps of the 
study area. These time frames approximately represent 

Table 2. Summary statistics for dissolved-uranium and dissolved-molybdenum concentrations in background alluvial wells 
in the Lincoln Park area (modified from Zielinski and others, 1997) 

Concentration 
Site Sampling 

Constituent Number of (micrograms per liter) 
number period determinations Standard 

Mean 
deviation 

Median Minimum Maximum 

10 2189-3/95 Uranium 3I I7.3 5.4 I8 6 30 

Molybdenum 127 7.I 2. I 7 <5 11 
II 2189-3/95 Uranium 32 I5.5 7.4 I8 5 3I 

Molybdenum 125 9.5 6.2 8 <5 30 

I14 28184-3/95 Uranium 68 l1.8 3.4 11 4 24 

Molybdenum 152 8.3 6.1 7 <5 40 

I Number indicates the number of determinations exceeding the detection limit of 5 micrograms per titer. A value of 0.7 times the detection 
limit (3.5 micrograms per liter) was assigned to determinations <5 micrograms per liter when calculating mean and standard deviation of 
molybdenum concentrations. The total number of determinations was the same as for uranium and was used to calculate medians. 

2Prior data for well 114 were not included because of unsuitably large detection limits. 
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conditions before and after the installation of the clay 
barrier at the SCS dam. Because of the lack of data in 
many of these plots, the plots of the maximum concen
trations of dissolved uranium and dissolved molyb
denum for 1987-89 (figs. 4 and 5) provide the best 
estimate of the area affected by raffinate migration in 
the past. 

The general area of near-surface ground water 
affected by migration of raffinate-derived uranium is 
shown by maximum dissolved-uranium concentrations 
exceeding 31 j..lg!L in near-surface ground water 
during 1987 through 1989 (fig. 4). The data indicate 
that the largest concentrations were in the vicinity of 
the old tailings ponds. From that area, large, but gener
ally decreasing, concentrations of uranium were 
present down the Sand Creek drainage, in the gap in 
the Raton ridge, and in Lincoln Park. Maximum 
uranium concentrations of 3,400 and 4,400 !J.g/L were 
measured at wells 330 and 331 (fig. 3) near the down
gradient (north) toe of the SCS dam. From there, raffi
nate-affected ground water migrated to the north
northeast for about 1.2 mi and then eastward for about 
0.5 mi. In the vicinity of the DeWeese Dye Ditch, 
about 0.33 mi north-northeast of well 330, the area of 
raffinate-affected ground water splits, and another 
uranium plume extends eastward about 0.5 mi. This 
split may be caused by hydrologic stresses and dilu
tion associated with infiltration of water from the 
DeWeese Dye Ditch and irrigation pond 9 (fig. 3) and 
possibly is enhanced by a subsurface high in the 
Vermejo Formation and by lithologic heterogeneity in 
the alluvial aquifer. The data also appear to indicate 
two westward projections of raffinate-affected ground 
water (relative to the· main axis of migration). The 
southernmost projection probably is a result of hydro
logic stresses caused by infiltration of water from the 
De Weese Dye Ditch. The cause of the northernmost 
projection is not known, but the projection possibly 
results from migration of raffinate-affected ground 
water that traveled via the west near-surface migration 
pathway (fig.3). Water-quality data are not adequate to 
evaluate this hypothesis. 

The area of near-surface ground water affected 
by migration of raffinate-derived molybdenum is indi
cated by maximum dissolved-molybdenum concentra
tions exceeding 40 !J.g/L during 1987 through 1989 
(fig. 5). The affected area was similar to the area 
affected by raffinate-derived uranium. The data indi
cate large molybdenum concentrations of 17,300 !J.g/L 
at well 330 and 16,200 !J.g/L at well 331 near the 
downgradient toe of the SCS dam and migration to the 

north-northeast for about 1.2 mi . From there, the area 
of raffinate-affected ground water extended eastward 
about 1.5 mi to near the mouth of Sand Creek at the 
Arkansas River. This eastward extension was about 
1 mi farther than the eastward extension of the area of 
raffinate-affected ground water that was delineated by 
the dissolved-uranium concentrations (fig. 4). In the 
vicinity of the DeWeese Dye Ditch, a branch of the 
molybdenum plume extended to the east for about 
0.7 mi. As with uranium, molybdenum concentrations 
appear to indicate two westward projections of raff1-
nate-affected ground water. Within the outline of the 
general area affected by raffinate-derived molybdenum 
are several sites that have maximum molybdenum 
concentrations less than 40 !J.g/L; these small values 
probably reflect the effects of dilution with ditch water 
and of a more limited sampling schedule than at other 
sites. 

These plots of maximum dissolved-uranium and 
dissolved-molybdenum concentrations (figs. 4 and 5) 
substantiate the conclusion by previous investigators 
that the primary near-surface migration pathway for 
raffinate-affected ground water was from the vicinity 
of the old tailings ponds, along the Sand Creek 
drainage, through the gap in the Raton ridge, and into 
Lincoln Park (middle near-surface pathway). 

The middle near-surface migration pathway is in 
alluvium and in fractured and weathered bedrock 
immediately underlying the alluvium; ground water 
can flow between these materials and generally has 
relatively consistent water quality vertically. Although 
the thickness of the middle near-surface pathway 
might vary considerably, its depth probably is no more 
than 100ft. However, minor mixing of near-surface 
water may occur locally along fractures to a depth of 
several hundred feet; this possibility is indicated by a 
dissolved-uranium concentration of 76 !J.g/L and a 
dissolved-molybdenum concentration of 92 !J.g/L for a 
sample collected from well183 on March 15, 1996, 
(table 7 in the "Supplemental Information" section). 
This well (fig. 3) is located about 0.22 mi north of the 
SCS dam in the area of the raffinate plume (figs. 4 and 
5) and is open to the Vermejo Formation at depths 
between 190 and 243 ft. 

Temporal Variations 

Historical plots of dissolved-uranium concentra
tions for several wells indicate long-term and seasonal 
changes in the migration of raffinate. The historical 
plot for well312 (fig. 6), located about 0.4 mi 
upgradient from the SCS dam (fig. 3), shows a 
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pronounced decline in uranium concentrations from 
about 14,000 j.lg/L in 1979 to less than 5,000 j.lg/L 
during 1980; fluctuating, but generally decreasing, 
concentrations after 1980; followed by a more rapid 
general decline in concentrations after 1989. The rapid 
decrease in concentration to 1980 and the more 
gradual decrease through 1988 seem to be related to 
remediation activities and the discontinued use of the 
old unlined tailings ponds beginning in 1979. Remedi
ation activities consisted of ( 1j operation of pump back 
systems from the SCS reservoir and from ground
water-collection trenches immediately upgradient 
from the SCS reservoir and immediately downgradient 
from the old tailings ponds ( 1979) and (2) transfer of 
tailings from the old unlined tailings pond to the lined 
impoundment (1981-83). The general decrease in 
concentration after 1989 seems to be related to opera
tion of a ground-water injection-withdrawal system 
north of the primary impoundment that began in 
September 1989. 

The historical plot of dissolved-uranium 
concentrations for well 330 (fig. 7), located about 
250 ft downgradient from the north toe of the SCS 
dam (fig. 3, inset), indicates generally decreasing 
concentrations from 1980 through 1989. Remediation 
activities that began in 1979 (described in the 
preceding paragraph) possibly explain this trend. The 
cyclic dilution evident in the data collected since 1989 
was caused by the annual injection of fresh municipal 
water into injection trenches constructed in the allu
vium about 100ft northeast of wells 329, 3.30, and 331 
(fig. 3, inset), which commenced in March 1990. This 
injection also seems to have masked possible 
decreases in dissolved-uranium concentrations at well 
330 that were caused by installation in September 
1988 of the clay barrier on the upgradient side of the 
SCS dam. 

The historical plot of dissolved-uranium 
concentrations for well 138 (fig. 8), located near 
the De Weese Dye Ditch about 0.45 mi northeast of the 
SCS dam (fig. 3), shows that uranium concentrations 
generally decreased from a decade peak of 3,570 j.lg/L 
in May 1979 to less than 600 j.lg/L in 1994. This 
decrease seems to be the result of the remediation 
activities initiated in 1979. Annual fluctuations in 
dissolved-uranium concentrations are discussed in the 
"Water Types" section. 

Flow and Chemical Flux through Sand Creek Gap 

Modeling of ground-water flow and solute 
transport requires an estimate of the amount and 
quality of ground water migrating through the Sand 
Creek gap. This estimate was made using data 
obtained by installation of six monitoring wells and 
drilling of four test holes near the downgradient 
(north) toe of the SCS dam, measurement of water 
levels in the vicinity, measurement of hydraulic 
conductivity at the newly installed monitoring wells, 
and water-quality sampling. Locations of the moni
toring wells and test holes drilled for this evaluation 
are shown in figure 3 (inset). Information on the moni
toring wells (wells 373, 374, 375, 376, 377, and 378) 
is listed in Banta ( 1997). 

Evaluation of the magnitude of ground-water 
flow rates through the alluvium at the Sand Creek gap 
is made according to Darcy's law (Freeze and Cherry, 
1979): 

Q =KIA, (1) 

where Q = volumetric rate of water flowing through 
alluvium, 

K = hydraulic conductivity of alluvium, 
I = hydraulic gradient in alluvium, and 

A = cross-sectional area of saturated alluvium. 

Estimates of mass fluxes of dissolved uranium 
and dissolved molybdenum are made according to the 
relation: 

M = QC, (2) 

where M = mass flux of constituent, 
Q = volumetric rate of water flowing through 

alluvium (eq. 1), and 
C = concentration of constituent. 
A schematic cross section showing the three 

subareas contributing to the total area of saturated 
alluvium, A, is shown in figure 9. Depths to bedrock 
were determined from drillers' logs. Water levels were 
measured at the wells shown in the inset of figure 3 on · 
March 5, 1996. Straight-line interpolations of the allu
vium/bedrock contact were made to minimize bias in 
determining saturated thickness. A bedrock high in the 
Vermejo Formation that separates the saturated allu
vium into two channels also is shown in figure 9. 
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Hydraulic conductivity of alluvium at well 373 
(completed mostly in the Vermejo Formation) is 
considered to be negligible because a bail test 
(Bouwer and Rice, 1976) indicated a value of 

0.004 ft/d. Hydraulic conductivity for the other two 
alluvial wells shown in the schematic cross section in 
figure 9 were determined to be as follows: 

Well 

375 

376 

Hydraulic 
conductivity 
(feet per day) 

0.8 

29 

Method 

Bail test (Bouwer and Rice, 
1976) 

Pump test (Cooper and Jacob, 
1946) 

Water-level measurements indicate a much steeper 
hydraulic gradient (0 .082) between piezometer 359 
(completed in alluvium beneath the SCS dam) and the 
subareas (at wells 373, 376, and 375) (fig. 9) than 
between the subareas and wells 330 and 331 
(hydraulic gradient equals 0.0 13). The steeper gradient 
beneath the SCS dam probably results from either a 
narrower alluvial channel or the presence of less 
permeable alluvium. The average hydraulic gradient 
between piezometer 359 and well 331 is about 0.044. 
Water-quality sampling was conducted the week of 
March 11, 1996, after specific-conductance measure
ments at wells 375 and 376 had stabilized, indicating 
drainage of fresh municipal water that had been 
injected for dam-to-ditch flushing the previous fall. 
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(The resulting water-quality data are reported in . 
table 7 in the "Supplemental Information"section.) 
The parameters necessary to estimate mass-flux 
subtotals for the three subareas shown in the schematic 
cross section (fig. 9) are listed in the following table. 

Uranium 
Motyb-

Hydraulic denum 
conduc- Area 

concen-
Subarea tration 

concen-

(well) tivity (square 
(micro-

tration 
(feet feet) (micro-

per day) 
grams 

grams 
per liter) 

per liter) 

I (373) 27 <0.1 42 

2 (376) 29 180 4,300 25,000 

3 (375) .8 33 3,300 22,000 

The small concentrations of uranium and molybdenum 
and the small (but unknown) hydraulic conductivity of 
a11uvium at well 373 justify ignoring mass fluxes 
through subarea 1. 

Use of equations 1 and 2, summation for the 
subareas (excluding subarea 1). and appropriate 
conversions produced the following estimates of 
total mass flux through the area shown in the sche
matic cross section in figure 9, according to the three 
estimates of hydraulic gradient in the preceding 
paragraph: 

Hydraulic 
Water Uranium Molybdenum 

gradient 
(liters per (grams per (grams per 

day) day) day) 

0.013 1,900 8.3 48 

.044 6,500 28 160 

.082 12,000 52 300 

Because of the large hydraulic conductivity and 
large area in subarea 2 (fig. 9), almost all flux of 
ground water through the alluvium occurs in that 
subarea. Despite the uncertainty in hydraulic gradient, 
the greatest uncertainty in the accuracy of mass-flux 
est.imates is in the distribution of hydraulic conduc
tivity and area. On the basis of regional flow modeling, 
Adrian Brown Consultants (1993) estimated that 1 to 
3 gaUmin of ground water flowed through the Sand 
Creek gap after installation of the clay barrier at the 

SCS dam. Because deep migration pathways are 
unlikely (as discussed in the "Deep Pathways" 
section), leakage beneath or lateral to the clay barrier 
at the south toe of the SCS dam probably is the 
pathway by which raffinate-affected ground water 
enters Lincoln Park. 

West Near-Surface Pathway 

A small (about 1 mi2), unnamed drainage basin 
west of Sand Creek drains the terrain northwest of the 
uranium-mill site. Most of this area is occupied by a 
golf course. The west SCS dam is located in the 
drainage at the Raton ridge. 

Water-quality data for the monitoring wells 
located in this drainage basin and in the vicinity of the 
uranium mill (fig. 3) indicate that relatively small 
quantities of raffinate-affected ground water probably 
have migrated from the mill site through this basin. 
Water-quality data (table 7 in the "Supplemental Infor
mation" section) for well 15, which is located near the 
down gradient toe of the west SCS dam, indicate a 
dissolved-uranium concentration of 420 J.lg/L and a 
dissolved-molybdenum concentration of 59 J.Lg!L 
on January 19, 1996. Well15 was drilled to a depth 
of 47ft in 1988 and was completed in the Vermejo 
Formation. Subsequent infilling with sediment has 
decreased the depth to 39.5 ft. Because the water table 
seldom has been above this depth, no additional water
quality data are available for this well. 

At well9 (fig. 3), which was completed in the 
near-surface Poison Canyon Formation to a depth 
of 50ft in 1988, dissolved-molybdenum concentra
tions increased from <5 J.Lg/L in 1990 to 4 7 J.lg/L in 
January 1991, whereas dissolved-uranium concentra
tions remained relatively constant at about 25 J.lg/L 
(fig. 10). However, subsequent molybdenum concen
trations decreased to <5 to 8 J.lg/L (except for brief 
increases to 19 J.lg/L in August 1992 and January 
1993). These data indicate smaller background 
concentrations of dissolved uranium and dissolved 
molybdenum than the maximum background concen
trations used to approximate the 1987- 89 distribution 
of raffinate-affected ground water along the middle 
near-surface pathway (figs. 4 and 5). 
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Figure 10. Temporal distribution of concentrations of dissolved uranium and dissolved molybdenum for well9. 

