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Executive Summary

This report provides an updated assessment of groundwater flow processes in the floodplain
alluvial aquifer (alluvial aquifer) at the Shiprock, New Mexico, Site (the site), a former uranium
milling facility that is now managed by the U.S. Department of Energy (DOE) Office of Legacy
Management (LM). The aquifer contains groundwater contamination that was caused by the
former mill during the 1950s and 1960s. The findings presented here are based primarily on
analyses of data from wells in the floodplain groundwater system and investigations by DOE and
LM’s Environmental Sciences Laboratory (ESL). A large portion of this study examines how
groundwater flow in the alluvial aquifer is influenced by the San Juan River (river), which
borders the entire length of the aquifer (7300 feet [ft]) on its east and north sides.

The updated assessment shows that the floodplain groundwater system at the Shiprock site is
dynamic, with groundwater flow patterns in the alluvial aquifer changing noticeably between
seasons and from year to year. The transient groundwater conditions are caused not only by
variable flows in the river but also by losses of subsurface water to evapotranspiration (ET)
during summer and fall months. The dynamic behavior of floodplain groundwater impacts the
spatial distribution of dissolved contamination in the aquifer.

The mill, tailings piles, and raffinate ponds at the site were located on a terrace south and west of
the floodplain. The floodplain is separated from the terrace by a 50 ft high escarpment consisting
of Mancos Shale, the bedrock formation that underlies all alluvium at the site, including the
floodplain alluvial aquifer.

A floodplain remediation system, consisting of two pumping wells near the river (wells 1089 and
1104) and two horizontal wells (Trench 1 and Trench 2) at the base of the escarpment, has
induced changes in floodplain groundwater flow patterns since the mid-2000s. These changes
have influenced the concentrations of mill-related contaminants such as sulfate, uranium, and
nitrate. Effective groundwater remediation in the floodplain is dependent on a thorough
understanding of several complex features of the groundwater system, including the interaction
of river elevations and groundwater levels, the influences of evapotranspiration in warm months,
inflow of contaminated groundwater from the terrace, and changing flowpaths in response to
remediation pumping.

During winter and early spring months (November—April), ambient baseline groundwater flow in
the south half of the floodplain is largely parallel to the escarpment separating the terrace from
the floodplain. The sources of this groundwater include seepage losses from the river and
potential groundwater discharges from the terrace across the escarpment. The quantity of
discharge across the escarpment is uncertain and could be gradually decreasing. Though much of
the surface water lost to the south half of the alluvial aquifer remains in the subsurface, inflowing
river water from some sections of the river returns to the river in other sections located tens to
hundreds of feet downstream. Areas of the aquifer with this type of exchange flow with the river
are referred to as hyporheic zones in this report. Mixing of fresh water from the river with
ambient groundwater in these zones can lead to biogeochemical reactions that affect the
concentrations of site contaminants.

In winter and early spring (November—April), the north half of the alluvial aquifer is recharged
by surface-water flows in Bob Lee Wash, a drainage that empties onto the floodplain from the
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terrace. The surface water, which originates as artesian flow from a deep well on the upstream
end of a tributary to the wash, causes groundwater to mound at the mouth of the wash and spread
in a radial pattern from this part of the aquifer. Some of the recharged water diverts groundwater
in the vicinity of the Trench 1 footprint toward the northeast, to a section of the river containing
a flow gaging station (gaging station) operated by the U.S. Geological Survey.

In late spring and early summer (May—June) of most years, snowmelt runoff in the San Juan
Mountains causes flow in the San Juan River to increase substantially, with peak river discharge
typically recorded in late May or early June. Higher surface-water levels accompanying the high
river runoff cause increases in groundwater elevation in the aquifer. During the period leading to
peak flow, the entire length of the river adjacent to the Shiprock site floodplain appears to lose
water to the aquifer in the form of bank storage, a temporary phenomenon as most of the influent
fresh water eventually returns to the river after passage of peak runoff. The influent river water
changes flow patterns in the aquifer from those observed in winter and early spring. Within
portions of the aquifer containing high levels of contaminants, the altered subsurface flows divert
groundwater in directions not seen in previous months and, in the process, help dilute the
contamination. Evapotranspiration also occurs during late spring and early summer months,
decreasing groundwater levels in areas with phreatophyte vegetation. The induced water-level
declines increase the hydraulic gradient from the river to the aquifer on days prior to peak
snowmelt runoff, thereby enhancing ongoing surface-water losses to the subsurface and causing
new, temporary surface-water losses along river sections where the river normally gains in flow
from groundwater discharge.

From mid-summer through fall (July—October), river discharges and elevations return to those
commonly seen in winter and early spring months. As groundwater levels decrease in response
to the lower river elevations, ET processes in the aquifer further decrease groundwater elevations
throughout the alluvial aquifer. A portion of the ET loss is attributed to bare-ground evaporation
near the mouth of Bob Lee Wash, where recharge of wash outflows creates a shallow water
table. ET causes groundwater flow patterns in mid-summer, late summer, and fall to vary from
those seen in winter and early spring months, particularly in the south half of the floodplain.

A variety of activities and processes at the former mill contributed contamination to terrace
groundwater, which in turn flowed eastward through Mancos Shale and discharged to floodplain
groundwater across the escarpment. Previous models of groundwater flow and transport at the
site simulate the migration of inorganic constituents through terrace shale to the alluvial aquifer
and, subsequently, through the floodplain alluvium. It is unclear whether contaminated
groundwater beneath the terrace continues to discharge to the alluvial aquifer at a

significant rate.

Past investigations have attributed high constituent concentrations in groundwater in some parts
of the terrace to the leaching of Mancos Shale by freshwater recharge. A relatively recent study
by the ESL presented evidence that Mancos Shale may be a natural source of inorganic
contaminants, some of which are the same as the mill-related constituents. The potential for
discharge of this “naturally contaminated” groundwater to the alluvial aquifer across the
escarpment is unknown.

Despite the potential obstacles to aquifer remediation posed by the dynamic nature of the
floodplain groundwater system, simulations conducted with a groundwater flow model
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developed for this study indicate that combined pumping from wells 1089 and 1104 and
Trenches 1 and 2 is quite effective in capturing contaminated groundwater in the alluvial aquifer.
The extraction of contaminated groundwater helps prevent its discharge to the river.

Flow modeling of conditions reflective of winter and early spring months shows how
simultaneous pumping from the Trench 1 area and wells 1089 and 1104 (the 1089/1104 area)
creates a stagnation zone in the aquifer about 400 ft northeast of Trench 1. The stagnation zone is
an important feature of the flow system because it severely reduces the mobility of local
contamination, such that contaminants are less susceptible to flushing by fresh surface water that
flows into the aquifer northeast of Trench 1 in response to remediation pumping. A phenomenon
associated with the stagnation zone is the creation of a 300-600 ft wide swath of contaminated
aquifer farther to the northeast that escapes capture by the remediation system during winter and
early spring.

Contaminant concentration maps indicate that total contaminant mass in floodplain groundwater
has been greatly reduced by remediation pumping that commenced in the mid-2000s. In some
areas of the floodplain, contaminant levels as of 2011 had been reduced to as little as a third of
the concentrations measured during 1999-2001. Of the three pumping components of the
floodplain remediation system, Trench 1 appears to be most beneficial with regard to capturing
and containing the transport of contaminant mass in the alluvial aquifer.

Predictive simulations were conducted with the groundwater flow model developed for this study
to assess the effects of possible changes in the hydrology of the floodplain groundwater system
and potential enhancements of the existing remediation system. One of the simulations showed
that elimination of recharge at the mouth of Bob Lee Wash, the product of discharges from the
flowing artesian well, would create a flow system in which contaminants between Trench 1 and
the 1089/1104 area escape capture by existing pumping wells and trenches. On the basis of this
simulation, it is recommended that flows from the artesian well be maintained.

Predictive simulations with the groundwater flow model also examined the flowpaths created by
additional pumping locations in the alluvial aquifer. Modeling results suggest that groundwater
remediation in the alluvial aquifer would benefit from either two new remediation wells or a new
horizontal well east of Trench 1 to collect contaminated groundwater that escapes capture during
certain times of the year.
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1.0 Introduction

The Shiprock, New Mexico, Site (the site) is a former uranium- and vanadium-ore-processing
mill that operated from 1954 to 1968 in the Navajo Nation near Shiprock, New Mexico. By
September 1986, all tailings and structures on the former mill property were encapsulated in a
disposal cell built on top of the two existing tailings piles on the Shiprock site. Local
groundwater was contaminated by multiple inorganic constituents as a result of the milling
operations. The U.S. Department of Energy (DOE) took over management of the site in 1978 as
part of the Uranium Mill Tailings Remedial Action (UMTRA) Project. The DOE Office of
Legacy Management (LM) currently manages ongoing activities at the former mill facility,
including groundwater remediation.

