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Executive Summary

Uranium mill tailings disposal cells in Colorado and New Mexico have been constructed on
dark-gray shale bedrock of the Upper Cretaceous Mancos Shale, and a new disposal cell is being
constructed on Mancos Shale in Utah. It has long been known and discussed by many
researchers that the Mancos Shale is a source of salts, selenium, and trace metals. These
constituents can in turn contribute to groundwater contamination. There is a need to consider the
release of potential contaminants by natural processes when evaluating the progress of
groundwater remediation efforts at disposal sites built on Mancos Shale.

We sampled Mancos Shale groundwater at 51 locations in Colorado, New Mexico, and Utah,
mostly from shale beds but also from some sandstones and alluvial gravels. Because the Mancos
Shale does not typically yield much groundwater, most samples were collected from seeps and
springs. Many of the groundwater samples were highly saline, as indicated by specific
conductivity values ranging from 418 to 70,002 microsiemens per centimeter ([tS/cm) with a
geometric mean of 9,226 [tS/cm. Samples collected at nine locations had specific conductivity
values of more than 30,000 ýtS/cm. Nitrate concentrations exceeded 250 milligrams per liter
(mgIL) at 13 locations, and selenium concentrations exceeded 1,000 micrograms per liter ([ig/L)
in eight samples. Uranium concentrations were also high, having a range of 0.2 to 1,922 ptg/L
with a geometric mean of 48.8 jig/L, and samples from 18 locations had concentrations more
than 100 ýtg/L. At several locations, seep water was colored yellow to red; the coloration was
caused by dissolved organic carbon concentrations up to 280 mg/L. Boron concentrations
exceeding 1,000 ptg/L were common, in groundwater from shale beds, but lower values were
found in groundwater from sandstone.

All uranium-234 to uranium-238 activity ratios (ARs) were greater than the secular equilibrium
value of 1.0. All but three of the AR values were more than 1.5, and about half of the values
exceeded 2.0. Thus, high AR values may be a common characteristic of groundwater that has
interacted with Mancos Shale.

The results indicate that high concentrations of boron, major ions, nitrate, selenium, and uranium
are likely to occur as a natural process of interaction between groundwater and Mancos Shale.
The high concentrations are apparently limited to groundwater associated with shale beds, and
concentrations of these constituents in groundwater associated with sandstone were much lower.
High contaminant concentrations occurred throughout the study areas and were not correlated
with geographic area, stratigraphic position, or source of water. Some of the samples were
influenced by irrigation, but others were collected from locations in remote areas with no
significant anthropogenic input.

In a few well-characterized areas, it was possible to define the source of recharge water and the
groundwater flow path to the seeps. Seeps in several areas were fed from man-made ponds or
reservoirs, and had historical documentation that allowed accurate assessments of the timing of
the formation of the seeps. At one area, historical data were sufficient to determine that the
groundwater flow rate through the shale beds of Mancos exceeded 8 feet per day.

A literature review of the solid-phase composition of Mancos Shale indicated that the shale is
composed of quartz, feldspar, illite, smectite, interlayered clays, carbonates, sulfates, organic
matter, and pyrite. Uranium and nitrate likely reside in or are closely associated with organic
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matter, and selenium substitutes for sulfur in pyrite. Conceptually, major ion chemical reactions
are dominated by calcite dissolution following proton release from pyrite oxidation and
subsequent exchange by calcium for the sodium residing on clay mineral exchange sites. This
conceptual model was tested numerically using a reaction progress approach. The modeling
indicated that these reactions were able to explain the general features of groundwater chemical
evolution.
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1.0 Introduction

We define natural contamination as a process by which constituents are transferred from
geologic materials (in this case, rock of the Mancos Shale) to groundwater in concentrations that
could be harmful to human health or the environment. For this definition, the source of the
groundwater may be anthropogenic but the water. must be of a reasonably high quality prior to
contacting the geologic source of the natural contamination. Although there are many factors that
should be considered when relating concentrations of a dissolved constituent to the risks to
human health or the environment, in this study we consider contaminants as concentrations that
exceed regulated standards. Contaminants with concentrations that exceed standards by an order
of magnitude or more, which for this study included uranium, selenium, and nitrate, are of
special interest (Table 1). Although Table 1 presents national drinking water standards, other
standards exist. For example, an aquatic life standard of 4.6 micrograms per liter (tgiL) has been
established for selenium (Thomas 2009) and the State of New Mexico has a livestock drinking
water standard of 100 tgiL for vanadium (Thomas et al. 1998).

Table 1. Contaminants Exceeding 10 Times the Maximum Contaminant Levels for Drinking Water
in Seep and Spring Samples Analyzed for This Study(40 E-CFR 141)

Drinking Water Range Measured In Geometric
Standard This Study Mean

Uranium (pg/L) 30 0.2-1,922 .49.7
Selenium (pg/L) 50 0.14-4,700 51.5
Nitrate (mglL) 44 0.5-3,614 33.7

mg/L = milligrams per liter

Natural contamination of surface drainages, including the Colorado River, by salts and selenium
from irrigation on marine shale formations in semiarid lands is well known (Laronne 1977;
Wagenet and Jurinak 1978; Whittig et al. 1982, 1983, 1986; Laronne and Schumm 1982;
Jackson and Julander 1982; Deyo 1984; Rao et al. 1984; Evangelou 1981; Evangelou et al. 1984;
Wright and Butler 1993; Butler et al. 1991, 1994, 1996; Zielinski et al. 1995; Butler and
Leib 2002; Kakouros et al. 2006; Thomas et al. 2008; Tuttle and Grauch 2009). A study of
natural contamination was conducted by Littke et al. (1991) on black shale of the Jurassic
Posidonia Shale in Germany. They developed a mass and volume balance that estimated
constituent loss (potentially transferred to groundwater) during the weathering process and
concluded that shale may significantly increase sulfur and organic carbon concentrations in the
groundwater over those levels derived from local anthropogenic sources.

A goal of this project was to determine the distribution of natural contamination in Mancos
Shale groundwater by measuring chemical concentrations in Mancos Shale seeps and springs
from samples collected throughout much of its depositional basin. This information is directly
relevant to evaluation of groundwater contamination at uranium mill tailings disposal sites that
were constructed on the Mancos Shale. Because uranium is an important contaminant at
U.S. Department of Energy (DOE) former uranium milling sites and tailings disposal sites, it is
a contaminant of principal interest to this study. It is important to understand the possible
contribution of natural uranium to background concentrations at these cleanup sites to ensure
realistic cleanup standards and to evaluate the progress of site cleanup. Relatively few data exist
on uranium concentrations in surface water or groundwater influenced by Mancos Shale.
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I
Uranium mill tailings disposal cells were built on Mancos Shale near Grand Junction, Colorado,
and Shiprock, New Mexico. These sites are administered by DOE's Office of Legacy
Management. Under another program, DOE is currently (2011) relocating uranium tailings from
a former milling site near Moab, Utah, to a disposal cell built on Mancos Shale at Crescent
Junction, Utah (Figure 1).

Less-direct reasons for studying Mancos Shale groundwater chemistry include its role in the
understanding of (1) contaminant loading to surface water, particularly the Colorado River,
(2) uranium ore genesis, and (3) influence of natural carbon releases on the global carbon budget.
These three secondary objectives are discussed briefly as follows:

(1) Many studies have focused on the release of salt and selenium from the Mancos
Shale and its effects on salt loading to the Colorado River. Notable research has been i
conducted by personnel at the U.S. Geological Survey (USGS) (Butler et al. 1991,
1994, 1996; Wright 1995, 1999; Butler and Leib 2002; Grauch et al. 2005;
Tuttle et al. 2005, 2007; Thomas et al. 2008; Tuttle and Grauch 2009; I
Stillings et al. 2005), University of California, Davis, (Whittig et al. 1982, 1983, 1986;
Deyo 1984; Evangelou et al. 1984, 1985), Utah State University (Jurinak et al. 1977;
Wagenet and Jurinak 1978; Rao et al. 1984), Colorado State University (Laronne 1977; i
Ponce and Hawkins 1978; Sunday 1979; Laronne and Shen 1982; Laronne and
Schumm 1982), and others (Jackson and Julander 1982). These studies are important
because of issues with deteriorating water quality for downstream users, particularly in
California and Mexico. Data collected for most of these studies are predominantly from
samples of surface waters (streams, lakes, and canals) that flow to the Colorado River.
Groundwater contribution of salt and selenium have also been investigated l
(e.g. Butler et al. 1994), but to a far lesser extent.

(2) Although most theories of the origin of sandstone-type uranium ore deposits in the I
Colorado Plateau Province do not invoke a contribution from the Mancos Shale, Shawe
(1976) proposed that uranium ore deposits in the Slick Rock District in southwest
Colorado were formed by uranium-bearing groundwater that flowed downward from the i
Mancos Shale during burial compaction, depositing uranium in the organic-carbon-rich
Morrison Formation. Shawe (1976) suggested that the fluids migrating from the Mancos
were reducing, with uranium kept in solution by dissolved carbonate.

(3) Petsch et al. (2000) determined that between 60 and 100 percent of the total organic
carbon present in black shale can be released during weathering. Oxidation during I
weathering depletes oxygen from and adds carbon dioxide to the atmosphere. As shown
in Figure 1, the Mancos Shale crops out over approximately 1,250 square miles in the
Four Comers states. The vast area of Mancos and equivalent gray marine shale outcrops
that are in Arizona, Colorado, Kansas, Montana, Nebraska, New Mexico, North Dakota,
South Dakota, Utah, and Wyoming may provide sufficient carbon dioxide release to have
an impact on the global carbon budget.

I
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Figure 1. Locations of Sampling Regions and Mancos Shale Outcrops

CSA = Cerro Summit Area (Figure 10), DAR = Daly Reservoir Area (Figure 9), DRA = Delta Reservoir Area
(Figure 2), DTA = Devil's Thumb Golf Course Area (Figure 4), LAA = Loutsenhizer Arroyo Area (Figure 11),

SA = Shiprock Area (Figure 12), SLA = Sweitzer Lake Area (Figure 5), WA = Whitewater Area (Figure 6)
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I
2.0 Geology of the Study Area

The Mancos Shale was deposited during the Late Cretaceous Epoch in the offshore and open-
marine environment of the epicontinental Western Interior Seaway. The seaway corresponded to i
the Rocky Mountain foreland basin, an area of downwarping that developed as a result of active
thrusting along the Sevier orogenic belt to the west (Johnson 2003). For about 13 to 15 million
years, the slowly subsiding foreland basin accumulated sediment and ash-fall deposits from I
periodic uplift and volcanic activity in the Sevier highland to the west (Matthews et al. 2003).

The exposed formation reaches as much as 4,150 ft thick in west-central Colorado and east- I
central Utah (Fisher et al. 1960). Named by Cross and Purington (1899) for exposures in the
valley around Mancos, Colorado, the Mancos Shale in that area is considerably thinner-only
2,238 ft, as measured in a section by Leckie et al. (1997).

The Mancos Shale represents the interplay of transgressive and regressive episodes of the
seaway. Shale, mudstone, claystone, and limestone were deposited during transgressions, and I
sandstones were deposited during regressions. The lithologic variation around the depositional
basin, reflecting the proximity to sediment sources in the Sevier highland, created a complicated
nomenclature for the Mancos-Berman et al. (1980) referred to the nomenclature as i
"burdensome." Mancos Shale, as recognized in the Colorado Plateau and Southern Rocky
Mountains, represents only part of the marine rocks formed in the western part of the seaway.
Other formations represent these seaway deposits to the east and north. As thrusting progressed
eastward in the Sevier orogenic belt with time, the west part of the seaway filled, and marine
conditions shifted eastward where the Pierre Shale was deposited in eastern Colorado and in
adjoining states to the east and north.

Mancos Shale nomenclature varied significantly across the Colorado Plateau in the six regions
where samples were collected for this study. Figure 2 shows the various members of Mancos
Shale for each of the sampled regions (Delta and Montrose Regions were combined because their
Mancos Shale members are similar). Also shown in Figure 2 is a nomenclature column of i
Mancos-equivalent marine deposits for eastern Colorado where the Pierre Shale is present. In
western Colorado, the upper part of the Mancos Shale is equivalent to the lower part of the Pierre
Shale (Berman et al. 1980). For the Delta-Montrose and Shiprock Regions, much of the
nomenclature is imported from the open-marine facies (and members) recognized in
eastern Colorado.

Immediately underlying the Mancos Shale in the study area is the Dakota Sandstone, which was H
deposited during the initial transgression of the seaway. The maximum transgression of the
seaway corresponding to its greatest depth is characterized by the deposition of fine-grained
carbonates of the Bridge Creek, Fort Hays Limestone, and Greenhorn Limestone Members
(Kauffman 1969). As the sea gradually regressed in cycles, the shoreline moved generally from
the northwest to southeast across the study area. During the seaway regression, the Mancos
typically intertongues with marginal-marine rocks in the overlying Mesaverde Group. Basal
Mesaverde Group regressive coastal deposits in the study area include the Castlegate, Point
Lookout, and Star Point Sandstones. The basal coastal deposit and equivalent to the basal
Mesaverde in eastern Colorado overlying the Pierre Shale is the Fox Hills Sandstone.

I
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Figure 2. Mancos Shale Nomenclature for the Six Sampled Regions and Eastern Colorado Area
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Mancos Shale generally consists of clayey to sandy to calcareous silt-shale with minor limestone,
marlstone, bentonite, concretions, and sandstone beds (Noe et al. 2007a). These rocks represent
muddy, shallow shelf deposits, and they typically form badland-style topography. A good
example of this geomorphic expression is in the area of the South Branch of Loutsenhizer
Arroyo in the Montrose, Colorado, Region (shown in the cover photo). Here, as in many other
places of exposed Mancos, the shale is covered with a thin skin of residual or colluvial mud, as a
result of in-place weathering (Noe et al. 2007a). Weathering commonly imparts a "popcorn"
texture in calcareous shales of the thick Smoky Hill Member. Other characteristics of the Smoky
Hill are the presence of Inoceramus shell fragments and its tendency to weather to a lighter gray
or yellow-golden color. The overlying Prairie Canyon Member, is generally noncalcareous and
organic-rich, and it contains very fine-grained, bioturbated, thin sandstone beds that weather out
into small plates.

As used in this study, weathered Mancos Shale is defined as those portions of Mancos that have
undergone significant chemical changes related to weathering processes, chiefly pyrite oxidation
to iron hydroxide minerals and significant oxidation and loss of organic matter. This definition of
weathering is consistent with that used by Berner (1987). These geochemical reactions are likely
accompanied by mineralogical changes to the clay fraction, and manifest themselves in various
ways including a change in the color of Mancos Shale from dark gray to yellowish gray and the
production of a popcorn texture at the ground surface. Various terms have been used in the
literature, but not well defined, for features that we presume to correlate with this definition of
weathered Mancos Shale: Mancos Shale residuum (Wright and Butler 1993; Butler et al. 1994),
shale residuum (Wright 1995, 1999), surficial Mancos Shale (Laronne 1977), weathered Mancos
(Laronne and Shen 1982; Laronne 1977), weathered zone (Stillings et al. 2005), weathered shale
(Wright 1995; Evangelou 1981), and partially weathered Mancos (Evangelou et al. 1984, 1985;
Evangelou 1981). Similarly, our definition of unweathered Mancos Shale is probably mostly
equivalent to Mancos Shale bedrock (Butler et al. 1994), competent Mancos (Laronne 1977), and
less-weathered shale (Stillings et al. 2005). Mancos Shale hills are in most places capped by
weathered shale that has a light-gray or yellow color. Another characteristic of weathered
Mancos Shale is the presence of gypsum (CaSO 4o2H 20) and calcite (CaCO 3); the amounts of
both decrease with increasing depth. However, weathering of Mancos Shale can apparently occur
without any obvious change in appearance. In a study of the weathering of organic matter in the
Mancos Shale, Leythaeuser (1973) found that core samples with a similar dark-gray appearance
had significantly lower concentrations of organic carbon in the shallowest zones, likely due to
weathering. In a study of black shale in Germany, Littke et al. (1991) also showed that organics
can be weathered without a significant change in macroscopic appearance.

Thin bentonite beds have been identified in most members of the Mancos Shale. Thicknesses
of the beds range from a fraction of an inch to as much as 5 ft and most commonly are 1 to
6 inches. Bentonite was first defined to be a highly colloidal, plastic clay found in Cretaceous
rocks near Fort Benton, Wyoming (Knight 1898). Later definitions of bentonite limited it to
clays composed mostly of montmorillonite produced by the alteration of volcanic ash. I
Approximately 400 to 450 distinct bentonite beds have been identified in the Western Interior
Seaway deposits, and many of the bentonite beds extend for hundreds of miles across the*
depositional basin (Kauffman 1977). Radiometric dates of the bentonites correlate well with
index fossils and provide a detailed geochronology for the seaway. Further definition of
bentonite (in common usage, and in this report) classifies it as a rock derived from wind-
transported volcanic ash, predominantly vitric in character, that fell into a body of water, and
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then settled to form a discrete bed (Schultz et al. 1980). Glassy ash shards are altered most
commonly to smectite, and phenocrysts in the ash are typically preserved. The rock is considered
a bentonite if the ash-fall origin is recognizable. This definition was used by Schultz et al. (1980)
for description of bentonite beds in the Pierre Shale, an eastern equivalent of the Mancos Shale.
Numerous bentonite beds as much as 5 ft thick (but typically less than 1 ft thick) in the upper
Pierre Shale just west of Denver, Colorado, are described by Noe et al. (2007b). Mineralogy of
these bentonites indicates they are calcium bentonites and do not have as much swelling capacity
as the very highly expansive sodium bentonites that occur in northern Wyoming.

During this study, bentonite beds were observed as light gray to white, thin layers in several
exposures of Mancos Shale, particularly in the Montrose and Delta Regions. In the Delta Region,
bentonite beds several inches thick were present at the Delta Reservoir seeps in the lower part of
the Prairie Canyon Member. In the Montrose Region, bentonite beds were seen in the Prairie
Canyon Member in areas investigated along a tributary to Loutsenhizer Arroyo. Also in the
Montrose and Delta Regions, just above the Prairie Canyon Member, bentonite beds were
observed. in the Sharon Springs Member.

3.0 Site Descriptions

In November and December 2010, samples were collected from 69 sampling locations over a
broad geographic area on the Colorado Plateau encompassing much of the Mancos Shale
depositional basin (Figure 1). Latitude and longitude coordinates and geologic units for each
sampling location are provided in Appendix A. For ease of discussion, these locations were
grouped into six sampling regions named after the nearby towns of Delta, Green River,
Hanksville, Montrose, Price, and Shiprock (Figure 1). Where there were clusters of sampling
locations, the regions were subdivided into sampling areas. Some of the locations were in
irrigated areas, whereas others were remote with little chance for anthropogenic impacts. Seeps
were sampled at 51 of these locations and surface water at 18 locations. Seeps are surface
expressions of groundwater with insignificant flow, whereas springs are the same but with
sufficient flow to. form a stream of water. These definitions were used in the location names
(Appendix A), but for, simplicity in the document, we use the terms "seep" and "spring"
interchangeably.

Areas with known groundwater occurrences were identified using the USGS National Water
Information Service (NWIS) Web Interface (USGS 2011 a). Other areas likely to have
groundwater seepage were identified using aerial photography in Google Earth and from data
from DOE's National Uranium Resource Evaluation (NURE).program (USGS 2011 b). Field
reconnaissance investigations identified additional sampling locations.

Of the surface water locations, 12 were small streams and pools receiving water from the seeps
or springs. At the other six surface locations, water bodies were identified as the source of water
for the groundwater that surfaced at the seep sampling locations. These six surface locations are
Whitewater Ditch No. 2 (WD2) that feeds Whitewater Ditch No.2 seep (WD2S); Bostwick Canal
West Lateral (BCWL) that feeds the Loutsenhizer Area seeps; Sweitzer NE Garnet Canal
(SNGC) that feeds the seeps northeast of Sweitzer Lake; Sweitzer Lake (SL) that feeds Buen
Pastor Spring (BPS); Delta Reservoir (DR) that feeds Delta Reservoir Seep I (DRS 1), Delta
Reservoir Seep 3 (DRS3), and Delta Reservoir Dam Spring (DRDS); and Daly Reservoir (DAR)
that feeds Daly Reservoir Spring 1 (DARS1) and Daly Reservoir Spring 2 (DARS2).
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Many of the seep locations were conspicuous by the presence of extensive white efflorescent salt I
coatings on the ground surface. At a few locations, particularly those at the Sweitzer Lake Area
and Dutchmans Wash Seep, the efflorescence was intense and formed several acres of crystalline
salt crusts as much as one inch thick. Using samples collected from the West Salt Creek
watershed near Grand Junction, Colorado, and the Miller Creek watershed near Price, Utah,
Whittig et al. (1982) identified the mineral assemblage in efflorescence as gypsum
(CaSO 4o2H 20), epsomite (MgSO4• 10H 20), hexahydrite (MgSO 4o6H 20), pentahydrite
(MgSO 4o5H 20), starkeyite (MgSOa4 4H 20), kieserite (MgSO 4oH20), loewite
(Na4Mg 2(SO 4)4o5H 20), bloedite (Na 2Mg(S0 4)2o4H 20), mirabilite (Na2SO 4°1 0H 20), and
thenardite (Na2 SO 4). Bloedite, thenardite, and sideronatrite [Na 2Fe(S0 4)2(OH) o3H 20] were
identified in efflorescent salts at DOE's Shiprock, New Mexico, disposal site (DOE 2000).