Two wells completed in the near-surface Poison 
Canyon Formation in the vicinity of the uranium mill 
yielded raffinate-affected ground water that indicates 
likely sources for the elevated concentrations of 
uranium at well15 and molybdenum at well 9. 
Well 804 (about 0.35 mi north of the mill; fig. 3) was 
completed to a depth of 45ft in 1988, and water
quality samples collected from January 1992 through 
October 1994 contained dissolved-uranium concentra
tions between 2,100 and 3,100 J..lg/L and dissolved
molybdenum concentrations between 210 and 
700 J.Lg/L (fig. 11). The anomalously large uranium-to
molybdenum ratios of these data are similar to the 
ratio for the sample collected from well15 on January 
19, 1996. Furthermore, the water table at well 15 was 
at an elevation of 5,444.9 ft on that date,· whereas the 

water table was at elevations within LOft of 5,530 ft in 
well 804 from 1989 through 1994, indicating a poten
tial hydraulic gradient from the vicinity of well 804 to 
well 15. 

In 1988, well 802 (about 0.25 mi west of the 
uranium-mill site; fig. 3) was completed to a depth of 
70 ft in sandstone and shale of the Poison Canyon 
Formation. Water-quality samples collected from this 
well from December 1992 through November 1994 
contained dissolved-uranium concentrations between 
about 190 and 270 J.Lg/L and dissolved-molybdenum 
concentrations between 1 ,200 and 1 ,800 J.Lg/L 
(fig. 12), indicating that raffinate-affected ground 
water has migrated northwest of Sand Creek. Dilution 
of water of this composition by water in the vicinity of 
well 9, coupled with minor sorption of uranium, is 
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Figure 11. Temporal distribution of concentrations of dissolved uranium and dissolved molybdenum for well 804. 

consistent with the increase in molybdenum concen
trations at well 9 in late 1990 and early 1991. Further
more, water levels indicate a potential hydraulic 
gradient from the vicinity of well 802 to well 9; from 
1989 through 1994, water levels ranged in elevation 
from 5,581.6 to 5,582.7 ft at well802 and ranged in 
elevation from 5,514.4 to 5,520.1 ft at well9. 

Because of the limited number of wells in the 
west basin, the configuration of the water table and the 
flow directions are poorly defined. However, the rela
tively small concentrations of dissolved uranium and 
dissolved molybdenum in samples collected from 
wells 9 and 15 in the west basin indicate that the west 
near-surface migration pathway probably is much less 
important than the middle near-surface migration 
pathway. 

East Near-Surface Pathway 

East of the Sand Creek drainage near the 
uranium-mill site and south of the Raton Ridge are 
two small (totaling about 1.3 mi2), unnamed drainages 
that drain into Lincoln Park (fig. 3). Monitoring wells 
16, 17, and 808 (fig. 3) are located in the eastern Sand 
Creek drainage near the drainage divide separating the 
Sand Creek drainage from the smaller, unnamed 
drainage to the east. These wells are completed in the 
near-surface Poison Canyon Formation to depths of 
140 ft or less. A review of historical water-quality data 
from these wells indicates small background concen
trations of dissolved uranium (::;5 J..Lg/L) and dissolved 
molybdenum (::;10 J..Lg/L) since August 1989. These 
small concentrations indicate that raffinate-affected 
ground water probably never flowed through the near-
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Figure 12. Temporal distribution of concentrations of dissolved uranium and dissolved molybdenum for well 802. 

surface Poison Canyon Formation into the area of 
these three wells; if raffinate-affected ground water 
had flowed through this area, subsequent desorption 
from the formation matrix probably would have 
caused higher concentrations of dissolved uranium 
and dissolved molybdenum. Flow of raffinate-affected 
ground water through the Poison Canyon Formation 
into the potential east near-surface migration pathway 
is unlikely, given the lack of flow into the vicinity of 
these three wells. This conclusion is supported by the 
distribution of electrical conductivity (specific conduc
tance) of ground water south of the Raton ridge in 
1976-77 (W.A. Wahler and Associates, 1978a). 

Deep Pathways 

Hearne and Litke ( 1987) hypothesized two 
potential deep migration pathways for raffinate-

affected ground water from the uranium-mill site to 
Lincoln Park (fig. 2): (1) Downward migration 
through the Poison Canyon and Raton Formations 
with bedding-plane migration through the Vermejo 
Formation and discharge into Quaternary alluvium in 
Lincoln Park, and (2) downward migration along the 
Littell shaft into the Vermejo Formation with subse
quent migration along bedding planes through the 
Vermejo Formation and discharge into Quaternary 
alluvium in Lincoln Park. Hearne and Litke ( 1987) did 
not evaluate these pathways. 

Geohydrologic conditions do not favor down
ward migration of raffinate through the Poison Canyon 
and Raton Formations in the vicinity of the old tailings 
ponds. ENVIRON Corporation and others (1991, 
p. 87-88) cited the relatively small capability of rocks 
beneath the Poison Canyon Formation to transmit 
water downward and the small concentrations of 
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dissolved uranium and dissolved molybdenum in 
samples from well 339 (fig. 3) as factors minimizing 
the probability of a deep migration pathway. A review 
of historical water-quality data for wells 314, 315, 
316, and 317 (Banta, 1997) supports this position. 
These wells are completed at varying depths in a small 
area located about 0.65 mi downgradient from the 
uranium mill (fig. 3). Wells 314 (screened from 77 to 
97ft) and 315 (screened from 260 to 270ft) had 
substantial molybdenum concentrations (as large as 
1,900 and 6,900 ~giL for 1979 through 1987), which 
were indicative of raffinate contamination; small 
uranium concentrations indicated selective retardation 
or precipitation of uranium. However, after 
discounting large concentrations of molybdenum early 
in the periods of record, wells 316 (screened from 370 
to 650 ft) and 317 (screened in the Wolf Park coals of 
the Vermejo Formation from 675 to 751 ft) had small 
uranium and molybdenum concentrations that indi
cated no raffinate contamination. The data are from 
September 1979 through January 1984 for well 316 
and from September 1979 through March 1986 for 
well 317. Elevated concentrations of molybdenum 
early in the periods of record probably were caused by 
contamination with tailings fluid·used for drilling 
(Runnels and others, 1983). Overall, the data indicate 
that raffinate migration had not penetrated through the 
matrix of the Poison Canyon Formation to depths 
below about 300 ft and that dissolved uranium and 
dissolved molybdenum are unlikely to have migrated 
far into the Work Park Mine. 

A more plausible deep migration pathway for 
raffinate is down the Littell shaft, through the coal
mine workings, along unmined coal and sandstone 
beds in the Vermejo Formation, and into alluvial 
deposits north of the Raton ridge (fig. 2). The areal 
distribution of coal mines in the vicinity of the study 
area is shown in figure 3. The Wolf Park Mine partly 
overlaps the Chandler Mine to the east; no reliable 
records indicate whether the two mines were 
connected. The air shaft into the Chandler Mine 
(site 153, fig. 3) was discharging water at an elevation 
of about 5,596 ft at a rate of 8 to 10 gaUmin in 1981 
(Geotrans, Inc., and others, 1986). Discharge 
continued until at least April 1988, the last date of 
water-quality sampling by the Cotter Corporation. 
Therefore, the hydraulic head in the Chandler Mine 
would have been greater than 5,596 ft from 1981 to 
1988. W.A. Wahler and Associates (1978a) reported 
that the Littell shaft into the Wolf Park Mine was still 

open to a depth of 1,067 ft and that the depth to water 
in the shaft was 150ft (water-table elevation equaled 
about 5,410 ft). Geotrans, Inc., and others (1986) 
reported that the depth to water in we11339 (completed 
in the Wolf Park Mine at a depth of 1,058 ft near the 
Littell shaft) (fig. 3) was about 135 ft below land 
surface (water-table elevation equaled about 5,425 ft) 
in May 1985. If the mine workings were hydraulically 
connected, the potentiometric surfaces in the open or 
collapsed workings of the Chandler and Wolf Park 
Mines would be approximately the same. The substan
tially lower water level in the Wolf Park Mine (5,410-
5,425 ft) compared to the water level in the Chandler 
Mine (greater than or equal to 5,596 ft) implies that 
these two mines are not hydraulically connected and 
that any raffinate-affected ground water that entered 
the Littell shaft would not flow eastward into the 
Chandler Mine. 

Geohydrologic factors indicate that ground 
water could not flow from the Wolf Park Mine into the 
Rockvale Mine No. 3 to the north (fig. 3). A water
table elevation of about 5,380 ft was measured in May 
1961 for well 111 (completed in the Vermejo Forma
tion near the adit at the northwestern comer of the 
Rockvale Mine No. 3) (fig. 3). Assuming this elevation 
was reasonably representative in May 1985, when the 
elevation of the potentiometric surface was about 
5,425 ft at well 339, a hydraulic-head difference of 
about 45 ft would have existed between the Wolf Park 
and Rockvale No. 3 Mines, indicating that the mines 
were not connected with tunnels or shafts. Because the 
Wolf Park Mine was developed in the upper Vermejo 
Formation (fig. 2), whereas the Rockvale Mine No. 3 
was developed near the base of the Vermejo Forma
tion, the substantial (several hundred feet) vertical 
offset of the coal seams mined in these two mines 
would limit flow between the mines through unmined 
strata. 

Geochemical evidence indicates that substantial 
concentrations of dissolved uranium and dissolved 
molybdenum are unlikely to have migrated far into 
the Wolf Park Mine via the Littell shaft. The concen
trations of dissolved uranium and dissolved molyb
denum in samples from well 339 (fig. 3) are shown in 
figure 13. For a few months following well comple
tion, molybdenum concentrations were as large as 
320 ~giL. Data collected by the Cotter Corporation 
indicate that these concentrations were associated 
with small dissolved-solids concentrations and pH 
values ranging from 11.3 to 12.3, indicating that the 
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Figure 13. Temporal distribution of concentrations of dissolved uranium and dissolved molybdenum for well 339. 

moderately elevated molybdenum concentrations 
probably were caused by alkaline leaching by cement
affected water introduced during well completion. 
Uranium and molybdenum concentrations subse
quently stabilized to minimal concentrations (except 
for briefly in late 1985, when uranium concentrations 
apparently increased to 150 J.lg/L and molybdenum 
concentrations apparently increased to 75 J.lg/L). 

When sampled on January 26, 1995, water from 
well 339 had a strong odor of H2S, which indicates 
reducing conditions. Such conditions are expected in 
the mine because of the presence of coal and pyrite. 
The reducing conditions in the Wolf Park Mine are not 
conducive to transport of either dissolved uranium or 
dissolved molybdenum. 

GEOCHEMICAL EVOLUTION OF 
RAFFINATE-AFFECTED GROUND WATER 
ALONG MIDDLE PATHWAY 

This section examines the chemical evolution 
of raffinate-affected ground water from the vicinity of 
the old unlined ponds, through Sand Creek gap, and 
into Lincoln Park. Downgradient trends in water 
types and stable isotopes at selected sites and wells are 
used in development of a conceptual framework for 
mass-balance reaction modeling. After discussion 
of modeling for selected pathway segments, an over
view of processes affecting the chemical evolution of 
raffinate-affected ground water is presented. 
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Water Types 

Examination of chemical water types along the 
middle (primary) near-surface pathway provides 
preliminary insights into water/matrix and water/water 
(mixing) interactions. More detailed analyses of these 
interactions can be made with mass-balance reaction 
modeling (presented in the "Mass-Balance Reaction 
Modeling" section). Water types are herein illustrated 
by trilinear Piper diagrams (Piper, 1944). Briel (1993) 
reported on the usefulness of Piper diagrams to test 
linear binary- and ternary-mixing hypotheses. 

Site 701, a subdrain collection sump downgra
dient from the old tailings ponds (fig. 3), has yielded 
the most highly concentrated raffinate-affected ground 
water in the study area. A Piper plot of water analyses 
from this site (fig. 14) shows a sodium sulfate water 
type. Well 312, about 0.42 mi downgradient from 
site 701 (fig. 3), had a very similar sodium sulfate 
water type (fig. 14). Well333, about halfway between 
these two sites (fig. 3), has a water type that ranges 
between sodium sulfate and sodium calcium sulfate 
and that has a greater proportion of calcium than does 
water from site 701 and well 312 (fig. 14). Water from 
well 333 presumably represents a modified mixture of 
raffinate-affected ground water and Sand Creek allu
vial water like the water from well24 (fig. 14), an 
alluvial well located adjacent to Sand Creek near 
the hogback (fig. 3). Accordingly, well 333 cannot 
be considered to be directly in the flow path between 
site 701 and well 312. · 

As ground water flows to the SCS reservoir 
(site 5) and to well 330 near the northern toe of the 
SCS dam (inset, fig. 3), it retains its sodium sulfate 
water type (fig. 15). Municipal water from site 997 has 
a mixed water type that is dominated by calcium and 
bicarbonate ions (fig. 15). Since 1990, mixing of this 
water with raffinate-affected ground water at well 330 
during dam-to-ditch flushing has not appreciably 
affected the water type at well 330 because water from 
site 997 is too slightly mineralized, in accordance with 
the two-component mixing effects described by Briel 
(1993). 

Water types (fig. 16) from well 138 (fig. 3) vary 
considerably and seem to be the result of mixing of 
two end-member water types. The proximity of 
well 138 to the De Weese Dye Ditch makes ditch water 
(site 526) (fig. 3) an obvious candidate for mixing with 
raffinate-affected ground water, and historical data 
(Banta, 1997) indicate an annual cycle of about tenfold 

dilution of sulfate concentrations during summer 
months when the ditch is flowing. However, the 
composite plot of water types (upper part of fig. 16) 
does not seem to indicate a substantial mixing of water 
from site 526 with water from well 138 because of the 
much smaller concentrations of major ions in water 
from the ditch. 

Plots of water analyses (fig. 17) from selected 
wells completed in the Verrnejo Formation to the south 
of well 138 indicate that alluvial ground water at 
well 138 trends toward a composition resembling 
water from the Vermejo Formation during July 
through September, when the DeWeese Dye Ditch is 
flowing. During December through March, alluvial 
ground water at well 138 assumes a type that more 
closely resembles raffinate-affected alluvial ground 
water from well 330 (fig. 15). The seasonal variation 
in water types at well 138 indicates that brackish 
ground water of a sodium bicarbonate type mixes with 
raffinate-affected ground water from the middle 
(primary) near-surface pathway during months of 
ditch flow. Information discussed in the "Stable
Isotope Trends" section indicates that this water prob
ably does not discharge directly from the Vermejo 
Formation. Instead, this water probably has recharged 
the near-surface fracture system of the Verrnejo 
Formation at and north of the Raton ridge and east of 
the saturated alluvium near Sand Creek. Mixing of this 
water with raffinate-affected ground water produces a 
water type during the summer that more closely 
resembles water from wells completed deeper in the 
Vermejo Formation (fig. 17). 