The Shiprock site is located on the west bank of the San Juan River in the northwest corner of
New Mexico (Figure 1 and Figure 2). The site is divided physiographically into two regions,
terrace and floodplain, that are separated by an escarpment. Land surface elevations on the
terrace are generally about 50 feet (ft) higher than comparable land surface elevations on the
floodplain. Groundwater beneath the terrace flows within both weathered and competent portions
of Mancos Shale bedrock and a few feet of alluvium overlying the shale. Groundwater in the
floodplain area flows primarily within alluvium (floodplain alluvial aquifer or alluvial aquifer)
that was deposited by the river on top of Mancos Shale. The escarpment separating the two
regions is an erosion surface of the Mancos Shale that is also referred to in this report as the
bedrock escarpment (Figure 2) or the Mancos Shale escarpment. The disposal cell containing
tailings and other mill-site wastes sits on the terrace south and west of the escarpment.

A portion of the contamination in the alluvial aquifer was caused by surface discharge of mill
effluent directly to the floodplain. Another portion of the contamination appears to have
originated as infiltrated effluent on the terrace that subsequently recharged underlying saturated
alluvium and Mancos Shale bedrock and eventually migrated with eastward-flowing
groundwater across the escarpment to the alluvial aquifer (DOE.1998). Hydraulic and water
chemistry data collected during recent years at several wells on both the terrace and the
floodplain suggest that contaminated groundwater continues to flow from beneath the former
mill property on the terrace to the alluvial aquifer, though the current rate of discharge to the
alluvial aquifer is uncertain. The contaminants affecting groundwater in the alluvial aquifer
consist solely of inorganic chemicals and include sulfate, nitrate, uranium, selenium,

and ammonia.

Surface remediation at the Shiprock site, consisting of the stabilization of mill-generated tailings
and the removal of contaminated shallow soils and mill structures, was completed in the
mid-1980s. Remediation of groundwater contaminated by mill operations began in spring 2003.
On the floodplain, the groundwater remedy made use of pumping from two vertical wells within
250 ft of the San Juan River and transmission of the pumped water through a pipeline to a lined
evaporation pond south of the disposal cell (Figure 2). The dual purpose of the two pumping
wells, located in a portion of the alluvial aquifer that contained some of the largest dissolved
concentrations of sulfate and uranium, was to remove local contamination and prevent local
contamination from discharging to the river.
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Pumping rates achieved at the two wells near the river in the months immediately following the
2003 initiation of groundwater extraction were noticeably less (<3 gallons per minute [gpm])
than had been expected on the basis of an aquifer test (10-20 gpm) at an alluvial aquifer well in
the late 1990s (DOE 2000). Because of the lower-than-anticipated pumping rates, one of the
pumping locations was replaced within about 3 months of the start of remediation by a new
pumping well (1089 in Figure 2). Groundwater extraction from the other original remediation
well was also subsequently replaced in April 2005 by pumping from another new well (1104 in
Figure 2). The area near the San Juan River that encompasses these two extraction wells and
several nearby monitoring wells (Figure 2) is referred to in this report as the 1089/1104
remediation area, or simply the 1089/1104 area.

In spring 2006, two additional groundwater pumping systems consisting of horizontal wells in
excavated trenches (Trench 1 and Trench 2) were installed in the alluvial aquifer near the base
of the escarpment (Figure 2). These extraction systems were selected with the intent of both
removing contaminated groundwater in the alluvial aquifer and intercepting contaminated
groundwater discharging into the alluvial aquifer across the bedrock escarpment. Pumping from
the trenches lessened the migration of contaminants toward the river and decreased contaminant
mass between the escarpment and the river. Data collected at several monitoring wells installed
in the vicinities of the trenches have been examined to evaluate the capacity of each trench
system to reduce contaminant mass. The horizontal well at Trench 1 and surrounding wells are
collectively referred to in this report as the Trench 1 remediation area, or the Trench 1 area.
Similarly, the system consisting of the horizontal well at Trench 2 and nearby monitoring wells
is called the Trench 2 remediation area, or the Trench 2 area.

Since the late 1990s, large quantities of hydraulic and water-quality data have been collected at
numerous wells installed in the alluvial aquifer. These data reflect a variety of hydrologic
processes occurring in the floodplain groundwater system, ranging from those representative of
ambient baseline conditions (before initiation of remediation pumping) to processes in recent
years reflective of full-scale, combined pumping from the 1089/1104, Trench 1, and Trench 2
areas. A common observation made with all of the collected data is that the groundwater system
is dynamic, with seasonal changes in river flow, evapotranspiration (ET) associated with
floodplain vegetation and a shallow saturated zone, and variable water-pumping operations
causing noticeable changes in groundwater elevation and subsurface flow patterns.

With continued data collection, interest has been shown in assessing the performance of the
groundwater extraction system. Although annual reports for the site (e.g., DOE 2008, 2010,
2014b) provide estimates of removed contaminant mass and depict contaminant concentration
decreases in some areas of the floodplain, remediation performance is difficult to fully
characterize and quantify given the dynamic nature of the groundwater system. To help meet this
interest and the challenges associated with aquifer characterization, a preliminary evaluation of
the Trench 1 remediation system was finalized in spring 2011 (ESL 2011b). In addition to
providing a clearer understanding of various groundwater flow phenomena that impact
contaminant migration, the Trench 1 study indicated that the aquifer remediation program at
Shiprock would further benefit from an evaluation of groundwater flow, groundwater chemistry,
and contaminant transport in all areas of the floodplain. This report presents the results of a
comprehensive evaluation of the groundwater flow system. Though some aspects of local
groundwater chemistry and observed contaminant distributions in the alluvial aquifer are used
herein to help explain and describe flow processes in the floodplain subsurface, detailed
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assessments of geochemical and contaminant transport processes in the alluvial aquifer are saved
for a subsequent study.

This study uses more than 20 years of data to illustrate the dynamic nature of the groundwater
system and how local contaminant transport is influenced by a variety of flow processes. The
data analysis focuses on a few key topical areas. One of these is groundwater—surface water
interaction, particularly the influence that the San Juan River has on seasonal groundwater flow
patterns. Considerable attention is also given to the discharge of contaminated terrace
groundwater to the alluvial aquifer. Prepared maps show the areas impacted by each component
of the remediation system and quantitative analyses show how the system might be improved to
more effectively remove contaminant mass.

A numerical model prepared for this study enhances understanding of the numerous flow
processes occurring in the aquifer as well as the impacts of river—aquifer interaction on
remediation activities. The numerical simulator assists in developing an updated conceptual
model of the site’s hydrogeology, which was last visited in 2005 (DOE 2005b). The floodplain
alluvial aquifer at the Shiprock site changes greatly between the seasons in each year, as well as
from year to year.
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2.0  Study Scope

The purpose of this study is to provide an updated assessment of groundwater flow processes in
the floodplain alluvial aquifer at the Shiprock site. The study is based mostly on analysis of large
quantities of data that have been collected since the time of site characterization work conducted
in the late 1990s. The results of that characterization effort were published in the Site
Observational Work Plan (SOWP) (DOE 2000) for the former mill facility. A subsequent
Groundwater Compliance Action Plan (GCAP) (DOE 2002) proposed a groundwater collection
system for cleanup of groundwater across the site. In the first few years following initiation of
the remediation strategy in 2003, monitoring of subsurface water on both the terrace and the
floodplain revealed that groundwater behavior in response to pumping differed from projections
in the SOWP (DOE 2000) and the GCAP (DOE 2002). As a consequence, DOE developed a
refined conceptual model (DOE 2005b) of hydrogeologic processes at the site and recommended
augmentation of the existing groundwater extraction network, including installation of the
horizontal wells at Trench 1 and Trench 2. Information collected in the vicinity of the two
trenches, the 1089/1104 area, and numerous monitoring wells is used in this study to develop an
updated version of the floodplain conceptual model.

This study was partially motivated by findings from an evaluation of the Trench 2 system in
2006 and 2007 (DOE 2009b). In addition to revealing important information about the
hydrogeology of the south end of the floodplain, the evaluation showed that the Trench 2
horizontal well was very efficient and capable of producing groundwater at a rate (20-25 gpm)
that exceeded the combined pumping rate from existing floodplain pumping wells. The trench
also had the capacity to intercept dissolved bedrock contamination discharging across the
Mancos Shale escarpment. A flow model of the alluvial aquifer in the Trench 2 area, based on
local geological, hydraulic, and water-chemistry data, assisted in developing estimates of the
aquifer’s local hydraulic conductivity and subsurface flow patterns under both baseline
(nonpumping) and remediation (pumping) conditions. Data analysis and modeling also yielded
estimates of flow rates from the Mancos Shale to the floodplain alluvium across the bedrock
escarpment and the quantities of groundwater migrating through the aquifer. The study
confirmed previous observations made in the SOWP (DOE 2000) regarding the significant
impact that the San Juan River has on groundwater levels and highlighted the fact that the largest
source of subsurface water in the Trench 2 area is seepage losses from the river.