Shale beds were the source of the groundwater seeps, with the exception of nine locations. At I
BAS, BSCS, BSCUS, CWCS, TWS, and YHS the groundwater issued from sandstone beds in
the Mancos Shale. At GRCRS, LGWS, and MS, groundwater issued from gravel alluvium. In the
following discussion, we refer to these nine sites as "sandstone" seeps.

Each location is described individually and organized alphabetically by region.

3.1 Delta, Colorado, Region

3.1.1 Delta Reservoir Area andDevil's Thumb Area (Delta Reservoir Locations DR, I
DRDS, DRS1, DRS3 and Devil's Thumb Locations DTS1, DTS2, and DTS3)

Delta Reservoir (Figure 3) is located about 4 miles north of Delta, Colorado, and about 1 mile I
north of Devil's Thumb Golf Course. Sources for historical information about these areas include
discussions with Mr. Andy Mitchell (City of Delta) and an unpublished report prepared by
Golder Associates for Delta County (Golder Associates 2004). Delta Reservoir occupies
3.2 acres and is fed by a pipe from Doughspoon Reservoir high on the southwest side of Grand
Mesa. Because Delta Reservoir is fed from the Grand Mesa, its water is pristine, as indicated by
our sample collected on November 8, 2010, that had a low specific conductance of 114 !IS/cm.
Seeps DRS 1 and DRS3 are located about 1,400 ft east of and hydraiulically downgradient of
Delta Reservoir. Seep DRS3 (Figure 3) emerges from the side of a steep hillside outcrop where
two lines of tamarisks mark seepage (Figure 4). To reach seeps DRS1 and DRS3, the water must
recharge into the Mancos Shale beneath Delta Reservoir and then travel along fractures and
bedding planes. Several bentonite layers are present in the Mancos that appear to exert local
control on~the groundwater flow. The seeps sampled at DRS 1 and DRS3 occur just above
bentonite beds and had specific conductivity values of 27,250 and 22,840 [tS/cm, respectively.
Sampling location DRDS was established just downstream of the Delta Reservoir dam where
water flowed down a small stream at more than a few gpm. The water emerging at DRDS would
have had minimal residence time in the dam material, which appeared to be composed of
alluvium and broken-up Mancos bedrock.
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Figure 3. Delta Reservoir Area and Sampling Locations

Figure 4. View Northeast Toward Two Lines of Tamarisk That Mark Seepage along Two Separate
Bentonite Beds. DRS3 is located just above the lower bentonite bed.
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Devil's Thumb Golf Course is about 3 miles north of Delta and was constructed in 2000
(Figure 5). Delta Reservoir was used as the water supply for the City of Delta through 1990, after
which the reservoir was drained and remained empty until 1998 when refilling was initiated to
supply water for the planned Devil's Thumb Golf Course. Images from Google Earth confirm
that the reservoir was dry in September 1993. Water was conveyed through pipes from Delta
Reservoir to four unlined ponds on the Devil's Thumb Golf Course starting in August 2000.
Initially, the course was irrigated with as much as 1 million gallons of water per day to establish
the turf.
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Figure 5. Devil's Thumb Golf Course Area and Sampling Locations

Shortly after the golf course opened, groundwater seeps started to appear in nearby areas. In
November 2001, USGS personnel sampled a seep at location USGS Seep 2, also referred to in
the NWIS database (USGS 201 la) as 384657108041901. This seep is 4,200 feet (ft) from the
Devil's Thumb Golf Course pond and receives groundwater that has flowed through the Mancos
Shale (Figure 5). Using the time period from the filling of the ponds in August 2000 to the first
documented seepage at USGS Seep 2 in November 2001 and a flow distance of 4,200 ft, we
estimated a minimum flow velocity through the shale of 8 ft per day. USGS Seep 2 was flowing
at about 9 gallons per minute (gpm) at the time of the USGS sampling and had high
concentrations of major ions, selenium, and uranium (Table 2). Concentration data for nitrate in
this seep were not available in the NWIS database (USGS 201 la).
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Table 2. Composition of De viI's Thumb USGS Seep 2 on November 28, 2001 

Constituent 
Sp. Conductance 
Alkalinity 
Calcium 
MaQnesium 
Sodium 
Potassium 
Boron 

Concentration 

~S/cm 
mg/L as CaC03 

435 mg/L 
1,220 mg/L 
5,730 mg/L 

38.3 mg/L 

634 IJg/L 

Constituent 
pH 

Selenium 
Sulfate 

Chloride 
Arsenic 
Uranium 
Nitrate 

Concentration 
7.9 

18,700 IJg/L 
12,900 mQ/L 

1,240 mg/L 

1,020 IJg/L 
139 IJg/L 

no value in NWIS 
Source: USGS 2011 a 
IJS/cm microsiemens per centimeter 

Largely because of the high selenium concentrations, efforts were undertaken by the City of 
Delta to minimize seepage from the golf course ponds. The four ponds were consolidated into a 
single, 2.9-acre pond prior to 2004. This larger pond (labeled "pond" on Figure 5) was lined with 
bentonite, and later, polyacrylic acid potassium (PAM) was applied to slow the recharge. On 
January 21, 2003, the seep was still flowing at a rate of about 14 gpm (USGS 2011a). A 
photograph taken in 2003 by Kenneth Leib (\\-Titten communication) of USGS indicated that the 
seep had created a marsh area. Because neither the bentonite liner nor the PAM treatment was 
successful in eliminating recharge from the pond, in 2004 the pond was lined with plastic. Soon 
after the pond was lined with plastic, USGS Seep 2 dried up (Andy Mitchell, personal 
communication). It was dry at the time of our study and had apparently been dry for some time 
based on the difficulty we had in determining the location of the former marsh area. The rapid 
loss of the seepage at USGS Seep 2 following the pond lining confirmed that the golf course 
pond was the source of the seep water and that groundwater can move at high velocity through 
the Mancos. 

3.1.2 	 Point Creek Seep (Location PCS) 

Point Creek Seep (PCS) is an isolated seep flowing from shale in the Mancos Shale along the 
bank of Point Creek on the southwest flank of Grand Mesa about 9 miles northwest of Delta, 
Colorado (Figure 1). It was identified as location 385043108112901 in the NWIS database and 
was sampled by U.S. Bureau of Land Management personnel on April 18 and May 13, 1980, at 
which times it had specific conductivities of7,380 and 7,480 J,1S/cm, respectively (USGS 201Ia). 

Several days prior to sample collection, we placed a sampling pipe in the seep by hand digging. 
At the time of sampling on November 8, 2010, the seep had a specific conductivity of 
10,739 J,1S/cm. No obvious sources of surface water that might supply this seep were identified. 
The area is remote and there is no irrigation in the vicinity. 

3.1.3 	 Sweitzer Lake Area (Locations BPS, SL, SNGC, SNS, SNSl, SNS2, SNS3, SRP, 
and USl) 

Sweitzer Lake is located about 2 miles southeast of Delta, Colorado. The lake is fed from a 
diversion ditch off the Gamet Canal on the east side of the lake (Butler et al. 1991). Sweitzer 
Lake has long been known to have elevated concentrations of selenium. Butler et at (1991) 
reported selenium concentrations ranging from 5 to 45 J,1g/L in the lake water. 
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Figure 6. Sampling Locations for Sweitzer Lake Area 

We collected surface water samples from Sweitzer Lake at location SL and from the Gamet 
Canal at location SNGC. At the time of sampling on November 4,2010, the water level in the 
Gamet Canal had dropped several feet from the week prior because it was near the end of the 
irrigation season. Samples were collected from locations SNS, SNSl, SNS2, and SNS3 on 
November 30, 2010, from hand.dug holes in a seepage area heavily encrusted with eftlorescence 
along a tributary draining into Sweitzer Lake about 1,000 ft northeast of the lake (Figure 6). 
These seep samples had some of the highest concentrations of salts and trace metals of any 
samples collected for our study, with specific conductivity values as high as 68,114 flS/cm, and 
the water samples were deep yellow or red from dissolved organic carbon (DOC). Another seep 
(USl) located about 750 ft east of Sweitzer Lake and cited in Thomas (2009) was sampled from 
a hand-dug hole. A nearby pool of deep-red water (SRP) was also sampled. Buen Pastor Spring 
(BPS) is located about 800 ft south of Sweitzer Lake and was sampled from a sampling pipe 
placed about 2 ft into the ground. 

3.1.4 Whitewater Area (Locations KCFS, WCTS, WCTSPl, WCTSP2, WD2, and WD2S) 

The Whitewater Area is between Delta and Grand Junction, Colorado, about 6 miles southeast of 
Grand Junction (Figure 7). Eftlorescence is common over several square miles in the Whitewater 
Area. Kannah Creek Flowline Spring (KCFS) was sampled in the nearly dry creek bed at the 
farthest upstream point where water starts seeping into the drainage. Eftlorescence was abundant 
in the KCFS seepage area, and the specific conductivity was 26,250 flS/cm. Another seep 
(WD2S), located adjacent to U.S. Highway 50, had an unusually low pH of 4.15 and a specific 
conductivity of 14,285 flS/cm. Water supplying seep WD2S was sampled at location WD2 from 
Whitewater Ditch No.2, which runs nearly parallel to U.S. Highway 50. As with location KCFS, 
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the vicinity at and near WD2S and WD2 had an extensive cover of efflorescence. A third seep
(WCTS) was sampled in a tributary to Whitewater Creek. Specific conductivity of this seep was
not measured, but samples from two nearby pools at locations WCTSP1 and WCTSP2 that were
fed from the seep had high specific conductivity values of 47,655 and 67,474 ptS/cm,
respectively. This area is also characterized by widespread efflorescence.

ow oWp r mprmgV w urmu Loconul
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Figure 7. Sampling Locations at the Whitewater Area

3.2 Green River, Utah, Region

3.2.1 Cisco Area (Locations CAS, CIS, CWC, and S36)

Location CAS is at Cato Springs about 42 miles east-northeast of Green River, Utah, and about
10 miles north of the unincorporated community of Cisco, Utah (Figure 1). The spring issued
from a stream bank and was marked by red ferric oxyhydroxide deposits having a slimy
appearance that might have been due to the presence of algae (Figure 8). This red coloration is
distinctly different from the dissolved red coloration at some locations that is caused by DOC,
such as at location HGS in the Montrose, Colorado, Region (Figure 9). The precipitates formed
from reduced groundwater carrying ferrous iron at a concentration of 2.03 milligrams per liter
(mg/L) that was exposed to atmospheric oxygen at the spring. The sample from CAS was
collected from a hand-dug hole and had a relatively low specific conductivity of 2,184 VS/cm.
A stream sample was collected at location CWC in Cottonwood Wash about 30 ft from
location CAS.
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Figure 8. Red Color Caused by Ferric Oxyhydroxide. Photo taken at Cato Springs, October 12, 2010.
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Figure 9. Red Pool of Water Formed from Seep at Houston Gulch.
The red color is caused by dissolved organic carbon.
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Seep location CIS was at Cisco Springs, about 3 miles southwest of Cato Springs. The seep is in
a wash adjacent to outcrops of gray shale in the Mancos. Cattails are prominent in the immediate
area of the sampling location and a prominent tamarisk stand was present about 100 ft upstream.
The sample was collected from a pool in the stream bank and had a specific conductivity of
3,947 ýtS/cm.

Section 36 Seep (S36) is located about 200 ft south of Interstate 70 (1-70) and about 5 miles
southwest of Cisco, Utah (Figure 1). The sample was collected from a hand-dug hole in the bank
of a drainage that appeared to have been straightened during construction of 1-70. Shale beds of
the Mancos Shale underlie the area, and it was apparent that the seepage had originated in the
Mancos. However, the sampling hole did not quite reach bedrock and was terminated in
colluvium. Efflorescence coated much of the streambed. The sample, collected on
November 11, 2010, had a specific conductivity of 24,522 uS/cm.

3.2.2 Daly Reservoir Area and Browns Wash Seep (Locations BWS, DAR, DARS1,
and DARS2)

Daly Reservoir in Grand County, Utah, was built for range improvement in April 1983 (verbal
communication from Becky Dolittle, Moab Field Office, U.S. Bureau of Land Management). It
fills from an unnamed drainage that drains northwest to Browns Wash and has an area of
2.4 acres. Daly Reservoir was sampled from the dam at location DAR, and had a specific
conductance of 1,720 pS/cm. Daly Reservoir Springs 1 and 2 (DARS 1 and DARS2) were
sampled at locations 230 and 360 ft from the reservoir, respectively (Figure 10). The springs
were flowing from an embankment of gray shale of the Mancos into a small arroyo. Samples
were collected from hand-dug holes in the bank of the arroyo. Efflorescence was abundant on the
banks and in the bottom of the arroyo. Specific conductivity values in samples from seeps
DARSI and DARS2 were 9,187 and 15,377 [tS/cm, respectively.

Sampling location Browns Wash Seep (BWS) is about 1.4 mile northeast of Daly Reservoir
(Figure 1). Much of Browns Wash near BWS is eroded down to shale of the Mancos bedrock,
but portions are covered by thin bars and lenses of alluvial gravel. Browns Wash Seep (BWS)
was sampled from a sampling pipe emplaced about 1 ft deep in an alluvial lens. The sample had
a specific conductivity of 10,798 iS/cm. Efflorescence in this area was minimal.

3.2.3 Floy Wash Area (Locations ETFW, ETFWD, UFWS, UFWS1, UFWS2,
and WFFW)

West Fork Floy Wash (WFFW) is about 4 miles northeast of exit 175 on 1-70 (Figure 1). The
entire area is underlain by shale of the Mancos, and seepage appeared to be emanating from a
series of locations along the wash. Specific conductivity was measured at six locations in pools
along a 1,000 ft stretch of the wash; values ranged from 6,000 to 22,000 jS/cm. Pools with high
specific conductivity had a yellow color. One sample from one pool (WFFW) was analyzed only
for uranium, and it had a uranium concentration of 57.4 pg/L.
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Figure 10. Sampling Locations at Daly Reservoir I

Locations East Tributary Floy Wash (ETFW) and Upper Floy Wash Spring (UFWS) are about I
1 mile south of location WFFW (Figure 1). Location ETFW was at the farthest upstream
appearance of water in the wash, and although mostly concealed, it was probably formed from a
seep. The pools that formed were red from precipitation of ferric iron, and cattails were
abundant. Specific conductivity of the water at ETFW was 21,315 p.S/cm, and specific
conductivity in a pool about 50 ft downstream (location ETFWD) was 6,300 p.S/cm. Samples I
were collected from a sampling pipe inserted about 2 ft into the ground at location UFWS, and
the water had a specific conductivity of 6,514 gS/cm. Water in both of two hand-dug, 1 ft deep
holes located 30 ft (UFWS1) and 50 ft (UFWS2) downstream had a specific conductivity of I
2,236 p.S/cm. Sediment in these holes was black and had an odor that indicated chemical
reduction. Ferric iron coated portions of the stream and was likely derived from dissolved ferrous
iron that had oxidized as it contacted the atmosphere at the seeps.

3.2.4 Green River Canal Return Seep (Location GRCRS)

This seep is referred to as SP-3 in Gerner et al. (2006) and is shown on Figure 1. USGS
personnel collected samples from the seep between June and September 2004 to help determine
salt loading from agricultural practices in the Green River, Utah, area (Gemer et al. 2006).
Dissolved solids concentrations in the USGS samples ranged from 4,280 to 4,640 mg/L; our
sample collected on November 11, 2010, had a specific conductivity of 3,847 gS/cm. 3
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The seep is located on the bank of an irrigation return canal about 850 ft from its entry to the east
side of the Green River. The sample was collected from a 2 ft deep hole that was dug by hand
into the bank of the canal. Lithologic relationships are somewhat concealed, but the seep appears
to result from water that had infiltrated from the canal to the Green River floodplain alluvium
and then surfaced at or near the contact with the underlying Mancos Shale bedrock. Thus, the
chemistry of this seep may be influenced by contact with both alluvium and Mancos Shale, and
by irrigation.

3.2.5 Little Grand Wash (Locations LGW and LGWS)

The seep sample from site LGWS was collected from a sampling pipe inserted about 1.5 ft into
the stream bank of Little Grand Wash (Figure 1). A stream sample was collected 2 ft from the
seep in a pool composed mostly of seep water. The stream was partially frozen and was flowing
at less than 1 gpm. The stream sample could have been affected by exclusion of some ions from
the ice during freezing. Specific conductivity values measured on November 12, 2010, for the
seep and wash samples were 1,637 and 1,326 VS/cm. respectively.

The seep appears to result from water that flowed through Little Grand Wash alluvium and then
surfaced at or near the contact with the underlying Lower Blue Gate Member of Mancos Shale
bedrock. Thus, the chemistry of the seep could be influenced by contact with both alluvium and
Mancos Shale.

3.3 Hanksville, Utah, Region

3.3.1 Town Wash Spring (Locations TWS and TWSP)

Town Wash Spring location TWS is in the Henry Mountains Basin about 9 miles southwest of
Hanksville, Utah, (Figure 1) and is listed in the NWIS database as location 381721110505401
(USGS 201 la). The sample from location TWS was collected from a 2 ft deep sampling pipe. At
the time of our sampling on November 17, 2010, the specific conductivity was 10,018 [iS/cm. A
pool, sampled at location TWSP in Town Wash about 20 ft south of the TWS sampling pipe, had
a specific conductivity of 5,630 [tS/cm. Water emerging at the spring originated from flow
through sandstone in the Ferron Sandstone Member of the Mancos at the contact with the
underlying Tununk Member of the Mancos Shale.

3.3.2 Cottonwood Creek Spring (Location CWCS)

Cottonwood Creek Spring location CWCS is in the Henry Mountains Basin about 9 miles
southwest of Hanksville, Utah, (Figure 1) and is listed in the NWIS database as
location 381739110513801 (USGS 201 la). The sample from location CWCS was collected from
a small pool that was fed from the seep. At the time of our sampling on November 17, 2010, the
specific conductivity was 5,965 [tS/cm. Water emerging at the spring originated from flow
through sandstone in the Ferron Sandstone Member of the Mancos at the contact with the
underlying Tununk Member of the Mancos Shale.
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I
3.3.3 Bert Avery Spring (Location BAS)

Bert Avery Spring location BAS is in the Henry Mountains Basin about 9 miles southwest of
Hanksville, Utah, (Figure 1) and is listed in the NWIS database as location 381603110491901
(USGS 201 la). The sample from location BAS was collected from a 2 ft deep sampling
pipe placed at the base of a 30 ft thick sandstone cliff. At the time of our sampling on
November 17, 2010, the specific conductivity was 418 pS/cm. Water emerging at the spring
originated from flow through sandstone in the Ferron Sandstone Member of the Mancos at the
contact with the underlying Tununk Member of the Mancos Shale.

3.3.4 Bitter Spring Creek (Locations BSCS and BSCUS)

Bitter Spring Creek Seep location BSCS (Figure 1) is southwest of the Henry Mountains in the 3
Henry Mountains Basin about 400 ft east of the Capitol Reef National Park boundary. It is listed
in the NWIS database as location 375458111011901 (USGS 201 la). The spring sample at
location BSCS was collected from a sampling pipe near the base of a massive sandstone bed in i
the Emery Sandstone Member of the Mancos Shale. The spring water was depositing iron oxide
on the rocks and streambed. Our sample, collected November 18, 2010, had a specific
conductivity of 2,037 pS/cm. The upper spring sample at location BSCUS was collected from a I
shallow stream pool at the farthest upgradient location of seepage and had a specific conductivity
of 1,079 p.S/cm. This area is characterized by steep sandstone cliffs, and the intermittent stream
has formed a series of falls up to 20 ft high. The groundwater flows through sandstone in theI
Emery Sandstone Member of the Mancos, and the springs emerge near the base of the Emery
Sandstone at the contact with the underlying Blue Gate Member of the Mancos Shale.

3.4 Montrose, Colorado, Region

3.4.1 Cerro Summit Area (Locations CCS, HGS, HGSE, and HGRP) i
Cedar Creek Seep location CCS is about 70 ft south of U.S. Highway 50 and about 2 miles
northwest of Cerro Summit (Figure 11). The seep flows from the north side of a dirt road from
the Highway 50 embankment, and efflorescence is apparent (Figure 11 inset). The groundwater
sample was collected from a hand-dug hole in the highest-elevation portion of the seepage area.
The water had a dark-yellow color and a specific conductivity of 16,409 gS/cm. The radon-222 i
concentration was 1,625 picocuries per liter (pCi/L), which was the highest value measured in
our study. The source of the water feeding the seep was not determined. 3
Location HGS (Figure 11) in Houston Gulch is along Highway 50 about 1.7 miles northwest of
location CCS and about 100 ft north of the highway. The sample was collected from a sampling
pipe inserted about 1.5 ft into the seepage area. Groundwater issuing from the seep was red due
to DOC and had a specific conductivity of 22,790 gS/cm. Sampling location HGSE was a hand-
dug hole 30 ft southeast of HGS. The groundwater at location HGSE was also red and had a
specific conductivity of 21,658 [tS/cm. Red water flowed from the seepage area down a small
stream (Figure 9). The stream at location HGRP had a specific conductivity of 45,645 gS/cm. I
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Figure 11. Sampling Locations at Cerro Summit Area. Inset is a September 28, 2010, photo of Cedar
Creek Seep.