The water type of samples from alluvial 
wells 124 and 129 (fig. 16; well locations in fig. 3) 
consists of calcium magnesium bicarbonate water that 
is almost identical to the water type of samples from 
site 526 (fig. 3) on the DeWeese Dye Ditch. This simi
larity indicates that alluvial water in the vicinity of 
wells 124 and 129 is mostly water from this ditch and 
lateral ditches. The water type of well 144 (fig. 17) 
[downgradient from well 138 (fig. 3)], which is very 
similar to the water type at site 526 (fig. 16), indicates 
minor mixing of raffinate-affected ground water that 
has a water type like the water type from well 330 
(fig. 15). Other alluvial wells in Lincoln Park had the 
same water type (Hearne and Litke, 1987, their fig. 16) 
as site 526, indicating that alluvial water in Lincoln 
Park down gradient from the De Weese Dye Ditch is 
largely derived from ditch water. This conclusion is 
consistent with findings described in Banta (1994) that 
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Figure 17. Water types for wells 138 and 144 and for selected wells completed in the Vermejo Formation. 
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ground-water samples upgradient and downgradient 
from the DeWeese Dye Ditch have concentrations of 
dissolved uranium and dissolved molybdenum that 
statistically are significantly different. Water from 
alluvial wells downgradient from the DeWeese Dye 
Ditch contained no evidence of mixing with water 
from the Vermejo Formation (fig. 17), indicating that 
water from the Vermejo Formation does not contribute 
a substantial quantity of water to the alluvial aquifer in 
this area. [Although the sample from well 119 in 
figure 16 seems to indicate mixing of ditch water and 
water from the Vermejo Formation, concentrations of 
dissolved uranium and dissolved molybdenum indi
cate that this sample consists of a mixture of water 
from the ditch and raffinate-affected ground water 
from the middle (primary) near-surface pathway.] 

Stable-Isotope Trends 

An examination of stable-isotope data collected 
from selected wells for this study (table 7 in the 
"Supplemental Information" section) assists in the 
determination of processes that are incorporated in 
mass-balance reaction modeling discussed in the 
"Mass-Balance Reaction Modeling" section. The 
following subsections discuss trends in ( 1) oxygen-18 
( 180 ) and deuterium (hydrogen-2) eH), (2) sulfur-34 
e4s), and (3) carbon-13 (13C) isotopes. 

Oxygen-18 and Deuterium 

The relation between oxygen-18 and deuterium 
isotopes for water samples collected for this study is 
shown in figure 18. Many samples plot along the 
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Figure 18. Relation of delta oxygen-18 to delta deuterium for water. 
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North American meteoric water line defined by the 
relation cSD = 88180 + 6 (Coplen, 1993). Samples 
collected from the DeWeese Dye Ditch (site 526) and 
from the municipal-water supply at the uranium mill 
(site 997, which was treated water from the Arkansas 
River) conform to the meteoric water line because they 
represent composite water from their respective drain
ages. However, water from these two sites could plot 
at different locations along the meteroric water line at 
varying times. Alluvial ground-water samples from 
Lincoln Park that conform to the water line (wells 119, 
123, 124, and 144) are located downgradient from the 
DeWeese Dye Ditch and are largely derived from 
water from that ditch (as discussed in the "Water 
Types" section), except that the sample from well 119 
also seems to contain an appreciable fraction of 
municipal water from site 997 that was injected during 
the dam-to-ditch flush in late 1994 and that came from 
a nearby cistern sewage-disposal facility. 

Samples that are substantially offset to the 
right of the meteoric water line are affected by evapo
ration and plot along lines that have slopes less than 
8 (Coplen, 1993). Two evaporation lines shown in 
figure 18 are plotted with a slope of 3.5. Site 701 has 
the greatest amount of evaporation. Samples from 
wells 312 and 333 plot along an evaporation line with 
site 701, indicating downgradient dilution of evapo
rated water with fresh recharge water. The sample 
from well330, downgradient from wells 312 and 333, 
plots along an evaporation line that indicates a similar 
degree of dilution of evaporated water as in we11333. 
Samples from wells 129 and 138 have a minor compo
nent of evaporated water. Because well129 is down
gradient from well 124 and has a water type indicative 
of ditch water, the slight evaporation of water upgra
dient from that well probably results from evaporation 
of ditch and ground water used for irrigation in 
Lincoln Park. 

The sample from well 138, which was postu
lated in the "Water Types" section to result from 
mixing of raffinate-affected ground water similar 
to ground water at well 330 and water recharging 
the near-surface fracture system of the Vermejo 
Formation, does not plot in figure 18 between the 
sample for well 330 and samples from wells 
completed deeper in the Vermejo Formation. There
fore, water from well 138 cannot be a mixture of these 
two water types. Based on 2H and 180 content, water 
from well 138 is a mixture of water from the vicinity 

of well 330 and a water similar to ditch water 
(site 526) or dam-to-ditch injection water (site 997). 
This conclusion is consistent with the hypothesis that 
modern precipitation is recharging the near-surface 
fracture system of the Vermejo Formation to the south 
of well 138 and that this fracture water mixes with 
raffinate-affected ground water in the vicinity of well 
1 ~8. resulting in a water type similar to the type of 
water deeper in the Vermejo Formation. 

Sulfur-34 

The relation of dissolved-sulfate concentration 
to sulfate sulfur-34 isotopic composition (o34S) 
(fig. 19) indicates downgradient trends. Samples from 
sites 701, 333, 330, and 312 have o34S values near 
- 2 permil and predominantly contain sulfate origi
nating in the uranium-milling process; although o34S 
is essentially invariant among these sites, sulfate 
concentrations generally are diluted downgradient 
by water containing small sulfate concentrations. 
Wells 119 and 138, both downgradient from well 330, 
have divergent o34S. These two sites are along diver
gent flow paths, as indicated by the split of the raffi
nate plume (fig. 4). Well 119 is on the northern branch 
of the raffinate plume and has a slight increase in o34S, 
caused by mixing of raffinate-affected ground water 
with either water recharged from the De Weese Dye 
Ditch or water injected for the dam-to-ditch flush, or 
both; wells 124 and 129 had a more advanced stage of 
this downgradient mixing trend. 

Well 138 (fig. 3) is along the eastern branch of 
the raffinate plume (fig. 4) and has substantially 
smaller o34S than does well 330 (fig. 19). This differ
ence is consistent with inixing of raffinate-affected 
ground water with near-surface water from the 
Vermejo Formation that has lighter o34S and that 
flowed from the south toward the vicinity of well 138. 
Wells 180 and 183, although yielding water from 
deeper in the Vermejo Formation, have smaller o34S 
than does well 138. Well 178, which produces water 
from the near-surface Vermejo Formation (between 
about 30 to 55ft in depth) about 0.25 mi southwest of 
welll38 (fig. 3), has a o34S of -9.1 permil. The 
smaller o34S values of dissolved sulfate in the Vermejo 
Formation probably are caused by dissolution of 
isotopically lighter pyritic and organic sulfur from the 
rock matrix. Wells 123 and 144 (fig. 3), which are 
located sequentially downgradient from well 138 
along the eastern raffinate plume branch (fig. 4), have 
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Figure 19. Relation of concentration of dissolved sulfate to delta sulfur-34. 

sulfate o34S trending toward the ratio of DeWeese Dye bicarbonate resulting from dissolution of soil carbon 
Ditch water (site 526), consistent with progressive dioxide gas at 15°C would be 9.0 permil heavier than 
mixing of ditch water with raffinate-affected ground carbon dioxide at equilibrium. The 8 13C of this bicar-
water and near-surface water from the Vermejo bonate, therefore, would be about -11 to -16 permil. 
Formation. However, rapid dissolution of carbon dioxide gas from 

Carbon-13 

The relation of carbon-13 isotopic composition 
of inorganic carbon (o 13C) to alkalinity concentration 
(tt 20) indicates a general downgradient decrease in 
81 C. Generally, this decrease can be attributed to 
( 1) dissolution of isotopically light carbon dioxide 
from the unsaturated zone and (2) isotopic exchange 
of dissolved inorganic carbon with dissolved carbon 
dioxide in the unsaturated zone in the near-surface 
ground-water environment of the study area. Soil 
carbon dioxide gas generally has o13c between -20 
and - 25 permit (Plummer and others, 1983). 
According to relations presented by Mook ( 1986), 

the unsaturated zone, as occurs during the rapid 
recharge of flood water or injected water, can cause 
partial or complete disequilibrium between carbon 
dioxide gas and bicarbonate. Dissolving bicarbonate 
can have a o13C between -1 1 and -25 permil. Isotopic 
exchange (which does not involve net dissolution of 
carbon dioxide) between bicarbonate and carbon 
dioxide gas would tend to produce bicarbonate with 
o13C between about -11 and -16 permil at l5°C. 

Mass-Balance Reaction Modeling 

Mass-balance reaction modeling is a procedure 
used to quantitatively describe hydrogeochemical 
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processes that occur along a hydrogeologic flow path 
(Plummer and Back, 1980; Parkhurst and others, 

1982; Plummer and others, 1994; Parkhurst, 1995). 
This type of modeling requires two or more water 
analyses that represent water along a flow path. 

Processes that can be modeled are ( 1) dissolution and 
exsolution of gases, (2) dissolution and precipitation 

of solid phases, (3) mixing of waters, (4) evaporation 
and dilution, (5) oxidation-reduction reactions, and 

(6) sorption and ion-exchange reactions. Mass-balance 

reaction modeling requires water-quality analyses of 

beginning, ending, and mixing solutions; selection of a 

plausible set of reacting and produced phases that can 
account for the evolution of water chemistry; and ther

modynamic constraints to assist in the selection of 

models. The product of mass-balance reaction 

modeling is one or more balanced reactions of the 

form: 

Initial solution(s) +reactant phases = 
final solution + product phases. (3) 

For a given model input, mass-balance reaction 
modeling usually produces several to numerous alter
native geochemical models. The most acceptable 
model, if any, is the one that is consistent with the 
hydrogeologic system, saturation states of selected 
phases, and any isotopic constraints. For example, if 
calcite is saturated or oversaturated in beginning and 
ending solutions, then calcite probably is not 
dissolving in that segment unless it is doing so in a 
mixing solution (such as recharging atmospheric 
precipitation). Similarly, calcite is unlikely to be 
precipitating if it is undersaturated in all solutions in a 
given model. 

Plausible geochemical reactions along selected 
ground-water pathway segments were investigated 
using the thermodynamic, inverse-modeling capabili
ties ofPHREEQC (Parkhurst, 1995). PHREEQC was 
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used to determine total carbon dioxide (Drever, 1982, 
p. 40) and saturation states for various minerals for all 
beginning, ending, and mixing solutions (except for 
atmospheric precipitation, which was represented as 
pure water). The data bases used by PHREEQC do not 
contain stability constants for dissolved molybdenum, 
an important element in this study. However, the 
program allows incorporation of these constants in the 
input file or data base. A literature search was 
conducted, and the molybdenum stability constants for 
aqueous species and mineral phases listed in table 3 
were inserted in the wateq4f.dat data base. PHREEQC 
allows an input-uncertainty factor (default equals 
0 .05) to be specified for each analytical datum. This 
factor allows analytical data to be varied by the speci
fied fraction to compensate for analytical inaccuracies 
and other uncertainties, such as minor neglected 
phases and mixing solutions or small deviations from 
flow-path representation. The input-uncertainty factor 
makes the modeling exercise more robust. The speci
fied factor can be overridden for any or all analytical 
data, "if desired. The computer algorithm decides 
which, if any, data are varied and to what degree (to as 
much as the specified input-uncertainty factor) they 
are varied. 

Phas_es and processes used to model reaction 
segments were kept to the minimum number necessary 
to produce realistic models. Silicate phases were 
ignored because reaction kinetics for silicates are too 
slow to account for appreciable mass transfers during 
the relatively short flow times between modeled sites. 
Calcite and carbon dioxide gas were ubiquitous and, 
therefore, were included as phases in all models. Ion 
exchange of major cations (calcium, magnesium, and 
sodium) was included as a potential process in all 
model inputs. Fourteen solid-phase analyses (Banta, 
1997) indicate whole-sample cation-exchange capaci
ties between 0.2 and 14 (median 1.3) meq/lOOg and 
indicate that exchangeable cations generally predomi
nate in the relative order Ca>Mg>Na>K. 

Minerals were deposited in the unsaturated zone 
in the vicinity of the old tailings ponds by raffinate 
solutions during plant operation before produced tail
ings were placed in the lined impoundment (beginning 
in late 1979). To a lesser extent, this process may have 
continued until the tailings were dredged from the old 
tailings ponds and placed in the lined impoundment 
during 1981- 83. Solid-phase analyses indicate that 
gypsum and powellite (Banta, 1997}--possibly intro
duced in surficial trash-and extractable uranium and 

extractable molybdenum (probably powellite) (Adrian 
Brown Consultants, Inc., 1993) were deposited. Based 
on analyses of multiple samples taken from seven drill 
holes in the old tailings ponds area, concentrations of 
extractable uranium (averaging about 10 mg/kg) and 
extractable molybdenum (averaging about 30 to 
35 mglkg) decreased substantially 20 to 30 ft below 
the surface of the Poison Canyon Formation (Adrian 
Brown Consultants, Inc., 1993). Calcite, which also 
was detected in this area (Banta, 1997), probably orig
inated naturally and from alkaline raffinate fluids in 
the unsaturated zone. Powellite and sorbed uranyl ions 
would be expected to persist in the unsaturated zone 
along the middle (primary) near-surface pathway 
because of the high water table that existed when 
uranium-mill effluent was substantial and before reme
diation activities began in 1979. 

All raffinate-affected sites were well oxygen
ated; therefore, by inference, precipitation of phases 
involving reduced uranium and reduced molybdenum 
could not account for downgradient decreases in 
concentrations of these elements. Thermodynamic 
calculations with PHREEQC indicate that uranium 
phases were undersaturated at all sites; accordingly, 
surface sorption probably is the only plausible 
geochemical mechanism for downgradient decreases 
in dissolved uranium concentrations. 

Vlek and Lindsay (1977, p. 42) concluded that, 
in the absence of lead minerals, powellite (CaMo04) 

and ferrimolybdite [F~03(Mo03hs2: 10.4H20] 
(Kaback and Runnels, 1980) control the solubility of 
molybdenum in soils. Calculations using PHREEQC 
indicated that powellite was oversaturated in all 
samples from sites upgradient from the De Weese Dye 
Ditch (except well 24). Therefore, powellite was 
included as a solid phase for all modeled reaction 
segments. 