The Trench 2 evaluation showed that groundwater originating from river seepage returns to the
river over short distances within hyporheic zones. Results from the groundwater flow model for
the Trench 2 study area suggested that pumping from the trench induces much greater seepage
from the river into the aquifer than that which takes place under baseline conditions (about a
400 percent increase), which in turn produces a zone of fresh water, with virtually no
contamination, between the trench and the river. Though contaminant concentrations on the
escarpment side of the trench generally remain larger than those on the river side, continuous
pumping over several months draws an increasingly larger proportion of fresh water into the
horizontal well, eventually producing trench discharge concentrations that are reduced by as
much as 80 percent from comparable discharge concentrations observed at the start of pumping
(DOE 2009b).

The investigation of the alluvial aquifer discussed in this report is partly designed to accomplish
many of the analyses that were performed for the Trench 2 area, but for the floodplain as a
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whole. This updated assessment also focuses on several key topics that were not included in the
scope of the Trench 2 evaluation.

2.1 Project Focus Topics

This study describes how the San Juan River interacts with the alluvial aquifer. Emphasis is
placed on identifying river reaches dominated by river losses to the aquifer under baseline flow
conditions and, conversely, where discharges to the river are prevalent. Similarly, a major project
focus is the delineation of hyporheic zones. The study also focuses on determining the impact
that seasonally high-river flows and stages have on groundwater flow patterns and advective
contaminant transport. To characterize the river—aquifer interaction, river elevations have been
measured along the entire length of the Shiprock site floodplain under both low-runoff and
high-runoff conditions, and the resulting data have been used to develop changing water-surface
profiles along the river’s path for a 5-month period in 2011.

The Trench 2 evaluation made use of continuously recorded (5-minute intervals) specific
conductance data collected by an automated data collection system called SOARS, an acronym
for System Operation and Analysis at Remote Sites. However, the earlier study did not include
analysis of equally valuable water-level data collected by SOARS at numerous wells in the
vicinity of the trench. Groundwater elevations change measurably in response to pumping
Trench 1, Trench 2, and the 1089/1104 area, as well as seasonal changes in the site’s hydrology.
These changes in turn impact contaminant migration patterns. SOARS-derived water-level
histories at monitoring wells help identify such impacts and also enable improved estimates of
the hydraulic properties of the alluvial aquifer. Thus a particular focus of this investigation is the
utilization of SOARS data for describing the hydrogeology of the floodplain aquifer.

The SOWP (DOE 2000) and the GCAP (DOE 2002) projected that the inflow of contaminated
terrace groundwater to the floodplain alluvium would decrease over several years in response to
remediation pumping on the terrace and that the inflow would eventually decline to the point
where remediation of the alluvial aquifer could succeed. This report examines findings from
LM’s Environmental Sciences Laboratory (ESL) investigations and available water-level and
chemical data for the site to develop an updated understanding of the discharge of contaminated
bedrock groundwater to the floodplain.

The numerical model of groundwater flow covers the entire alluvial aquifer. It is not sufficiently
detailed to simulate the local effects of spatially varying aquifer properties but is designed to
capture general flow directions and groundwater velocities. Emphasis is placed on calibrating the
model for hydrologic conditions that tend to dominate the site during three general periods of
each year, which are described as winter and early spring, the snowmelt runoff period in late
spring and early summer, and late summer through fall. Capture zones created by existing
components of the remediation system (i.e., wells 1089 and 1104, Trenches 1 and 2) as well as
possible additional components are estimated through simulations with the model.
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2.2 Project Objectives

The specific objectives of this study are:

1. Develop an updated conceptual model of groundwater flow in the floodplain alluvial aquifer
under both baseline (nonpumping) and remediation (pumping) conditions.

2. Develop an understanding of how spatial and temporal variations in river levels impact
groundwater flow patterns in the alluvial aquifer. Identify river reaches typically subject to
river losses as well as reaches dominated by flow gains from discharging groundwater.

3. Use the river—aquifer interaction information described in study objective 2 to delineate
hyporheic zones within the floodplain alluvial aquifer.

4. Describe the dynamics of the floodplain groundwater system by identifying hydrologic
changes that occur during each year and between years.

5. Assess the degree to which remediation pumping prevents contaminant discharge to the
San Juan River.

6. Compare current distributions of site contaminants with historical contaminant plumes in a
variety of areas to assess the efficacy of the full remediation system in reducing dissolved
contaminant mass.

7. Prepare an updated assessment of contaminated groundwater flow through Mancos Shale
and resulting discharges of terrace groundwater to the floodplain alluvial aquifer.

8. Develop a calibrated numerical model of groundwater flow for the entire floodplain alluvial
aquifer and use the model to assess how spatially variable river levels influence river—
aquifer water exchange during periods of low flow on the San Juan River.

9. Use the calibrated flow model to develop approximate predictions of groundwater flow
behavior in response to potential alterations of the site’s hydrology and possible additions to
the existing remediation system.

10. Preliminarily assess how the existing remediation system might be operated to optimize use
of the existing evaporation pond or augmented to enhance contaminant mass removal.
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3.0  Site Description

The Shiprock site lies within the northeast corner of the Navajo Nation, approximately 28 miles
west of Farmington, New Mexico, and about 20 miles south of the Colorado state line (Figure 1).
Today, all contaminated materials, including tailings left over from historical milling processes.
are located within a 77-acre disposal cell situated on the terrace just south and west of the
bedrock escarpment (Figure 2). The south end of the San Juan River floodplain associated with
the site is located about 1200 ft south of Trench 2, where the river pinches out alluvium and
abuts the Mancos Shale escarpment. The north end of the floodplain occurs where the river abuts
the escarpment in the vicinity of the Highway 491 bridge (Figure 2). The floodplain is about

1.1 miles (mi) (5800 ft) long and 0.3 mi (1600 ft) wide at its widest point. Much of the floodplain
area bordering the river is considered a riparian zone.

Two surface drainage features other than the San Juan River are capable of conveying
surface-water flows at the site. Under natural conditions, Many Devils Wash, about 2000 ft
south-southeast of the disposal cell (Figure 2), carries limited quantities of surface water

(<3 gpm) year-round directly to the river (DOE 2000), thereby bypassing the floodplain. Under
natural conditions, Bob Lee Wash, located approximately 1500 ft northwest of the disposal cell
(Figure 2), is an ephemeral drainage that conveys storm runoff on the terrace toward the north
end of the floodplain. However, since the late-1970s, a flowing artesian well (well 648) at the
head of a small tributary to Bob Lee Wash has continuously fed surface water to the lower parts
of the wash and, subsequently, to the floodplain. Prior to the wash providing an outlet for the
artesian flow, beginning in 1961 when well 948 was installed, a ditch conveyed the flowing
water directly north-northeastward to the floodplain (Figure 3).

3.1 Relevant Site History

The SOWP (DOE 2000) presents a large amount of background information for the Shiprock
site, including a detailed history of milling operations and the development of water resources in
the vicinity of the site. A complete recounting of that history is not warranted here, but several
features of past activities at and near the site bear some discussion because they were influenced
by or impacted groundwater flow in the alluvial aquifer. Though most of the historical summary
incorporated in this section deals with processes affecting the hydrology of the site, some
historical milling and site remediation activities are also discussed because they may be of equal
importance as groundwater flow phenomena in helping to explain past and currently observed
contaminant plume configurations.

The Shiprock mill operated from November 1954 until August 1968. Buildings used in the
milling process were located just south of Bob Lee Wash, and uranium/vanadium ore was stored
just north and northeast of the buildings (Figure 3). The tailings from the milling process were
placed in the two large piles (north and south tailings piles) that covered most of the area
currently lying within the disposal cell footprint. Tailings were delivered in slurry form to the
piles (DOE 2000). indicating that much of the deposited waste consisted of water mixed with
ore-processing chemicals in addition to solids. Waste liquids produced by the milling process
were stored in up to 10 unlined raffinate ponds constructed along the south and southwest edge
of the tailings piles (Figure 3). Figure 4 shows an oblique aerial photograph of the mill, tailings
piles, raffinate ponds, and ore piles in 1965.
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The mill was used to process ores from two different mining areas in Arizona and Colorado,
signifying that their respective mineralogical makeups, and the leachates derived from them
during milling, were potentially distinguishable. The milling required a great amount of

water, which was diverted from the San Juan River about 0.6 mi south-southeast of the facility
(Figure 3). Methods used to extract uranium from the ores varied over the years from acid cures
(sulfuric acid) to agitation leach and eventually solvent extraction. Inorganic chemicals applied
in the operations included nitrate and ammonium complexes. The solvent extraction process
made use of multiple organic chemicals, including di(2-ethylhexyl) phosphoric acid, tributyl
phosphate, kerosene, and alcohols (DOE 1998).

In 1931, the U.S. Geological Survey (USGS) assumed responsibility for operating a gaging
station on the San Juan River downstream of where the Highway 491 bridge currently spans the
river. The gaging station was moved in September 1994 to a site about 500 ft upstream of the
bridge (Figure 3). On June 13, 2006, the station was moved farther upstream to its current
location shown in Figure 2 and Figure 3, on the Shiprock site and approximately 0.6 mile
upstream of the bridge.

