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Conversion Factors

Inch/Pound SI

Multiply By To obtain

Length
inch (in.) 2.54 centimeter (cm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area
acre 4,047 square meter (m2)
acre 0.4047 hectare (ha)
acre 0.004047 square kilometer (km2)
square mile (mi2) 2.590 square kilometer (km2) 

Volume
quart (qt) 0.9464 liter (L)  
gallon (gal) 3.785 liter (L) 
gallon (gal) 0.003785 cubic meter (m3) 
cubic yard (yd3) 0.7646 cubic meter (m3) 

Flow rate
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
gallon per minute (gal/min) 0.06309 liter per second (L/s)

Hydraulic conductivity
foot per second (ft/s) 0.3048 meter per second (m/s)
foot per day (ft/d) 0.000353 centimeter per second (cm/s)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: 
°F=(1.8×°C)+32.

Horizontal coordinate information is referenced to the World Geodetic System of 1984 (WGS 84).

Except where noted, vertical coordinate information is referenced to the Earth Gravitational 
Model of 1996 (EGM 96).

Elevation, as used in this report, refers to distance above the vertical datum.

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L), 
micrograms per liter (µg/L), or as the activity of radionuclides in picocuries per liter (pCi/L).

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm at 
25 °C).

Free air radioactivity measured near the ground surface with a handheld scintillation counter is 
given in microroentgens per hour (mR/hr).

Reduction potential (Eh) is given in millivolts.

Additional conversion factors are provided for units in common use but not necessarily used in 
this report.





Abstract

The Schwartzwalder deposit is the largest known vein 
type uranium deposit in the United States. Located about eight 
miles northwest of Golden, Colorado it occurs in Proterozoic 
metamorphic rocks and was formed by hydrothermal fluid 
flow, mineralization, and deformation during the Laramide 
Orogeny. A complex brittle fault zone hosts the deposit 
comprising locally brecciated carbonate, oxide, and sulfide 
minerals. Mining of pitchblende, the primary ore mineral, 
began in 1953 and an extensive network of underground 
workings was developed. Mine dewatering, treatment of the 
effluent and its discharge into the adjacent Ralston Creek 
was done under State permit from about 1990 through about 
2008. Mining and dewatering ceased in 2000 and natural 
groundwater rebound has filled the mine workings to a 
current elevation that is above Ralston Creek but that is still 
below the lowest ground level adit. Water in the “mine pool” 
has concentrations of dissolved uranium in excess of 1,000 
times the U.S. Environmental Protection Agency drinking-
water standard of 30 mg/L. Other dissolved constituents 
such as molybdenum, radium, and sulfate are also present in 
anomalously high concentrations. 

Ralston Creek flows in a narrow valley containing 
Quaternary alluvium predominantly derived from weathering 
of crystalline bedrock including local mineralized rock. Just 
upstream of the mine site, two capped and unsaturated waste 
rock piles with high radioactivity sit on an alluvial terrace. 
As Ralston Creek flows past the mine site, a host of dissolved 
metal concentrations increase. Ralston Creek eventually 
discharges into Ralston Reservoir about 2.5 miles downstream. 
Because of highly elevated uranium concentrations, the State 
of Colorado issued an enforcement action against the mine 
permit holder requiring renewed collection and treatment of 
alluvial groundwater. 

As part of planned mine reclamation, abundant data were 
collected and compiled into a report by Wyman and Effner 
(2007), which was to be used as a basis for eventual mine site 
closure. In 2010 the U.S. Geological Survey was asked by the 
State of Colorado to provide an objective and independent 

review of the Wyman and Effner (2007) report and to identify 
gaps in knowledge regarding the hydrogeology of the mine 
site. 

Key findings from the U.S. Geological Survey assessment 
include geological structural analysis indicating that although 
the primary uranium-hosting fault likely does not cross under 
Ralston Creek, many complex subsidiary faults do cross under 
Ralston Creek. It is unknown if any of these faults act as 
conduits for mine pool water to enter Ralston Creek. Reported 
bedrock permeabilities are low, but local hydraulic gradients 
are sufficient to potentially drive groundwater flow from the 
mine pool to the creek. Estimated average linear velocities 
for the full range of reported hydraulic conductivities indicate 
groundwater transit times from the mine pool to the creek on 
the order of a few months to about 3,800 years or 11 to 65 
years using mean reported input values. These estimates do 
not account for geochemical reactions along any given flow 
path that may differentially enhance or retard movement of 
individual dissolved constituents. New reconnaissance data 
including 34S isotope and 234U/238U isotopic activity ratios 
(AR) show potentially distinctive signatures for the mine pool 
compared to local groundwater and Ralston Creek water above 
the mine site.