Denitrification of dissolved nitrite plus nitrate is 
a minor process that may occur along some reaction 
segments, especially in the vicinity of the old tailings 
ponds. However, nitrogen was not included as an 
element in reaction models because of ( 1) the Jack of 
data for concentrations of dissolved nitrite plus nitrate 
in recharging precipitation and for concentrations of 
product nitrogen species and (2) the small concentra
tions of nitrite plus nitrate at beginning and ending 
sites of most reaction segments (table 4). Instead, 
processes affecting concentrations of dissolved nitrite 
plus nitrate are discussed with the model results from 
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Table 3. Molybdenum speciation and solubility constants added to the wateq4f.dat data base for PHREEQC 

[K, speciation or solubility constant at 298 Kelvin] 

Mo04'2 + H+ = HMoo4-

Moo4·2 + 2H+ = H2Mo04 

Reaction 

Mo04"2 + 3H+ = Mo020H+ + H20 

Moo4·2 + 4H+ = Mo02 +Z + 2H20 

ca+2 + Mo04"2 = CaMo04(aq) 

Mg+2 + Moo4-2 = MgMo04(aq) 

Na+ + Moo4·2 = NaMo04-

K+ + Mo04"2 = KMo04-

Mo04"2 + e· + 4H+ = Mo02 + + 2H20 

Mo04"2 + 3e" + 8H+ = Mo+3 + 4H20 

7Mo04"2 + 8H+ = M<ry024 -6 +4 H20 

M<ry024 -6 + H+ = M<ry023oH-5 

Mo70 230H-5 + H+ = M~022(0H)2 4 

Mo70z2(0Hh 4 + W = M<ry021(0H)J-3 

2Ag+ + Mo04-2 = Ag2Mo04(aq) 

2Na+ + Moo4·2 = Na2Mo04(aq) 

2K+ + Moo4·2 = K2Mo04(aq) 

CaMo04 (powellite) = Ca+2 + Mo04"2 

MoS2 (molybdenite) + 4H20 = Moo4•2 + 6H+ + 2e· + 2Hs· 

Mo30 8 (illsemannite) + 4H20 = 3Mo04"2 + 8H+ + 2e· 

Fez03(Mo03)f-52: 10.4H20 (ferrimolybdite) = 2Fe+3 + 
3.52Moo4- + 9.88H20 + l.04H+ 

Fe2(Mo04h (ferric molybdate)+ 3H+ = 2Fe+3 + 3HMoo4-

FeMo04 (ferrous molybdate) = Fe+2 + Moo4•2 

MgMo04 (magnesium molybdate) = Mg+2 + Moo4•2 

MnMo04 (manganous molybdate)= Mn+2 + Moo4•2 

Mo30 8 (molybdenum oxide)+ 4H+ + e· = 3Moo2+ + 2H20 

Mo03 (molybdite) + H20 = Mo04"2 + 2H+ 

Ag2Mo04 (silver molybdate)= 2Ag+ + Mo04"2 

BaMo04 (barium molybdate)= Ba+2 + Moo4•2 

CuMo04 (copper molybdate) = Cu+2 + Moo4•2 

Li2Mo04 (lithium molybdate) = 2Li+ + Mo04"2 

Na2Mo04 (sodium molybdate) = 2Na+ + Moo4•2 

PbMo04 (lead molybdate)= Pb+2 + Moo4•2 

ZnMo04 (zinc molybdate)= zn+2 + Moo4·2 

log K 

Aqueous Species 

4.24 
16.85 
17.89 
18.34 

2.57 

3.03 

1.66 

1.29 
120.95 
129.52 
257.63 

24.43 
23.56 

~.62 
-0.05 

0.02 

0.27 

Solid Phases 
1-8.45 

1-63.44 
1-62.90 
1-34.9 

-26.10 

-7.70 

-0.57 

-4.12 

-0.45 

-12.05 

-11.54 

-7.45 

-6.81 

2.35 

1.00 

-16.01 

-4.48 

I Calculated from Gibbs free energies at 298 Kelvin and I aunosphere total pressure. 
2Calculated from enthalphy and entrophy data at 298 Kelvin 

Source 

Smith and Martell. 1976 

Kaback and Runnels, 1980 

Kaback and Runnels, 1980 

Kaback and Runnels. 1980 

Essington, 1990 

Essington. 1990 

Essington, 1990 

Essington, 1990 

Kaback and Runnels, 1980 

Kaback and Runnels, 1980 

Amek and Szilard, 1968 

Amek and Szilard, 1968 

Amek and Szilard, 1968 

Amek and Szilard, 1968 

Reddy and Drever, 1987 

Reddy and Drever, 1987 

Reddy and Drever, 1987 

Kaback and Runnels, 1980 

Kaback and Runnels, 1980 

Kaback and Runnels, 1980 

Kaback and Runnels, 1980 

Vlek and Lindsay. 1977 

Reddy and Drever, 1987 

Reddy and Drever. 1987 

Reddy and Drever, 1987 

Vlek and Lindsay. 1977 

Reddy and Drever, 1987 

Reddy and Drever, 1987 

Reddy and Drever, 1987 

Reddy and Drever. 1987 

Reddy and Drever, 1987 

Reddy and Drever, 1987 

Reddy and Drever, 1987 

Reddy and Drever, 1987 
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~ Table 4. Water-quality data for sites used in mass-balance reaction modeling 

~ 
cO' [mg/L, milligrams per liter; total carbon dioxide was calculated by PHREEQC (Parkhurst, 1995); mmoVL, millimoles per liter; sum, sum of constituents; J!g/L, micrograms per liter;--. no data; all s ites were 
i sampled by the U.S. Geological Survey, except for wells 24 and 313, which were sampled by the Cotter Corporation on December 28, 1994, and December 9, 1993] 
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Property or constituent 

pH, standard units 

Alkalinity, mg/L as CaC03 

Total carbon dioxide, mmoUL 

Dissolved solids, sum, mg/L 

Calcium, mg/L 

Magnesium, mg!L 

Sodium, mg/L 

Potassium, mg/L 

Chloride, mg/L 

Sulfate, mg!L 

Nitrite plus nitrate, mg/L as N 

Molybdenum, j.lg/L 

Uranium, j.lg/L 

24 

7.91 

260 

5.31 

1,220 

57 

3 

350 

2.1 

63 

590 

--
16 

4.6 

119 124 138 144 

7.43 7. 17 7.80 6.99 

208 271 239 350 

4.50 6.24 4.90 8.64 

445 337 1.520 5 18 

4 1 67 86 96 

II 18 32 32 

100 27 370 36 

2.8 3.3 2.6 2.4 

10 4.0 43 6.4 

130 27 800 80 

0.5 1.0 2.5 1.0 

1,800 250 5,200 150 

140 47 570 40 

Well or site 

312 313 330 333 526 701 997 

7.89 7.71 7.37 7.23 8.49 7.37 7.38 

429 440 388 330 155 1,370 61 

8.76 9.08 8.41 7.33 2.37 28.0 1.33 

2,280 3,980 2,750 3,300 194 26.400 126 

41 78 150 230 44 350 26 

22 44 59 110 II 970 6.1 

700 1,300 660 650 10 6.800 7.4 

0.9 2.0 3.7 5.2 1.2 15 0.9 

85 170 97 140 2. 1 770 6.7 

1,100 2,100 1,500 1,800 17 16.000 35 

7.7 -- 5.4 30 <0.05 150 0.07 

9,600 18,000 9,600 6,900 I 84,000 2 

2,000 3,000 1,900 3,700 2.5 89,000 1.2 



selected reaction segments in the following subsec
tions. 

The locations of sites used for reaction 
modeling are shown in figure 21. Models were gener
ated for the following eight reaction segments: 

1. Well 24 and site 701 to well 333; 
2. Site 701 to well 312; 
3. Site 701 to well313; 
4. Wells 313 and 333 to well 330; 
5. Well 330 to well 138; 
6. Well 138 to well 144; 
7. Well330 to we11119; and 
8. Well 119 to well124. 

Site 701 (fig. 21), which is a 20-ft-deep sump 
that collects raffinate-affected ground water from a 
buried trench that stretches to the west from the sump 
toward the uranium mill, yields saline water (tables 5 
and 7) that represents the most concentrated leachate 
detected in the study area. Therefore, water from 
site 701 is used in reaction modeling to represent the 
general type of water generated from leaching of the 
unsaturated zone in the area of the old tailings ponds. 
Water from the vicinity of site 701 has migrated 
northeastward toward wells 312, 313, and 333 (as 
discussed in the "Middle Near-Surface Pathway" 
section) and westward, affecting water quality in the 
vicinity of well 802, which is located west of Sand 
Creek (fig. 3) (as discussed in the "West Near-Surface 
Pathway" section). Water from well 24 represents 
water flowing into the Chandler Syncline via Sand 
Creek alluvium upgradient from well 333, which orig
inates from permeable sandstones in the Poison 
Canyon Formation adjacent to the Sand Creek allu
vium. Well 333, part of a raffinate-pumpback system, 
yielded an average of 14.5 gal/min from January 1988 
through October 1994 (Richard Wooten, Cotter 
Corporation, written commun., 1995). Therefore, 
water from site 701 and well 24 represents reasonable 
source-water types for water from well333. (The term 
"source-water type" hereinafter is used to indicate that 
water from a given site is representative of a water 
type in that area but is not the actual source of down
gradient water.) Furthermore, as indicated in the 
"Water Types" section, well 333 is not located directly 
upgradient from well 312, which is consistent with 
divergent ~ 13C trends between site 701 and well333 
and between site 701 and well 312 (fig. 20). Accord
ingly, separate reaction segments were modeled from 
site 701 to well 333 and from site 701 to well 312. 

Wells 312 and 313 are located near the conflu
ence of the channels of Sand Creek and a small, 
unnamed tributary draining the area east and south
east of the old tailings ponds (fig. 21). Water from 
wells 312 and 313 originates near the old tailings 
ponds and the unnamed tributary. Both wells are 
completed in the Poison Canyon Formation; well 312 
is completed from a 10- to 18-ft depth, and well313 
(about 41 ft east of well 312) is completed from a 17-
to 37-ft depth. Historical data (Banta, 1997) indicate 
that dissolved-solids and dissolved-molybdenum 
concentrations were generally greater in water from 
well 313, a relation consistent with greater recharge of 
freshwater into the shallow horizon in which well 312 
is completed. Both wells are located about 700 ft 
downgradient from an injection-withdrawal system 
(fig. 21), where municipal water (site 997) has been 
injected and water has been withdrawn since 
September 1989. In 1992, municipal water (site 997) 
was injected into this system at an average rate of 
about 10 gal/min, whereas only about 5 gal/min was 
withdrawn by this system, creating an average 
recharge of about 5 gal/min (Adrian Brown Consult
ants, Inc., 1993). Because of the stratification of water 
at wells 312 and 313, separate mass-balance reaction 
models are presented for flow paths from the vicinity 
of site 701 to each well. 

Water in the Sand Creek alluvium and in the 
Poison Canyon Formation north of the area of the old 
tailings ponds converges toward Sand Creek gap, 
where most of it is intercepted by the ground-water
collection trenches immediately upgradient from the 
SCS reservoir and from a sump in the SCS reservoir 
(site 5) (fig. 3). The SCS reservoir also collects surface 
water during flow events in Sand Creek. Most of the 
ground and surface water flowing to the SCS reservoir 
is pumped into the lined impoundment. However, 
some of the raffinate-affected ground water flows 
under or around the SCS dam and through the Sand 
Creek alluvium on the north side of the dam, as 
discussed in the "Flow and Chemical Fluxes through 
Sand Creek Gap" section. Samples collected from 
well 330 historically represent the most raffinate
affected ground water flowing in the alluvium near the 
downgradient toe of the dam. Water from wells 313 
and 333 and precipitation were modeled as source
water types for well 330. 

Modeled end-water wells downgradient from 
well 330 (wells 119. 124, 138, and 144) were selected 
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Table 5. Saturation states of selected minerals in water-quality samples collected from sites used in mass-balance 
reaction modeling 

[Saturation states were determined with the thermodynamic computer program PHREEQC (Parkhurst, 1995); a phase was undersaturated (under) if 
the saturation index was less than ~. 10, saturated (sat) if the saturation index was ~.10 to 0.10, or oversaturated (over) if the saturation index was 
greater than 0. 10: --, water-quality analysis insufficient for determination] 

Well 
Sample 

Saturation states 
or 

site date Calc ite Dolomite Gypsum K-feldspar Powellite Quartz Silica gel 

24 12-28-94 over under under under 

119 3-15-95 under under under sat over over under 

124 3-15-95 sat under under over under over under 

138 3-9-95 over over under sat over over under 

144 3- 8-95 sat under under over under over sat 

312 3- 8-95 over over under under over over under 

313 12- 9-93 over over under over 

330 3-9-95 over over 

333 3- 1-95 over over 

526 6-14-95 over over 

701 3-2-95 over over 

997 6-12-95 under under 

for mass-balance reaction modeling on the basis of 
historical data (Banta, 1997), which indicated that 
these wells are located along the axes of plume migra
tion, a conclusion in agreement with contours of 
dissolved-uranium and dissolved-molybdenum 
concentrations in 1988 (ENVIRON Corporation and 
others, 1991 ). Wells 119 and 138 are in the vicinity of 
the DeWeese-Dye Ditch, where the plume divides. 
Well 119 is about 600 ft downgradient from the ditch; 
well 138 is about 400 ft upgradient from the ditch. 
Water from well 330, the dam-to-ditch injection 
(site 997), and the DeWeese Dye Ditch (site 526) were 
modeled as source-water types for well 119. Well 330, 
site 997, and precipitation recharging fractures in the 
Vermejo Formation south of well 138 (as discussed in 
the "Water Types" section) were modeled as source
water types for well138; ditch water was not modeled 
as a potential source for the sample for well 138, 
which was collected a few weeks before the ditch was 
opened to flow. Well 124 is a substantial distance 
downgradient from welll19 (the source-water type for 
raffinate-affected ground water) and the ditch, whereas 
well 144 is a substantial distance downgradient from 
well 138 (the source-water type for raffinate-affected 
ground water) and the ditch. Therefore, water from 
the DeWeese Dye Ditch was modeled as a source
water type for wells 124 and 144, in accordance with 

under under over over under 

under over over over under 

under under under over under 

sat over over over under 

under under under over under 

analysis of water types (as discussed in the "Water 
Types" section). 

Water-quality data used for reaction models are 
listed in table 4. Saturation states of selected phases 
for the sites in reaction segments are listed in table 5. 
The following subsections describe the results for each 
of the reaction segments, followed by an overview 
discussion of all segments. Most of the models in the 
following discussion incorporate an input-uncertainty 
factor of 0.05 for constituent concentrations, but a 
factor of 0.10 was necessary in some models to obtain 
acceptable model results. Input-uncertainty factors are 
listed in table 6. 

Well 24 and Site 701 to Well 333 

Results of mass-balance reaction modeling 
(table 6) indicate that water from well 333 can be 
represented as a mixture of water from well 24 
(91.4 percent) and from site 701 (8.6 percent). Calcite 
is oversaturated at sites 24, 701, and 333 (table 5), 
indicating precipitation of calcite at those sites. The 
model indicates net precipitation of calcite and powel
lite and net dissolution of carbon dioxide gas. A small 
quantity of uranyl (U02 ++)ions were sorbed. Cation 
exchange is the most important reaction affecting 
water in this segment, with sodium ions exchanging 
for calcium and magnesium ions. 
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t Table 6. Results of mass-balance reaction modeling 

!!: [Positive reaction coefficient indicates dissolution of phase or desorption of uranyl (U0 2 ++)ion or exchanged cation; negative reaction coefficient indicates precipitation of phase or sorption of uranyl ion cQ ... or exchanged cation; Ca++, calcium ion; Mg++, magnesium ion; Na+, sodium ion; K+ potassium ion; --. reaction coefficient not generated by model; precip. water from atmospheric precipitation] a 
0 
::ll 

Reaction coefficients Dl 
::ll 

Source- (millimole per liter) Q. 

Source-G) End-water 
Input-

water Phases Sorption Cation exchange 
§ water-type uncertainty 

well or site 
sites factor 

mixing Carbon 
::7 fractions Calcite Powelllte 
Ill dioxide uo2++ ca•• Mg++ Na• K+ 
3 (CaC03) (CaMo04) 
n (C02) 
!!!. 333 24 1o.o5 0.9 14 -0.258 0.326 -0.0041 -0.0169 3.98 1.12 - 10.2 
m 
< 701 .086 0 c 
c 
0 :s 312 701 .05 .066 2.79 2.8 1 .0417 -.0166 -2.97 -1.97 9.91 -0.0241 
0 - 997 .934 G) ... 
0 r: 
::ll 
Q. 313 701 .10 . 130 2.51 2.63 .0741 -.0361 -2.47 -3.63 12.21 -.01 88 
:IE 

997 .870 Dl ;-... 