The predominant wind direction at the Shiprock site is from the south; stronger winds associated
with frontal systems are typically from the southwest, west, and northwest (DOE 2000). In the
mill operation period and for several years thereafter, occasional strong winds dislodged
contaminated materials from the tailings piles and deposited the airborne dust on the floodplain.
Most of the windblown contamination apparently deposited south of an east-northeast trending
line that is now aligned with a dirt road extending from the USGS gaging station to the base of
the escarpment about 300 ft northwest of Trench 1 (Figure 2). Shallow soil excavation on the
floodplain during surface remediation activities in later years (soil remediation area in Figure 3)
removed the windblown contamination to levels below the cleanup requirements.

In the milling era, the Shiprock area south of the San Juan River and west of the mill gained
population, and agricultural use increased. These changes required additional sources of water.
In 1956, the Bureau of Indian Affairs completed the construction of an irrigation project in the
terrace area south of the San Juan River (DOE 2000) and west of the current location of
Highway 491 (Figure 3). By 1960, irrigated farming was well established in the project area. The
availability of water changed the character of the terrace area and the floodplain area along the
San Juan River.

In 1961, a deep well (1850 ft deep) was installed on the terrace at the head of what is now a
tributary to Bob Lee Wash. Drilled for oil-and-gas exploration purposes, the well tapped
groundwater in the Morrison Formation, which lies below the Mancos Shale and maintains
pressures sufficient to drive formation water to the land surface. Known in the UMTRA Project
as well 648 (Figure 2 and Figure 3), or the flowing artesian well, it was allowed to feed
subsurface water to the land surface at an estimated rate of 64 gpm (DOE 2000). For several
years after the well was drilled, artesian water appeared to flow directly east-northeastward to the
floodplain (Figure 3). At some time during the late-1970s, the flow was diverted into the
southeast-oriented tributary that now connects the artesian well to Bob Lee Wash. The surface
flow into Bob Lee Wash continues to this day, and that portion of the flow that is not lost to
evaporation and transpiration in the wash channel, or recharge of underlying groundwater in the
Mancos Shale, migrates to the floodplain, where much of it recharges the alluvial aquifer and
creates a groundwater mound. The floodplain area at the mouth of Bob Lee Wash receiving the
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artesian flow has historically been referred to as a wetland, particularly since much of the
groundwater in the mounding area is very shallow (less than 3 ft deep) or contains surface water
that was rejected from the subsurface. Water elevations observed in the groundwater mounding
area during some months of high evaporation and transpiration (midsummer through early fall)
appear to be 1-2 ft lower than water levels measured during winter and early spring.

Vegetation increased dramatically on the floodplain north and east of the mill site during the
milling period due to increased availability of water, for both milling and sundry other uses. As
early as the summer of 1955, drainage of mill effluent northward onto the floodplain was evident
by the presence of an effluent pond near the mouth of a small drainage, or arroyo, incising the
terrace directly north of the mill buildings area (Figure 3) (DOE 2000). Additional, smaller
ponds were also apparently on the floodplain in the vicinity of the main effluent pond

(USPHS 1962, DOE 2000). Aerial photographs of the site during milling years included in
various documents (e.g., DOE 1994, 2000) suggest that surface water was also occasionally
present at the time in a drainage ditch that traversed the floodplain, extending west-northwest
from the river just north of the current USGS gage location to the escarpment about 800 ft
northwest of Bob Lee Wash (Figure 3). This small waterway appeared to sustain local floodplain
vegetation and merged with another surface-water ditch at the escarpment that hugged the base
of the escarpment from the mouth of Bob Lee Wash to the San Juan River at the Highway 491
bridge (USPHS 1962). Between 1961 and the late 1970s, prior to the diversion of flowing
artesian well discharge toward Bob Lee Wash, surface water from that well apparently emptied
into the ditch at the base of the escarpment (Figure 3) and about 800 ft northwest of the Bob Lee
Wash outlet. The relatively abundant vegetation on the floodplain at the Shiprock site from the
early 1950s through much of the 1970s, sustained by water used for milling and other uses,
contrasted with a sparseness of vegetation at the same time in the floodplain south of the

San Juan River about 1 mile upstream from the mill site (DOE 2000). The stark contrast between
the two areas reflected the impact that anthropogenic water sources had on the local region near
the town of Shiprock.

In 1963 the Navajo Dam was completed on the San Juan River about 75 miles upstream and east
of Shiprock. Before the dam, river flow fluctuated greatly through the year, ranging from
extreme low flows in the fall and winter to sometimes extreme high flows in the spring and early
summer, in response to snowmelt conditions in the river’s headwaters in the San Juan
Mountains. In most years, the snowmelt runoff was high enough to cover the floodplain for
periods of several days to weeks. These periodic high flows scoured much of the vegetation off
the floodplain and created numerous drainage and distributary channels. Fluctuations in river
stage became less extreme after 1963 with the control on river flows made possible by
construction of the dam. This control of the river has nearly eliminated scouring during flood
events and has allowed vegetation to become established on much of the site’s floodplain area as
well as on floodplains upstream and downstream of the site.

Stabilization of tailings at the site and preliminary cleanup of contaminated features on the land
surface began in the early 1970s. Radiation survey data collected in 1974 made it possible to
identify the extent of windblown and water-transported tailings to the floodplain, and surface
decontamination work began in earnest in early 1975. Much of the surface remediation work in
the mid- to late-1970s was performed by personnel of the Navajo Engineering and Construction
Authority (NECA). In addition to excavating contaminated surface soils and backfilling with
clean materials in the south half of the floodplain, the surface work included the filling of
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multiple small drainages emptying out on the floodplain in the vicinity of the escarpment
(Figure 3) between Bob Lee Wash and Many Devils Wash. Surface materials from the former
ore storage area north of the mill buildings (Figure 3 and Figure 4) were used to fill in the small
drainage that had been used during milling to convey and discharge mill waste to the effluent
pond just north of the bedrock escarpment (DOE 2000). Surface remediation work continued
through 1978, when DOE began managing site operations under the Uranium Mill Tailings
Radiation Control Act. By May 1980, the small pond(s) on the floodplain that had been used to
store mill effluent just north of the escarpment had been filled in with soil, and the NECA gravel
pit (Figure 3) had begun operating. By September 1986, all tailings and associated materials
(including contaminated materials from offsite vicinity properties) were encapsulated in the
disposal cell built on top of the existing tailings piles.

Limited groundwater characterization work was performed in the 1980s as part of the UMTRA
Project, and comprehensive characterization of the subsurface at the site hit full stride in the
mid- to late-1990s. Groundwater remediation in the form of pumping from multiple vertical
wells and water collection trenches was initiated over the full site in March 2003.

3.2 Sources of Groundwater Contamination in the Floodplain

Much of the contamination currently observed in floodplain groundwater resulted from the
infiltration of contaminated liquids on the terrace in the vicinity of former mill operations and
subsequent transport toward the floodplain via the terrace groundwater system. Though some
subsurface aqueous-phase contamination migrating toward the floodplain is detected in seeps on
the escarpment wall, most of the contamination appears to have discharged directly to the
alluvial aquifer from the Mancos Shale. Infiltration of contaminated liquid likely occurred over
the 30-plus-year period between mill startup in 1954 and completion of surface remediation in
1986. During the milling era, contaminants entered the subsurface via leakage from unlined
raffinate ponds and the leaching by rainfall of materials piled in the ore storage area.
Contaminants in tailings were leached by both mill water and precipitation until the disposal cell
was completed.

Other historical sources of contamination in the floodplain alluvial aquifer include mill-related
liquids deposited on the floodplain surface either through accidental or intended means. For
example, in August 1960, a large volume of acidic waste effluent spilled from the northwest end
of the raffinate ponds and flowed down Bob Lee Wash to the north half of the floodplain
(USPHS 1963, DOE 2000). Bob Lee Wash also received plant-water overflows from the mill via
a small tributary located directly north of the ore piles and discharge of cooling water farther up
the wash drainage and near the northwest end of the raffinate ponds (Figure 3) (USPHS 1962).
As previously mentioned, plant effluent also flowed into the small drainage extending from the
northwest end of the tailings area to the floodplain. Accordingly, seepage from the effluent
pond(s) constructed as early as 1955 on the floodplain at the base of the bedrock escarpment to
receive that mill effluent also provided a potential contaminant source. Some of the infiltrated
waste water from milling and subsurface water leached from tailings surfaced in the additional
small drainages that emptied onto the floodplain across the escarpment farther to the south of the
effluent arroyo and directly east of the north tailings pile (Figure 3). Measured uranium
concentrations in these latter small drainages in November 1960 ranged from about

3.8 milligrams per liter (mg/L) to 4.8 mg/L (USPHS 1962).
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Leaching of contamination left in solid form in floodplain soils and deeper alluvium is a source
of contaminants in floodplain groundwater, both historically and currently. For example, the
dissolution of windblown tailings that deposited on the floodplain surface and subsequently
escaped remedial excavation can contribute to groundwater contamination. Additional
solid-phase constituents subject to leaching are attributed to contaminated surface water and
groundwater that migrated to the alluvial aquifer but subsequently partitioned into the solid
phase from an aqueous phase. Because they are potentially subject to slow dissolution by
subsurface water (e.g., rising groundwater during periods of high-river flow, downward seepage
of infiltrated surface water through the unsaturated zone), the solid-phase constituents represent
secondary sources of contamination that can slow the rate at which the aquifer is remediated.
Examples of such secondary sources include constituents that adsorbed to hydrous ferric oxide,
covering sediment grains or minerals that precipitated from solution due to the presence of
chemically reducing conditions.