3.4.2 Loutsenhizer Arroyo Area (Locations BCWL, LOUT3, LOUT8, LOUT9, LOUTlH,
LOUT11W, LOUT12L, LOUT12U, LOUT13, LOUT14)

According to the USGS 1:24,000 topographic map of the Olathe quadrangle, the main portion of
Loutsenhizer Arroyo runs northwest along the eastern side of the Uncompahgre River valley
floor starting about 5 miles north of Montrose, Colorado. Our sampling was conducted in one of
the upper reaches of Loutsenhizer Arroyo, which is unnamed on the USGS topographic maps but
is referred to as South Branch of Louzenhizer [sic] Arroyo by Butler and Leib (2002). For ease
of discussion, we will use the name Loutsenhizer Arroyo to refer to the South Branch and its
tributaries in the area of our sampling (Figure 12). Bostwick Canal runs along the upper reach of
Loutsenhizer Arroyo (Figure 12) and is likely the source for the seepage in the arroyo. Location
BCWL, on the West Lateral of the Bostwick Canal with a similar water supply, had a specific
conductivity of 197 pS/cm.
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number 383242107470402 that has data for October 5, 2000, at which time the specific
conductivity was 42,800 pS/cm. Our locations LOUT9 and LOUT8 are the same as the NWISI
(USGS 2011 a) locations Upper Seep and Lower Seep, respectively.

Efflorescence was common at the Lower seep, LOUT8 (Figure 12, inset), but efflorescence was Ii
minimal at LOUT9. Samples collected from locations LOUT9 and LOUT8 on
November 4, 2010, had specific conductivity values of 8,844 and 22,130 jiS/cm, respectively.•
Location LOUT 11 was sampled from a shallow, hand-dug hole in a small tributary toI
Loutsenhizer Arroyo, and location LOUT 11W was in the wash about 9 ft away. Samples of
LOUT 11 and LOUT 11W had specific conductivity values of 11,600 and 315 p S/cm,•
respectively. Location LOUT 12U was a seep dripping from a plant rootlet bedded in gray shaleI
in a small ravine on the side of a steep Mancos hillside. Another seep was sampled at location
LOUT 12L near the bottom of the same ravine as LOUT 12U, near where the ravine intersected I

the main arroyo. Specific conductivity values for samples at LOUT12U and LOUT12L werei
5,190 and 6,220 jgS/cm, respectively. Locations LOUT13 and LOUT14 were downstream from
LOUT1 1 in the same tributary and were sampled to test chemical variability along the tributary.
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Seep water measured in hand-dug holes at locations LOUT13 and LOUT14 had specific
conductivity values of 5,880 and 17,700 pS/cm, respectively. Seep location LOUT3 was farther
down the tributary and was sampled from a sampling pipe in a grassy area where seepage
emerged from the Mancos Shale. Specific conductivity at this location was 15,330 VS/cm.

3.5 Price, Utah, Region

3.5.1 Mud Spring (Location MS)

At location MS, clear water was flowing up and out of an existing vertical PVC pipe, and the
sample was collected by pumping water from the pipe. The spring is listed as Mud Spring on the
USGS 1:24,000 map of the Sunnyside Junction quadrangle and is listed in the NWIS database as
location 393103110315901 (USGS 201 la) (Figure 1). The site had plumbing that appeared to
have been used to convey water from the spring to animal feeding areas, indicating that the
spring had been flowing for some time. Specific conductivity measured on November 16, 2010,
was 1,659 RS/cm. This spring appears to result from groundwater flowing through the alluvial
fan extending outward (westward) from the mouth of Whitmore Canyon at the base of the Book
Cliffs. Mud Spring is one of many springs in the area where groundwater emerges from the
base of the alluvial fan material at the contact of the pediment surface on the underlying
Mancos Shale.

3.5.2 Dutchmans Wash Seep and Blue Gate Spring (Locations DWS, BGS)

Dutchmans Wash Seep is located about 27 miles southwest of Price, Utah, on the western slope
of the San Rafael Swell (Figure 1). The sampling location (DWS) was within a large, flat, open
area with abundant efflorescence. Irrigated areas are nearby to the northwest, but it is unclear
whether they supply water to this area. Specific conductivity of the seep water was 48,519 kS/cm
on November 16, 2010.

Blue Gate Spring (BGS) is located about one mile east of location DWS and is listed in the
NWIS database as site 391315110570301. The seep issues from the dark-gray shale of the
Blue Gate Member and had a sulfurous odor. Ferric oxide deposits were visible along the
seepage area. Specific conductivity of the seep water was 6,203 p.S/cm on November 16, 2010.

3.5.3 Mathis Wash Seep (Location MWS)

Location MWS is about 11 miles south of Price, Utah, and is about 20 ft west of Upper
Miller Creek Road (Figure 1). This location is within a large, irrigated area with abundant
efflorescence. Specific conductivity of the seep water was high at 70,002 gS/cm on
November 16, 2010. A 6-ft diameter pool of yellow-colored water on the opposite (east) side
of Miller Creek Road had a specific conductivity of 53,800 pS/cm.
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3.6 Shiprock, New Mexico, Region

3.6.1 Ditch 9 Spring (Location D9S)

Location D9S is about 375 ft west of Farm Road within a marshy area that extends about 75 ft
along the base of a steep shale hill of Mancos bedrock (Figure 13). On December 2, 2010, the
spring water had a specific conductivity of 4,045 gS/cm. Samples were collected from a hole
hand dug about 2 ft into the weathered Mancos. Scattered areas of efflorescence are in the
vicinity of the spring.
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Figure 13. Sampling Locations in the Shiprock Area.

3.6.2 Many Devils Wash (Location EF-22)

Many Devils Wash is an arroyo that feeds into the San Juan River about 1.5 miles south of
Shiprock, New Mexico. The wash is within about 0.5 mile of DOE's Shiprock uranium mill
tailings disposal site, and DOE is currently remediating a portion of the wash by pumping
groundwater and surface water to an evaporation pond (Figure 13). Groundwater with specific
conductivity values ranging from about 20,000 to 35,000 gS/cm enters Many Devils Wash from
seepage from a tributary called the East Fork (DOE 2000) at a relatively constant flow rate,
estimated visually as 1 gpm. The seepage contains elevated concentrations of sulfate, nitrate,
selenium, and uranium and is thought to originate as infiltration to groundwater derived from the
uranium milling (DOE 2000). Because the suite of contaminants is similar to that observed as
natural contamination from the Mancos Shale, it is reasonable to suggest that some or all of the
contamination may be of a natural origin instead of related solely to the mill site.
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Location EF-22 is in East Fork about 100 ft from its confluence with Many Devils Wash
(Figure 13). A sample was collected at this location from a sampling pipe inserted to a depth of
2 ft. The area of East Fork about 50 ft downstream of EF-22 is saturated most of the time; thus,
location EF-22 is near the surface emergence of the groundwater system. The area is often
covered by efflorescence. This is the only site sampled during the study that is located relatively
close (0.5 mile) to a known source of anthropogenic uranium contamination.

3.6.3 Salt Creek Wash Seep (Location SCWS)

Sampling location SCWS is about 4 miles northeast of Shiprock, New Mexico (Figure 13). The
sample was collected from the first upstream appearance of water along Salt Creek Wash where
the wash is bounded on both sides by shale outcrops of Mancos. The shale is weathered to a
reddish orange color on the surface in places but still contains scattered black organic material.
The sample was collected from a hole dug by hand to a depth of about 2 ft within the wash where
the water was issuing from the shale. The water was saline with a specific conductivity of
48,639 ýiS/cm. Where the water pooled in the arroyo bed, it had a yellow to red color and a DOC
concentration of 183 mg/L.

The source of the groundwater feeding SCWS was not identified; the site is in a remote area and
there are no obvious nearby reservoirs, canals, or other standing bodies of water. Location
SCWS is in the vicinity of the Salt Creek Dakota Oil Field and at least 47 test holes have been
drilled within 1 mile of the sampling location, many of them hydraulically upgradient. Some of
these test holes became oil wells that produce from a depth of about 1,100 ft in the Cretaceous
Dakota Sandstone, just below the Mancos Shale (Jacobs and Fagrelius 1978). If any of these
wells were incompletely sealed, groundwater could have migrated to the seeps from
deeper horizons.

3.6.4 Upper Eagle Nest Arroyo Spring (Location UENAS)

Upper Eagle Nest Arroyo is about 7 miles northeast of Shiprock, New Mexico, and runs
subparallel to and about 2 miles west of The Hogback, a monocline where rocks dip steeply
eastward into the San Juan Basin. At sampling location UENAS (Figure 13), the arroyo has
incised the Mancos Shale bedrock, which consists of siltstone and shale. The sample was
collected in a hand-dug hole at a depth of about 1 ft into the arroyo bed and had a specific
conductivity of 26,607 gS/cm. The sample was unusual in that it had a low color index of only
24 color units but having a high DOC value of 161 mg/L. No source of water was identified for
the spring, because it is remote and far from irrigation, reservoirs, canals, and oil wells.

3.6.5 Yucca House Spring (Location YHS)

Yucca House Spring (YHS) is located about 30 miles north of Shiprock, New Mexico, and about
10 miles south of Cortez, Colorado, (Figure 1) and is within the boundary of Yucca House
National Monument, one of the largest archeological sites in southwest Colorado (NPS 2011).
Ancestral Puebloan people used water from the spring from A.D. 1150 to 1300 (NPS 2011).

The site is listed in the NWIS database as location 371500108410801 (USGS 201 la). At the time
of our sampling on December 1, 2010, the specific conductivity was 1,442 gS/cm, and the spring
was estimated to be flowing at 0.2 to 0.5 gpm. Wright (2006) reported specific conductivity
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I
values ranging from 1,260 to 2,050 gS/cm for water sampled from Yucca House Spring during 3
four sampling events from September 2002 to September 2003. During this time, Wright (2006)
measured spring discharge at 0.45 to 0.90 gpm, and uranium concentrations ranged from 7.46 to
13.1 gg/L. Wright (2006) also measured a uranium concentration of 485 gg/L in a surface water
sample collected from Navajo Wash 0.5 miles to the east.

Although partially concealed, the spring water appears to originate in the Mancos Shale from
flow through sandy material in the Juana Lopez Member and emerge at the contact with the
underlying Blue Hill Member, composed mainly of shale. During the irrigation season,
groundwater may be supplemented by water from the Ute Mountain Ditch. Using infrared aerial i
photography to identify areas with high densities of phreatophytes, Wright (2006) suggested an
area of alluvial and pediment cover located about 1 mile west of Yucca House Spring on the east
slope of Sleeping Ute Mountain as the recharge area for the spring. Based on chemical signatures
of area springs, Wright (2006) suggested that calcium-bicarbonate groundwater recharging the
subsurface in the Ute Mountain area interacted with Mancos Shale to produce the calcium sulfate
groundwater issuing from Yucca House Spring. He also suggested that irrigation water l
contributed to Yucca House Spring. I

4.0 Methods

4.1 Sampling I
We sampled groundwater seeps from the Mancos Shale over a large portion of its depositional
basin (Figure 1). A single round of sampling was conducted during November and I
December 2010. This period was considered base flow conditions by Tuttle and Grauch (2009), a
time when irrigation and runoff are at a minimum. This period of time is within the nonirrigation i
season that Butler et al. (1991) reported typically lasts from November through March. At all
sampling locations, an effort was made to locate the farthest upgradient area of the seep in order
to obtain groundwater at its first emergence from the formation. Flow from most seeps was less
than 1 gpm.

Groundwater was collected either through a 1 to 3 ft long, vertical, 2-inch-diameter, slotted PVC 3
casing (sampling pipe), or an open hole dug with a hand auger or shovel. The water was pumped
from the "well" with a peristaltic pump. Field parameters (pH, specific conductivity,
temperature, dissolved oxygen, and oxidation-reduction potential [ORP]) were measured either 3
in a flow-through cell or by placing the sonde directly into the well. In some cases, groundwater
flowed from the rock in a manner that a sample could be collected directly into a sampling
container. This mode of sampling was used only if the sample could be obtained at the I
immediate point of groundwater emergence from the outcrop.

At a few of the seep locations, flowing groundwater could be identified mostly by wet or soggy
ground conditions. At these sites, care was taken to ensure that groundwater was flowing, and
was not simply stagnant water. Typically, the water was pumped from the sampling pipe or open
hole until it reached a steady flow rate. At a few locations that had limited groundwater l
production, the "wells" were pumped down and left for some time (up to several hours) to refill
before sampling. Not all analytes were measured at all locations. At some locations we only
measured field parameters, and only uranium was analyzed at others.
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In all cases, the seep and spring samples clearly represented flowing groundwater. The proximity
of the seeps and springs to the ground surface suggested that alteration of the groundwater
resulting from upward capillary flow and evaporation was possible in some samples.
Evaporation effects were likely to be more dominant in areas covered by efflorescence, such as
Sweitzer Lake and Dutchmans Wash. Because the areas with efflorescence had minimal or no
plant growth, transpiration of groundwater at these locales was not considered significant.
Measurements of radon-222 were made in an effort to help evaluate effects of evaporation.

Samples for chemical analyses were field filtered through 0.45 micrometer in-line filters using a
low-flow peristaltic pump. Samples were collected in Nalgene bottles: 1 liter for uranium
isotopes, 125 milliliters (mL) for anions, and 125 mL for cations and metals. An unfiltered
sample was collected in a 50 mL plastic bottle for analysis of iron-related bacteria. Two samples
were collected for radon-222 analyses in 40 mL glass vials with Teflon-lined septa. Samples for
anions, radon-222, and bacteria analyses were not preserved but were placed on ice until
analysis. All other samples were preserved with sufficient concentrated nitric acid to maintain
the pH at less than 2.

4.2 Analysis

Field parameters (pH, ORP, specific conductivity, temperature, and dissolved oxygen) were
measured on unfiltered water using a YSI Environmental (Yellow Springs, Ohio) 556 MPS
meter and sonde. Measurement of pH employed a glass combination electrode, ORP a platinum
electrode, conductivity a four-electrode cell, and dissolved oxygen a steady-state polarographic
cell. Alkalinity was determined in the field on filtered samples by titration with sulfuric acid.

Most water analyses were conducted at the DOE Environmental Sciences Laboratory in Grand
Junction, Colorado. Samples collected for analysis of arsenic, boron, selenium, uranium isotopes,
and vanadium were sent to a commercial laboratory.. Color analyses were performed on filtered
samples using a Hach (Loveland, Colorado) DR/890 colorimeter, which measures light
absorbance at 465 nanometers normalized to a platinum-cobalt standard. One color unit is
equivalent to 1 mg/L platinum as chloroplatinate. Concentrations of anions (sulfate, chloride, and
nitrate) were determined on a Dionex (Sunnyvale, California) Model ICS-1500 ion
chromatograph, and cation (calcium, magnesium, sodium, iron, and potassium) concentrations
were measured by flame atomic absorption spectrophotometry on a Perkin Elmer (Waltham,
Massachusetts) AAnalyst 300. To minimize possible biodegradation of nitrate, samples were
analyzed within 48 hours of collection. Radon-222 concentrations were measured within
48 hours of sample collection on a Beckman (Brea, California) LS60001C liquid scintillation
counter. Samples were rerun several days later to confirm, using decay-rate calculations, that
radon-222 was the only significant alpha emitter. Care was taken throughout the sampling and
preparation process to minimize exposure to the atmosphere prior to alpha counting. Uranium
concentrations were determined by laser-induced kinetic phosphorescence analysis (KPA) using
a Chemchek (Richland, Washington) KPA- 11. Analysis of iron-related bacteria (bacteria that use
iron in their metabolism and can be either iron oxidizing or iron reducing) was conducted on
unfiltered samples by incubating the sample at room temperature for up to 9 days
(Droycon 2004). Dissolved organic carbon concentrations were determined colorimetrically on
filtered samples, after the samples were pretreated at pH less than 2 to remove inorganic carbon,
and subsequently heated to a temperature of 105 'C in a Hach DRB 200 reactor.
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I
Samples were analyzed for uranium-234, -235, and -238 by alpha spectrometry; for arsenic, N
selenium, and vanadium by inductively coupled plasma (ICP) mass spectrometry; and for boron
by ICP emission at ALS Laboratory Group (Fort Collins, Colorado). Total uranium 3
concentrations determined from the alpha spectrometry analyses were consistent with those
determined by KPA. The results of the KPA analyses are used in this report for discussions of
uranium where concentrations are provided in mass units. i
4.3 Calculations

Though major ion analytical concentrations were reported in units of mass per liter of solution,
geochemical modeling calculations (using the speciation code PHREEQC) required units of
molality. Conversion of mass units to molality required corresponding measures of water I
densities, which were estimated from salinity values and temperature using the empirical
equations in several published standard methods in Eaton et al. (1995). The calculation method is
presented in Appendix B.

Values of pE used in geochemical modeling were estimated from ORP values per the following
formula (Stumm and Morgan 1981):

pE = Eh/(2.3 RTF - 1) i

where:
Eh = ORP - ORPz + Eh,
ORPz = ORP of Zobell standard solution n
Eh, = theoretical Eh of Zobell standard solution
R = gas constant
T = absolute temperature (K)
F = the Faraday constant (96,490 C mo1-1)
C moll = coulombs per mole 3

5.0 Results 3
Frequency distributions of concentrations in enviroumental samples collected for groundwater
monitoring are often skewed toward low values, but logarithms of the concentrations are usually
normally distributed (Gilbert 1987). Thus, the geometric mean is a useful statistic that is often
used to describe distributions of environmental concentration data. Groundwater concentration
data from our study, transformed to logarithmic base 10 values, were found to be nearly 3
normally distributed. Thus, we use the geometric mean, which is equal to 10W, where i is the
mean of the logarithmic distribution, to describe the chemical distributions. In following report
sections, the results of chemical analyses performed on samples of groundwater seeping from I
sandstone beds or alluvium (locations BAS, BSCS, BSCUS, CWCS, GRCRS, LGWS, MS,
TWS, and YHS) are often distinguished from the results of analyses for all other seep locations,
which are mostly associated with shale beds. The results from surface water samples (locations I
BCWL, DAR, DR, SL, SNGC, WD2) are also singled out, as are the results of groundwater
collected from wells installed in deep shale. i
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We analyzed for constituents including arsenic, nitrate, selenium, sulfate, uranium, and
vanadium that are often elevated in groundwater at uranium milling sites, to address the potential
for contribution of contaminants from the Mancos Shale at uranium mill tailings disposal sites.
We measured pH, oxidation-reduction potential and concentrations of major ions including
calcium, carbonate (as alkalinity), chloride, magnesium, potassium, and sodium, for the purpose
of tracking salt loads, assessing analytical accuracy using charge balance, to define water types,
and to use in geochemical speciation modeling. Iron and dissolved oxygen were analyzed to help
evaluate redox potentials. Dissolved organic carbon and color were measured to determine if the
red or yellow colors observed in the Mancos Shale waters relate to an organic component.
Uranium-234 and uranium-238 activities were analyzed because these isotopes have been used to
help determine the sources and chemical evolution of dissolved uranium. Boron was analyzed
because it is often enriched in marine black shales and may help to detect a Mancos Shale
source. Radon-222 was analyzed mainly to help determine if the water had been altered by
evaporation. Appendix C provides a complete listing of the chemical analytical results.