~ 330 313 .10 .087 1.26 1.38 .0350 -.0037 -1.61 -.801 4.84 

~ 333 .678 

C" 
'< 

Precip .235 
c ... 
Dl 

.339 .011 ::ll 138 330 .10 .492 .240 -- .0049 -.0015 -.197 .023 c 
3 997 .394 
' 
~ Precip .114 
m 
3l 
r: 144 138 2.05 .083 1.88 3.58 -.0030 -4.1X10"5 -.751 .7923 -. 109 .0277 Ill 
3. 526 .91 7 z 
m ... 
0 
Ill 119 330 3.05 .067 1.00 1.28 .0121 4.9xl0·5 -.968 -- 1.90 .0411 
::lil 
0 526 .356 
::ll 

0 997 .577 
~ 
0 
0 
0 124 119 .05 .084 1. 11 1.97 .0010 .00014 -.529 .288 .430 .0503 
... 
Dl 
Q. 526 .9 16 
0 

I Factor for chloride is 0.06. 
2Factor for alkalinity and chloride is 0.1 0. 
3Factor for chloride is 0.1 0. 



Concentrations of dissolved nitrite plus nitrate 
decreased from 150 mg/L as Nat site 701 to 30 mg/L 
at well 333 (table 4). Given the mixing fractions for 
this reaction segment (table 6), if concentrations of 
dissolved nitrite plus nitrate mixed conservatively, 
then water from well 24 would have had a concentra
tion of about 19 mg/L as N, probably too large a quan
tity for ground water entering the Chandler Syncline. 
Other possible explanations for the large concentration 
of dissolved nitrite plus nitrate at well 333 include: 
(1) Mixing of irrigation water that has acquired large 
concentrations of dissolved nitrate from fertilizer from 
the Shadow Hills Golf Course, adjacent to Sand 
Creek; (2) a larger concentration of dissolved nitrite 
plus nitrate in the actual source water from site 701; 
and (3) uncertainty in the mixing fractions for well 24 
and site 701. If well 333 consisted of 20 percent water 
from site 701, then no dissolved nitrite plus nitrate 
would be required in water from well 24. 

Site 701 to Well312 

Results of mass-balance reaction modeling from 
site 701 to well 312 (table 6) indicate that water at 
well312 was 6.6 percent like water from site 701 
and 93.4 percent like water from site 997, which is 
injected at the injection-withdrawal system. Although 
calcite and powellite are oversaturated at site 701 and 
well312 (table 5), injection of fresh municipal water 
(site 997) caused substantial dissolution of calcite and 
carbon dioxide gas and minor dissolution of powellite 
from the unsaturated zone. The model also simulated 
sorption of uranyl ions and exchange of calcium, 
magnesium, and potassium ions for sodium ions as a 
major process affecting water chemistry. 

Recharge of precipitation-mostly in the small, 
unnamed tributary during periods of flow-could 
account for a small fraction of the dilution of raffinate
affected ground water. Because of the small concentra
tions of dissolved constituents in precipitation and 
water from site 997, compared to raffinate-affected 
ground water at site 701 and well 312, model results 
would not vary substantially if pure water were substi
tuted for municipal water (site 997) in the model input. 

Concentrations of dissolved nitrite plus nitrate 
decreased from 150 mg/L as Nat site 701 to 7.7 mg/L 
as Nat well 312 (table 4). Given the mixing fractions 
for this reaction segment (table 6), if concentrations of 
dissolved nitrite plus nitrate mixed conservatively, 
then water at well 312 would have had a concentration 

of9.9 mg/L as N, indicating that dilution by water 
from site 997 accounted for most of the decrease in 
concentration. Other possible explanations for the 
apparently small concentration of dissolved nitrite 
plus nitrate at well 312 include: (1) Slight uncertainty 
in the mixing fractions for water from sites 701 and 
997, (2) a smaller concentration of dissolved nitrite 
plus nitrate in the actual source water from site 701, 
and (3) denitrification of nitrite plus nitrate by organic 
matter. Evidence indicates that minor denitrification is 
occurring; samples collected for CFC analysis from 
nearby well 313 contained substantial concentrations 
of nitrous oxide (N20) (Edward Busenberg, U.S. 
Geological Survey, written commun., 1995), one of 
the products of denitrification (Freeze and Cherry, 
1979). However, because this process is anaerobic and 
because water from wells 312 and 313 and site 997 
had considerable dissolved oxygen (table 7 in the 
"Supplemental Information" section), if denitrification 
occurred between site 701 and well312, it probably 
occurred near site 701 in pores and fractures that had 
small-scale, localized reducing conditions. Adding 
denitrification to the model for this reaction segment 
produced essentially the same results listed in table 6 
(with coefficients within 4.7 percent of the coefficients 
Jisted), with consumption of0.213 mmol/L of organic 
carbon (as CH20) and production of 0.090 mmol/L of 
N2 gas. 

Site 701 to Well313 

Results of mass-balance reaction modeling 
from site 701 to well 313 (table 6) are very similar to 
the results for the reaction segment from site 701 to 
well 312 (table 6). Source-water types from site 701 
(13.0 percent) and site 997 (87.0 percent) were 
modeled to evolve into water from well 313. Injected 
water from site 997 dissolved calcite, carbon dioxide 
gas, and powellite. Sorption of uranyl ions and cation 
exchange of magnesium, calcium, and potassium ions 
for sodium ions were modeled as important processes 
affecting water quality at well 313, as with water from 
well 312. 

Wells 313 and 333 to Well330 

Results of mass-balance reaction modeling from 
wells 313 and 333 to well 330 (table 6) indicate that 
most ( 67.8 percent) of the precursor water comes from 
alluvial deposits along Sand Creek (represented by 
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water from well 333). The remaining source-water
type fraction comes from precipitation (23.5 percent) 
and the Poison Canyon Formation (represented by 
well 313, 8. 7 percent). The large fraction of source
water type from well 333, when compared to well 313, 
is consistent with the greater hydraulic conductivity 
expected in alluvial deposits along Sand Creek 
compared to the conductivity in the Poison Canyon 
Formation and is consistent with the relatively large 
quantity of water entering the basin from the foothills. 
Surface water episodically ftows down Sand Creek 
and infiltrates in the stream channel or enters the 
SCS reservoir, or both. 

Model results indicate that calcite, carbon 
dioxide gas, and powellite dissolved upgradient from 
well 330. Because calcite and powellite were oversatu
rated at wells 313, 333, and 330 (table 5) and, thereby, 
could not dissolve at those wells, dissolution of these 
phases occurred in the unsaturated zone during infil
tration of precipitation or where infiltrating water 
mixed with ground water, causing localized undersatu
ration of calcite and. powellite. Sorption of uranyl ions 
and cation exchange of calcium and magnesium ions 
for sodium are other important processes modeled as 
affecting water quality at well 330. 

The concentration of dissolved nitrite plus 
nitrate for water from well333 (table 4) and the 
mixing fractions for this reaction segment (table 6) 
indicate that the source-water type from well 330 
would have at least 20 mg/L as N of dissolved nitrite 
plus nitrate if that constituent had mixed conserva
tively. A feasible mechanism for decreasing concen
trations of this nutrient up gradient from well 330 is 
uptake by vegetation in and around the SCS reservoir. 
Other factors that may partly affect the small concen
tration of dissolved nitrite plus nitrate at well 330 are: 
(1) Uncertainty in the source-water mixing fractions, 
(2) a smaller concentration of dissolved nitrite plus 
nitrate in the actual source water from the vicinity of 
well 333, and (3) denitrification of nitrite plus nitrate 
by organic matter. Because water from wells 333 and 
330, site 997, and presumably, precipitation contained 
considerable dissolved oxygen, if denitrification 
occurred in this reaction segment, it occurred in pores 
and fractures that had locally anaerobic conditions. 
Organic-rich muds in the SCS reservoir could provide 
such an environment. 

Well 330 to Well 138 

Results of mass-balance reaction modeling from 
well 330 to well 138 (table 6) indicate mixing of a 
source-water type from well 330 (49.2 percent), 
water from the dam-to-ditch injection (site 997, 
39.4 percent), and recharging precipitation 
( 11.4 percent) from the south and southeast. The 
modeled sources are consistent with the discussion in 
the "Water Types" section, which described water 
from well 138 as consisting of a seasonally varying 
mixture between raffinate-affected ground water 
from the vicinity of well 330 and water recharging 
near-surface fractures in the Vermejo Formation. 
Although calcite was oversaturated at wells 138 and 
330 (table 5), indicating precipitation of that phase, 
recharging precipitation or injected water could 
account for the small net dissolution of calcite. Model 
results also indicate net dissolution (presumably by . 
injected water) of a small quantity of powellite, which 
was oversaturated at wells 138 and 330 (table 5). 
Sorption of uranyl ions and cation exchange of 
calcium ions for sodium, magnesium, and potassium 
ions are indicated by modeling as being involved in 
evolution of water at well 138. Dissolution of calcite 
coupled with this ion-exchange reaction accounts for 
the sodium bicarbonate composition of precipitation 
water that recharged the near-surface fracture system 
of the Vermejo Formation (as was postulated in the 
"Water Types" section). 

Well 138 to Well 144 

Results of mass-balance reaction modeling from 
well138 to well144 (table 6) indicate that water from 
well 144 consists of source-water type from welll38 
diluted 11 times with water from the DeWeese Dye 
Ditch (site 526). Water from the ditch dissolves 
substantial quantities of calcite and carbon dioxide 
gas, and raffinate-affected ground water precipitates a 
small quantity of powellite. Model results also indicate 
cation exchange of calcium and sodium ions for 
magnesium and potassium ions and sorption of a very 
small quantity of uranyl ions. 

Well 330 to Well 119 

Results of mass-balance reaction modeling from 
well 330 to well 119 (table 6) indicate mixing 
of source-water types from well 330 (6.7 percent), the 
DeWeese Dye Ditch (site 526, 35.6 percent), and 
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municipal water (site 997, 57.7 percent) that was 
injected for the dam-to-ditch flush and that probably 
also came from a cistern sewage-disposal facility near 
well 119. These quantities indicate that raffinate
affected ground water from well 330 was diluted 
15 times before it reached wellll9. The relative frac
tions of source-water types from sites 526 and 997 
could vary considerably from the fractions listed in 
table 6, with little effect on overall model results 
because of similarity in water types (figs. 14 and 15) 
and because of the small concentrations of dissolved 
solids, uranium, and molybdenum in water from those 
two sites compared to water from site 330 (table 4). 
Results also indicate dissolution of moderate quanti
ties of calcite and carbon dioxide gas and a small 
quantity of powellite. Model results also indicate sorp
tion of a small quantity of uranyl ions and cation 
exchange of calcium ions for sodium and potassium 
ions. 

Because the injection trench for the dam-to
ditch flush is only about 100ft from well 330, oversat
uration of calcite at well 330 (table 5) would cause 
little precipitation of calcite over the approximately 
2,900-ft distance between wells 330 and 119. Dissolu
tion of calcite and carbon dioxide gas was caused by 
injection of water from site 997 and infiltration of 
water from the DeWeese Dye Ditch. Water from the 
DeWeese Dye Ditch (site 526), although oversaturated 
with calcite (table 5), on infiltration could dissolve 
carbon dioxide from the unsaturated zone (which 
would lower pH) and become undersaturated with 
calcite. 

Well119 to Well124 

Results for mass-balance reaction modeling 
from well 119 to well 124 (table 6) indicate mixing of 
source-water types from welll19 (8.4 percent) and the 
DeWeese Dye Ditch (site 526, 91.6 percent). The 
results also indicate dissolution of moderate quantities 
of calcite and carbon dioxide gas and a small quantity 
of powellite. Sorption of uranyl ions and cation 
exchange of calcium ions for sodium, magnesium, 
and potassium ions are other important processes 
modeled to account for the evolution of water along 
this reaction segment. Results indicate that recharge 
of water from the DeWeese Dye Ditch flushed traces 
of uranium and molybdenum from the near-surface 
alluvial aquifer. 

Processes Affecting Evolution 

The final results of mass-balance reaction 
modeling need to be interpreted with caution. 
Modeled mass-transfer phase coefficients, although 
mathematically valid, cannot be regarded as precise 
quantifiers of real-world processes. Ending sites may 
not be situated exactly downgradient from beginning 
sites, and samples from beginning sites may not 
exactly represent precursor water because of temporal 
variations in water quality. The omission of minor 
phases and minor sources of mixing water also adds 
uncertainty to the final results. Despite these caveats, 
results for the preceding model segments assist in the 
understanding of the evolution of raffinate-affected 
ground water from ~he old tailings ponds area to 
Lincoln Park, especially for processes affecting migra
tion of dissolved uranium and dissolved molybdenum. 

Raffinate-deposited and natural minerals in the 
vicinity of the old tailings ponds are leached by infil
trating precipitation, producing raffinate-affected 
ground water. This leachate is oversaturated with 
calcite, dolomite, K-feldspar, quartz, and powellite 
and is saturated with gypsum. Water of this type 
moves primarily northeastward toward the SCS dam, 
although water-quality analyses from wells 802 and 
804 in the vicinity of the uranium mill (fig. 3) indicate 
that a small fraction of this water has migrated north
westward and northward toward the west migration 
pathway, as discussed in the "West Near-Surface 
Pathway" section. The results of mass-balance reac
tion modeling indicate that raffinate-affected ground 
water from the old tailings ponds area is modified by 
several processes as it migrates northward: (1) Dilu
tion, (2) dissolution of calcite and carbon dioxide, 
(3) cation exchange of major ions and sorption of 
uranyl ions, and (4) dissolution of powellite. 

Dilution 

Dilution is a major process affecting evolution 
of raffinate-affected ground water from the old tailings 
ponds area to Lincoln Park. Model results (table 6) 
indicate that water from the vicinity of site 701 is 
diluted about 12 times with fresher water from Sand 
Creek alluvium (site 24) before it reaches well333 and 
about 8 times with freshwater from the injection-with
drawal system (site 997) before it reaches well 313 
(water from adjacent well312, being shallower, is 
diluted about 15 times by this system). Assuming that 
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Sand Creek alluvium brings water through Alkali 
Gap into the Chandler Syncline at about 25 gaUmin 
(Adrian Brown Consultants, Inc., 1993), raffinate
affected ground water would flow into the Sand 
Creek alluvium at about 2.4 gaUmin upgradient from 
well 333. On average, about one-half of the resulting 
mixture is withdrawn from well 333 and pumped back 
to the lined impoundments (Richard Wooten, Cotter 
Corporation, written commun., 1995). 

Model results (table 6) indicate that water from 
the vicinity of well 330 consisted of water that was 
about seven parts water from well 333, one part water 
from well 313, and about two parts recharge from 
precipitation. The greater proportion of source-water 
type from well 333 compared to well 313 is consistent 
with the much greater permeability and recharge of 
alluvial deposits along Sand Creek compared to the 
permeability and recharge of the Poison Canyon 
Formation. Most of the recharge of precipitation 
downgradient from well 333 probably occurs along 
the channel of Sand Creek and in the vicinity of the 
SCS reservoir. On average, dilution by recharge from 
precipitation would be more prevalent than concentra
tion by evaporation between wells 333 and 330 
because of the large catchment area draining upstream 
from the SCS reservoir compared to the area of the 
reservoir-where most evaporation occurs. 