The SOWP (2000) discusses two separate campaigns for sampling and analyzing soils and
sediments, one in late 1998 and early 1999, and the other in October and December 1999, that
demonstrated the presence of solid-phase subsurface contamination in several different parts of
the floodplain. Soil and sediment uranium concentrations on the floodplain measured during the
campaigns ranged from 0.23 to 35.6 milligrams per kilogram (mg/kg). An earlier sediment
sampling event conducted in support of the Baseline Risk Assessment for the Shiprock site
(DOE 1994) revealed an elevated solid-phase concentration for uranium of 44 mg/kg near the
former effluent pond at the outlet of the small drainage extending northwestward from the
northwest corner of the tailings area (Figure 3).

Examination of the various mechanisms by which contaminants have migrated to the alluvial
aquifer reveals uncertainties regarding source terms for contaminant plumes and their eventual
disposition. For example, it is difficult to discern from available information if the floodplain
plumes are currently fed by terrace contamination via subsurface water discharge across the
Mancos Shale escarpment. Similarly, the potential for residual moisture in disposal cell tailings
to seep downward into the terrace groundwater system and then migrate toward the alluvial
aquifer is unknown. Unfortunately, no reliable methods have been identified for measuring either
contaminant release from the disposal cell or contaminant discharge across the escarpment.
Because of the uncertainties regarding such processes, it is not feasible to predict the duration of
contaminant sources beneath the terrace and, as a consequence, the long-term fate of
contaminants in floodplain groundwater.

It should be noted that water from the flowing artesian well on the terrace (well 648) that
recharges the aquifer at the mouth of Bob Lee Wash is not considered a source of groundwater
contamination. The total dissolved solids (TDS) concentration of the well discharge is about
3000 mg/L (DOE 2000), which according to salinity categories established by McCutcheon et al.
(1992) classifies this water as slightly saline. Reported uranium concentrations in well 648 flows
are less than 0.005 mg/L, and the nitrate (as nitrate) concentrations are less than 1 mg/L. Most of
the salinity in the flowing artesian water is attributed to sulfate, with concentrations of about
2000 mg/L.

U.S. Department of Energy Flow Processes in the Floodplain Alluvial Aquifer, Shiprock, New Mexico
February 2018 Doc. No. S07318
Page 17



3.3 Historical Water Monitoring

Wells were drilled in the floodplain alluvial aquifer as early as 1984 for site characterization
purposes, and DOE began collecting data from them the same year. Additional wells, well
points, and test pits were installed in following years. Well installation activity increased
significantly during two periods in the 1990s to support a comprehensive groundwater
characterization investigation conducted in support of the SOWP. A concerted effort was made
during the SOWP investigation to gather groundwater-chemistry data from about 20 temporary
test pits with the intent of using the single-event data to supplement water-quality information at
the wells. Since publication of the final SOWP (DOE 2000), even more wells have been installed
in the alluvial aquifer; most of these have been monitored for the purpose of assessing the
progress of groundwater remediation that began in 2003. Both hydraulic (water level) and water-
quality (sample) data are collected at wells that compose the floodplain monitoring network.

Since monitoring began, many of the wells installed in the alluvial aquifer in earlier years have
been abandoned. Excluding wells that were drilled into deeper portions of the Mancos Shale
underlying the alluvial aquifer, the current groundwater monitoring system on the floodplain
consists of 79 monitoring wells and two pumping wells (1089 and 1104). Figure 5 is an aerial
photograph showing the locations of shallow wells composing the current monitoring network,
and Table 1 presents an itemized summary of the location coordinates and construction
information for each well.

In recent years, samples have been collected semiannually from floodplain wells. The number of
locations sampled has varied between monitoring events, partly to minimize potentially
redundant groundwater-quality information from densely packed monitoring wells surrounding
each of the three remediation areas. Consequently, it is common to encounter data sets from
some sampling events that are larger than those from others.

Because the San Juan River is known to both strongly influence the chemistry of floodplain
groundwater as well as receive groundwater discharge, DOE has consistently sampled surface
water at multiple locations on the river adjacent to the site. In addition, water has occasionally
been sampled at a few onsite locations that periodically receive surface-water flow, often in
response to increased river levels that push groundwater elevations above the local land surface.
Surface-water sampling sites shown in Figure 5 identify locations from which water-quality data
have been examined in this report to assess potential interactions between groundwater and
surface water.

Figure 5 also shows the locations of three water-collection sumps on the floodplain that are
sampled during semiannual monitoring events. Each sump consists of a pipe, or casing, from
which water is pumped and delivered to the pipeline feeding the evaporation pond on the terrace
(Figure 2). The sump identified as 1109 on the north end of Trench 2 collects water drawn into
the trench pipe, and sump 1110 serves the equivalent purpose at Trench 1. Sump 1118 (Figure 5)
collects water through a pipeline from two seeps—425 and 426—that, prior to the sump’s
installation, were sites of groundwater discharge from the exposed Mancos Shale escarpment.
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Table 1. Construction Information for Shallow Wells on the Shiprock Floodplain

. 5 ’ Casing Borehole
Well Easting Northing | 0oFEl il ol Dat i, b Lo rbrs 32322’.3; (I:Ja:;:?lg Egtton Bgf&cﬁle e Zoneof o Type | SOARS i
(ft) (ft) (ft) (ft) Established (ft amsl) (ft) (ft amsl) (ft) Elevation (ft) Elevation Completion Location | Instrumented
(ft amsl) (ft amsl)

608 251712.58 2101434.86 4,574.43 888.84 8/29/85 4,891.67 10 4,881.67 17 4,874.67 19 4,872.67 Km Monitor No

609 251704.91 2101450.02 4,558.30 894.17 8/30/85 4,890.97 8 4,882.97 10.8 4,880.17 14 4,876.97 Al Monitor No

610 251334.83 2101686.65 4,129.09 800.73 9/3/85 4,892.24 13 4,879.24 11 4,881.24 15 4,877.24 Al Monitor No

611 251324.05 2101693.09 4,116.91 797.68 9/3/85 4,892.35 13 4,879.35 16.25 4,876.1 22 4,870.35 Al-Km Monitor No

612 251560.91 2101985.43 4,078.48 1,171.97 9/4/85 4,891.91 14.5 4,877.41 12 4,879.91 15 4,876.91 Al Monitor No

613 250943.68 2101991.72 3,636.66 740.92 9/4/85 4,889.92 14 4,875.92 12 4,877.92 15 4,874.92 Al Monitor No

614 250953.07 2101985.26 3,647.87 742.96 9/4/85 4,890.3 14 4,876.3 17 4,873.3 19 4,871.3 Al-Km Monitor No

615 250564.45 2102542.15 2,979.55 863.38 9/6/85 4,890.83 13 4,877.83 11.5 4,879.33 14 4,876.83 Al Monitor No

617 250761.09 2102937.07 2,840.25 1,281.98 9/5/85 4,890.05 19.8 4,870.25 12 4,878.05 20 4,870.05 Al Monitor No

618 250748.52 2102934.43 2,833.20 1,271.24 9/5/85 4,889.87 20 4,869.87 18 4,871.87 21 4,868.87 Al Monitor No

619 250401.87 2103321.9 2,314.16 1,301.22 9/6/85 4,890.42 18 4,872.42 15 4,875.42 20 4,870.42 Al Monitor No

620 250243.13 2102960.74 2,456.51 933.29 8/27/85 4,888.18 17 4,871.18 20 4,868.18 23 4,865.18 Al-Km Monitor No

621 250252.85 2102960.06 2,463.87 939.66 8/28/85 4,888.33 16.5 4,871.83 17 4,871.33 19 4,869.33 Al Monitor No

622 250263.63 2102958.94 2,472.30 946.48 8/28/85 4,888.51 NA NA 12 4,876.51 16 4,872.51 Al Monitor No

623 250256.67 2103409.01 2,149.81 1,260.49 9/7/85 4,889.27 gly'g 4,872.27 17 4,872.27 23 4,866.27 Al Monitor No

624 250252.71 2103396.91 2,155.54 1,249.13 9/7/85 4,889.29 18 4,871.29 22 4,867.29 24 4,865.29 Al-Km Monitor No
625 250249.62 2103384.86 2,161.85 1,238.41 9/7/85 4,889.28 NA NA 11.5 4,877.78 17 4,872.28 Al Monitor No

626 249941.38 2103324.5 1,986.02 978.14 9/8/85 4,888.48 19 4,869.48 16.5 4,871.98 20 4,868.48 Al Monitor No

627 249650.71 2103526.75 1,637.34 916.37 9/8/85 4,887.48 17 4,870.48 15 4,872.48 20 4,867.48 Al Monitor No