5.1 Arsenic

Of the 36 samples analyzed, only one sample of seep water had an arsenic concentration
(12 gg/L) that exceeded the drinking water standard of 10 jtg/L listed in 40 e-CER 141. This
sample was collected from location SNS in the Sweitzer Lake Area (Figure 6). Arsenic
concentrations in more than 70 percent of the seep samples were less than values in surface water
samples (Figure 14).
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5.2 Boron

Boron concentrations in the six surface water samples ranged from a low value of 3.1 ttg/L in
Bostwick Canal (BCWL) at the head of Loutsenhizer Arroyo to a high of 530 Rg/L at Sweitzer
NE Garnet Canal (SNGC). Boron concentrations in seep samples ranged from 16 to 3,200 gg/L
with a geometric mean of 441 gg/L (Figure 15). Boron concentrations in seep samples were
highest (concentrations of 2,000 and 3,200 gg/L) at two locations in the Sweitzer Lake seepage
area. Seep samples with boron concentrations between 1,000 and 1,500 gg/L were collected at
Loutsenhizer Arroyo (LOUT3, LOUT8, and LOUT9), Whitewater (WD2S), Point Creek (PCS),
and Cedar Creek (CCS). Some of the sandstone seeps had low boron concentrations, including
Bert Avery Seep (BAS), Little Grand Wash Seep (LGWS), and Yucca House Spring (YHS). The
geometric mean boron concentration for the sandstone seeps was 110 jig/L, which was
considerably less than the geometric mean of 692 gg/L for shale seeps.
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5.3 Dissolved Organic Carbon (DOC)

DOC concentrations ranged from 2.9 to 265 mg/L in seep samples from the Mancos Shale
(Figure 16). Samples from Whitewater Creek tributary (WCTS), Mathis Wash (MWS), and
Sweitzer Lake (SNS) had DOC concentrations of more than 260 mg/L. Both locations, UENAS
and SCWS, in areas north of Shiprock, New Mexico, had DOC values exceeding 150 mg/L.
Samples from Loutsenhizer Arroyo (LOUT3 and LOUT8), Many Devils Wash (EF-22), Houston
Gulch (HGS), and Dutchmans Wash (DWS) had DOC concentrations of more than 50 mg/L.
DOC concentrations in samples collected at seeps DRS I and DRS3 east of Delta Reservoir were
16 and 44 mg/L, respectively. At Daly Reservoir, seeps DARS 1 and DARS2 had DOC
concentrations of 17 and 41 mg/L, respectively. DOC concentrations in the six surface water
samples ranged from 3.3 to 31 mg/L.
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and Seep (Blue) Samples

Much of the groundwater issuing from the Mancos Shale seeps was characterized by a distinctive
yellow to deep red color (Figure 9). With the exception of samples from locations SCWS and
UENAS in the Shiprock Region, color as measured by light absorbance correlated reasonably
well with DOC concentration (Figure 17). Locations SCWS and UENAS showed high DOC
concentrations but, for reasons unknown, did not exhibit a yellow or red color and had a low
color value. Water color in the streams fed by the colored seepage varies depending on the
thickness of the water column. The color is light yellow when the water thickness is less than a
few inches, but in thicker pools of water it is deeper shades of yellow and amber, and in pools
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more than 12 inches deep, the water has a deep-red color (e.g., Figure 9). Curtis and Schindler
(1997) in a study of Canadian lakes demonstrated a correlation between DOC concentration and
water color as measured by light absorption. Some authors have noted groundwater with similar
coloration related to humic material in other environments. Foster (1950) describes yellow to
dark-brown water, similar to the color of swamp water, in deep groundwater of the Gulf Coastal
Plain in Mississippi that correlates with high concentrations of sodium bicarbonate stemming
from interaction with subsurface humic material.
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Figure 17. Correlation between DOC Concentration and Water Color in Mancos Shale Seeps

5.4 Major Ions and pH

Many seep samples were highly saline, as indicated by high specific conductivity values.
Specific conductivity for the Mancos seeps ranged from 418 to 70,002 PS/cm with a geometric
mean of 9,522 [tS/cm (Figure 18). Nine seep samples had values exceeding 30,000 VS/cm, and
18 samples had values between 10,000 and 30,000 pS/cm. Specific conductivity values were
more than 30,000 pS/cm in seeps associated with large expanses of efflorescence, including
Dutchmans Wash (DWS), Many Devils Wash (EF-22), Mathis Wash (MWS), and Sweitzer Lake
Area (SNS, SNS1, SNS2, SNS3, USI). Seeps with values of specific conductivity ranging from
15,000 to 30,000 pS/cm were found at Cerro Summit Area (CCS, HGS, HGSE), Daly Reservoir
Area (DARS2), Delta Reservoir Area (DRS1, DRS3), Eagle Nest Arroyo (UENAS),
Loutsenhizer Arroyo Area (LOUT8, LOUT 14, LOUT3), Salt Creek Wash (SCWS), Section 36
Seep (S36), and Whitewater Area (KCFS). Efflorescence was common at most locations that had
specific conductivity values more than about 15,000 pS/cm.

Some of the seeps had much lower values of specific conductivity and likely represent conditions
other than groundwater issuing from shale. These include Bert Avery Spring (BAS) and Bitter
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Spring Creek (BCSUS, BSCS); field observations indicate that these emanate from sandstone of
the Ferron Sandstone and Emery Sandstone members of the Mancos Shale, respectively, rather
than from shale. Stratigraphic projection suggests that Yucca House Spring (YHS) also issues
from sandstone of the Ferron Member, but bedrock is not exposed at that location, and this
determination is uncertain. Geometric means of specific conductivity in seeps issuing from shale
and sandstone were 11,966 and 2,362 ptS/cm, respectively. Six surface water samples, collected
from sources of water that likely infiltrated into the Mancos Shale and fed some of the seeps had
specific conductivity values ranging from 114 to 6,529 uS/cm (Figure 18).
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Figure 18. Specific Conductivity (pS/cm) in Surface Water (Red) and Seep (Blue) Samples

Values of pH in the seep samples ranged from 4.15 to 8.45 with a geometric mean of 7.32. Only
four seep samples had pH values more than 8; three of these (SNS, SNS2, and US1) were
collected in the seepage area at Sweitzer Lake, and the fourth was collected at Dutchmans Wash
(DWS). More than half of the seep samples had pH values of less than 7.5. Thus, nearly all the
seep samples were lower in pH than the surface water samples (Figure 19). Anomalously low pH
values were measured at a tributary to Whitewater Creek, Colorado, where the seep sample
(WCTS) had a pH of 4.15, and the surface water sample (WD2S) had a value of 6.57. The cause
of these uncharacteristically low pH values is unknown. Surface water samples were typically
higher in pH; five of the six surface water samples had a pH of more than 8 (Figure 19).

Concentrations of major cations (calcium, magnesium, sodium, potassium) and anions
(carbonate, chloride, and sulfate) are often used to characterize water types and to help evaluate
their origins and reactive history (Hem 1985). Groundwater from most seeps had a sodium
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I
sulfate composition (Figure 20). Four samples had a significant (more than 30 percent)
bicarbonate component, and about half of the samples contained more than 50 percent calcium
plus magnesium. As the specific conductivity values of the seeps increased, so did the
dominance of sulfate and sodium; however, magnesium was prevalent even in the high-salinity 3
samples (Figure 21).
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Figure 20. Piper Diagram Showing All Sampled Locations of Mancos Groundwater and Surface Water
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specific conductivity lower than 10,000 p S/cm. 3
Groundwater data from other studies were used to characterize deep (more than 90 ft below
ground surface) horizons in the Mancos Shale. These include analyses of samples collected by
DOE from wells used to characterize the geology of a uranium mill tailings disposal site at
Crescent Junction, Utah, and from a former uranium mill site at Shiprock, New Mexico
(DOE 2007). Groundwater data were also available from a deep Mancos Shale well at the Delta
Landfill near the Devil's Thumb Golf Course in Delta County, Colorado, collected and analyzed
by Golder Associates (2004). Mancos Shale groundwater samples from 16 deep wells examined
for this study had specific conductivity values ranging from 17,030 to 66,120 [LS/cm and pH
values ranging from 6.84 to 8.2. The groundwater in the deep, unweathered Mancos Shale had a
sodium chloride composition, in stark contrast to the sulfate-dominated water in shallow,
weathered horizons (Figure 20). In a borehole at DOE's uranium mill tailings disposal site at 3
Crescent Junction, Utah, groundwater flow through shale beds in the unweathered Mancos was
confirmed using a downhole camera during which groundwater was observed flowing into the
open borehole from fractures.
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5.5 Nitrate (as NO 3)

Seeps at three sampling locations had nitrate concentrations of more than 3,000 mg/L,
and samples from five additional locations had nitrate concentrations of more than 500 mg/L
(Figure 22). Many values are higher than the drinking water standard of 44 mg/L
(40 E-CFR 141). Two of the high-nitrate concentrations were from samples collected at locations
SCWS and UENAS north of Shiprock, New Mexico, with nitrate concentrations of 1,074 and
3,614 mg/L, respectively. Samples collected from the Section 36 Seep (S36), Houston Gulch
Seep (HGS), and Kannah Creek Flowline Spring (KCFS) had nitrate concentrations of more than
800 mg/L. Another area with high nitrate is Loutsenhizer Arroyo, where samples from four
locations (LOUT8, LOUT3, LOUT9, and LOUT12U) exceeded 100 mg/L. The two seeps at
Daly Reservoir had nitrate concentrations of 150 and 449 mg/L, and two seeps east of Delta
Reservoir had concentrations of 76 and 535 mg/L. Two of the seeps near Devil's Thumb Golf
Course had nitrate concentrations of 389 and 413 mg/L. Samples collected near the golf course
may have some nitrate contributed from fertilizer. Five of the six surface water samples
contained less than 3.7 mg/L of nitrate. The sixth sample was collected at the Sweitzer Lake
Garnet Canal (SNGC) and had a nitrate concentration of 92 mg/L. Despite the higher
concentration of nitrate in the Sweitzer Lake Garnet Canal, the seep samples from sites SNS3
and SNS at the Sweitzer Lake seepage area had relatively low nitrate concentrations of only
4.1 and 18 mg/L, respectively.
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5.6 Radon-222

Two samples were collected for radon-222 analysis at each sampling location, one early during
the sampling and another near the end after most other samples had been collected. Generally,
the sample collected later had a higher radon-222 value than the earlier one, suggesting that the
early water sample had been affected by atmospheric exposure in the borehole, but that
less-disturbed formation water was entering the borehole during purging and sampling. The
higher of the two values is used for the discussion because the higher value is likely to be most
representative of the radon-222 concentration in the formation water.

The highest radon-222 concentration in the six surface samples was 49.8 pCi/L, and all other
concentrations were less than 12.6 pCi/L (Figure 23). These low values confirm that radon-222 is
released to the atmosphere from standing bodies of water. Seep samples ranged from less than
1 to 1,625 pCi/L. The data show a plateau at about 425 pCi/L and another at about 800 pCi/L
(Figure 23), and these values may be indicative of average values for the Mancos Shale. The
plateau at 425 pCi/L included three sites in the Loutsenhizer Arroyo Area, and it seems
reasonable that this value may represent in situ concentrations for the Mancos Shale in that area.
However, the concentration of radon-222 in the groundwater varies from site to site, and data can
only be used as a qualitative indicator of atmospheric exposure. The three seep samples (DWS,
LGWS, and BGS) with the lowest radon-222 values were collected from water that had flowed
along the surface a short distance, and there was opportunity for radon to be lost to the
atmosphere.
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5.7 Selenium

Selenium concentrations in seep samples ranged from 0.14 to 4,700 ýig/L with a geometric mean
of 51.5 gg/L. Many values are higher than the drinking water standard of 50 gg/L
(40 E-CFR 141). Four of the sites (LOUT3, LOUT8, LOUT9, and LOUT12U) in Loutsenhizer
Arroyo had selenium concentrations of more than 700 Rg/L, and the LOUT8 sample had the
highest value of 4,700 ttg/L (Figure 24). Selenium concentrations of more than 1,000 gg/L
occurred in seeps at Section 36 (S36) near Cisco, at EF-22 and SCWS near Shiprock, and at
KCFS near Grand Junction. Samples of seeps from two sites at Sweitzer Lake were sampled for
selenium; one (SNS) had a high value of 3,500 ýtg/L, whereas the concentration in the other
(SNS3) was only 13 pg/L. The two seeps at Daly Reservoir had selenium concentrations of
110 and 400 jig/L, whereas concentrations in those at Delta Reservoir were 100 and 950 jig/L.
All of the seeps associated with sandstone were relatively low in dissolved selenium (a geometric
mean of 3.0 [ig/L) compared to seeps associated with shale, which had a geometric mean of
124.2 gg/L. Seeps at sites that were elevated in other contaminants but were low in selenium
include Point Creek, Dutchmans Wash, and Cedar Creek. Five of the six surface samples had
low selenium concentrations (less than 15 ptg/L), but the Garnet Canal sample at Sweitzer Lake
had 110 jig/L selenium, probably derived from irrigation return flow.
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5.8 Uranium

Uranium concentrations in groundwater samples collected for this study ranged from 0.2 to
1,922 gg/L and had a geometric mean of 49.7 gg/L (Figure 25). Many values are higher than the
drinking water standard of 30 gg/L (40 E-CFR 141). Five samples (SNS, SNS1, SNS2, SNS3,
and US1) with uranium concentrations more than 200 gg/L were collected from the seepage east
and northeast of Sweitzer Lake. Seepage formed a marsh area covered by thick efflorescence.
Thus, although care was taken to ensure that groundwater flowed to each shallow (2 ft deep)
sampling hole, upward capillary flow and evaporation may have concentrated dissolved
constituents in these samples. Other samples with uranium concentrations more than 200 gg/L
were collected at seeps near Whitewater, Colorado (WCTS); Mathis Wash (MWS) and
Dutchmans Wash (DWS) near Price, Utah; Houston Gulch (HGS) near Montrose, Colorado; and
Point Creek (PCS) near Delta, Colorado. All of these seeps except Point Creek are in or near
irrigated areas and are likely fed from irrigation canal water. Point Creek is in a remote area, and
no source of water for this seep was apparent during our reconnaissance. Samples from locations
near Shiprock (EF-22 and SCWS), Loutsenhizer Arroyo (LOUT3, LOUT8, LOUT9), Delta
Reservoir and Devil's Thumb Golf Course Area (DRS3 and DTS 1), and Section 36 (S36) had
uranium concentrations between 100 and 200 gg/L, which are all well above the mean value of
8.1 jtg/L for the Four Comers states (USGS 201 lb). Uranium concentrations in seep samples
collected from shale beds were higher than those from seeps that discharged from sandstone. The
geometric mean of uranium in shale bed seeps was 83.4 gg/L, and the geometric mean for
sandstone seeps was 7.3 jig/L. Uranium in samples from the deep, unweathered Mancos Shale
had a geometric mean of 7.4 gg/L (Table 3).
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Table 3. Uranium Concentration (pg/L) Statistics for Samples from this Study

Count Minimum Maximum Geometric Mean
All Seeps 45 0.2 1922 49.7

Shale Seeps 38 1.0 1922 83.4
Sandstone Seeps 8 0.2 76.7 7.3

Deep Wells 15 0.23 270 7.4
Surface Water 6 0.20 32.8 2.9

5.9 Uranium Isotopes

Uranium-234 and -238 isotopes were analyzed on all samples that had sufficient sample volume
and sufficient uranium concentrations (generally, more than about 0.5 tg/L). Uranium
concentrations in samples BGS, WD2S, BAS, and DR were too low to get quantifiable uranium
isotopic results with the counting times used. Uranium activity ratios (ARs) of uranium-234 to
uranium-238 ranged from 1.22 to 4.08, and uranium concentrations ranged from 1.5 to 822 ýtg/L
(Table 4). AR values ranged from 1.50 to 3.06 at the five surface water sites, and uranium
concentrations ranged from 0.40 to 32.8 gg/L.

Table 4. Ranges and Geometric Means of Uranium Concentration (pg/L) and AR for the 38 Samples with
Quantifiable Uranium Isotopic Results

No. of Range of U Geometric Range AR Geometric
Samples Concentration Mean U Values Mean AR

Seeps 33 1.5-822 53.6 1.22-4.08 2.05
Surface Sites 5 0.40-32.8 4.9 1.50-3.06 1.90

Uranium isotopic analyses are often used to help interpret the chemical evolution of groundwater
systems (Osmond and Cowart 1976). Because our samples were collected from widely separated
areas on the Colorado Plateau and are not from a single aquifer system, it was not possible to
interpret groundwater evolution with these data. However, the results can be used to better
understand the variation in uranium isotopic signatures in groundwater that interacts with the
Mancos Shale, Figure 26 shows the AR values plotted against uranium concentration and
displays relative specific conductance values (symbol size) and water-type designation (symbol
color). All samples of both seeps and surface water had uranium-234 activities greater than the
secular equilibrium values. There was little difference between AR values for seeps from shale
and those from sandstone; the geometric means were 2.06 and 1.95, respectively. There were no
obvious correlations between AR values and lithology, stratigraphic position, uranium
concentration, or groundwater chemistry. A seep sample from the Whitewater Area (KCFS) had
the highest AR of 4.08. More than half of the seep samples had AR values greater than 2.0,
including samples from the Green River Region (CAS, LGWS, and S36), Hanksville Region
(TWS), Delta Area (DRS1, DRS3, DTS1, DTS2, DTS3, Price Region (DWS), Shiprock Region
(D9S, EF-22, SCWS, UENAS, and YHS), and Buen Pastor Spring at Sweitzer Lake (Figure 26).
AR values of the surface samples were all more than 1.50, and the sample from Daly Reservoir
(DAR) had the highest surface water AR value of 3.06. The four samples from Loutsenhizer
Arroyo had consistent AR values ranging from 1.71 to 1.87. AR was measured on
February 15, 2001, on a single sample from the deep, unweathered Mancos Shale at Shiprock,
and this result is plotted on Figure 26 for comparison.
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5.10 Vanadium

Vanadium concentrations were low in all samples. The highest value of 19 gg/L was measured in
sample SNS from Sweitzer Lake. All other samples had vanadium concentrations less than
3.8 gg/L (Figure 27).
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Figure 27. Vanadium Concentrations (pg/L) in Surface Water (Red) and Seep (Blue) Samples

6.0 Discussion

Naturally contaminated seeps develop in areas where water contacts shale of the Mancos Shale
and the topography is favorable. The seeps often have specific conductivity values exceeding
15,000 [.S/cm, indicating that they have high salinity. Butler et al. (1994) also reported values of
high specific conductivity from the weathered Mancos Shale for eight groundwater sampling
locations in the Uncompahgre and Grand Valley project areas, where specific conductivity
values ranged from 3,650 to 13,900 .S/cm. Groundwater in the weathered Mancos Shale has a
sodium sulfate composition, whereas groundwater in the unweathered Mancos Shale has a
sodium chloride composition.

Concentrations of nitrate, selenium, and uranium in groundwater from shale beds of Mancos are
usually higher than the Safe Drinking Water Act (40 e-CFR 141) drinking water standard, often
by a factor of 10. Thus, evaluations of contaminant plumes in Mancos Shale terrain should
consider the possible contribution of natural contamination. Because of the wide geographic
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i
separation of the sampling locations and the association with various geologic units of the
Mancos Shale, we conclude that natural contamination from Mancos Shale is ubiquitous and is

not confined to specific areas or specific geologic members. Contaminant concentrations are
higher in groundwater flowing through shale than in groundwater flowing through sandstone, as
indicated by the geometric means in Table 5.

Table 5. Geometric Means of Mancos Groundwater Concentrations for Shale and Sandstone Aquifers

Analysis Shale Sandstone
Uranium (pg/L) 83.4 7.3
Selenium (pg/L) 124.2 3.0
Nitrate (mg/L) 68.2 2.2
Boron (pg/L) 692.1 110.4
Specific Conductivity (pS/cm) 14,086 2,108

Although care was taken to ensure that all of the groundwater samples were collected from
active seepage areas, some of the sampling sites were obscured by alluvium or soil, and some
could have been affected by fertilizer chemicals. For the following discussion, six key areas were
selected that were either isolated from irrigated areas or the source of recharge water was known
and was accessible for sampling. These areas are Daly Reservoir, Delta Reservoir, Loutsenhizer
Arroyo, Point Creek Seep, Salt Creek Wash, and Upper Eagle Nest Arroyo. The chemistry of
samples collected from the seeps at these key areas is a direct result of interaction with the host
rock. Because bedrock and seeps are well exposed at these six areas, the exact point where the
seeps emerge from dark-gray shale bedrock could be observed, and samples were collected at
that point. The construction and water level history of Delta Reservoir (Figure 3) are well
known, and the water infiltrating the Mancos Shale is pristine, having been derived from high on
the Grand Mesa. Once this water enters the groundwater, it flows through Mancos Shale to the
seeps at locations DRS 1 and DRS3, located about 1,400 ft from the reservoir. Thus, any
constituents dissolved in the seep water must have been derived from chemical transfer from the
Mancos Shale to the groundwater.

A similar situation exists at Daly Reservoir (Figure 10) with sampling sites DARS 1 and DARS2
located 230 and 360 ft from the reservoir, respectively; however, the infiltrating water is not as
pristine, having been derived from ephemeral surface flows in this arid region. Because the
composition of the water in Daly Reservoir is known from analysis, the constituents derived
from Mancos Shale can be determined by difference. At Loutsenhizer Arroyo (and its
tributaries), groundwater emerging as seeps likely is from the upland West Lateral of the
Bostwick Canal located about 800 ft (LOUT9) to 4,700 ft (LOUT3) hydraulically upgradient
(Figure 12). Bostwick Canal conveys pristine water from the north side of the San Juan
Mountains to irrigate agricultural fields in Bostwick Park (Figure 12). Infiltration from the
irrigated fields supplies some of the groundwater in Loutsenhizer Arroyo, but infiltration from
applied irrigation water is probably minimal compared to the seepage contribution from the canal
itself. Bostwick Canal receives irrigation return and thus is not pristine; however, because the
composition of the canal water is known from chemical analysis, again the constituent
contributions from Mancos Shale can be determined by comparison. The sources of water at
Point Creek Seep, Salt Creek Wash, and Upper Eagle Nest Arroyo are unknown; however, there
are no obvious anthropogenic water sources in these remote areas.
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Because the geologic and hydrologic relationships at these areas are well known, data from them
are emphasized in the following discussion of the origin of the seep chemistry. Table 6 shows the
composition of natural contaminants in the seeps from the six areas. In all these key areas,
concentrations of nitrate, selenium, sulfate, and uranium are elevated, indicating a natural
contamination source in the Mancos Shale.