The greatest dilution of raffinate-affected 
ground water occurs as a result of recharge of irriga
tion water from the DeWeese Dye Ditch. This greater 
dilution is facilitated by pumpback of most of the raffi
nate-affected ground water flowing to the Sand Creek 
gap. Model results (table 6) indicate that water from 
the vicinity of well 330 was diluted about twofold by 
dam-to-ditch injection water plus precipitation by the 
time the water reached well 138, and water from the 
vicinity of well 138 was diluted 11 times by water 
from the DeWeese Dye Ditch (site 526) by the time it 
reached well 144 on the eastern branch of the plume. 
Because the modeled samples from wells 138 and 144 
were collected only a few weeks before activation of 
the ditch in the spring, dilution factors at these wells 
can be assumed to be greater during ditch flow and for 
months after deactivation of the ditch in October. 
Model results (table 6) indicated that water from 
well 330 was diluted 15 times by municipal water 
(site 997) from the dam-to-ditch flush and a nearby 
cistern sewage-disposal facility, and water from the 
DeWeese Dye Ditch (site 526) by the time it reached 
well 119 (which, unlike welll38, is located downgra-

dient from the ditch) on the western branch of the 
plume. As with well 144, the sample from well 119 
was collected a few weeks before the activation of the 
ditch in the spring; greater dilution would be expected 
during and shortly after ditch flow. Model results from 
the vicinity of well 119 to well 124 indicate another 
twelvefold dilution of raffinate-affected ground 
water by water from the DeWeese Dye Ditch. The 
cumulative dilution of raffinate-affected water from 
the vicinity of well 330 was 24-fold at well 144 and 
180-fold at well124. Based on dissolved-chloride 
concentrations (table 4), water from the vicinity of 
site 701 was diluted 120 times (pure-water equivalent) 
by the time it reached well 144 and 190 times by the 
time it reached well 124; only an eightfold dilution . 
had occurred at well 330, indicating the much greater 
ability of the DeWeese Dye Ditch to dilute compared 
to the ability of precipitation and of injection south of 
the Raton ridge to dilute. Dilution by ditch water prob
ably increased downgradient from wells 119 and 144, 
although evaporative concentration of major water
quality constituents and flushing of uranium and 
molybdenum from solid phases offset some of the 
immediate water-quality benefits of dilution. 

Dissolution of Calcite and Carbon Dioxide Gas 

Dissolution of calcite and carbon dioxide gas 
are other important processes that affect ground-water 
chemistry between the old tailings ponds and Lincoln 
Park. Although calcite was oversaturated at all 
modeled ground-water sites upgradient from the 
DeWeese Dye Ditch (preventing dissolution in the· 
saturated zone), recharge by precipitation and injected 
water probably caused dissolution of calcite and 
carbon dioxide gas from the unsaturated zone. 
Recharge from precipitation runoff in Sand Creek 
caused dissolution downgradient to the SCS reservoir, 
according to the reaction: 

CaC03(calcite) + C02(gas) + 2H20 = 

ca++ + 2HC03-· (4) 

Model results (table 6) indicate that recharge of 
precipitation did not appreciably affect evolution of 
ground water between wells 24 and 333. However, 
water chemistry in the vicinity of well 24 resulted 
from dissolution processes (including that in eq. 4) 
associated with recharge of precipitation in the Sand 
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Creek drainage. During episodic surface-water flow, 
recharge extends along Sand Creek to the SCS reser
voir. Injection of municipal water (site 997) in the 
injection-withdrawal system also caused dissolution 
(eq. 4) that affects the water chemistry in the vicinity 
of wells 312 and 313. Model results indicate that addi
tional dissolution occurred between wells 313, 333, 
and 330 and between wells 330 and 138 as a result of 
recharge of precipitation. Between wells 138 and 144, 
wells 330 and 119, and wells 119 and 124, recharge of 
injected municipal water and ditch water caused addi
tional dissolution of calcite and carbon dioxide gas 
from the unsaturated zone. 

Cation Exchange and Sorption of Uranyl Ions 

Model results (table 6) indicate that cation 
exchange is a much more important process affecting 
the evolution of ground-water chemistry in the Chan-· 
dler Syncline than it is north of the Raton ridge. Total 
exchanged cations (the sum of the products of reaction 
coefficient times cation charge for either sorbed or 
desorbed cations, but not both) ranged from 4.84 to 
12.21 (average 9.3) meq/L for the four reaction 
segments upgradient from well 330 and from 0.396 to 
1.94 (average 1.25) meq/L for the four segments 
downgradient from well 330. This relation is consis
tent with the more clay-rich lithology of the near
surface Poison Canyon Formation in the Chandler 
Syncline compared to the largely sand and gravel 
alluvium that constitutes the alluvial aquifer north of 
the Raton ridge. Cation-exchange-capacity data for 
<2-j..lm size fractions (Banta, 1997) indicate bulk
corrected values between 0.9 and 14 (average 5.2) 
meq/ IOOg for eight samples from the near-surface 
Poison Canyon Formation and between 0.5 to 1.4 
(average 0.7) meq/100g for five samples from the 
near-surface Vermejo Formation (two samples) and 
terrace alluvium (three samples) north of the Raton 
ridge. X-ray-diffraction analysis of these <2-J..lm frac
tions (Banta, 1997) indicate that smectite is the major 
clay mineral causing these cation-exchange capacities. 

Model results (table 6) indicate net exchange of 
sodium ions for calcium and magnesium ions only 
between site 701, well 24, and well 333, the only 
modeled reaction segment not appreciably affected by 
recharge of water or dissolution of calcite (which 
would favor greater sorption of calcium). Other reac
tion segments generally exchanged calcium (and 

sometimes magnesium and potassium) ions for 
sodium ions. 

Model results (table 6) indicate that uranyl 
(U02 ++)ions were sorbed along all reaction segments, 
except between wells 330 and 119 and between wells 
119 and 124, where uranyl ions were flushed by large 
quantities of calcium-rich water injected for the dam
to-ditch flush (site 997) and infiltrating from the 
DeWeese Dye Ditch (site 526) and associated feeder 
ditches and irrigation. However, between wells 330 
and 138 and between wells 138 and 144, model results 
indicate continued sorption of uranyl ions, probably 
because of larger concentrations of dissolved uranium 
between wells 330 and 138 and a short distance down
gradient from well 138; some desorption of uranium 
probably occurred between wells 138 and 144 as a 
result of infiltration of water from the DeWeese Dye 
Ditch, but not enough to cause net desorption in the 
model. Similarly, recharge of injected water (site 997) 
upgradient from wells 312 and 313 and recharge of 
precipitation upgradient from well 330 probably 
desorbed uranyl ions from the unsaturated zone, but in 
smaller quantities than were sorbed in the saturated 
zone, causing net sorption in those reaction segments. 

Dissolution of Powellite 

Model results (table 6) indicate that powellite 
(CaMo04) dissolved along most reaction segments 
where recharge of freshwater was caused by infiltra
tion of precipitation or injection of municipal water. In 
segments where powellite dissolved, beginning and 
ending solutions from wells (except ending solutions 
at wells 124 and 144) were oversaturated with powel
lite. This oversaturation at wells implies that powellite 
dissolution occurred in the unsaturated zone (and 
possibly where recharge water mixed with ground 
water) and that powellite precipitation occurred in the 
saturated zone, but in insufficient quantities to result in 
net precipitation (except between wells 138 and 144 
and between site 701 and well333). Uranyl ions prob
ably were desorbed from the unsaturated (or mixing) 
zones where powellite was dissolved, but this desorp
tion was insufficient to cause net desorption in those 
model segments. Powellite was precipitated and uranyl 
ions were sorbed between site 701 and well 333 in the 
vicinity of the old tailings ponds; these processes 
probably occurred in the part of the reaction segments 
upgradient from the injection-withdrawal system 
between site 701 and well 312 and between site 701 
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and well 313. Powellite was dissolved, and dissolved 
molybdenum was flushed where uranyl ions were 
desorbed because of the dam-to-ditch flush between 
wells 330 and 119 and by infiltration of irrigation 
water between wells 119 and 124. Flushing of powel
lite also occurred between wells 330 and 138, but 
because less flush water was involved in this reaction 
segment, net sorption of uranyl ions occurred. 

Dissolved molybdenum is generally more 
mobile than dissolved uranium in the study area, 
resulting in a general downgradient increase in the 
ratio of dissolved molybdenum to dissolved uranium 
to the vicinity of the De Weese Dye Ditch. This ratio 
increased from 0.94 to 1.9 between site 701 and 
well 333, where no surface recharge was modeled. 
Between site 701 and well312, the ratio increased 
from 0.94 to 4.8, and at well313, it increased to 6.0, 
presumably because recharge with injected water 
dissolved molybdenum faster than it dissolved 
uranium. Between wells 333 and 330, recharge of 
precipitation increased the ratio from 1.9 to 5.1. 
Concentration ratios peaked at wells 138 (9.1) and 119 
(13) but decreased at downgradient wells 144 (3.8) 
and 124 (5.3), possibly because of greater concentra
tions of leachable uranium than leachable molyb
denum in the alluvial-aquifer matrix. Small dissolved 
concentrations of both elements north of the De Weese 
Dye Ditch would allow such differential leaching to 
substantially decrease the ratio of dissolved molyb
denum to dissolved uranium. 

SUMMARY 

A uranium-ore processing mill began operating 
near Canon City, Colorado, in 1958 and remained 
active until January 1986. Data collected in 1968 indi
cated ground-water contamination by dissolved 
uranium and dissolved molybdenum in Lincoln Park, 
an unincorporated neighborhood immediately south of 
Canon City. This report presents information related to 
migration pathways of ground water affected by mill 
activities and geochemical processes that affect 
ground-water quality. 

Previous investigations determined that the 
primary near-surface pathway of raffinate migration 
was from the vicinity of old unlined tailings ponds on 
the uranium-mill site, down the Sand Creek drainage, 
and through the Sand Creek gap in the Raton ridge. 
Plots of maximum dissolved-uranium and dissolved-

molybdenum concentrations for 1987 through 1989 
confirm this pathway and indicate that the raffinate 
plume split about 0.33 mi north-northeast of the SCS 
dam; the main uranium plume continued north-north
east for about 1.2 mi and then turned eastward for 
about 0.5 mi, and another uranium plume extended • 
eastward about 0.5 mi. The molybdenum plumes 
formed similar pathways, but extended farther down
gradient. The near-surface pathway is in alluvium and 
fractured bedrock immediately underlying the allu
vium, generally extending no deeper than 100ft. 

Historical trends in ground-water chemistry at 
several wells along the primary raffinate-.migration 
pathway indicate that use of a new lined tailings 
impoundment, beginning in 1979, and other remedia
tion activities that began in about 1979 have substan
tially decreased concentrations of dissolved uranium 
and dissolved molybdenum. The remediation activities 
consisted of ( 1) transfer of tailings from the old 
tailings ponds to a lined impoundment ( 1981-83); 
(2) operation of ground-water pumpback systems a 
short distance upgradient from the SCS reservoir and 
immediately downgradient from the old unlined 
ponds, beginning in about 1979; (3) installation of a 
clay barrier against the upgradient toe of the SCS dam 
in 1988; and (4) operation of a ground-water injection
withdrawal system downgradient from the area of the 
old tailings ponds, beginning in 1989. For example, 
dissolved-uranium concentrations at well 138 in 
Lincoln Park decreased from 3,570 Jlg/L in 1979 to 
less than 600 Jlg/L in 1994. 

To evaluate the amount and quality of ground 
water migrating through the Sand Creek gap, 
six monitoring wells were installed and four test 
holes were drilled near the north toe of the SCS dam 
in 1995. Hydraulic conductivity was measured, and 
water-quality samples were taken from the six 
monitoring wells early in 1996; the flow rate of water 
and flux of dissolved uranium and dissolved molyb
denum through the gap were estimated to be 1 ,900 to 
12,000 Ud for water flow, 8.3 to 52 g/d uranium flux, 
and 48 to 300 g/d molybdenum flux. 

Historical water-quality and water-level data 
indicate that raffinate-affected ground water probably 
has migrated from the vicinity of the uranium mill 
northward into a small, unnamed drainage west of 
Sand Creek and through a gap in the Raton ridge. 
Available information does not allow evaluation of the 
timing or the extent of possible raffinate migration into 
this basin, although such migration has probably been 
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small compared to migration via Sand Creek. Data for 
wells near drainage basins east of and adjacent to the 
Sand Creek drainage indicate that raffinate-affected 
ground water probably did not How into these basins. 

Previous investigators have hypothesized that 
raffinate-affected ground water might have flowed into 
Lincoln Park along deep migration pathways. Inter
bedded shales in the Poison Canyon Formation prob
ably limit downward How of water through that 
formation, a conclusion supported by historical water
quality data from several clustered wells that are 
downgradient from the old tailings ponds and that are 
screened at varying depths. Another possible deep 
migration pathway for raffinate is via the Littell shaft, 
a shaft for the Wolf Park coal mine in the Vermejo 
Formation about 1,060 ft beneath the vicinity of the 
old tailings ponds. Previous investigators have hypoth
esized that raffinate-affected ground water might have 
migrated down this shaft, through mined voids and 
unmined coal and sandstone in the Vermejo Forma
tion, and then into alluvial ground water at Lincoln 
Park. Water levels in the coal mines in the vicinity of 
the uranium-mill site indicate that the Wolf Park Mine 
is not connected to the Chandler Mine to the east or to 
the Rockvale Mine to the north and that raffinate
affected ground water would not How in the direction 
of the Chandler Mine. Water-quality data for two wells 
completed in coals of the Vermejo Formation beneath 
the uranium-mill property indicate that reducing 
conditions in the Wolf Park Mine are not conducive to 
transport of dissolved uranium and dissolved molyb
denum; therefore, this deep migration pathway is 
unlikely. 

Mass-balance reaction modeling was completed 
for eight reaction segments to assist in characterization 
of hydrogeochemical processes that evolved raffinate
affected ground water from the area of the old tailings 
ponds to Lincoln Park. Results indicate that dilution is 
a major process affecting downgradient ground-water 
chemistry. South of the Raton ridge, most dilution is 
accomplished by ground-water How into the basin 
where the uranium mill is located, injection of water at 
the injection-withdrawal system downgradient from 
the old tailings ponds, and infiltration of precipitation 
along the channel of Sand Creek during surface-water 
How. North of the Raton ridge, infiltration of fresh irri
gation water from the De Weese Dye Ditch causes 
much greater dilution of raffinate components. 

Model results indicate that dissolution of calcite 
and carbon dioxide gas is an important geochemical 

process between the area of the old tailings ponds and 
Lincoln Park. Because calcite was oversaturated at all 
modeled ground-water sites upgradient from the 
DeWeese Dye Ditch, recharge by fresh atmospheric 
precipitation and injected water caused dissolution of 
calcite and carbon dioxide gas from the unsaturated 
zone or where fresh recharging water mixed with 
ground water. 

Model results indicate that cation exchange was 
much greater in the Chandler Syncline (the structural 
basin where the uranium mill is located) than it was in 
alluvium downgradient (north) from the Raton ridge. 
Most reaction segments had exchange of calcium (and 
sometimes magnesium and potassium) for sodium. 
Results indicate that uranyl (U02 ++)ions generally 
were sorbed. Along two reaction segments in alluvium 
north of the Raton ridge, U02 ++ ions were desorbed 
(Hushed) by calcium-rich water that was injected and 
by water that infiltrated from the DeWeese Dye Ditch 
and associated irrigation. 