628 249660.32 2103517.40 1,650.74 916.53 9/9/85 4,887.84 NA NA 12 4,875.84 15 4,872.84 Al Monitor No

629 249378.67 2103359.79 1,562.37 606.11 9/9/85 4,887.29 13 4,874.29 17 4,870.29 20 4,867.29 Al-Km Monitor No

630 249382.75 2103349.44 1,572.56 601.65 9/9/85 4,887.65 13 4,874.65 12 4,875.65 15 4,872.65 Al Monitor No

734 248608.49 2104505.13 208.46 874.30 3/25/93 4,886 NA NA 7 4,879 7 4,879 Al Monitor No

735 252193.67 2099904.08 5,995.45 143.54 3/26/93 4,894.53 NA NA 9 4,885.53 9 4,885.53 Al Monitor Yes Mar-11
736 249808.04 2104420.64 1,118.11 1,660.81 3/24/93 4,887.2 NA NA 7 4,880.2 7 4,880.2 Al Monitor No

766 250686.97 2103964.44 2,062.82 1,957.70 10/28/99 4,888.68 NA NA 9 4,879.68 9 4,879.68 Al Monitor Yes Aug-09
768 250340.45 2103147.09 2,393.98 1,134.01 10/28/99 4,889.28 NA NA 7.33 4,881.95 7.33 4,881.95 Al Monitor No

773 251394.19 2101742.40 4,131.82 882.12 10/28/99 4,891.5 NA NA 6.75 4,884.75 6.75 4,884.75 Al Monitor No

775 250663.37 2103476.13 2,390.65 1,595.02 10/28/99 4,888.92 NA NA 7 4,881.92 7 4,881.92 Al Monitor No

79 251034.71 2103162.67 2,874.96 1,634.91 10/28/99 4,890.93 NA NA 9.75 4,881.18 9.75 4,881.18 Al Monitor Yes Mar-11
792 250522.04 2102957.99 2,656.09 1,128.13 3/1/01 4,888.79 NA NA 8.3 4,880.49 8.3 4,880.49 Al Monitor No

793 250757.62 2102721.00 2,990.24 1,126.42 3/1/01 4,888.38 NA NA 7.5 4,880.88 7.5 4,880.88 Al Monitor Yes Aug-09
794 250922.60 2102525.73 3,244 .93 1,104.45 3/1/01 4,890.34 NA NA 8.4 4,881.94 8.4 4,881.94 Al Monitor No

795 251027.98 2102519.13 3,324.26 1,174.13 3/1/01 4,890.03 NA NA 9 4,881.03 9 4,881.03 Al Monitor No

798 250654.34 2103237.75 2,552.45 1,419.73 3/1/01 4,888.83 NA NA 9.5 4,879.33 9.5 4,879.33 Al Monitor No

853 251196.38 2102501.58 3,455.98 1,280.52 10/11/98 4,888.81 16 4,872.81 15.3 4,873.51 16.5 4,872.31 Al Monitor Yes Mar-11
854 250820.81 2103849.23 2,238.96 1,970.49 10/25/98 4,888.3 NA NA 11.75 4,876.55 12.95 4,875.35 Al Monitor Yes Oct-09
855 249057.21 2103849.57 988.99 726.36 10/24/98 4,885.59 17.6 4,867.99 15.1 4,870.49 17.8 4,867.79 Al Monitor No

856 249110.63 2104395.65 641.54 1,151.02 10/12/98 4,884.83 24 4,860.83 241 4,860.73 24.5 4,860.33 Al Monitor No

857 251160.35 2103029.83 3,057.72 1,629.42 10/11/98 4,891.61 19 4,872.61 18.5 4,873.11 19.2 4,872.41 Al Monitor Yes Mar-11
858 251540.03 2101963.3 4,079.30 1,141.55 9/25/98 4,891.38 21 4,870.38 20.6 4,870.78 25.3 4,866.08 Al Monitor No

859 251528.87 2101971.57 4,065.56 1,139.54 9/26/98 4,891.37 21 4,870.37 19.9 4,871.47 245 4,866.87 Al Monitor No

1008 250769.64 2103812.23 2,228.80 1,908.17 4/13/00 4,888.72 15.5 4,873.22 17.2 4,871.52 17:2 4,871.52 Al Monitor Yes Oct-09
1009 250818.64 2102533.18 3,166.01 1,036.38 4/12/00 4,890.29 17 4,873.29 17.7 4,872.59 17.7 4,872.59 Al Monitor Yes Aug-09
1010 251082.8 2103015.92 3,012.58 1,564.85 4/12/00 4,890.41 18.5 4,871.909 19 4,871.25 19 4,871.41 Al Monitor No

1013 251128.54 2102516.7 3,397.24 1,243.36 4/11/00 4,889.27 16 4,873.267 22.3 4,866.7 223 4,866.97 Al-Km Monitor No
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Table 1 (continued). Construction Information for Shallow Wells on the Shiprock Floodplain

. Casing Borehole
Well Essting Novihing Clzl: :'idei|n)a(-te Cnc’:: :jdei Irf!nl-te Date E?:J::?: n 225:23 523;%‘:.(1 %a:;hg Botto_m Bg':;:‘t?lle Botto_m Zone of Well Type SOABS Date
(ft) (ft) (ft) (ft) Established (ft amsl) () (ft amsl) () Elevation (ft) Elevation Completion Location | Instrumented
(ft amsl) (ft amsl)

1075 250665.87 2103843.51 2,133.20 1,857.12 8/26/02 48879 15.5 4,872.4 18.5 4,869.4 18.5 4,869.4 Al Monitor Yes Aug-09
1077 250818.86 2103795.24 2,275.67 1,930.86 8/27/02 4.888.7 15 4873.7 17.5 4.871.2 17:5 4.871.2 Al Monitor Yes Oct-09
1089 250701.57 2103894.19 2,122.74 1,918.22 6/25/03 4,890.61 14.5 4,876.11 152 4,875.41 15.2 4,875.41 Al Pumping Yes Dec-05
1104 250793.46 2103871.34 2,203.98 1,966.86 2005 4,889.42 14.49 4,874.925 15 487442 15 4.874.42 Al Pumping Yes Nov-05
1105 250570.78 2102531.4 2,991.62 860.23 3/3/05 4,889.67 14 4,875.666 19.5 4.870.17 20 4.869.67 Al Monitor Yes Oct-09
1109-A 251942.90 2100949.10 5,080.39 707.13 Apr-06 4,892.41 NA NA ~8 ~4,884.5 ~8 ~4.884.5 Al Monitor Yes Mar-07
1109-C 251963.40 2100849.30 5,165.34 650.87 Apr-06 4.894.67 NA NA ~10 ~4.884.5 ~10 ~4.884.5 Al Monitor Yes Mar-07
1110-A 250413.52 2102480.21 2,916.31 713.00 Apr-06 4.887.46 NA NA ~9 ~4.878.5 ~9 ~4.878.5 Al Monitor Yes Oct-09
1110-C 250468.85 2102427.63 2,992.61 714.78 Apr-06 4,888.35 NA NA ~10 ~4,878.5 ~10 ~4 878.5 Al Monitor Yes Oct-09
1111 250385.69 2102461.69 2,909.65 680.24 6/7/06 48879 NA NA 12 4875.9 12 4,875.9 Al Monitor Yes Oct-09
1112 250501.75 2102343.41 3,075.35 678.31 6/7/06 4.893.86 NA NA 12 4,881.86 12 4.881.86 Al Monitor Yes Oct-09
1113 251518.51 2101586.06 4,330.23 859.05 6/7/06 4,896.08 12 4,884 .08 12 4,884.08 12 4.884.08 Al Monitor No

1114 251814.76 2101265 4,766.69 840.57 6/6/06 4,890.92 12 4,878.92 12 4 878.92 12 4. 878.92 Al Monitor No

1115 251890.03 2100964.85 5,031.81 680.98 6/6/06 4893.4 12 4.881.4 12 4.881.4 12 4.881.4 Al Monitor Yes Mar-07
1116 251905.87 2100804.96 5,155.85 578.86 6/6/06 4,.896.39 12 4.884.39 12 4.884.39 12 4,884.39 Al Monitor No