Table 6. Concentrations of Groundwater Constituents in Six Key Areas

Area Location Specific Cond. S04 NO3  U Se(MSlcm) (mg/L) (mg/L) (pg/L) (pg/L)

Daly Reservoir DARS1 9,187 5,729 150 39.7 110
Daly Reservoir DARS2 15,377 9,865 449 33.2 400
Delta Reservoir DRS1 27,250 18,497 534 119.1 950
Delta Reservoir DRS3 22,840 15,087 76 137.2 100
Point Creek PCS 10,739 7,282 <0.5 217.6 1.5
Salt Creek Wash SCWS 48,639 23,800 3,614 160.3 2,100
Upper Eagle Nest Arroyo UENAS 26,607 12,839 1,074 53 540
Loutsenhizer Arroyo LOUT3 15,330 8,820 459 102.6 2,000
Loutsenhizer Arroyo LOUT8 22,130 14,942 3,361 135.2 4,700
Loutsenhizer Arroyo LOUT9 8,844 5,696 342 101.6 730

Standarda na na 44 30 10
a Safe Drinking Water Act standard (40 e-CFR 141)
na = not applicable

6.1 Geochemistry and Mineralogy of Marine Black Shale and Mancos Shale

To understand the origin and evolution of groundwater chemistry, it is important to know the
mineralogy and chemical exchange capacity of the Mancos Shale with which the groundwater
interacts. This section is a summary of the literature containing data on the solid-phase
composition and groundwater chemistry of the Mancos Shale, leading to development of a
conceptual model for the chemical evolution of the Mancos Shale groundwater. Finally, we
numerically simulate processes comprising the conceptual model using a numerical reaction
progress modeling approach.

Clay minerals, sulfide minerals, organic matter, carbonate minerals, and sulfate minerals are
likely to have an effect on Mancos Shale groundwater chemistry. It is also important to know the
solid-phase residences of the chemical constituents. Mass transfer processes likely to be
important in controlling groundwater chemistry include ion exchange, mineral dissolution and
precipitation, adsorption, and desorption. Table 7 shows a generalized composite of the
mineralogical and chemical composition of shale beds in the Mancos Shale based on information
presented in the following sections. This generalized composite is used later to help understand
the interactions of Mancos Shale with groundwater.

The geochemical and mineralogical contents of the Mancos Shale and some major black shale
formations, as discussed herein, were derived from multiple information sources. As part of
DOE's siting evaluation for the Crescent Junction uranium mill tailings disposal site, we logged
and analyzed core samples collected from 10 borings of the Prairie Canyon and Lower Blue Gate
Members of the Mancos Shale (DOE 2007). All 10 borings were cored continuously to a depth
of 300 ft below ground surface. Core was logged, and selected samples were analyzed for
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chemistry and mineralogy. Tuttle et al. (2007) excavated trenches in the Mancos Shale and
associated soils in three areas: (1) Elephant Skin Wash located near the upper reach of
Loutsenhizer Arroyo about 1.5 miles due west of our location LOUT9, (2) Candy Lane located
about 10 miles due north of Montrose, Colorado, and (3) Hanksville, Utah1 . Butler et al. (1994)
analyzed four samples of weathered Mancos Shale, two samples of unweathered Mancos Shale,
and two samples of ash beds (bentonite beds) from the Uncompahgre Valley and Grand Valley
areas in Colorado2. Results from these three studies are presented in this report section along
with other literature data fromradditional sources.

Table 7. Generalized Mineralogical and Chemical Composite of Unweathered Shale in Mancos Shale

Mineralogy
Carbonate Content 20%
Cation Exchange Capacity 20 meq/1 00 g
Clay Minerals mixed-layer illite/smectite, illite, kaolinite
Gypsum Content present
Minerals Present calcite, dolomite, feldspar, gypsum, halite, nahcolite, pyrite, quartz, sylvite
Nahcolite, Halite trace
Pyrite Content 1%
Surface Area 10 m 2/g

Chemistry
Arsenic 15 mg/kg
Boron 50 mg/kg
Organic Carbon 1%C
Selenium 2 mg/kg
Uranium 3.7 mg/kg
Vanadium 100 mg/kg
meq/100 g = milliequivalents per 100 grams
m2/g = square meters per gram

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

6.1.1 Arsenic Content

The average arsenic concentration in 21 samples of shale and marlstone of the Pierre Shale
analyzed by Tourtelot (1962) was 14 mg/kg; one additional sample that was particularly rich in
organic matter had an anomalously high arsenic content of 41 mg/kg. Schultz et al. (1980)
determined the arithmetic mean arsenic concentration of more than 200 shale and siltstone
samples of the Pierre Shale to be 14 mg/kg with a standard deviation of 35 mg/kg.

Butler et al. (1994) reported arsenic contents of 2 unweathered shale samples of 10 and
22 mg/kg, ash beds of 20 and 25 mg/kg of arsenic, and 4 samples of weathered shale of
10 mg/kg or less. Tuttle et al. (2007) reported arithmetic means for arsenic concentrations on
72 samples from Elephant Skin Wash, 94 samples from Candy Lane, and 16 samples from
Hanksville as 5.82, 11.93, and 4.63 mg/kg, respectively.

'The exact location near Hanksville was not provided. Chemical digestion methods for the core and soil samples
were not provided, but we assume the results represent total digestions.
2 The chemical digestion methods are uncertain, but we presume that the results represent a total digestion, including

resistate grains.
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6.1.2 Boron Content

Harder (1970) provided mean boron concentrations of 100 mg/kg for clay and shale, 35 mg/kg
for sandstone, 27 mg/kg for limestone, and 28 mg/kg for dolomite. Boron occupies tetrahedral
sites in mica, and the concentration of boron in illite had been used as an index of paleosalinity,
although this concept has not received widespread acceptance (Harder 1970). Boron
concentrations in 67 samples of shale and marlstone of the Pierre Shale measured by
Tourtelot (1962) ranged from 15 to 150 mg/kg with most values near 30 mg/kg. Schultz et al.
(1980) determined the arithmetic mean boron concentration of more than 200 shale and siltstone
samples of the Pierre Shale to be 99 mg/kg with a standard deviation of 49 mg/kg. Schultz et al.
(1980) found that high boron concentrations were present in both marine and nonmarine shale of
the Pierre Shale, and thus, they were not a good indicator of salinity. They also found that boron
concentrations did not correlate with organic carbon concentrations.

6.1.3 Carbonate and Sulfate Content

In a detailed study of drill core from the lower 855 feet of Mancos Shale in the Disappointment
Syncline near Slick Rock, Colorado, Shawe (1968) analyzed concentrations of calcite from nine
vertically separated samples. Calcite concentrations were as high as 40 3Percent and averaged
about 20 percent throughout the core except in the Lower Carlile Shale , where it was nearly
absent. It is not clear from Shawe's paper whether calcite content is presented as weight or
volume percent, but weight percent is most likely based on the analytical method (carbon dioxide
release following acid treatment) used. Shawe (1968) did not mention the presence of gypsum in
the core.

Evangelou (1981) analyzed carbonate content of weathered and unweathered Mancos Shale at
four locations in the West Salt Creek area of the Grand Valley, western Colorado. At each
location, three or four samples were analyzed, and results are in weight percent. At three of the
locations the arithmetic mean carbonate concentrations in the weathered and unweathered strata
were 14.92 and 16.24 percent, respectively. At the fourth area, which was at the base of the Book
Cliffs, the carbonate concentrations were lower, with arithmetic means of only 2.58 and
3.07 percent for weathered and unweathered shale, respectively, and dolomite was the only
carbonate mineral present. Both calcite and dolomite were present at the other three sampling
locations, and gypsum was present at all four locations in the weathered samples.

Evangelou et al. (1985) used column tests to investigate dissolution and desorption rates of
carbonate minerals characteristic of weathered Mancos Shale in samples collected from Salt
Creek Wash near Grand Junction, Colorado. They concluded that Mancos Shale is an important
source of calcium and magnesium loading to surface waters. In column tests, they showed an
early release of calcium that exceeded the solubility of calcite. They attributed the calcium
release to dissolution of gypsum, but over time, the calcium release rate stabilized, and after a
few hours calcium was in equilibrium with calcite. Magnesium release rate was variable but
generally increased with time, and dolomite dissolution was thought to be an important source of
the magnesium. Evangelou et al. (1985) also speculated that calcite coatings on dolomite may
explain the variable magnesium release rates.

3 The lower part of the Carlile Shale referred to by Shawe (1968) corresponds to the Graneros, Bridge Creek, and
Blue Hill Members of the Mancos Shale, as shown in Figure 13.
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I
Core examination from the Crescent Junction, Utah, uranium mill tailings disposal site indicated
that carbonate, mostly in the form of calcite, was present throughout both the weathered and
unweathered Mancos Shale but was more concentrated in the weathered zone. Gypsum was
common in the upper 50 ft of core but was nearly absent in the deeper unweathered Mancos.

Many authors (e.g., Laronne and Schumm 1982, Whittig et al. 1983, Whittig et al. 1986,
Wright 2006) mention the widespread occurrence of gypsum in the Mancos but few data are
available with which to quantify its abundance or distribution. Gypsum often occupies fractures
and is more abundant in weathered Mancos.

6.1.4 Clay Mineralogy and Cation Exchange Capacity

In a comprehensive study of Mancos Shale clay mineralogy, Nadeau and Reynolds (1981)
analyzed 580 samples of shale and bentonite collected at 154 sites throughout the Mancos Shale
depositional basin. Samples were analyzed using X-ray powder diffraction on specimens treated
(oriented, glycolated, and heated) so as to distinguish clay mineral types (e.g., illite versus I
smectite), approximate interlayering percentages, and ordering (ordered versus random). They
found that the main clay in the shale was mixed layered illite/smectite with 20 to 60 percent illite
layers. They suggested that burial metamorphism resulted in increased ordering as smectite I
layers converted to illite. Uncharacteristic of burial metamorphism was the retention of bentonite
beds containing nearly pure smectite. Nadeau and Reynolds (1981) describe a correlation of
carbonate content with these bentonites and speculate that the clay alteration was impeded by the I
presence of carbonate. Kaolinite was found to be a common accessory clay mineral in both
bentonite and shale samples, discrete illite was a common accessory in the shale, but chlorite was
rarely observed. In a study of clay mineralogy of the Pierre Shale in the northern Great Plains, I
Schultz (1964) found primarily randomly interstratified illite/smectite containing 20 to
60 percent illite layers, and pure smectitic bentonites.

In a detailed study of a drill core from the lower 855 ft of the Mancos Shale in the
Disappointment Syncline near Slick Rock, Colorado, Shawe (1968) logged 24 thin layers of
greenish-gray bentonitic shale, particularly in strata equivalent to the Greenhorn Limestone, I
Carlile Shale, and the lower Niobrara Formation 4. Pyrite and swelling clays were more abundant
in the bentonite-bearing beds. Shawe (1968) stated that the bentonite was likely volcanic ash-fall
material. His measured sections of Mancos Shale contained claystone and mudstone beds (some
were pyritic) but no bentonite beds, although bentonite was listed occasionally as a component of
the claystone beds. Shawe (1968) also described petroliferous odor in some of the mudstone
beds, carbonized plant fragments, and numerous observations of carbonates. He described
limestone occurring as thin beds in the Mancos Shale, often only a fraction of an inch thick, and
the limestone sometimes contained pyrite and/or organic matter.

As part of another DOE project, we measured cation exchange capacity on 20 core samples
collected from the Crescent Junction uranium mill tailings disposal site and found a range of
0.54 to 36.29 meq/100 g, with an arithmetic mean of 11.23 meq/100 g. The clay fraction was
dominated by mixed-layer (mostly illite-smectite) clays, illite, and kaolinite, with illite layers
dominating the mixed-layer clays. Particle surface area was determined by multipoint Brunauer,
Emmett, Teller (BET) analysis on 10 samples collected at a depth of 40 ft. The surface area of

4 These stratigraphic units are equivalent to the Graneros up through the Smoky Hill Members, as shown in
Figure 13.
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the I to 2 mm fractions of these samples ranged from 8.81 to 13.22 m2/g with an arithmetic mean
value of 11.02 m2/g. Evangelou (1981) determined that the cation exchange capacity of
weathered Mancos Shale samples ranged from 13.14 to 25.15 meq/100 g and provided a single
value for unweathered Mancos of 13.02 meq/100 g.

6.1.5 Nitrogen Content

Holloway and Smith (2005) determined nitrogen concentrations of 0.10 to 0.13 percent (as N) on
four shale samples of Mancos from the Grand Valley in the Grand Junction, Colorado, area.
They found thai 58 to 74 percent of the nitrogen was organic, and the rest may have been in
ammonium associated with clay minerals and nitrate salts.

6.1.6 Organic Matter

The organic content of geologic materials including marine shale can be classified as sapropelic
and humic matter (Vine et al. 1958). Sapropelic material is derived from hydrogen-rich organic
matter such as algae, waxes, resins, and spores, whereas humic material is derived from more
oxygen-rich plant remains such as lignin and cellulose. Petroleum is a product of sapropelic
material, whereas peat, lignite, and coal are products of humic-rich material. Humic acid is
soluble in weakly alkaline aqueous solution but forms a gel or precipitate at pH values less than
about 4. Dissolved humic acid can impart a yellow or amber color to water similar to the color
we observed in the Mancos Shale seeps. Diagenesis of humic acid results in an insoluble
compound that can be redissolved under oxidized conditions such as occur during weathering
(Vine et al. 1958; Swanson 1961).

Kakouros et al. (2006) determined organic carbon concentrations of 0.44 and 1.34 percent in one
sample each from weathered and unweathered shale, respectively, in core samples of the Mancos
Shale near Jensen, Utah. Leythaeuser (1973) measured mean organic carbon concentrations of
1.08 percent (11 samples) and 1.58 percent (6 samples) on relatively uniform shallow (21 ft)
cores from a highly calcareous core and a noncalcareous core, respectively, in the Tununk
Member of the Mancos Shale in Emery County, Utah. Butler et al. (1994) analyzed four samples
of weathered Mancos Shale, two samples of unweathered Mancos Shale, and two samples of ash
beds (bentonite beds) from the Mancos Shale in the Uncompahgre Valley and Grand Valley,
Colorado, areas. The organic carbon contents of the two unweathered shale samples were
1.36 and 1.55 percent, the ash beds had 0.12 and 0.39 percent, and organic carbon in the weathered
shale ranged from 0.44 to 0.64 percent with an arithmetic mean of 0.54 percent. Palsey et al.
(1989, 1991) measured organic carbon concentrations ranging from 0.49 to 5.29 percent in core
and outcrop samples of marine shale from the Mancos Shale just above and below the Tocito
Sandstone in the San Juan Basin near Shiprock, New Mexico. Tourtelot (1962) observed that
bentonites appeared as lighter-colored beds upon weathering because they are derived from
volcanic ash and contain no organic matter. Holloway and Smith (2005) determined organic
carbon concentrations of 2.00 to 2.53 percent on four shale samples of Mancos from the Grand
Valley in the Grand Junction, Colorado, area. They found that 68 to 83 percent of the carbon in
these samples was organic.

Organic carbon concentrations ranged from 0.6 to 7.4 percent in 18 samples of shale and
marlstone of the Pierre Shale analyzed by Tourtelot (1962); another 40 samples had organic
carbon concentrations less than 0.5 percent. Samples containing organic carbon of more than
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1 percent had a distinctively dark color (Tourtelot 1962). Schultz et al. (1980) analyzed more
than 200 shale and siltstone samples of the Pierre Shale and determined the arithmetic mean
organic carbon concentration to be 0.94 percent with a standard deviation of 1.8 percent. Clayton
and Swetland (1978) analyzed 15 samples of unweathered core samples from the Pierre Shale in
Boulder County, Colorado, and found a tight range of 0.78 to 0.97 percent.

We found that samples of cores from the Crescent Junction disposal site commonly contained
visible organic matter that was present mostly in the deeper unweathered horizons. Organic
matter was often found in contact with pyrite and was typically disseminated as black, fine
particles coating fracture planes or bedding surfaces.

6.1.7 Pyrite and Accessory Minerals

Although there are many references to the presence of pyrite in shale of the Mancos Shale, few
data are available to quantify its abundance. In a detailed study of a drill core from the lower
855 ft of the Mancos Shale in the Disappointment Syncline near Slick Rock Colorado, Shawe (1968) I
used petrographic methods to determine concentrations of pyrite. The core contained pyrite
concentrations up to 10 percent. Based on the methods used, we presume that the pyrite
concentrations are in volume percent; however, the authors did not specify whether they are I
based on weight or volume. The highest pyrite concentrations were in the lower Niobrara
Formation, the upper Carlile Shale, and the Greenhorn Limestone5 .

By analogy with typical sapropelic marine environments of today, Shawe (1976) indicated that
hydrogen sulfide would be abundant at the bottom of the Mancos sea, but suggests that sulfur
might also be derived from volcanic ash. Shawe (1976) observed compaction of bedding around I
pyrite crystals, indicating that the pyrite had formed earlier than the compaction and was likely
formed syngenetically. Shawe (1976) also observed a lack of black opaque minerals such as
magnetite and ilmenite in the Mancos Shale that he ascribed to dissolution by pore waters. Using I
petrographic data from uranium-bearing geologic formations, Adams et al. (1974) demonstrated
the alteration of black opaque minerals to titanium oxide minerals by reducing solutions, and
even suggested that magnetic susceptibility could be used to detect the loss of magnetite to
reveal reducing provinces favorable for formation of uranium ores.

Samples from the Crescent Junction, Utah, cores commonly contained visible pyrite as shallow I
as 14 ft. Pyrite was noted in both weathered and unweathered Mancos and often was associated
with organic matter. Pyrite was often framboidal but also occurred as coatings on fracture planes
and as fossil shell replacements. Limonite staining was common in the core descriptions and
likely reflected an oxidized product of former pyrite.

Fifty Mancos Shale core samples collected from 40 to 300 ft depths at the Crescent Junction I
disposal site were also analyzed for water soluble fraction (DOE 2007). Based on chemistry of
the water soluble fractions, we deduced that the water soluble mineral suite was dominated by
nahcolite, with major amounts of Ca-Na exchange and gypsum. Halite, sylvite, and dolomite
occurred in lesser amounts, and calcite was present. X-ray diffraction analysis of 10 samples
indicated that the shale was composed dominantly of quartz, with lesser amounts of dolomite and
calcite, small amounts of feldspar, and traces of gypsum.

5These stratigraphic units are equivalent, respectively, to the Smoky Hill, Juana Lopez, and Bridge Creek-Graneros
Members, as shown in Figure 13.
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6.1.8 Selenium Content

Kakouros et al. (2006) analyzed two core samples of Mancos Shale (one each of weathered and
unweathered material) collected near Jensen, Utah. They found selenium concentrations in the
weathered and unweathered shale samples of 3.0 and 1.9 mg/kg, respectively. Using selective
extraction methods, they surmised that most of this selenium resided in the organic fraction.

The average selenium concentration in 21 samples of shale and marlstone of the Pierre Shale
analyzed by Tourtelot (1962) was 2 mg/kg. One anomalously high value of 50 mg/kg occurred in
a sample that was particularly rich in organic content. Schultz et al. (1980) determined an
arithmetic mean selenium concentration for more than 200 shale and siltstone samples of the
Pierre Shale to be 3.7 mg/kg with a standard deviation of 15 mg/kg.

Butler et al. (1994) analyzed four samples of weathered Mancos Shale, two samples of
unweathered Mancos Shale, and two samples of ash beds (bentonite beds) from the
Uncompahgre Valley and Grand Valley, Colorado, areas. The selenium contents of the two
unweathered shale samples were 0.8 and 1.6 mg/kg; one sample from the ash beds had less than
0.1 mg/kg selenium, and the other had 3.9 mg/kg. Selenium in the weathered shale ranged from
0.8 to 1.6 mg/kg with an arithmetic mean of 1.1 mg/kg. Tuttle et al. (2007) derived arithmetic
means of selenium concentrations for 72 samples from Elephant Skin Wash and 94 samples from
Candy Lane in Colorado, and 16 samples from the Hanksville, Utah, area of 2.73, 2.94, and
1.09 mg/kg, respectively.

Thomas et al. (1998) analyzed selenium concentrations in stream bottom sediment and soils in a
study of irrigation drainage to the San Juan River in New Mexico. They reported that the
arithmetic mean and median selenium contents were 4.6 and 2.2 mg/kg for areas of Cretaceous
bedrock, whereas in areas of non-Cretaceous bedrock the arithmetic mean and median contents
were only 0.6 and 0.15 mg/kg.

6.1.9 Uranium Content

Because anomalously high uranium concentrations were known to exist in some black shale, an
extensive campaign was undertaken in the 1940s and 1950s in the United States to test black
shale for uranium content to determine its capacity as a uranium resource (Swanson 1961).
Swanson states that, during this period, an estimated 8,000 samples were collected and analyzed
from more than 200 geologic formations containing marine black shale. Some black shale
formations such as the Chattanooga Shale in the southeast United States and phosphatic black
shale in Kansas and Oklahoma have anomalously high uranium concentrations of up to
100 mg/kg (Swanson 1961); however, black shale has yet to be mined for uranium.