Model results indicate that powellite (CaMo04) 

generally dissolved in reaction segments where 
recharge of fresh precipitation or municipal water 
occurred, although beginning and ending solutions 
were oversaturated with this mineral. This relation 
implies that powellite was dissolved in unsaturated or 
mixing zones by fresh recharge water, but was precipi
tated in the saturated zone. Powellite also was Hushed 
(dissolved) in the same two reaction segments in allu
vium north of the Raton ridge where uranyl ions were 
desorbed by fresh injection and irrigation water. 
Dissolved molybdenum generally is more mobile than 
dissolved uranium in the study area; the difference in 
mobility causes a general downgradient increase in the 
ratio of dissolved molybdenum to dissolved uranium 
to the De Weese Dye Ditch. 
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Table 7. Water-level and water-quality measurements at selected wells, springs, and surface-water sites, 1995-96 

[Site locations are shown on pl. I in Banta ( 1997); ft, feet; •c. degrees Celsius; IJ.S/cm. microsiemens per centimeter at 25 degrees Celsius;·-. no data; 
IT, incremental titration; mg/L, milligrams per liter; <, less than; IJ.g/L. micrograms per liter; o34S, 34St32S isotopic ratio expressed compared to the 
Canyon Diablo meteorite standard; o13C, 13CI12C isotopic ratio expressed compared to the PeeDce belemnite marine-carbonate standard; o2H. 2HI1H 
isotopic ratio; &180, 180/160 isotopic ratio; o2H and &180 arc expressed compared to the Standard Mean Ocean Water standard] 

Water 
level, 

Temper- Specific pH 
depth 

Site 
Station number Station name Date below 

ature, conduc- (stan-
number 

land 
water tance dard 

surface 
(•C) (IJ.S/cm) units) 

(ft) 

382317105 133101 SCO 19070 16DCCD I 03-08-95 43.40 11.0 3,000 5.8 

10 3825521 OS 133101 SCO 1907004ABBD I 03-16-95 37. 19 17.5 850 7.1 
II 38244210511 1401 SC01907011ACDBI 03-14-95 36.75 20.0 2,260 7.4 

14 382424105135401 SCO 1907009CCA2 02-06-95 40.81 14.0 2.820 8.0 
IS 382455105 134401 SCOI90700SBACI 01-19-96 37.37 12.5 2,940 7.3 

17 382412105130201 SCO 1907009DDDDD I 02-01-95 77.69 14.0 978 8.3 
19 382504105125101 SCO 1907003CCDC I 03-14-95 33.32 15.0 931 7.4 
20 3825 10105124701 SCO 1907003CCD I 03-14-95 29.62 IS.S 685 7.3 
22 382418105132201 S~OI9070009DCDA I 0 1-26-95 13.11 12.0 1,080 9.5 

114 382536105131901 SCOI907004ADBCI 03-21-95 53.10 16.0 537 7.3 
117 382516105130901 SCO 1907004DADC I 07-21-95 30.11 IS.S 585 7.2 
119 382505105130501 SC01907004DDD2 03-IS-95 29.42 16.0 723 7.4 
120 382514105125501 SCO 1907003CCBAD I 07-20-95 13.70 16.0 621 7.4 
122 382521105 125201 SCOI907003CBDBBI 07-19-95 31.97 IS.S 616 7.3 
123 382502105125301 SCO 1907003CCDCC I 03-14-95 17.5 1,010 7.1 
124 382527105125001 SCO 1907003CBA2 03-IS-95 56.47 16.5 569 7.2 
129 382531105122201 SCO 1907003ACDD I 03-IS-95 34.25 16.0 612 7.1 

Alkalin- Dis-
Dis-

Nitro- Nitro-
Cal- Magne-

Oxygen, 
ity, dis- solved 

solved 
gen, gen, N02 cium, slum, 

Sodium, 

Site • dis-
solved, solids, 

solids, 
ammo- + N03, 

dis- dis-
dis-

number solved 
onsite, sum of 

residue 
nia, dis- dis-

solved solved 
solved 

(mg/L) 
IT constit-

at 1so•c solved solved 
(mg/Las (mg/Las 

(mg/Las 
(mg/Las uents 

(mg/L) 
(mg/Las (mg/Las 

Ca) Mg) 
Na) 

CaC03) (mg/L) N) N) 

I 2.5 51 

10 5.6 334 
II 5.7 365 

14 <0.1 292 

IS 232 2,440 2.550 0.06 3.4 320 110 260 
17 <0.1 214 

19 5.0 283 
20 4.2 286 

22 0.3 230 
114 4.6 251 

117 9.5 

119 6.3 208 445 454 <0.015 0.50 41 II 100 
120 9.0 

122 8.3 

123 4.8 310 641 661 <0.015 2.2 93 35 71 
124 5.7 271 337 338 <0.015 1.0 67 18 27 

129 7.2 277 367 363 <O.QIS 1.7 75 20 26 
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Table 7. Water-level and water-quality measurements at selected wells, springs, and surface-water sites, 1995-96 
-Continued 

Potas- Chlo-
Sulfate, 

Fluo-
Silica, 

Alumi- Bro-
Iron, 

Manga-
sium, r ide, 

dis-
r ide, 

dis-
num, mide, 

dis-
nese, 

Site dis- dis-
solved 

dis-
solved 

dis- dis-
solved 

dis-
number solved solved 

(mg/Las 
solved 

(mg/Las 
solved solved 

(j.tg/L as 
solved 

(mg/Las (mg/Las (mg/Las (1-1g/L as (mg/Las (!-1g/L as 
K) Cl) 

S04) F) Si02) AI) Br) 
Fe) 

Mn) 

I 
10 
II 
14 
IS 13 54 1.500 1.2 26 400 0.63 410 27 
17 
19 
20 
22 

114 
117 
119 2.8 10 130 1.9 18 10 0.08 I I <I 
120 
122 
123 3.1 18 200 0.70 23 <10 0.17 5 <1 
124 3.3 4.0 27 0.60 24 20 0.06 <3 4 
129 2.5 7.0 35 0.70 25 20 0.08 <3 <I 

Molybde-
o13c 
of 

Site 
Selenium, num, Uranium, o34S of 

dissolved 
S2Hof o18o of 

number 
dissolved dissolved dissolved sulfate 

inorganic 
water water 

(j.tg/L asSe) (1-1g/L as (1-1g/L as U) (perm II) 
carbon 

(perm II) (perrnil) 
Mo) 

(perrnil) 

<I 0.20 
10 9 24 
II 6 31 
14 6 0.39 
15 150 59 420 
17 2 0.62 
19 550 72 

20 140 35 
22 3 1.4 

114 6 8.7 
117 240 34 
119 <5 I ,800 140 -1.6 -9.6 -112.0 -14.82 
120 !50 14 
122 400 57 
123 4 620 83 -3.5 -11.9 -101.0 -1 3.48 
124 <I 250 47 0.2 -12.5 -98.5 -13.01 
129 <I 150 55 0.0 -12.3 -101.0 -13.19 
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Table 7. Water-level and water-quality measurements at selected wells, springs, and surface-water sites, 1995-96 
-Continued 

Water 
level, 

Temper- Specific pH 
Site depth 

ature, conduc- (stan-Station number Station name Date below number 
land 

water tance dard 

surface 
(oC) (I!Sicm) units) 

(ft) 

130 382516105120901 SCOI907003DDBI 03-21-95 41.23 15.5 676 7.2 

138 38250 II 0512590 I SC01907010BBBAI 03-09-95 45.24 14.5 2,200 7.8 

144 382502105122901 SC01907010ABBI 03-08-95 32.07 14.5 821 7.0 

163 382442105111901 SCOI907011ACCI 03-1 3-95 15.0 1,730 7.7 

165 382531105113401 SC01907002BDCD 1 07-19-95 14.0 382 7.3 

166 382526105114101 SCO 1907002CBADA I 07-19-95 12.05 14.5 495 7.3 

167 382502105121101 SCOI907010AAB I 07-21-95 13.67 15.5 550 7.4 

173 382536105125401 SCO 1907003BCADC I 07-19-95 15.0 630 7.2 

174 38252 1105123201 SCO 1907003CADA I 07-20-95 38.05 17.0 567 7.2 

183 382453105131202 SC01907009AAC3 03-15-96 20.08 15.5 683 7.6 

190 3825 17105130101 SCO 1907003CBCC 1 03-21-95 38.48 16.5 552 7.2 

197 382549105132001 SC01907004ABAD1 03-22-95 43.57 15.0 681 7. 1 

228 38251810513 1801 SCO 1907004DACC I 03-16-95 42.30 15.0 824 7.4 

230 382529105130401 SCO 1907004DAAA I 07-20-95 27.81 14.5 602 7.3 

31 2 382404105132001 SCO 1907009DCA I 03-08-95 9.23 11.0 3,270 7.9 

313 382404105132002 SC01907009DCA2 02-03-95 IO.o? 11.5 5,100 7.7 

324 382351105133501 SCOI907016ACBDI 02-02-95 103.83 15.5 979 7.5 

Alkalln- Dis· Dis- Nitro- Nitro-
Cal· Magne-

Oxygen, ity, dis· solved solved gen, gen,N02 cium, slum, 
Sodium, 

Site dis-
solved, solids, 

solids, 
ammo- +N03, 

dis· dis-
dis-

number solved 
on s ite, sum of 

residue 
nia, dis· dis-

solved solved solved 

(mg/L) IT constit· 
at 180°C solved solved (mg/Las (mg/Las 

(mg/Las 
(mg/Las uents (mg/Las (mg/Las Na) 
CaC03) (mg/L) 

(mg/L) 
N) N) Ca) Mg) 

130 5.1 314 

138 6.8 239 1,520 1,570 <0.oi5 2.5 86 32 370 

144 5.0 350 518 524 <0.015 1.0 96 32 36 

163 3.5 

165 4.8 

166 7.0 

167 8.8 

173 7.1 

174 9.0 

183 3.0 147 430 431 0.14 <0.05 29 8.0 110 

190 1.0 255 326 324 59 18 34 

197 5.6 319 408 413 70 32 29 

228 4.8 242 502 509 68 23 74 

230 10.0 

312 6.6 429 2,280 2,280 <0.015 7.7 41 22 700 

313 4.0 589 

324 <0. 1 299 
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Table 7. Water-level and water-quality measurements at selected wells, springs, and surface-water sites, 1995-96 
-Continued 

Potas- Chlo-
Sulfate, 

Fluo-
Silica, 

Alumi- Bro-
Iron, 

Manga-
sium, ride, 

dis-
ride, 

dis-
num, mide, 

dis-
nese, 

Site dis- dis-
solved 

dis-
solved 

dis- dis-
solved 

dis-
number solved solved solved solved solved solved 

(mg/Las (mg/Las 
(mg/Las 

(mg/Las 
(mg/Las 

(!lg/L as (mg/Las 
(!lg/L as 

(!lg/Las 
K) Cl) S04) F) 

Si02) 
A I) Br) 

Fe) 
Mn) 

130 
138 2.6 43 800 2.6 22 <10 0.40 310 <3 
144 2.4 6.4 80 1.0 42 <10 0.11 <3 <I 
163 
165 
166 
167 
173 
174 
183 2.6 13 160 1.3 13 <10 0.15 10 97 
190 2.4 4.9 27 0.70 23 10 0.07 920 53 
197 3.9 5.9 33 1.3 37 20 0.09 <3 <I 
228 2.9 9.9 150 1.0 24 10 0.10 10 120 
230 
312 0.90 85 1.100 2.2 17 <10 0.37 <9 <3 
313 
324 

Molybde- 81 c 
of dis-

Site 
Selenium, num, Uranium, 834S of 

solved 
82 H of 8180 of 

number 
dissolved dissolved dissolved sulfate 

Inorganic 
water water 

(!lg/L as Se) (!!giL as (!lg/L as U) (perm II) 
carbon 

(permil) (permil) 
Mo) (permil) 

130 45 18 
138 17 5,200 570 -4.0 -9.0 -100.0 -13.04 
144 <I !50 40 -2.0 -13.4 -97.8 -13.01 
163 2 5.5 
165 22 3.9 
166 66 13 
167 36 9.6 
173 100 25 
174 42 14 
183 <I 92 76 
190 <I 420 39 
197 I 7 16 
228 3 20 23 
230 13 16 
312 44 9,600 2,000 -2.3 -10.0 -107.0 -14.12 
313 20,000 3.600 
324 4 0.46 
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Table 7. Water-level and water-quality measurements at selected wells, springs, and surface-water sites, 1995-96 
-Continued 

Water 
level, 

Temper- Specific pH 
depth 

Site 
Station number Station name Date below 

ature, conduc- (stan-
number 

land 
water tance dard 

surface 
(•C) (J.LS/cm) units) 

(ft) 

325 382317105132301 SCO 19070 16DCD I 03-08-95 55.05 14.0 3.260 7.0 

327 382450105130701 SCOI907009ADABI 02-07-95 45.10 14.0 1,480 8.1 

3"28 3824501051 30702 SC01907009ADAB2 03-20-95 62.37 14.0 1,030 9.4 

330 382438105131601 SCO 1907009ADC I 03-09-95 19.95 15.0 3,980 7.4 

333 382412105133401 SCOI907009DCC I 03-01-95 14.5 4,330 7.2 

335 382335105140701 SCOI907016CBCC1 02-01-95 88.55 14.0 2.520 6.7 

336 3824191051 33801 SCOI907009DCBI 03-07-95 40.82 15.0 2,400 7.3 

339 382352105133101 SCOI907016ACCAI 01-26-95 19.5 11,700 s.s 
342 3824551051 34501 SCO 1907009BACA I 02-09-95 49.05 15.0 2,570 6.7 

350 382358105134001 SCO 19070 16BADC I 02-09-95 5.23 11.5 2,800 7.4 

357 382405105 133401 SCOI907016ABBI 03-17-95 26.52 12.5 2,790 7.2 

373 3824431 05131801 SCOI907009ADBCOI 03-13-96 25.84 15.5 1,430 7.1 

374 382443105131601 SCOI907009ADBOI 03-13-96 10.00 14.0 3.550 7.8 

375 382442105131601 SCOI907009ADBDO! 03-12-96 20.73 14.0 4,860 7.2 

376 382442105131701 SCOI907009ADBC02 03-11-96 18.79 13.5 4,550 7.0 

377 382442105 131602 SCOI907009ADBD02 03-1 5-96 13.0 1,240 7.3 

378 382442105131702 SCO 1907009ADBC03 03-13-96 14.5 2,880 7.3 

Alkalln- Dis- Dis-
Nitro- Nitro- Cal- Magne-

Oxygen, lty, dis- solved solved gen, gen,N02 clum, slum, 
Sodium, 

solved, solids, ammo- +N03, dis-
Site dis-

onslte, sum of 
solids, 

nia, dis- dis- dis- dis- solved 
number solved residue solved solved 

(mg/L) IT constlt· at 1so•c solved solved (mg/Las (mg/Las 
(mg/Las 

(mg/Las uents (mg/L) 
(mg/Las (mg/Las 

Ca) Mg) 
Na) 

CaC03) (mg/L) N) N) 