1117 252003.66 2100839.64 5,200.68 672.43 6/6/06 4.894.37 12 4,882.37 12 4.882.37 12 4.882.37 Al Monitor Yes Mar-07
1125 252031.01 2100974.88 5,124 64 787.57 2/6/07 4,893.75 1.57 4,882.18 11.57 4,882.18 11.57 4.882.18 Al Monitor Yes Mar-07
1126 251913.87 2101062.4 4,979.88 766.93 2/6/07 4,893.33 12.81 4,880.52 12.81 4.880.52 12.81 4,880.52 Al Monitor Yes Mar-07
1127 251990.57 2100759.41 5,248.01 606.34 2/6/07 4,894 .81 14.41 4.880.4 14.41 4880.4 14.41 4,880.4 Al Monitor Yes Aug-06
1128 251919.39 2100812.07 5,160.42 593.44 2/6/07 4.895.64 12.11 4.883.53 12:11 4.883.53 12.11 4.883.53 Al Monitor Yes Mar-07
1129 252060.48 2100824.23 5,251.82 701.60 2/6/07 4.893.56 10.58 4,.882.98 10.58 4,882.98 10.58 4,882.98 Al Monitor Yes Mar-07
1130 252111.29 2100823.65 5,288.23 737.04 2/6/07 4,893.29 9.73 4,883.56 9.73 4 883.56 9.73 4,883.56 Al Monitor Yes Mar-07
1131 252033.32 2100903.05 5,176.96 738.29 2/7/107 4,892.63 10.55 4,.882.08 10.55 4.882.08 10.55 4,882.08 Al Monitor Yes Mar-07
1132 251977.86 2100903.53 5,137.32 699.50 2/7/07 4.892.22 11.37 4,880.85 1137 4,.880.85 11.37 4,880.85 Al Monitor Yes Mar-07
1133 251909.38 2100891.9 5,097.00 642.94 2/6/07 4,894 .42 11.54 4,.882.88 11.54 4.882.88 11.54 4,882.88 Al Monitor Yes Mar-07
1134 251968.2 2100980.43 5,076.21 747.18 2/7/07 4,893.74 13.46 4.880.28 13.46 4,.879.87 13.46 4,879.87 Al Monitor Yes Mar-07
1135 250325.89 2104285.56 1,580.38 1,930.48 1/26/10 4.887.88 11.6 4.876.281 11.6 4,876.28 11.6 4.876.28 Al Monitor Yes Mar-11
1136 251156.56 2103434.57 2,769.46 1,913.56 1/27/10 4,889.14 115 4.877.639 11.5 4 877.64 11.5 4 877.64 Al Monitor Yes Mar-11
1137 250867.09 2104014.35 2,155.25 2,120.16 1/26/10 4,888.63 15 4,.873.632 14.61 4,873.46 15 4.873.63 Al Monitor Yes Mar-10
1138 250841.08 2103984.38 2,157.96 2,080.57 1/26/10 4,888.84 13.3 4,875.545 13:3 4,875.04 13.3 4 875.54 Al Monitor No

1139 250803.52 2103944 .22 2,159.68 2,025.61 1/26/10 4 887.48 1.4 4 876.076 1.4 4,875.73 1.4 4,876.08 Al Monitor No

1140 250453.12 2102498.35 2,931.57 753.79 5/15/09 4,888.59 NA NA 12.8 4,875.79 12.9 4.875.69 Al Monitor Yes Oct-09
1141 250556.36 2102408.55 3,068.09 763.00 5/15/09 4,889.85 NA NA 10.8 4,879.05 10.9 4,878.95 Al Monitor Yes Oct-09
1142 251593.08 2102435.96 3,783.39 1,513.92 1/27/10 4.891.64 14.21 4 877.433 14.21 4.877.43 14.21 4 877.43 Al Monitor No

1143 249461.11 2104392.09 892.41 1,395.79 1/25/10 4,.885.28 13.3 4,.871.979 133 4,871.98 13.3 4.871.98 Al Monitor No

Abbreviations:

ams| = above mean sea level; Al = alluvium; Km = Mancos Shale; NA = not applicable
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Chemical analyses of samples collected from the trench sumps represent mixtures of
groundwater collected along the full length of each system’s horizontal well. Water pumped
from sump 1118 is a composite of the two seeps and groundwater seeping through small
openings to the sump casing. As shown in Figure 5, the outlet for the small drainage that was
used to deliver mill effluent to the pond just north of the escarpment (Figure 3) during milling
years and was subsequently filled with soils from the ore storage area (Section 3.1) is near
seep 425 and sump 1118.

Results from the water monitoring activities described above along with other useful
information, such as geologic and construction logs for shallow floodplain wells, are documented
in an LM database called GEMS (Geospatial Environmental Mapping System).

3.4 Floodplain Remediation System

The GCAP (DOE 2002) established a compliance strategy for the floodplain alluvial aquifer that
consisted of natural flushing supplemented by groundwater extraction via pumping wells. The
groundwater pumping was initially planned for an area near the San Juan River in which
concentrations of contaminants were identified as being some of the highest at the Shiprock site
(the 1089/1104 area). The original design of the remediation system called for the construction
of two pumping wells, identified as wells 1075 and 1077 (Figure 5). The pumping was
considered a best management practice that would eliminate groundwater discharge to the river
in the area of the high concentrations (DOE 2003a) and reduce contaminant levels such that
natural flushing would eventually become the dominant remediation mechanism.

Since 2003, the year that pumping from wells 1075 and 1077 began, the remediation system on
the floodplain has expanded. The following sections describe the various components of the
remediation system in more detail.

3.4.1 Extraction Wells Remediation System

The 1089/1104 area is located near the river (Figure 2), about 1000 ft northwest of the USGS
gaging station, and 1500 ft north of Trench 1. Well 1089 is about 220 ft from the river, and well
1104 is approximately 180 ft from the river. Several monitoring wells in the vicinity of the two
pumping wells (Figure 6) assist in assessing the impacts of groundwater extraction in the area.

Previous investigations of the Shiprock site have indicated that the purpose of groundwater
pumping in the 1089/1104 area is to decrease discharge to the river of contaminated groundwater
in this portion of the aquifer (e.g., DOE 2005b, p. 6-4; DOE 2002, p. B-8). This is because
monitoring of the river just north of the area has suggested that such discharge could pose a
potential risk to aquatic life (DOE 2002, p. 3-6). Accordingly, pumping the aquifer at this
location such that surface water is pulled from the river toward wells 1089 and 1104 is
considered a best management practice (DOE 2005b, p. 5-4; DOE 2002, p. 3-6).
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Figure 6. Wells in the 1089/1104 Remediation Area




Wells 1075 and 1077 were installed in August 2003 to a depth of about 18 ft below ground
surface (bgs). Mancos Shale bedrock was encountered at a depth of about 15 ft bgs in both wells.
Under conditions typically seen between midsummer and early spring, during which flows on the
river are not heavily impacted by snowmelt in the mountains, the saturated alluvial thickness in
these 6-inch-diameter wells when not being pumped was approximately 7 ft. Both wells used

10 ft of mill-slotted casing in their borehole segments within alluvium. Pumping began at wells
1075 and 1077 in March 2003 with the objective of extracting 10-20 gpm per well. After nearly
4 months of pumping, neither well was producing more than 3 gpm (DOE 2003b). Local water-
elevation data collected at the time indicated that both pumping wells were very inefficient,
meaning that water levels in each well during pumping appeared much lower than levels just
outside the well casing. The low hydraulic efficiency (Driscoll 1989) was attributed to particle
clogging of slots in the well casings and the gravel packs emplaced around the casings, which
impeded groundwater outside of the pumping wells from flowing freely into the well casings.
Despite attempts to increase their efficiency using well redevelopment techniques, the extraction
rates achieved at the wells did not noticeably improve.

With the intent of replacing well 1075 as a groundwater extraction location, well 1089 was
installed in June 2003 using techniques that differed from those used to install the two original
pumping wells. Specifically, well 1089 was constructed using 24-inch-diameter (24-inch) steel
culvert pipe in a trench excavated to bedrock, which was encountered at a depth of 14.5 ft bgs.
The bottom 5 feet of the culvert pipe was torch-slotted to allow the entry of groundwater in
response to pumping.

Pumping of well-1089 water into the remediation system commenced in late June 2003

(DOE 2003b), and pumping rates approaching 6 to 7 gpm were achieved at this location during
the first year of the well’s operation (DOE 2004, 2005a). The technical explanation for well 1089
achieving greater water production than well 1075 was never formally investigated. However, it
is possible that the 24-inch pipe used for casing at well 1089 contributed to the greater pumping
rate, as the large surface area of the pipe helped limit inflow velocities through the torch-cut slots
in the pipe. With lower inflow velocities, the potential for clogging of the slots by entrained
aquifer sediment particles was reduced. This hypothesis suggests that the hydraulic efficiency of
the 24-inch culvert pipe at well 1089 was greater than the efficiency provided by the 6-inch
mill-slotted casing at well 1075.

Well 1077 remained part of the floodplain remediation system through most of 2005. Pumping
rates at the well typically ranged between 0.2 and 1.0 gpm and averaged about 0.5 to 0.6 gpm
(DOE 2003b, DOE 2005a, DOE 2006). Using construction techniques similar to those employed
for the installation of well 1089 (i.e., 24-inch, torch-slotted steel culvert used for well casing),
DOE installed well 1104 in April 2005. As a replacement pumping well for well 1077, well 1104
was added to the remediation system in December 2005. Similar to the other pumping wells in
the area, bedrock was observed at a depth of 14.5 ft bgs at this location. During its first 1.5 years
of operation, pumping rates at well 1104 tended to range between 1 and 3 gpm. Though these
rates were higher than those previously achieved at well 1077, they remained less than the
pumping rates at well 1089. This indicated that factors other than well construction were likely
limiting groundwater extraction from the well.