The Mancos Shale is composed dominantly of dark-gray shale beds and has been described as
containing beds of black shale (Wright 2006). Black shale deposits are extensive in the United
States and worldwide and are usually dark gray (N3) or grayish black (N2) with common dark
hues of brown (5YR 2/1) and olive (5Y 3/2-2/1) (Swanson 1961). After an extensive review of
black shale and modem mud deposits, Swanson (1961) included the requirement of having more
than 2 percent organic carbon as part of the definition of black shale. Mancos Shale typically
contains less than this and therefore would not be considered black shale by
Swanson's definition.
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I
McKelvey et al. (1955) compiled data worldwide on uranium in marine black shale. They
described several uraniferous marine black shale formations, including the Upper Cambrian
Alum Shale of Sweden, the Devonian and Mississippian Chattanooga shale of Tennessee, and
shale in the Pennsylvanian Hartville Formation in Wyoming that contain from 50 to 200 mg/kg
uranium. However, they stated that not all black shale is high in uranium. In a study of
287 samples of Paleozoic and Mesozoic black shale, Quinby-Hunt et al. (1989) determined a mean
and mode for uranium of 15.2 and 3 mg/kg, respectively. Black shale high in uranium was often
found to (1) contain high concentrations of sapropelic relative to humic material, (2) be rich in
sulfide minerals and distillable hydrocarbons, (3) be low in fossil content except for plankton and
nekton, (4) contain higher than average concentrations of phosphate, and (5) have low carbonate
concentrations, although interbeds may have carbonate (McKelvey et al. 1955). The observation
by McKelvey et al. (1955) that uranium is associated with sapropelic material seems to contrast
with those of others (notably Vine et al. 1958; Swanson 1961) that maintain uranium in marine
black shale is associated with humic material. The highest uranium concentrations in the Alum
Shale are in lenses of dark bitumen. McKelvey et al. (1955) state that it was widely accepted at
that time that the uranium was syngenetic, and seawater was the source of the uranium. It was
also thought that reducing conditions were a prerequisite for transfer of uranium from seawater
to black shale. A syngenetic origin explains the widespread, relatively even distribution of
uranium in shale formations and the lack of deposition along faults and joints. Syngenesis was I
favored by Swanson (1961) and is still the most widely accepted mode of origin for the
occurrence of uranium in marine black shale.

Adams and Weaver (1958) provided data on the concentration of uranium in shale samples
collected worldwide, using data from their own analyses and literature compilations. They
reported the following arithmetic mean and median values from distributions having reasonably I
normal distributions: 3.2 and 2.7 mg/kg from 52 samples of gray and green shale, 4.1 and
4.1 mg/kg from 15 composite samples representing 4,795 shale samples from the Russian
Platform, and 5.0 and 4.5 mg/kg from 69 samples of bentonite. They also reported that uranium I
concentrations ranged from 1.4 to 69 mg/kg in 17 samples of black shale with a highly skewed
distribution. They concluded that a value of 3.7 mg/kg is appropriate for average shale. The
.analytical method used by Adams and Weaver (1958) assumes secular equilibrium.

The uranium content of the marine Mancos Shale is low compared to that of many other black
shale deposits (Shawe 1976). Shawe (1976) explains that the low uranium content may result
from low uranium concentration in the seawater, rapid accumulation of sediment, or loss of
uranium during compaction. He rejected the first two ideas: evidence from Swanson (1961)
suggested that seawater had not been anomalously low in uranium, and deposition likely took
place in the seaway in a subsiding basin for more than 20 million years. Thus, the loss of
uranium was favored to explain the low concentration.

Using 102 shale samples collected from the Mancos Shale over much of the same outcrop area as
used in the current study, Pliler and Adams (1962) determined arithmetic mean and median
uranium concentrations of 3.7 and 3.2 mg/kg, respectively. They found that the Mancos Shale is
remarkably uniform in uranium concentration, as evidenced by 19 samples collected at 6 ft
intervals at a site located 14 miles west of Shiprock, New Mexico, that had an average uranium
concentration of 2.9 mg/kg with a standard deviation of 0.3 mg/kg. They also found little
variation among nine samples collected from the same stratigraphic layer (middle Mancos Shale
of Spieker and Reeside [1925]) but widely separated along a 50-mile-long traverse southwest of*
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Price, Utah. Unfortunately, Pliler and Adams (1962) did not provide details of the digestion
method used to prepare samples for the chemical analyses or the preparation method used for
gamma spectrometry. Because the uranium concentrations in a suite of their samples analyzed
using both chemical and gamma spectrometric analyses were similar, we assume that a digestion
method capable of complete dissolution of the rock material was used, and as such, the
concentrations are those of the total rock, including both easily leachable uranium and that
residing in resistate grains.

Butler et al. (1994) analyzed four samples of weathered Mancos Shale, two samples of
unweathered Mancos Shale, and two samples of ash beds (bentonite beds) from the Mancos
Shale in the Uncompahgre Valley and Grand Valley areas in Colorado. The uranium
concentrations were 7.4 and 11.2 mg/kg in the two unweathered shale samples, 8.4 and
13.9 mg/kg in the two ash bed samples, and ranged from 4.1 to 5.4 mg/kg in the four weathered
shale samples. The average uraniurm concentration in 22 samples of shale and marlstone of the
Pierre Shale analyzed by Tourtelot (1962) was less than 10 mg/kg. Schultz et al. (1980)
determined the arithmetic mean uranium concentration of more than 200 shale and siltstone
samples of the Pierre Shale to be 5.8 mg/kg with a standard deviation of 5.2 mg/kg. Tuttle et al.
(2007) determined arithmetic means of uranium concentrations on 72 samples from Elephant
Skin Wash, 95 samples from Candy Lane, and 16 samples from the Hanksville area as 4.79,
5.71, ,and 4.65 mg/kg, respectively.

In summary, it appears that shale in the Mancos Shale has a mean uranium concentration of
about 3.7 mg/kg, which is similar to mean shale concentrations worldwide. We are not aware of
any uranium isotopic analytical results for Mancos Shale rock samples.

6.1.10 Vanadium Content

Butler et al. (1994) analyzed four samples of weathered Mancos Shale, two samples of
unweathered Mancos Shale, and two samples of ash beds (bentonite beds) from the Mancos in
the Uncompahgre Valley and Grand Valley areas in Colorado. The vanadium concentrations
were 13 and 50 mg/kg in the two unweathered shale samples, 4 and 40 mg/kg in the ash bed
samples, and ranged from 130 to 180 mg/kg in the four weathered shale samples. Tuttle et al.
(2007) determined arithmetic means of vanadium concentrations on 72 samples from Elephant
Skin Wash, 95 samples from Candy Lane, and 16 samples from the Hanksville area as 142, 192,
and 80 mg/kg, respectively.

6.2 Geochemistry of Groundwater in Mancos Shale

6.2.1 Arsenic

Wright (1995) reported that arsenic concentrations were not high in samples from approximately
50 wells and streams located within Colorado irrigation projects in Mancos Shale terrain.
Arsenic concentrations in three of four groundwater samples in weathered Mancos Shale
reported by Butler et al. (1994) for the Uncompahgre and Grand Valley, Colorado, areas were
less than the detection limit of 1 ptg/L, and the concentration in the fourth sample was 2 gg/L.
Arsenic concentrations from eight samples of Sweitzer Lake water collected in 1987 and 1988
ranged from less than 1 to 2 [tg/L, and concentrations were less than 1 [tg/L in four samples of
water from the Garnet Canal diversion ditch at Sweitzer Lake (Butler et al. 1991).
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I
The arsenic concentration in Mancos Shale is about 15 mg/kg, which is higher than some other
trace elements, including uranium (about 3.7 mg/kg; Table 7). Despite these higher, solid-phase i
concentrations, arsenic concentrations were less than 2 ýtg/L in all but five of our groundwater
samples. Thus, arsenic must be more tightly bound to the solid phase, perhaps as an organic
complex. Because it is not easily released to the groundwater, and only one sample had an
arsenic concentration that exceeded the drinking water standard, arsenic is not considered a
natural contaminant in the Mancos Shale. Sampling site SNS at Sweitzer Lake was anomalous
with an arsenic concentration of 12 [tg/L, a result that suggests that this sample was affected
by evaporation.

6.2.2 Boron

Boron concentrations were measured in groundwater samples collected during this study, not
because it is considered a contaminant, but because boron is known to have high concentrations
in marine shale and might be an indicator that groundwater has interacted with Mancos Shale.
Deverel and Millard (1988) found that boron concentrations in shallow groundwater of the i
western San Joaquin Valley, California, correlated with salinity. Butler et al. (1994) reported
concentrations of boron from the weathered Mancos Shale for eight groundwater sampling
locations in the Uncompahgre and Grand Valley areas; the boron results from representative i
samples ranged from 220 to 1,200 jig/L and had an arithmetic mean of 648 gg/L. Boron
concentrations from eight samples of Sweitzer Lake water collected in 1987 and 1988 ranged
from 200 to 390 ýtg/L, and concentrations in four samples of water from the Garnet Canall
diversion ditch at Sweitzer Lake ranged from 180 to 800 ýtg/L (Butler et al. 1991).

Figure 28 shows a histogram of boron concentrations in water samples (most of which are
groundwater samples) collected at 14 DOE remediation sites in the Four Corners states. The
boron concentrations range from 2 to 75,000 gg/L but are highly skewed to the lower values; the
geometric mean is 163 jtg/L. The geometric mean of seep samples collected for this study was I
441 ptg/L (Section 5.2), and the geometric mean concentration in shale of 692 [tg/L is distinctly
higher than the geometric mean of 110 gg/L from sandstone. These results coupled with
literature data suggest that a boron concentration of more than approximately 500 jtg/L is an I
indication of Mancos Shale interaction. I

I
I
I
I
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Figure 28. Histogram of Boron Concentrations (pg/L) in Water Samples
Collected at DOE Sites in the Four Corners States. Sampling locations are Ambrosia Lake and Shiprock,

New Mexico; Durango, Grand Junction, Gunnison, Maybell, Naturita, Rifle, and Slick Rock, Colorado;
Mexican Hat, Moab, and Monticello, Utah; and Monument Valley and Tuba City, Arizona.

6.2.3 Dissolved Organic Carbon (DOC)

Natural fresh surface waters typically contain a few milligrams per liter of DOC but can be as
high as 50 mg/L in swamps or bogs; DOC in ocean water ranges from about 0.5 to 1.2 mg/L
(Stumm and Morgan 1981). In a summary of literature data, Reuter and Perdue (1977) found that
most naturally occurring DOC is highly oxidized and similar in composition to soil humic
substances, with an origin likely from meteoric water leaching of land-based, plant-derived
humus. They report that a DOC concentration of more than 10 mg/L is sufficient to complex and
mobilize trace metals, and that DOC concentrations of more than about 20 mg/L impart a
distinctive yellow color to the water. Groundwater is generally low in DOC, with concentrations
ranging from about 0.1 to 1.3 mg/L (Reuter and Perdue 1977).

DOC has rarely been measured in groundwater associated with Mancos Shale. Leythaeuser
(1973) reports that solid-phase total organic carbon was reduced by up to 25 percent in the
weathered (10 ft thick) portion of Mancos Shale (Tununk Member, Emery County, Utah),
indicating that organic matter is lost from solid kerogen in the shallow weathering zone. In
contrast, Clayton and Swetland (1978) analyzed weathered and unweathered core samples of the
Pierre Shale in Boulder County, Colorado, and found that there was no loss of organic carbon in
the weathered samples. In a study of the Crow Creek Member of Pierre Shale, Tourtelot (1962)
indicated that organic carbon had been removed during weathering. Clayton and Swetland
(1978) observed that up to 60 percent of the organic carbon was lost from black shale during
weathering of the Permian Phosphoria Formation in northeastern Utah.

In situ generation of DOC has been described without the need for near-surface weathering
processes. In situ generation of DOC was demonstrated in a study of the Gorleben aquifer in
Germany by Buckau et al. (2000), who found that DOC concentrations exceeding 200 mg/L
were produced by microbially mediated oxidation of sedimentary organic carbon during sulfate
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I
reduction. The recharged DOC was composed mainly of fulvic acid, whereas the in situ-
produced DOC had a large component of humic acid. Aravena and Wassenaar (1993) deduced I
that much of the DOC in glacial sediments in southern Ontario, Canada, is derived by in situ
generation.

Swanson (1961) states that the dark brown to black structureless material found in black shale
may be humate that precipitated from aqueous humic acid. Humate is soluble in slightly alkaline
solution but forms a gel upon acidification. During shale diagenesis, the humic material loses its
solubility but becomes soluble again if oxidized (Swanson 1961). Thus, oxidation during Mancos
Shale weathering may cause dissolution of organic carbon and produce the high concentrations
of DOC we observe.

Holloway and Smith (2005) treated a Mancos Shale sample containing 2.40 percent organic
carbon with deionized water for 2 weeks and fouhd that 86 mg of DOC was released per kg of
shale, or 0.5 percent of the available organic carbon.

High groundwater concentrations of DOC, up to 265 mg/L as measured in our samples, occur
from natural processes in the Mancos Shale. High DOC concentrations imparted yellow to red
colors to the groundwater, evidenced by a positive correlation between DOC concentrations and I
color as measured by light absorbance (Figure 17). We suggest that weathering of humic organic
carbon in the Mancos Shale is the source for the DOC observed in the groundwater samples. The
presence of the red coloration imparted by the DOC is easily seen in arroyos and is an indicator I
of natural contamination.

6.2.4 Major Ions

In a study of the contribution of Mancos Shale to salt loading in West Salt Creek, near Grand
Junction, Colorado, Evangelou (1981) determined that the salts were derived by dissolving
carbonate minerals from the Mancos caused by lowered pH values from biological oxidation of
pyrite. Gypsum and magnesium sulfate solid phases were precipitated by the same reactions, and
additional ions were dissolved from dolomite, feldspar, and mica. Sodium and magnesium were I
contributed during cation exchange with unweathered Mancos clays.

Many of the groundwater seeps sampled in this study had high salinities, with specific I
conductivity values exceeding 20,000 p[S/cm at many locations. Cation composition in the
Mancos Shale seeps was dominated by sodium and sulfate, and pH values were typically less
than 7.5. The major-ion chemistry in the seeps was generally consistent with-the major-ion
chemical model put forth by Evangelou (1981). Conceptually, oxidation of pyrite and organic
matter contribute sulfate, bicarbonate, and protons to the groundwater. Lowering of pH affects
carbonate mineral dissolution, adding calcium and, to a lesser extent, magnesium to the
groundwater. Sodium is transferred to groundwater as calcium exchanges with sodium on cation
exchange sites. Gypsum and other secondary minerals precipitate or dissolve according to
constraints of solubility equilibrium.

6.2.5 Nitrate (as NO 3)

Pottorff et al. (2005) sampled surface water and groundwater associated with selenium
contamination near the Devil's Thumb Golf Course, Delta, Colorado. They found a positive
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relationship between selenium and nitrate, which they attributed to oxidation of selenium by
nitrate, the source of nitrate being fertilizer applied to the golf course. They reported nitrate
concentrations of more than 1,000 mg/L. Wright (1995, 1999) presented data on nitrate (plus
nitrite), selenium, and uranium concentrations from about 50 wells and streams selected from
samples of Colorado irrigation projects in Mancos Shale terrain. He found that nitrate correlated
positively with both selenium and uranium; however, the correlation coefficient for selenium
was only 0.50, and although the correlation coefficient for uranium was not provided, the graph
showed considerable scatter. Using these correlations, the results of selenium release
experiments in batch tests of Mancos Shale treated with variable concentrations of nitrate, and
oxidation thermodynamics, Wright (1995, 1999) reasoned that nitrate may play a role in
oxidative release of selenium and uranium from the Mancos Shale.

Most of the literature references to high nitrate concentration in the Mancos Shale suggest that
fertilizer is the main source of the nitrate. In contrast, Holloway and Smith (2005) found that
nitrate could be released naturally from the Mancos Shale. They treated a Mancos Shale sample
containing 0.13 percent nitrogen with water for two weeks and found that 2.22 mg of inorganic
nitrogen was released per kilogram of shale, or 0.2 percent of the available nitrogen. Our
findings also indicate that nitrate can be leached directly from the Mancos Shale at high
concentrations without a contribution from fertilizers. Seeps that are unrelated to irrigation and
not likely to be significantly affected by evaporation include those at Eagle Nest Arroyo, Salt
Creek Wash, Daly Reservoir, and Delta Reservoir; these had nitrate concentrations that ranged
from 380 to more than 3,500 mg/L. A possible source for the nitrate is biogenic degradation of
humic material during sediment deposition or early burial diagenesis. The nitrate remained
associated with the organic matter until released by weathering processes.

6.2.6 Radon

Radon-222 measurements were made to evaluate the extent to which groundwater may have
been evaporated by exposure to the atmosphere. Radon is a noble gas and is present in
measurable concentrations in most groundwaters. Radon-222 has a half-life of only 3.8 days and
is not transported far in groundwater. It is constantly produced in aquifers from the decay of its
parent radium-226. Numerous studies of radon-222 in groundwater aquifers indicate that its
aqueous concentration is tied to aquifer lithology (Michel 1990). Although large variations exist,
radon-222 concentrations in limestone aquifers are typically low, ranging from about from 15 to
90 pCi/L. Radon-222 concentrations in unconsolidated sand aquifers typically range from about
200 to 700 pCi/L, and values from 2,000 to 20,000 pCi/L are common in metamorphic and
igneous aquifers. We were unable to locate data regarding radon-222 concentrations in
groundwater in shale.

Because it is a gas, radon-222 partitions rapidly into the vapor phase and may indicate whether a
sample has been exposed to the atmosphere, either in situ or as a result of sampling. Radon-222
loss can occur without evaporation, so it is a one-sided test-if radon-222 is present in
concentrations similar to those in unevaporated formation water, the sample has not been subject
to evaporation; however, radon-222 loss could occur without significant evaporation.
Unfortunately, few radon-222 concentration data are available for the Mancos Shale, so the
concentration expected for formation water must be estimated. Because of these uncertainties,
radon-222 data were only used in conjunction with other observations as a qualitative assessment
of evaporation effects.
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I
Our results were inconclusive as to whether radon-222 measurements were a useful indicator for
atmospheric exposure. All of the surface water samples had low radon-222 signatures,
confirming that exposure to the atmosphere depleted radon. Sweitzer Lake sample SNS3 had a
relatively low radon-222 signature, consistent with its anomalously high concentrations of other
dissolved constituents that might indicate evaporation. The use of radon-222 may have an
additional problem if used to indicate evaporation coupled to capillary transport. If groundwater
is moving to the ground surface via capillary processes, then it is still in contact with sediment,
and the extent of radon emanation from that sediment is unknown. Others have found the water
isotopic couple, oxygen-18 and deuterium, to be a useful indicator of evaporation in
groundwaters in Mancos Shale terrain (Butler et al. 1996; Golder Associates 2004; Tuttle and
Grauch 2009), although Golder Associates (2004) caution that the water isotopes may also be
affected by interaction with the Mancos Shale. Perhaps the use of water isotopes in conjunction
with radon-222 analyses would provide a more rigorous test of evaporation effects.

6.2.7 Selenium

Nolan and Clark (1997) presented data from more than 600 surface water samples collected in
14 states in the western United States and showed positive correlations of selenium with the I
presence of Cretaceous sediments, salinity, and irrigated areas. They found median selenium
concentrations of 14 ýtg/L for areas underlain by Cretaceous sediments and less than 1 ýtg/L for
areas underlain by non-Cretaceous sediments. Deverel and Millard (1988) found that selenium I
concentrations in shallow groundwater of the western San Joaquin Valley, California, correlated
with salinity.

Butler et al. (1994) determined aqueous selenium species concentrations for two samples of
groundwater collected from weathered Mancos Shale, one each from the Uncompahgre Valley
and Grand Valley areas in Colorado. Both samples contained more than 97 percent of the I
oxidized species SeVIO4

2 , the remainder being the reduced species SeVO3 2-, suggesting
transport of selenium in the oxidized state. Wright and Butler (1993) reported selenium
concentrations in groundwater from weathered Mancos Shale in irrigated areas of the Grand I
Valley and Uncompahgre Valley that ranged from less than 1 to 65 jag/L, but they found higher
concentrations, up to 1,300 ýtg/L, in alluvial groundwater overlying Mancos Shale. Wright and
Butler (1993) found that the selenium concentrations in groundwater were somewhat higher I
during the irrigation season than during the nonirrigated season and found that selenium in
weathered Mancos Shale groundwater is negatively correlated with salinity. On the basis of these
relationships, they proposed that selenium mobility is controlled predominantly by processes of
uptake via reductive precipitation of pyrite and ion exchange on clays. Butler et al. (1996) using
a similar database proposed a similar model for selenium'migration.

I
I
I
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Selenium concentrations in 14 seep samples collected during this study exceeded 500 ýtg/L,
confirming observations by previous researchers that Mancos Shale is a source of elevated
selenium concentrations in groundwater. Most of the higher concentrations were in samples that
had high concentrations of other constituents, including uranium, DOC, nitrate, and total salinity;
although the relative abundances of these constituents varied. The high groundwater
concentrations of selenium are not reflected in the solid-phase concentrations. The generalized
estimate in this study of solid-phase selenium concentration in the Mancos Shale was 2 mg/kg
(Table 7), which was less than each of the solid-phase concentrations of uranium, boron,
or arsenic.