325 1.3 248 

327 <0. 1 251 

328 491 

330 6.2 388 2,750 2.850 <0.015 5.4 ISO 59 660 

333 330 3,300 3.480 <O.DlS 30 230 110 650 

335 <0.1 270 

336 1.7 240 

339 <0.2 248 

342 0.5 401 

350 <0.6 214 

357 1.1 395 

373 2.7 193 924 944 0.13 0.09 74 20 200 

374 7.5 375 2,490 2,610 0.02 5.4 86 41 700 

375 3.0 336 3,730 3,840 0.04 14 250 81 830 

376 4.0 487 3,550 3,600 0.05 3.3 230 90 830 

377 151 823 844 0.04 0.24 55 17 190 

378 6.0 202 2,11 0 2,450 0.05 0.07 210 59 360 
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Table 7. Water-level and water-quality measurements at selected wells, springs, and surface-water sites, 1995-96 
-Continued 

Potas-
Chlo- Sulfate, Fluo- Silica, 

Alumi- Bro· Manga-
slum, 

ride, dis- dis· ride, dis· dis· 
num, rnide, Iron, dis· nese, 

Site diS· dis· diS· solved diS· 
number solved 

solved solved solved solved 
solved solved (llg/l as solved 

(mgllas (mgllas (mgllas (mgllas (mgllas 
(llgll as (mgllas Fe) (llg/L as 

K) Cl) S04) F) Si02) 
AI) Br) Mn) 

325 
327 
328 
330 3.7 97 1,500 1.9 19 <10 0.87 36 <3 
333 5.2 140 1,800 2.1 17 20 1.0 18 <3 
335 
336 
339 
342 
350 
357 
373 4.1 54 430 2.7 15 20 0.43 83 72 

374 3.2 81 1,300 3.1 17 30 0.74 33 <3 
375 5.2 140 2,100 2.8 16 20 1.1 <12 71 
376 5.2 130 1,900 1.6 22 20 1.3 16 <4 
377 2.9 48 380 3.5 20 60 0.35 19 58 
378 5.5 130 1,200 1.8 13 20 1.1 <9 240 

Molybde- o13c 
Selenium, num, dis- Uranium, o34S of of dis· o2H of o180 of 

Site solved 
number 

dissolved solved dissolved sulfate 
Inorganic 

water water 
(llg/L as Se) (llg/L as (llg/L as U) (perm II) 

carbon 
(perm II) (permil) 

Mo) 
(perm II) 

325 3 3.3 
327 150 1.2 
328 59 1.0 
330 22 9,600 1.900 ·2.2 -10.0 -92.1 -11.87 
333 110 6,900 3,700 -2.1 -8.9 -104.0 -13.23 
335 4 0.89 
336 43 130 
339 <1 <0.10 
342 2 3.9 
350 640 3.1 
357 21 9.1 
373 <1 42 <0.10 
374 1 13,000 2,900 
375 38 22,000 3,300 
376 11 25,000 4,300 
377 25 10 1.2 
378 <1 140 23 
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Table 7. Water-level and water-quality measurements at selected wells, springs, and surface-water sites, 1995-96 
-Continued 

Water 
level, 

Temper- Specific pH 
depth 

Site 
Station number Station name Date below 

ature, conduc- (stan-
number 

land 
water tance dard 

surface 
(oC) (1-!Sicm) units) 

(ft) 

526 382501105131001 SCOI907009AABI 06-14-95 16.5 326 8.5 

701 382402105134301 SCO 19070 16BAD'l 03-02-95 12.0 25,400 7.4 

710 382401105132201 SC019070 16AAC 1 03-09-95 11.5 6,820 7.0 

806 382432105134301 SC01907009CADB I 02-08-95 43.80 15.5 3,850 6.3 

997 382358105135301 SCOI907016BI 06-12-95 15.0 232 7.4 

2107 38252910513180 I SC01907004DABBI 07-20-95 25.55 16.5 618 7.2 

A lkalin- Dis-
Dis-

Nitro- Nitro-
Cal- Magne-

Oxy-
ity, dis- solved 

solved 
gen, gen,N02 clum, slum, 

Sodium, 

Site gen, dis-
solved, solids, 

solids, 
ammo- +N03, 

dis- dis-
dis-

number solved 
onslte, sum of 

residue 
nla, dis- dis-

solved solved 
solved 

(mg/L) 
IT cons tit-

at180°C. 
solved solved 

(mg/Las (mg/Las 
(mg/Las 

(mg/Las uents (mg/Las (mg/Las Na) 
CaC03) (mg/L) 

(mg/L) 
N) N) 

Ca) Mg) 

526 8.5 1122 194 203 <0.015 <0.05 44 I I 10 

701 1,370 26,400 27,900 1.3 150 350 970 6.800 

710 0.9 349 5,230 5.570 0.03 150 620 190 780 

806 4.1 263 

997 8.3 15o 126 131 <0.015 0.07 26 6.1 7.4 

2107 5.3 

Potas-
Chlo- Sulfate, Fluo- Silica, 

Alumi- Bro- Manga-
slum, 

ride, dls- dis- ride, dis- dis-
num, mlde, Iron, dis- nese, 

Site dis- dis- dis- solved dis-
number solved 

solved solved solved solved 
solved solved (1-!g/Las solved 

(mg/Las (mg/Las (mg/Las (mg/Las 
(mg/Las 

Cl) S04) F) Si02) 
(1-!g/Las (mg/Las Fe) (1-!g/Las 

K) AI) Br) Mn) 

526 1.2 2. 1 17 0.30 15 20 <0.0 1 29 4 

701 15 770 16,000 1.3 7.1 80 2.3 <10 170 

710 4.7 740 2,000 1.0 15 10 2.7 <10 30 

806 

997 0.90 6.7 35 0.30 7. 1 30 <0.01 8 2 

2107 

Molybde- o13c 
Selenium, num, dis- Uranium, o34S of 

of dis- o2H of o18o of Site solved 
number 

dissolved solved dissolved sulfate 
inorganic 

water water 
(1-!g/L as Se) (1-!g/L as (1-!g/L as U) (perm II) 

carbon 
(perrnil) (permil) 

Mo) 
(perm II) 

526 <1 2.5 1.4 - 10.5 -1 07.0 -14.14 

701 1,200 84,000 89,000 -2. 1 -4.3 -91 .4 -9.78 

710 900 550 890 -3.1 - 12.6 -75.4 -8.70 

806 4 25 

997 <I 2 1.2 3.6 -6.1 -123.0 -16.16 

2107 5 II 

I Laboratory alkalinity measurement substituted for on site measurement to yield better ion balance for solution. 
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Discussion of Chlorofluorocarbon
Recharge Dates 

Several important processes were considered to 
obtain an estimate of recharge dates for the seven 
chlorofluorocarbon (CFC) samples (table 8; well 
locations are shown in fig. 3). Recharge-age date refers 
to the year that a given sample of ground water 
became isolated from the atmosphere as it flowed into 
an aquifer or a formation. The processes that can affect 
apparent recharge dates are ( 1) CFC sorption onto 
plastic casings, (2) anaerobic degradation of CFC's in 
the aquifer, and (3) sorption of CFC's onto organic 
matter in the aquifer matrix. Also, intermediate 
apparent recharge dates can result from mixing of 
different age waters from multiple ground-water
bearing zones along the screen or gravel pack of a 
well. 

Modem atmospheric CFC's analyzed for 
recharge-age dating are: trichlorofluoromethane 
(CFC-11 ); dichlorodifluoromethane (CFC-12); and 
trichlorotrifluoroethane (CFC-113) . These compounds 
can sorb onto polyvinyl chloride (or fiberglass) casings 
during installation or prepurging of wells and can 
subsequently desorb into sample water, causing 
apparent recharge dates that are too recent (Reynolds 
and others, 1990). Although an attempt was made to 
prevent atmospheric contamination of casings by 
preventing evacuation of water too close to the depth 
from which CFC sampling was done, the small yields 
of wells 17 and 22 caused casings at the sampling 
depths to be exposed to the atmosphere. In addition, 
prior prep urging by uranium-mill personnel of most or 
all of the seven wells sampled for CFC's probably 
exposed casings (and in some wells, screens) to the 
atmosphere. 

Anaerobic degradation of CFC's in the aquifer 
can cause apparent recharge dates that are too old 
(Busenberg and Plummer, 1992). The potential for 
anaerobic degradation of CFC's is in the order CFC-
11>CFC-113>>CFC-12. Five wells (14, 17, 324, 327, 
and 335) had unmeasurable dissolved-oxygen 
concentrations, although only well 327 had noticeable 
H2S. 

Sorption of CFC's onto organic matter in the 
aquifer matrix can cause apparent recharge dates 
that are too old (Busenberg and Plummer, 1992). 
This potential exists in the order CFC-113> 
CFC-1l>>CFC-12. The potential for this problem 
probably applies only to wells completed in the 

Vermejo Formation (wells 327 and 342), which has 
some coal seams. No lithologic log is available for 
well 327, but the lithologic log for well 342 indicates 
that no coal was in or near the strata in which the well 
was screened; therefore, matrix sorption of CFC's 
probably is not important for well 342. 

The relatively late date indicated by CFC-113 
compared to CFC-11 and CFC-12 from well 14 
(table 8) indicates that exposure of the casing to the 
atmosphere had occurred. Because of the relatively 
good agreement between CFC- 11 and CFC-12 dates, 
the latest of these dates, 1956, is judged to be the latest 
possible recharge date for this well, but the oldest of 
these CFC dates, 1950.5, is probably a more realistic 
estimate of the earliest recharge date because of the 
likelihood that the CFC-12 dates appear younger than 
they would otherwise because of desorption CFC-12 
from the casing. The same reasoning was applied to 
wells 17 and 22, using dates from replicate 4 (table 8) 
for both wells because that replicate is the least 
affected by casing desorption. 

Because of relatively good yield and a long 
water column, casing exposure probably has not 
occurred at great depth in well 324 since installation. 
However, the disparately late CFC-113 recharge-age 
dates indicate probable contamination during 
sampling. Without any additional information to aid 
interpretation, 1987.5 needs to be used as the latest 
possible recharge date for well 324. 

The presence of H2S in the water from well 327 
indicates the potential that CFC concentrations have 
been diminished by anaerobic degradation because the 
long water column probably has protected the casing 
from atmospheric exposure near sampling depth. 
Sorption into the aquifer matrix may have caused 
additional loss of CFC's from solution. Assuming 
these processes could not have removed all CFC-113 
from solution, the absence of this compound indicates 
that this ground water had recharged by 1966, the 
year CFC-113 attained detectable concentrations 
in recharge water (Eurybiades Busenberg, U.S. 
Geological Survey, written commun., 1995). The 
dates for CFC-12 imp! y that the absence of CFC-11 
was caused by degradation and possibly sorption. 
These removal processes also would cause CFC-12 
recharge dates to be minimized; therefore, the earliest 
of those dates, 1954, would be the earliest possible 
recharge date. The presence of a relatively large 
concentration of dissolved molybdenum (150 J..lg/L) 
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and dissolved uranium (1.2 ~giL) having a 234uP38u 
ratio indicative of a raffinate source (Zielinski and 
others, 1997), implies that the water from well 327 
contains some water that recharged during 1958, when 
uranium-mill operations commenced, or later. 

Well335 also had an absence of CFC-113. 
This well has a relatively good yield and a long water 
column to prevent atmospheric exposure of the casing 
near the sampling depth. Although the absence of 
measurable dissolved oxygen (table 7) indicates the 
possibility of anaerobic degradation, the presence of 
the more readily degradable CFC-11 indicates that the 
absence of CFC-113 results from recharge prior to 

1966. The oldest CFC-11 date, 1953, sets the earlier 
limit for the recharge date. 

Relatively good yield and a long water column 
in well 342 probably pro~ected CFC samples from 
recent casing exposure to the atmosphere. The 
presence of dissolved oxygen in water from this well 
(table 7) indicates that anaerobic degradation probably 
did not affect CFC concentrations, and the absence of 
coal in the screened strata indicates that sorption of 
CFC's onto the aquifer matrix probably was not 
substantial. Using replicate 4 as the sample least 
contaminated during sampling, a recharge-date range 
of 1966 to 1971 is rendered. 
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I} Cl) 
c= N 
~ 

"' 0 

Table 8. Results of chlorofluorocarbon a na lyses and estimated recharge dates ;:; ~ 
"' z ~ 
~ il z - - [Well locations are shown in fig. 3: calculated partial pressures and date interpretations assume a mean atmospheric recharge temperature of 12.1 degrees Celsius and a recharge elevation of 5,600 feet above -a 0 a :I sea level; CFC-11, trichloroHuoromethane; CFC- 12, dichlorodiHuoromethane; CFC-1 13, trichlorotrifluorocthane: T pc• Poison Canyon Formation; K .. Vermcjo Formation; TKr Raton Formation; ppl. parts z 
;::l Ill z :I per trillion by volume; --, contaminated: S. earlier than or equal to: <.earlier than] "' a. 0 

~ 
C) 

~ 
g 

Sample Sample 
Calculated atmospheric partial pressure 

Theoretical recharge date Estimated recharge .., :r Well Formation (ppt) .., 

~ 
CD date replicate date 3 CFC-11 CFC-12 CFC-113 CFC-11 CFC-12 CFC-113 

i ~ 14 Tpc 2-6-95 2 3.8 14.6 15.0 1955 1954 1974.5 $1956, probably 
.... ~ 4 5.3 8.4 14.0 1956 1950.5 1974 $1950.5 g 0 

~ c 5 3.8 8.4 14.0 1955 1950.5 1974 
"' g 
.lll c;· :I 

" 0 
z - 17 T pc 2-1-95 2 39.8 148.5 20.7 1967 1971 1978 $ 1963, probably !" C) .. 

0 4 19.2 38.1 10.1 1963 1960.5 1971.5 $ 1960.5 c 
:I 5 20.7 130.5 14.7 1963.5 1970 1974.5 a. 
~ 
Ill 
it 22 Tpc 1-26-95 2 31.0 62.2 75.8 1965.5 1964 1989.5 S l965, probably ... 
):» 

4 26.9 34.5 60.9 1965 1960 1987.5 S l960 = I 5 46.0 95.3 99.5 1968 1967.5 

~ 
324 Tpc 2-2-95 I 297.3 744.0 128.6 $ 1987.5 c: -- -- --

il 3 78.0 227.2 63,9 1971.5 1975 1987.5 :I c 
5 80.6 272.4 43.5 1972 1977.5 1984.5 3 

I 

~ 
11954-1966 m 327 Kv 2-7-95 2 0.0 14.7 0.0 1945 1954 S l966 = c 4 0.0 20.6 0.0 S l945 1956 S l966 

CD 
:I 5 0.0 17.0 0.0 $1945 1955 $1966 -z 
Ill ... 
0 
Ill 

335 TKr 2- 1-95 2 3.7 40.8 0.0 1955 1961 S l966 1953- 1966 

~ 4 3.5 28.9 0.0 1954.5 1958.5 $ 1966 
:I 
0 5 2.0 46.9 0.0 1953 1962 $ 1966 

~ 
0 

342 Kv 2-9-95 2 230.2 237. 1 45.2 -- Probably 0 -- --
0 

4 33.9 142.5 9.2 1966 1970.5 1971.0 1966-197 1, il 
Q. 

5 60.3 179.5 16.2 1970 1973 1975 Possibly <1966 0 

l Uranium isotopes and dissolved-molybdenum concentrations indicate the presence of raffinate (Zielinski and others, 1997), production of which began in 1958. 
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