In recent years, pumping rates at well 1089 have typically ranged between 5 and 12 gpm and
averaged about 6 gpm. The comparable range of rates at well 1104 has been 1 to 4 gpm, and the
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average rate at this location has been about 2 gpm. Wells 1075 and 1077 continue to be used as
monitoring wells that assist in evaluating remediation progress in the 1089/1104 area.

3.4.2 Trench 1 Remediation System

Trench 1 is a horizontal well constructed in the alluvial aquifer directly northwest of the former
mill area, near the base of the bedrock escarpment, and about 1000 ft west-southwest of the

San Juan River at the gaging station (Figure 2). As mentioned in Section 1, it recovers
contaminated groundwater in the alluvial aquifer and also intercepts contaminated groundwater
migrating across the Mancos Shale escarpment. The large collection area provided by the trench
results in groundwater production than that achieved at either well 1089 or well 1104. The trench
is approximately 200 ft in length, 2 ft wide, and 15 ft deep. The collection pipe that constitutes
the horizontal well is a 4-inch-diameter, perforated, high-density polyethylene (HDPE) pipe
connected to a 12-inch-diameter vertical sump pipe (sump 1110 in Figure 5). Half-inch diameter
circular perforations in the pipe (two perforations on each side at 5-inch centers) allow the entry
of groundwater.

Several monitoring wells located in the Trench 1 area (Figure 7) provide data that assist in
evaluating remediation progress from pumping of the trench. Two of the wells, 1110-A and
1110-C, facilitate monitoring of water levels and specific conductance in groundwater occurring
within gravel that was used as trench backfill surrounding the horizontal well. Figure 8, which
presents a cross-section view of the Trench 1 system, refers to these two wells as ports A and C,
respectively. As indicated in Figure 8, ports B and D are also screened in the trench backfill;
however, no monitoring data are collected from these wells.

Water deliveries from Trench 1 into the Shiprock site remediation system began in April 2006.
Except for sporadic shutdowns in pumping for maintenance and other purposes, groundwater
production from the trench has been relatively constant. In recent years, periods of nonpumping
have been more prolonged than in earlier years because of occasional breaks in the groundwater
remediation pipeline and concerns regarding high water levels in the evaporation pond. The rate
of groundwater extraction at the trench typically ranges between 5 and 12 gpm. Occasionally,
pumping rates there approach 20 to 25 gpm.

Prior to the preliminary Trench 1 study (ESL 2011b) and this study of the floodplain as a whole,
no attempt had been made to formally assess the extent of groundwater capture created by
pumping at Trench 1. Nonetheless, general observations made regarding groundwater levels and
flow patterns in areas surrounding the trench indicated that the capture zone was quite large,
extending as much as 1300 ft northwest, 300—400 ft northeast, and 1800 ft southeast from

the trench.
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3.4.3 Trench 2 Remediation System

As shown in Figure 2 and Figure 5, Trench 2 is located approximately 1900 ft southeast of
Trench 1, about 1200 ft north of where the floodplain pinches out on its south end, and 160 ft
west of the river. Excavated in alluvium at the base of the bedrock escarpment, Trench 2 was
constructed in much the same manner as Trench 1. The horizontal well at this location is 200 ft
long and lies about 15 ft bgs. The cross-section depiction of the Trench 1 system in Figure 8
generally applies to Trench 2 as well, with the exception that ports A, B, C, and D are located at
different points along the excavation than occurs at Trench 1. The vertical water collection pipe
on the north end of the horizontal well is referred to as sump 1109 (Figure 5), and ports A and C,
screened in the trench backfill, correspond to monitoring wells 1109-A and 1109-C, respectively
(Figure 5). As with Trench 1, the two monitoring wells known as Port B and Port D at Trench 2
are not used to collect water-level and water-chemistry data.

Numerous wells were installed in the area surrounding Trench 2 (Figure 9) during 2006 and
2007. Water-level and water-chemistry data collected at these monitoring locations were useful
for evaluating the efficacy of this part of the remediation system during the Trench 2 evaluation
(DOE 2009b), and the data also revealed key aspects of river—aquifer interaction in this part of
the floodplain.
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Test pumping of groundwater at Trench 2 was conducted with the system during two separate
multiday periods in April 2006, and continuous pumping of the system began during the first
week of May 2006. In the initial 3 years following system startup, pumping rates from Trench 2
typically ranged between 15 and 20 gpm, which were higher than rates achieved at Trench 1
(typically 5-12 gpm). Though the causes of the higher pumping rates from Trench 2 versus those
from Trench 1 were unclear, possible reasons include greater hydraulic conductivities for the
alluvium surrounding the horizontal well at Trench 2, closer proximity of the trench to the

river, and a larger area of high-permeability alluvium between the trench and the low-
permeability bedrock.

Given the trench’s location in the thin section of alluvium comprising the south third of the
floodplain (80 ft from the base of the escarpment and 160 ft from the river), the impacts of
pumping were limited to a narrow portion of the alluvial aquifer. Groundwater modeling
conducted as part of the Trench 2 study indicated that the capture zone for the horizontal well
extended about 400 ft to the north-northeast from the trench footprint, about midway between
wells 608 and 1114 (Figure 5 and Figure 9). The pinching out of the aquifer against the
bedrock escarpment on the south end of the floodplain limited groundwater capture south of the
trench to a distance of about 1200 ft. Comparison of these capture extents with those

estimated for Trench 1 (Section 3.4.2) indicates that the groundwater capture zone for Trench 2
is much smaller.

In recent years, groundwater extraction from the trench has been somewhat sporadic, and rates
have varied from as low as 5 gpm on some occasions to as much as 20 gpm during others. The
sporadic pumping is attributed to occasional pipeline breaks and concerns regarding high water
levels in the evaporation pond.

3.4.4 Seep Collection Sump

During the first few years of groundwater remediation on the floodplain, subsurface water
discharging from the bedrock escarpment wall at seeps 425 and 426 (Figure 5) was excluded
from the remediation system. In August 2006, DOE began to capture the water in both seeps and
pipe it to sump 1118, a vertical pipe installed in floodplain alluvium approximately 60 ft east of
seep 425.

Prior to their inclusion in the remediation system, measured flow rates at seeps 425 and 426 were
variable. Flow rates at seep 425 ranged from 0.05 to 0.8 gpm, and the rates at seep 426 varied
between 0 and 2.2 gpm. The magnitudes of these flow rates provided some indication of the rates
of subsurface discharge that might be expected from the terrace area to floodplain alluvium
across the bedrock escarpment. The large variability in seep flows suggested that discharge rates
directly to the alluvium from the terrace could also change with time. The only currently
available measure of flow rates at seeps 425 and 426 is the pumping rate from sump 1118, which
combines the respective discharges from these two locations. Since early August 2006,
monitored daily average pumping rates from sump 1118 for delivery to the evaporation pond
have ranged from 0 to 5.6 gpm and have averaged about 0.5 gpm. These pumping rates are not
reflective of seep flow alone, as some groundwater seeps through openings to the

sump 1118 casing.
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3.5 SOARS Monitoring

The SOARS system at the Shiprock site gathers data at 5-minute intervals using sensors installed
in monitoring wells, pumping wells, trench sumps, and the seep collection sump (1118). Data
loggers store the monitored information, and a telemetering system transmits the stored data via
telephone back to LM offices in Grand Junction, Colorado. SOARS has provided pumping rate
data from wells 1089 and 1104 since late 2005, and pumping rates from the sumps at Trench 1
(location 1110) and Trench 2 (location 1109) since April 2006. At some SOARS locations
affected by either pumping or changing river levels, water temperature and specific-conductance
data are also collected and transmitted to the Grand Junction office.

Water-level data are automatically collected at all monitoring wells included in the SOARS
network. In August 2006, well 1127 in the Trench 2 area was the first monitoring well added to
the SOARS network. Since that time more than 30 additional monitoring wells have been added
to the system. Several monitoring wells are monitored for specific-conductance data in addition
to water levels. Sixteen monitoring wells and 4 pumping locations are also monitored for water
temperature.

Figure 10 presents an aerial photograph showing all SOARS locations in the floodplain at the
Shiprock site. Table 2 lists the floodplain SOARS locations, the dates they were added to
SOARS, and the data automatically collected at them. The SOARS data are stored in a separate
database maintained by LM. An assessment of the accuracy of data provided by many of the
SOARS locations in the floodplain was presented in the preliminary evaluation of the Trench 1
system (ESL 2011b).

3.6 River Gaging Station

The USGS gaging station located on the west bank of the San Juan River at the site (Figure 2 and
Figure 5) provides surface-water-level data that are collected at 15-minute intervals from a
sensor installed at the station. The data consist of gage-height (stage) measurements above a
reference datum, which are translated into estimated river flows. The flow estimates are
developed from rating-curve (Kennedy 1984) information, which is periodically updated using
actual field-based measurements of river flow. USGS transmits the 15-minute stage data to a
central location using a telemetering system.

USGS publishes stage and flow data for its surface-water gaging stations through Internet sites
that it maintains. The universal resource locator for the station <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>