Selenium concentrations in groundwater resulting from contact with gray shale beds in the
Mancos Shale often exceed 500 gg/L. We propose that selenium is introduced into the Mancos
Shale groundwater in a manner consistent with many previous studies. Selenium was adsorbed to
humic organic matter and substituted for sulfur in pyrite from seawater during deposition of the
Mancos Shale in the Late Cretaceous Western Interior Seaway. Selenium in these solid hosts was
in its reduced selenite form. Concentration and redistribution likely occurred during burial
diagenesis. As the Mancos Shale was uplifted and became weathered, selenium was oxidized to
its more mobile selenate form. Wherever groundwater finds a migration pathway through the
Mancos Shale, selenium transfers to the aqueous phase and migrates to the seeps.

6.2.8 Uranium

Data from the NURE program (USGS 201 lb) were used to form a basis for comparison with the
uranium concentrations encountered in our study. Figure 29 shows a histogram of uranium
concentrations in 23,659 groundwater samples collected in the Four Corners states of Arizona,
Colorado, New Mexico, and Utah. The NURE samples were obtained from seeps, springs, and
wells and represent a wide range of geologic units. The frequency distribution for this set of
uranium data is highly skewed with many more observations made at the low end of the
concentration distribution; correspondingly, the arithmetic mean and median uranium
concentrations were 8.67 and 2.63 jtg/L, respectively (Table 8). Several high values skew the
distribution but, because the statistics are based on such a large population there was little change
to the mean and median values, even when some of the highest uranium concentrations were
omitted. If all the uranium concentrations more than 1,000 gg/L uranium are omitted (five
values), the mean decreases slightly to 8.13 ýtg /L, and the median remains the same at
2.63 jig/L (Table 8). Based on this dataset, we adopt a value of 8.1 gg/L as a reasonable estimate
of the mean.
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Figure 29. Histogram of Uranium Concentrations (pg/L) in 23,659 Groundwater Samples Collected in the
Four Corners States of Arizona, Colorado, New Mexico, and Utah. Inset shows samples with more than I

100 pg/L uranium. I
Figure 30 provides a map-based representation of all the groundwater uranium concentration
data from the Four Comers states, and Figure 31 shows locations that have groundwater uranium
concentrations greater than 100 gg/L. There is a dense area of the higher values in an area in
northeast Colorado (area A, Figure 31). This area is in the transition from the Rocky Mountains
region to the Great Plains region and is characterized geologically by the transition to flat-lying
Cretaceous and Tertiary marine and transitional shale-dominated beds, including large areas of
strata that are equivalent to the Mancos Shale. Similarly, an area in the transition zone in
southeast Colorado has a high density of locations with elevated uranium concentrations with
Mancos equivalent strata (area B, Figure 31). Shannon (1979) reported on NURE results of
samples collected from the Lamar 10 x 20 quadrangle that is located in eastern Colorado and
includes the higher uranium concentrations in area B in southeast Colorado and a portion of the
Arkansas River valley (Figure 31). He noted that of all the quadrangles investigated for the
NURE program (which includes much of the United States), the Lamar quadrangle had one of
the highest mean uranium concentrations in groundwater samples collected from wells. He
further noted a correlation of the higher anomalies with units of Upper Cretaceous rocks that are
stratigraphically equivalent to the Mancos Shale. Zielinski et al. (1995) reported high uranium
concentrations in surface water and groundwater in the Arkansas River valley where the
Arkansas River emerges from the Rocky Mountains to the Great Plains, near Cafion City,
Colorado (Figure 31). They found concentrations of uranium exceeding 100 gg/L resulting from
water contacting marine shale, including Mancos Shale-equivalent strata.

I
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In many other locations scattered among the Four Comers states that exhibit elevated uranium
concentrations (Figure 31), an association with Mancos Shale equivalent strata appears to exist.
Note that we did not conduct a critical analysis of the NURE data for the purpose of correlating
Mancos Shale with groundwater contamination. Were such an investigation performed, it is
likely that some of the high uranium concentrations, particularly solitary high values in outlying
areas, would be attributed to anthropogenic activities. Nonetheless, the information presented in
this section (e.g. Table 8) suggests that a thorough assessment of the NURE data would enhance
an analysis of natural contamination in the Mancos Shale.

Table 8. NURE Statistics of Groundwater Uranium Concentration (pg/L)
Data for Arizona, Colorado, New Mexico, and Utah Collected from 1976 to 1979.

First row represents all reported data. Second row is based on all data except for the five values that
exceed 1,000 pg/L.

Count Min. Max. Meana Median Std Dev
All Values 23,659 0.002 5934 .8.67 2.63 51

Minus Highest Five Values 23,654 0.002 748 8.13 2.63 23
a Arithmetic mean

In addition to presenting uranium concentration data from seven wells and one spring located in
weathered Mancos Shale in the Uncompahgre Valley and Grand Valley areas in Colorado,
Butler et al. (1994) presented data from seven wells completed in alluvium overlying weathered
Mancos Shale in the same area. Their uranium concentrations for the alluvium ranged from 9 to
72 jig/L and an arithmetic mean of 37 pg/L, as compared to a range of 8 to 75 ig/L with an
arithmetic mean of 27 gg/L for the weathered Mancos Shale. A well log obtained from the
U.S. Bureau of Reclamation in Grand Junction indicated that one well was screened from
alluvium to about 80 ft into the Mancos Shale. Butler et al. (1994) reported that a sample from
this well had a uranium concentration of 450 gg/L, which is much higher than two previous
values (9.4 and 3.8 gg/L) from the same well. We speculate that this may be an analytical error.
Wright (1995) presents uranium concentration data ranging from about 2 to 60 gg/L in 50 water
samples collected from wells and streams in western Colorado irrigation projects in Mancos
Shale terrain. Some of the data used by Wright (1995) may be the same as those presented in
Butler et al. (1994). Uranium concentrations from eight samples of Sweitzer Lake water
collected in 1987 and 1988 ranged from 12 to 29 [tg/L, and in four samples of water from the
Garnet Canal diversion ditch at Sweitzer Lake ranged from 14 to 64 gtg/L (Butler et al. 1991).

Uranium concentrations in samples collected from Mancos Shale seeps for this study were
relatively high, ranging from 0.2 to 1,922 ggiL. Seeps issuing from shale beds had much higher
concentrations (a geometric mean of 83.4 gg/L) than those emanating from sandstone beds (a
geometric mean of 7.3 ptg/L; see Table 5). Samples from seeps that were apparently unrelated to
anthropogenic activity had elevated uranium levels. Uranium concentrations in groundwater
contacting gray shale beds in the Mancos Shale often exceed 100 [tg/L from natural processes.
Uranium is thought to have adsorbed to organic matter from sea water and was reduced to the
uranous state at the bottom of the Late Cretaceous sea. Some concentration and redistribution
may have occurred during burial diagenesis. As the Mancos Shale was uplifted and weathered,
uranium was available for transfer to groundwater in its uranyl state.
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I
6.2.9 Uranium Isotopes

Uranium-234 and -238 both undergo alpha decay with half-lives of 4.468 x 109 and
2.48 x 10' years, respectively (Faure 1977). A closed system requires nearly one million years to
achieve secular equilibrium, a condition in which the decay rates of uranium-234 and
uranium-238 are equal. Most uranium ores discovered in the Four Corners region are older than
this and have achieved secular equilibrium. Individual silicate mineral grains, even those
deposited in sediments, are likely to be in secular equilibrium at least in the inner portion that has
not been subjected to leaching. There are two principal ways uranium can be transferred to
groundwater from solid phases: (1) chemical dissolution, and (2) alpha recoil and
associated leaching. Only the second causes fractionation of uranium-234 from uranium-238
(Petit et al. 1985). 1
Research that began in 1953 in Russia and became widespread in the United States by the
mid-1 960s recognized that the activity of uranium-234 was higher than the activity of
uranium-238 in many groundwaters (Osmond and Cowart 1976; Faure 1977). Uranium-238 I
decays to thorium-234 by the energetic release of an alpha particle which causes the thorium
atom to recoil directly into nearby pore fluid or to become lodged in the mineral crystal lattice
(Kigoshi 1971). With a half-life of only 24.1 days, thorium-234 decays rapidly to uranium-234 inI
a portion of the crystalline lattice that was disrupted by the alpha recoil process. Alpha recoil is
also thought to produce oxidation at the site of the newly born uranium-234 atom (Rosholt et al.
1963; Petit et al. 1985; Suksi et al. 2006). When coupled .with the lattice disruptions, the oxidized
uranium-234 atoms become more amenable to release into the pore fluids than uranium-238.
Although there have been several variations on the details of the alpha recoil process and its
effect on preferential release of uranium-234, it is well accepted that alpha recoil is the only I
mechanism that causes fractionation of uranium-234 from uranium-238. Having a single
fractionation mechanism can make the interpretation of uranium isotopic signatures more
straightforward than interpretations for many of the lighter environmental isotopes (e.g., 18o, 2H, i32S, N) that fractionate under a wider range of conditions. Also, fractionations of uranium

isotopes are typically larger than those of other environmental isotopes; differences in the
percentage range are common, compared to parts-per-thousand differences for many of the other|
environmental isotopes (Osmond and Cowart 1976). Interpretation of uranium isotopes is further
simplified because fractionation is independent of the chemistry of the aqueous phase. Despite
these benefits, the use of uranium isotopes still suffers from an incomplete knowledge of the i
exact fate of thorium-234 and its daughter uranium-234 following alpha decay.

Based on literature surrounding the occurrence of uranium in dark marine shale, we assume that I
much of the uranium in the Mancos Shale resides in organic matter. Research on preferential
release of uranium-234 due to alpha recoil has been universally directed to uranium bound in
silicate or carbonate minerals, and We were unable to locate similar research on uranium bound
to organic matter. Kigoshi (1971) assumes that the recoil length for thorium-234 is inversely
proportional to the density of the material and estimates a 900-angstrom (A) recoil length for
pelagic sediment from experimentally determined recoil lengths of 550 A for zircon.
Presumably, low-density humic matter would have longer recoil lengths, and thus, fractionation
due to direct thorium-234 recoil from organic matter would exceed those based on a silica
framework. The AR of uranium-234 to uranium-238 has been used in various groundwater
studies to help determine the origin of the uranium. The AR is near unity if both isotopes are in
secular equilibrium. As alpha recoil processes cause preferential transfer of uranium-234 from
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the solid to the aqueous phase, the AR increases. AR values up to 2 are common in groundwater,
but values up to 9 or more have been reported (Osmond and Cowart 1976; Suksi et al. 2006).

Zielinski et al. (1997) used AR values to help determine the source of uranium in a groundwater
uranium plume emanating from a uranium mill site near Caftion City, Colorado. The AR values
in the mill effluent were near 1.0 because the uranium ores were in secular equilibrium, and the
milling process was sufficiently aggressive to cause essentially congruent mineral dissolution,
thus maintaining the isotopic signature. In contrast, Zielinski et al. (1997) reported that AR
values in background areas unaffected by the mill-generated plume were between 1.3 and 1.5.
The AR values in the groundwater plume correlated well with uranium and molybdenum
(another mill contaminant) concentrations, further indicating that AR values could be used to
delineate the plume.

Weathering and oxidation processes are often cited to interpret some of the observed AR patterns
in nature. Hussain and Krishnaswami (1980) state that intense weathering (presumably caused
by congruent mineral dissolution) could result in high uranium concentrations and AR values
near 1.0; whereas less-intense weathering (incongruent mineral dissolution) would selectively
remove uranium-234 from the oxidized sites created by alpha recoil. Using theoretical modeling
of the alpha recoil process, Suksi et al. (2006) concluded that direct alpha recoil to the
groundwater is minimal and that uranium-234 fractionation is largely due to preferential
oxidation. From this they reasoned that fractionation of uranium-234 only occurs from a reduced
substrate. Cowart and Osmond (1977) observed low uranium concentrations with high AR
values in groundwater within the reducing zone of uranium ore bodies. They reasoned that
oxidized groundwater, high in uranium and with AR near 1.0, transports the uranium to the
reduced zone where uranium mineral precipitation caused a sharp decrease in uranium
concentration and an increase in AR values due to alpha recoil. In contrast, Maher et al. (2006)
matched data from leaching of fine-grained sediment separates with an alpha recoil model based
on grain geometry, suggesting that direct alpha recoil loss dominated, and preferential leaching is
insignificant in a sediment with slowly dissolving silicates.

All of our uranium isotope data from Mancos Shale seeps show that AR values were more
than 1.0 and most exceeded 2.0, indicating that uranium-234 activity regularly exceeds
uranium-238 activity in Mancos groundwater throughout its depositional basin. A conceptual
model for the groundwater AR values should explain several observations: (1) all samples have
excess uranium-234, and many have twice the activity of uranium-234 as uranium-238, (2) these
high AR values of near 2.0 are present over wide geographic areas, (3) samples collected from
separate locations but within the same local area often have similar AR values, (4) many samples
have elevated uranium concentrations, often exceeding 100 pLg/L, and (5) groundwater contacting
Mancos Shale for as little as one year is sufficient to produce AR values more than 2.0. The last
of these observations is based on evidence that USGS Seep 2 near Devil's Thumb Golf Course
originated less than a year after the filling of a pond that was the source of the seep water.
Uranium isotopic data were not available from this seep, but nearby seeps DTS 1, DTS2, and
DTS3, which likely formed. at the same time, had AR values greater than 2.0.

The apparently short groundwater residence time in the case of USGS Seep 2 seems to refute the
possibility that direct recoil of thorium-234 atoms into pore fluids from host organic matter is
responsible for the larger AR values that we see in Mancos Shale groundwater. Instead, we
suggest that during uplift and erosion of Mancos Shale, perhaps over the last thousand years or
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I
so, alpha recoil of thorium-234 into pore fluids was followed by rapid sorption of the recoiled
atom to surfaces of oxidized organic matter or minerals formed by the weathering process. The m
rock matrix at this time was relatively dry. By the time the shale beds were uplifted to within
about 50 ft of the surface, uranium-234 preferentially occupied sorption sites on secondary
minerals. Once groundwater was able to find pathways through the weathered shale beds,
uranium enriched in uranium-234 was desorbed into the groundwater and subsequently
transported to the seep locations. This hypothesis remains conjectural until more research can be
conducted on the solid-phase AR values, and similar AR values can be produced from controlled
laboratory tests. This hypothesis has similarities with the work of Rosholt et al. (1963) who
found high variability of uranium isotopic signatures in 28 sandstone uranium ores from the 3
United States; and they found that these ratios did not correlate with the oxidation states of the
samples. Rosholt et al. (1963) suggested that uranium-234 was preferentially leached from ores,
and then uranium from these fluids. reprecipitated to form secondary ores with high uranium-234. 3
Petit et al. (1985) provided a succinct review and evaluation of the various mechanisms thought
to be responsible for the excess of uranium-234 commonly found in groundwater. Importantly,
they demonstrated that dissolution of uranium-bearing minerals produces a dilution of the
uranium isotopic signature by adding a significant amount of uranium-238 to the groundwater.
Their analysis indicated that production of excess uranium-234 by alpha recoil processes to U
increase the AR value from 1.0 to as little as 1.2 required unrealistically low rates of mineral
dissolution. They also suggested that in a situation where water is present in a rock only
intermittently, the alpha recoil products are implanted in adjacent grains to be released later l
when groundwater resaturated the system. The dilution by uranium-238 in the Mancos Shale
seep samples investigated in this study would be extreme if mineral dissolution (or desorption)
involved uranium that was at secular equilibrium in the shale. Using this reasoning, it is possible
that recent groundwater in Mancos Shale released uranium from minerals containing excess
uranium-234 that had previously been concentrated on secondary minerals and organic matter
over long time periods.

6.2.10 Vanadium i

There are few data available to assess vanadium concentrations in Mancos Shale groundwater.
Vanadium concentrations from eight samples of Sweitzer Lake water collected in 1987 and 1988
ranged from less than 1 to 7 p-g/L, and concentrations in four samples of water from the n
Garnet Canal diversion ditch (Figure 6) at Sweitzer Lake ranged from less than 1 to 14 p-g/L
(Butler et al. 1991). Deverel and Millard (1988) found that vanadium concentrations in shallow
groundwater of the western San Joaquin Valley, California, correlated with salinity.

Despite its much higher concentration (about 100 mg/kg) than uranium or selenium in the
Mancos Shale, vanadium has low concentrations in groundwater. In the seep samples, all but onei
sample had less than 2 p-g/L of vanadium. Sample SNS from Sweitzer Lake was the only
exception with a concentration of 19 ptg/L, suggesting that this sample was affected by
evaporation. We suggest that vanadium is tied up with a more hydrophobic fraction of the shale,,
perhaps sapropelic-based kerogen, that is not released easily upon contact with an aqueous
phase. The affinity of vanadium for petroleum is well documented (Erickson et al. 1954; m
Hyden 1956).
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There is no drinking water standard for vanadium; however, New Mexico has a livestock
drinking water standard of 100 ýtg/L (Thomas et al. 1998). Because all of the groundwater
vanadium concentrations measured in the seeps were much below this value, we conclude that
vanadium is not a natural contaminant in the Mancos Shale.

6.3 Conceptual Model of Seep Chemistry

Clay and silt particles were deposited as mud at the bottom of the broad shallow Western Interior
Seaway during the Late Cretaceous Epoch. Later lithification of these mud deposits became the
shale of the Mancos Shale. Calcium carbonate precipitation in the shallow sea resulted in
sporadic but substantial beds of limestone. Chemically reducing conditions caused by microbial
degradation of organic compounds at the sea bottom caused formation of pyrite. Uranium from
seawater was incorporated into organic matter by adsorption and reductive precipitation.
Uranium concentrations in seawater may have been increased by devitrification of volcanic ash
that periodically fell into the sea. Uranium isotopic signatures reflected those in seawater, which
currently has a fairly constant AR of about 1.15 (Faure 1977). Selenium substituted for sulfur in
.pyrite, and some was adsorbed to organic matter. Nitrate production accompanied
biodegradation, and nitrate was concentrated with organic matter. Pore water chemistry reflected
the high sodium chloride composition of sea water. Chemical reduction continued during
shallow burial, accompanied by minor redistribution of selenium, uranium, and other natural
contaminants. Boron, which occurred in seawater at concentrations that were relatively high, was
adsorbed by settling mud but was subsequently incorporated in phyllosilicate tetrahedral sites
during diagenesis. Calcium carbonate was also redistributed, resulting in calcareous cementation.
During burial diagenesis, the original clay and silt deposited during the Late Cretaceous was
compacted to about a third to a tenth of its original water-saturated volume by the time it was
buried to 10,000 ft in Tertiary time (Shawe 1976). By this time, a large proportion of smectite
layers in illite-smectite clay minerals had been transformed to illite, and the Mancos Shale had
become lithified. For reasons yet to be determined, nearly pure smectite in bentonite beds went
unaltered. Pore fluids were dominated by sodium chloride, and cation exchange sites were
occupied by sodium.

During the Neogene, the Mancos Shale was uplifted and became exposed over large areas of the
Colorado Plateau, and erosion was coupled to uplift such that the Mancos Shale continually
supplied unweathered shale and natural contaminants to the weathering horizon. Chloride
minerals are highly soluble, and some chloride was lost from the system before the beds reached
the weathering horizon. Oxidation of pyrite and organic matter in the weathering horizon caused
formation of gypsum, lowering of pH, and dissolution of some organic matter. The contrast
between the sodium-chloride chemistry of the deep, unweathered Mancos Shale groundwater and
the sodium-sulfate composition of the shallow, weathered Mancos Shale is caused by the
contribution of sulfate by oxidation of pyrite in the weathering horizon. Lowering of pH was
buffered by dissolution of calcite, which was abundant in the Mancos Shale. The transfer of
calcium from carbonate minerals to the aqueous phase made it available to exchange with
sodium on cation exchange sites and to combine with sulfate to form gypsum. Sodium
dominated the ion exchange sites as indicated by high sodium concentrations in both weathered
and unweathered Mancos Shale. Although shales of the Mancos Shale are mostly dry, they
contain an abundance of soluble matter that can be released whenever water is applied. The main
elements of major ion chemistry as proposed by this conceptual model were simulated using a
numerical model, as discussed in the next section.
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I
6.4 Reaction Progress Model of Seep Chemistry

Groundwater can flow at high rates through the Mancos Shale, as demonstrated at the Devil's
Thumb Golf Course, where groundwater flow rates of 8 ft per day were observed. It is likely that
flow in the shallow Mancos Shale follows fractures, bedding planes, and other structural or i
weathered features and is not likely to be accurately portrayed using traditional models invoking
porous media flow. Because of the uncertainty of the flow system, we elected not to model flow; 3
rather, we used a reaction progress model to simulate the main chemical features of the shallow
groundwater system. Reaction progress modeling is well suited to simulating mass transfer of
chemicals between Mancos Shale and groundwater. This type of modeling uses a set of i
irreversible reactions to produce changes to a chemical system, with all other chemical reactions
evolving in local equilibrium. An excellent example of the usefulness of reaction progress
modeling is provided by Helgeson (1979), who modeled the progressive evolution of 3
hydrothermal vein, minerals driven by irreversible feldspar hydrolysis.

We conceptualize a system in which relatively clean water infiltrates into the Mancos Shale and 3
migrates along fractures, bedding planes, and bentonite layers to seeps or springs. Seeps
commonly occur along the strike of the Mancos Shale beds, indicating that bedding planes, and
in some cases bentonite beds, exert a major control on groundwater flow. At most sites, the flow i

regime is relatively shallow and mostly within the weathered Mancos Shale. Based on the core
data from the Crescent Junction site and reports of Mancos chemistry and mineralogy from the
literature, we assume that the Mancos contains gypsum, calcite, pyrite, and organic matter.
Pyrite, calcite, and organic matter are weathered products of marine deposition and shallow
(several hundred feet) burial diagenesis, Whereas gypsum and ferric oxyhydroxide are oxidation
products of pyrite. Pyrite and organic matter are closely associated, whereas gypsum and calcite
commonly occur in mineralized fractures or other secondary features, having been mobilized
some distance from their source. Of importance, the presence of high concentrations of sodium
on ion exchange sites is critical to producing the sodium sulfate major ion compositions that are i
ubiquitous in many Mancos Shale seeps.

Our conceptual model for the release of constituents from the Mancos Shale involves the i
irreversible incongruent dissolution of organic matter, the irreversible dissolution of pyrite, and
the addition of sodium-filled ion exchange sites (NaX). Equilibrium is maintained among all
aqueous speciation, ion exchange, and mineral precipitation and dissolution reactions. Reaction
progress modeling can be thought of by considering a liter of water in a beaker to which we
gradually add small increments of solid components (pyrite, organic matter, and shale with ion
exchange sites) and compute the chemical composition at each addition. This has a similar effect i
as considering the evolution of water chemistry as this liter of water migrates along a flow path
in the Mancos Shale and progressively reacts with the aquifer solids. Because we lack
knowledge of the flow regime and have no groundwater data from various locations along a flow i
path, we cannot explicitly test chemical interactions in a predictive way. However, the model is
useful in providing a numerical (and thermodynamically consistent) verification of the
reasonableness of our conceptual model. Reaction progress modeling used the PHREEQC
computer code (Parkhurst and Appelo 1999).

Thermodynamic data for all aqueous complexation, ion exchange, and mineral 3
precipitation/dissolution reactions are from the database provided with the PHREEQC program.
For computational simplicity, solid-phase organic matter in geologic systems is often presented
as CH 20 (Stumm and Morgan 1981), and we used that simplification. We also simplify the I
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dissolved organic phase as carboxyl ion; thus, the following equation depicts the irreversible
hydrolysis of organic matter:

CH 20 + H 20 = HCOO-+ 3H+ + 2e-

where HCOO- is used as a proxy for DOC. Because the groundwater is in the near-surface
weathered Mancos Shale, oxygen was maintained at equilibrium with 10-7 atmosphere of 02

(approximately 8 mg/L dissolved oxygen). Iron oxyhydroxide was simulated with amorphous
Fe(OH) 3. Calcite, gypsum, and Fe(OH)3 were maintained at equilibrium throughout the
simulation. Ion exchange sites are considered to be highly charged with sodium, as indicated by
the presence of concentrated sodium chloride groundwater in the deep borings of unweathered
Mancos Shale. Our chemical analysis of a pristine (specific conductivity of 114 ýtS/cm) Delta
Reservoir (DR) water sample on November 8, 2010, was used as the initial solution. Our goal
was to seek a reasonable match to the seep chemistry at Delta Reservoir seeps DRS 1 and DRS3
by adjusting the phase mixture within reasonable limits. A mixture of pyrite, CH2O, and NaX in
the molar amounts 0.0008, 0.0003, and 1.0, respectively, provided a reasonable match as shown
in Table 9. This mixture was added in 1,000 steps of 0.005 mole each to the initial solution. The
modeled value for sodium is higher than observed, because only sodium was considered to
occupy ion exchange sites; calcium, potassium, and magnesium loading on ion exchange sites
was probably minimal and was ignored. As an additional simplification, the carbon contained in
DOC was not allowed to exchange with inorganic carbon. This condition is justified by the
observation that DOC is at high concentrations in many of the groundwater samples despite
oxidizing conditions that would cause its complete conversion to CO 2 if it reacted to
thermodynamic equilibrium.

Table 9. Delta Reservoir Reaction Progress Model Results Compared to Chemistry
Measured in Samples from Seeps DRS1 and DRS3, November 8, 2010 (mg/L).

Five moles of reactive mixture were added.

DIG DOC SO4  Na Fe pH
DRS1 222 44 18,497 7,600 <1 7.16
DRS2 251 2.9 15,087 5,900 <1 7.25
Model 199 18 18,453 8,884 <1 7.17

DIC = dissolved inorganic carbon; DOC = dissolved organic carbon

Figure 32 shows the trends in constituent concentrations as the model progresses toward the final
values shown in Table 9. Proton generation from the addition of pyrite, oxidized by the
oxygenated atmosphere, causes a gradual decrease in pH. The pH would decrease much faster if
not buffered by calcite dissolution. Iron generated by pyrite dissolution is taken up by Fe(OH)3
precipitation. Calcium generated by calcite dissolution exchanges with sodium on the Mancos
clay minerals; the lack of dissolved calcium prevents precipitation of gypsum. Thus, the system
evolves to a dominantly sodium sulfate system.
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Figure 32. Calculated Concentrations for a Reaction Progress Model Simulation of
the Delta Reservoir Seeps. Reaction progress is defined by a mixture of 1, 0. 0008, and 0. 0003 mole of

NaX, pyrite, and CH20, respectively.

Uranium and other trace constituents were not modeled because too little is known about their I
mode of occurrence both in the solid and dissolved states. Based on literature data presented
above, it is likely that uranium resides in the organic matter and is perhaps complexed by DOC
in the aqueous phase.

7.0 Conclusions and Recommendations I
This study identified groundwater seeping from the Mancos Shale that was contaminated by 3
naturally occurring processes. The results indicate that high concentrations of major ions, nitrate,
selenium, and uranium are likely to occur as a natural process of interaction between
groundwater and Mancos Shale. The high concentrations are apparently limited to groundwater
associated with shale beds, and concentrations of these constituents in groundwater associated
with sandstone were much lower. High contaminant concentrations occurred throughout the
study areas and were not correlated with geographic area, stratigraphic position, or source of 3
water. Some of the samples were influenced by irrigation, but others were collected from
locations in remote areas with no significant anthropogenic input. In the interest of developing
reasonable and achievable cleanup goals, the effects of naturally occurring concentrations of 3
nitrate, selenium, and uranium should be considered when evaluating groundwater contaminant
plumes beneath and downgradient of disposal cells constructed on Mancos Shale.

Groundwater contacting shale beds of Mancos Shale can have concentrations of nitrate,
selenium, and uranium that exceed regulatory standards. Many of the groundwater samples were
highly saline, as indicated by specific conductivity values ranging from 418 to 70,002 PS/cm I
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with a geometric mean of 9,226 [tS/cm. Samples collected at nine locations had specific
conductivity values of more than 30,000 pS/cm. Nitrate concentrations exceeded 250 mg/L at
13 locations, and selenium concentrations exceeded 1,000 gg/L in eight samples. Uranium
concentrations were also high, having a range of 0.2 to 1,922 gg/L with a geometric mean of
48.8 gg/L, and samples from 18 locations had concentrations more than 100 gig/L. The
groundwater can also have DOC concentrations exceeding 100 mg/L, which commonly colors
the water yellow to red. Boron (a possible indicator of marine shale) concentrations exceeding
1,000 jig/L were common in groundwater from shale beds, but lower values were observed in
groundwater from sandstone. Vanadium and arsenic concentrations were low in the seep
samples, and thus are not natural contaminants in the Mancos.

All uranium-234 to uranium-238 AR values were greater than the secular equilibrium value of
1.0. All but three of the AR values were more than 1.5, and about half of the values exceeded
2.0. Thus, high AR values may be a common characteristic of groundwater that has interacted
with Mancos Shale.

Chemical reactions driven by the irreversible oxidation of organic matter and pyrite offer a
plausible explanation for the evolution of groundwater chemistry. Pyrite oxidation generates
sulfate', selenium, and protons, whereas organic matter yields DOC and liberates nitrate and
uranium. These reactions occurred after the Mancos Shale had been uplifted sufficiently such
that atmospheric oxygen was available to drive weathering processes.

The current study is based on a single set of samples from a wide geographic area encompassing
much of the Mancos Shale depositional basin. It would be useful to sample the same seeps at
least one additional time, during the main irrigation season, to help evaluate seasonal variation.
Because of time limitations, several large areas of Mancos Shale outcrops were not investigated
in the field. It would be beneficial to extend the study to include groundwater sampling in these
areas. These areas include the Kaiparowits Plateau; Black Mesa Basin; areas of the southern San
Juan Basin near Gallup, New Mexico; an area near Show Low Arizona; and areas in Colorado
near Steamboat Springs and Pagosa Springs; and area near Vernal, Utah. Extending the
investigation to include the Pierre Shale, Niobrara Formation, and other Mancos equivalent strata
in eastern Colorado, Kansas, Montana, Nebraska, South Dakota, and Wyoming would also be
of interest.

The main purpose of the current study was to evaluate groundwater chemistry in the Mancos
Shale caused by natural processes. To meet this purpose, a limited set of chemical parameters
was selected for study. Because some seeps were relatively nonproductive, obtaining a suitable
volume of groundwater for extensive chemical analysis was not possible. However, most
locations produced groundwater in sufficient quantity to facilitate additional analyses. Potentially
useful data that were not included in this study are 8180 and 6D, which could help confirm the
sources of groundwater and provide a more quantitative assessment of evaporation effects. More
detailed work, including coring and analysis and installation of a groundwater monitoring array
in an area that has well-defined groundwater control such as Daly Reservoir could help to
understand groundwater chemistry as it evolves along flow lines. Determination of the nature of
the DOC could lead to a better understanding of the processes responsible for its occurrence in
the groundwater.
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Location ID Latitude Longitude USGS Site No. Geologic Unit Region Area

Seeps and Springs

Bert Avery Spring BAS 38.26847466 -110.8225768 381603110491901 Ferron Sandstone Hanksville

Blue Gate Spring BGS 39.2207617 -110.9513918 391315110570301 Blue Gate Price.

Buen Pastor Spring BPS 38.70697125 -108.0353522 middle Smoky Hill Delta Sweitzer Lake

Bitter Spring Creek Spring BSCS 37.91682206 -111.0217921 375458111011901 Emery Sandstone Hanksville

Bitter Spring Creek Upper BSCUS 37.916988 -111.021816 Emery Sandstone Hanksville
Spring

Browns Wash Seep BWS 38.98516015 -109.9522626 385906109570601 Upper Blue Gate Green River

Cato Springs CAS 39.13246669 -109.3674558 390758109220201 Upper Blue Gate Green River

Cedar Creek Seep CCS 38.458021 -107.673677 upper or middle Mancos Montrose Cerro Summit

Cisco Springs CIS 39.08870947 -109.3822425 390519109230001 Prairie Canyon Green River

Cottonwood Creek Spring CWCS 38.27976 -110.861307 381639110513801 Ferron Sandstone Hanksville

Ditch 9 Spring D9S 36.85511911 -108.7483559 Cortez Shiprock Shiprock

Daly Reservoir Spring 1 DARS1 38.97021006 -109.9710173 upper Prairie Canyon Green River Daly Reservoir

Daly Reservoir Spring 2 DARS2 38.97056543 -109.9711552 _ upper Prairie Canyon Green River Daly Reservoir

Delta Reservoir Dam DRDS 38.809687 -108.069081 Prairie Canyon Delta Delta Reservoir
Spring

Delta Reservoir Seep 1 DRS1 38.810393 -108.063758 Prairie Canyon Delta Delta Reservoir

Delta Reservoir Seep 3 DRS3 38.808375 -108.064455 Prairie Canyon Delta Delta Reservoir
Devil's Thumb

Devils Thumb Seep 1 DTS1 38.79759965 -108.0544136 upper Smoky Hill Delta Golf Cours
Golf Course

Devils Thumb Seep 2 DTS2 38.78388498 -108.053317 middle Smoky Hill Delta Devil's Thumb
Golf Course
Devil's Thumb

Devils Thumb Seep 3 DTS3 38.78344064 -108.0546702 middle Smoky Hill Delta Golf Cours
Golf Course

Dutchmans Wash Seep DWS 39.22153704 -110.9688968 Blue Gate Price

East Tributary Floy Wash ETFW 38.96177 -109.904612 upper Blue Gate Green River

Green River Canal Return GRCRS 39.04252778 -110.1511944 390233110090401 upper Blue Gate Green River
Seep
Houston Gulch Seep HGS 38.471966 -107.700601 upper or middle Mancos Montrose Cerro Summit

Houston Gulch Seep East HGSE 38.471886 -107.700554 upper or middle Mancos Montrose Cerro Summit

Kannah Creek Flowline KCFS 39.006019 -108.462288 lower Smoky Hill Delta Whitewater
Spring

Little Grand Wash Seep LGWS 38.88477648 -109.9658041 lower Blue Gate Green River
Loutsenhizer

Loutsenhizer 11 LOUT1 1 38.544654 -107.7773699 upper or middle Mancos Delta Aoyo
Arroyo
Loutsenhizer

Loutsenhizer 12 Lower LOUT12L 38.5450158 -107.776946 upper or middle Mancos Delta Aoyo
I . --Arroyo
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Location ID Latitude Longitude USGS Site No. Geologic Unit Region Area
Loutsenhizer

Loutsenhizer 12 Upper LOUT12U 38.545237 -107.776984 upper or middle Mancos Delta Aoyo
Arroyo

LoutsenhizerLoutsenhizer 13 LOUT13 38.543799 -107.778448 upper or middle Mancos Delta Aoyo
Arroyo

LoutsenhizerLoutsenhizer 14 LOUT14 38.540524 -107.784051 upper or middle Mancos Delta Aoyo
Arroyo

LoutsenhizerLoutsenhizer 3 LOUT3 38.5399 -107.787952 upper or middle Mancos Delta Aoyo
Arroyo

Loutsenhizer 8 LOUT8 38.544899 -107.784986 383242107470401 upper or middle Mancos Delta Loutsenhizer
Arroyo

Loutsenhizer 9 LOUT9 38.55241793 -107.7799697 383307107454701 upper or middle Mancos Delta Lusnie
Arroyo

Many Devils Wash EF-22 EF-22 36.759505 -108.678292 Cortez Shiprock Shiprock

Mud Spring MS 39.51934353 -110.5325294 393103110315901 middle Mancos Price

Mathis Wash Seep MWS 39.44309801 -110.7881307 Blue Gate Price

Point Creek Seep PCS 38.84549654 -108.1921318 385043108112901 upper Prairie Canyon Delta

Section 36 Spring S36 38.93193402 -109.4255796 middle Blue Gate Green River

Salt Creek Wash Seep SCWS 36.84469614 -108.6501375 Cortez Shiprock Shiprock

Sweitzer NE Seep SNS 38:71654655 -108.0231702 upper Smoky Hill Delta Sweitzer Lake

Sweitzer NE Seep 1 SNS1 38.71649529 -108.0238606 upper Smoky Hill Delta Sweitzer Lake

Sweitzer NE Seep 2 SNS2 38.71656063 -108.0235525 upper Smoky Hill Delta Sweitzer Lake

Sweitzer NE Seep 3 SNS3 38.71684347 -108.0231466 upper Smoky Hill Delta Sweitzer Lake

Town Wash Spring TWS 38.28946022 -110.84917 381721110505401 Ferron Sandstone Hanksville

Upper Eagle Nest Arroyo UENAS 36.80853481 -108.560075 Cortez Shiprock Shiprock
Spring

Upper Floy Wash Spring UFWS 38.96103007 -109.9056714 385738109541901 upper Blue Gate Green River

USGS Seep 1 USi 38.71211716 -108.02314 upper Smoky Hill Delta Sweitzer Lake

Whitewater Creek WCTS 38.99507784 -108.3979729 Smoky Hill Delta Whitewater
Tributary Seep
Whitewater Ditch No. 2 WD2S 38.96777266 -108.4276475 Blue Hill Delta Whitewater
Seep

Yucca House Spring YHS 37.250161 -108.686194 371500108410801 Juana Lopez Shiprock

Surface Water Bodies (Sources of Seeps or Springs)
Bostwick Canal West BCWL 38.54883569 107.7753634 upper Mancos Delta Loutsenhizer
Lateral __ __ Arroyo

Daly Reservoir DAR 38.96965 -109.970598 upper Prairie Canyon Green River Daly Reservoir

Delta Reservoir DR 38.810042 -108.068961 Prairie Canyon Delta Delta Reservoir

Sweitzer Lake SL 38.711165 -108.033135 upper Smoky Hill Delta Sweitzer Lake

Sweitzer NE Garnet Canal SNGC 38.716557 -108.02296 upper Smoky Hill Delta Sweitzer Lake

Whitewater Ditch No. 2 WD2 38.948979 .1-108.413333 Delta Whitewater

m M = = m M -M M = m m m= m m - m
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Location ID Latitude Longitude USGS Site No. Geologic Unit Region Area

Pools and Washes Near Seeps and S rings
Cottonwood Wash at Cato CWC 39.132553 -109.367508 upper Blue Gate Green River
Springs
East Tributary Floy Wash ETFWD 38.96161 -109.904595 upper Blue Gate Green River
Downstream

Houston Gulch Red Pool HGRP 38.471794 -107.700532 upper or middle Mancos Montrose Cerro Summit

Little Grand Wash LGW 38.884758 -109.965785 lower Blue Gate Green River
Loutsenhizer

Loutsenhizer 11 in Wash LOUT11W 38.54464 -107.777341 upper or middle Mancos Delta Aoyo
Arroyo

Sweitzer Red Pool SRP 38.71186071 -108.0233965 upper Smoky Hill Delta Sweitzer Lake

Town Wash Spring Pool TWSP 38.289408 -110.84918 Ferron Sandstone Hanksville

Upper Flay Wash-30 f UFWS1 38.96095 -109.905626 upper Blue Gate Green River
from Spring ___________________ __________

Upper Floy Wash-SO It UFWS2 38.960901 -109.90559 upper Blue Gate Green River
from Springeek
Tritar Seep WCTSP1 38.995092 -108.397974 Smoky Hill Delta WhitewaterTributary Seep Pool 1
Whitewater CreekTritar Seep WCTSP2 38.995119 -108.398076 Smoky Hill Delta WhitewaterITributary Seep Pool 2 1111

West Fork Floy Wash WFFW 38.974718 -109.90538 385829109541601 upper Blue Gate Green River
* USGS site referenced in Thomas (2009)
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Calculation of Water Density from Specific Conductivity



This page intentionally left blank



Calculation of Water Density from Specific Conductivity

Salinity was derived from a relationship based on conductivity, which was in turn estimated from
measurements of specific conductivity collected in the field. Conductivity is a direct measure of
the ability of a solution to carry an electrical current normalized to the area of the conductor,
whereas specific conductivity is conductivity that the solution would have at 25 'C.

Specific conductivity (SC) was converted to conductivity (Ct) using a relationship in Standard
Method 2510 B:

Ct= SC x [1 + 0.0191 x (T - 25)], where T is temperature in 'C.

Salinity (S) was then calculated from conductivity using:

S =ao + alRt12 + a2Rt + a 3Rt3/2 + a4 Rt + asRt5/2 + f(T) x (bo + blRt1/2 + b2Rt + b3Rt3/2 +

b4Rt2 + b5Rt5/ 2) - ao/(1 + 1.5X + X2) - bjf(T)/(1 + y + Y3/ 2)

where: a0 - 0.0080, a, = -0.1692, a2 - 25.385 1, a3 = 14.0941, a4 - -7.0261, a5 = 2.7081,
b0 0.0005, b, -0.0056, b2 - -0.0066, b3 =-0.0375, b4 = 0.0636, b5 = -0.0144, and
Rt = Ct/(ro +rIT + r2T2 + r3T3)
X= 400Rt
Y= IOORt
f(T) = (T - 15)/[1 + 0.0162(T - 15)]

where: ro = 30332, rl = 844.33, r 2 = 3.8331, r 3 = -0.0282

The constants r0, rl, r2, and r3 were determined in our laboratory from the temperature
dependency of conductivity measured with our field sonde in artificial seawater simulated by a
potassium chloride (KC1) solution containing 32.4356 g in a mass of 1 kilogram (kg) of solution
(Standard Method 2520 B).

Density (p) in grams per cubic centimeter (g/cm 3) was calculated from salinity (S) using
Standard Method 2520 C:

p = (P0 + aS + bS3/2 + cS2)/1,000

where:
Po = 999.842594 + 0.06793952T - 0.00909529T 2 + 1.001685 x 10-4T3 -

1.120083 x 10-6 T4 + 6.536332 x 10-9 T5

a = 0.824493 - 0.0040899T + 7.6438 x 10-5 T2 - 8.2467 x 10-7T3 + 5.3875 x 10-9 T4

b = -0.00572466 + 1.0227 x 10'T - 1.6546 x 10-6 T2

c = 0.00048314
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Appendix C,

Analytical Data
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