Although the mine pool may be near an equilibrium 
elevation, evidence for groundwater recharge transients 
indicates inflow to the workings that are greater than outflow. 
There is not enough hydraulic head data adjacent to the mine 
workings to adequately constrain a final equilibrium elevation 
or to predict how several wet years in succession might affect 
variations in mine pool elevation. Although ground level 
adits are sealed with bulkheads, if the mine pool elevation 
were to rise slightly to the elevation of or above these adits, 
there is additional potential for seepage into the environment. 
The mine workings, mine pool water, the mineralized fault 
zone, and parts of the alluvial aquifer contaminated by mine 
waste are all potential sources of dissolved metals to Ralston 
Creek. The waste rock piles are not a major contaminant 
source at this time based on data in Wyman and Effner (2007) 
and new U.S. Geological Survey data. However, questions 
regarding the long-term integrity of the cap rock seal, possible 
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leaching processes between the unsaturated and saturated 
zone, groundwater flow in the alluvial aquifer and a 100-year-
plus flood make the waste rock piles a potential source in the 
future.

Recent geochemical data from Ralston Creek shows 
dissolved uranium concentrations that remain above drinking-
water standards in spite of treatment operations. The mine 
pool water is now hydraulically above the creek, and the 
pathway(s) for mine pool water flowing into the alluvial aqui-
fer and Ralston Creek through the bedrock should be investi-
gated further.

Established monitoring wells at the mine site are not 
adequate to characterize local hydraulic head and to contrast 
the geochemistry of bedrock and alluvial groundwater because 
many of them are screened in both the bedrock and alluvium. 
The bedrock is particularly underrepresented in existing wells. 
This report suggests the drilling and completion of appropri-
ately sited and nested bedrock and alluvial well pairs. These 
wells should be sampled in conjunction with a series of stream 
tracer dilution studies in Ralston Creek with the sumps opera-
tional as well as shut down. An expanded program of water 
sampling could include high precision uranium and sulfur 
isotope analyses and other analyses of potentially diagnostic 
trace elements and their ratios. This approach may permit the 
identification of mine pool and(or) other mixed contaminated 
water entering Ralston Creek. It will be critical to determine 
if the hydraulic heads in the bedrock wells are higher than in 
the alluvial wells. Although Ralston Creek delivers a rela-
tively small proportion of water flowing to Ralston Reservoir, 
continued monitoring of the mine pool elevation and dissolved 
uranium concentrations in all water samples is essential. 

Introduction and Scope

The Schwartzwalder Uranium Mine, located 
approximately 8 miles northwest of Golden, Colorado 
comprises an underground network of workings in faulted 
and fractured Proterozoic crystalline rocks and a variety of 
materials at the surface associated with the mining operations 
(Figure A). The mine was accessed by a number of adits just 
above and within about 300 ft of Ralston Creek. Ralston 
Creek contributes a small proportion of flow to the Ralston 
Reservoir approximately 2.5 miles downstream from the mine 
site (Figure A). (Note that scientific literature commonly uses 
the International System of Units, however Inch/Pound units 
of measure are primarily used in this report as these were the 
units reported in data from the Schwartzwalder Mine.)  The 
reservoir is primarily filled with water from a transmountain 
diversion tunnel and is one of several sources of drinking 
water for the city of Denver and its western suburban areas. 
During the period from 1994 through 2010 Ralston Creek 
contributed an average of 6.6 percent (median of 5.7 percent) 
total annual inflow to Ralston reservoir with a maximum of 
26.7 percent in 1995 and a minimum of 0.3 percent in 2002 
(Denver Water, written commun., 2011).

Throughout the history of mining at the Schwartzwalder 
Mine the workings were dewatered to facilitate mining 
operations. The primary mine operator, the Cotter Corpora-
tion, presently (2010) a subsidiary of General Atomics of San 
Diego, Calif., has conducted mining and water treatment under 
permits issued by the State of Colorado allowing for discharge 
of treated mine water effluent to Ralston Creek. Several state 
agencies as well as Cotter Corporation have extensively 
monitored water quality in Ralston Creek and discharged 
effluent. A previous study of water quality in surface water of 
the 1:100,000 Denver West Quadrangle identified anomalously 
high dissolved uranium and radium in Ralston Creek below 
the mine site (Zielinski and others, 2008). 

In May 2010 the Colorado Division of Reclamation, 
Mining, and Safety (DRMS)—the regulatory agency in charge 
of oversight, routine, and independent monitoring of water 
quality in Ralston Creek associated with the Schwartzwalder 
Mine—pursued an Enforcement Action against the Cotter 
Corporation. The Enforcement Action was because of mea-
sured concentrations of total dissolved uranium in Ralston 
Creek associated with the mine site that are approximately 
10 times greater in the creek and approximately 1,000 times 
greater in the mine groundwater than the U.S. Environmental 
Protection Agency (USEPA) drinking-water standard of 30 
micrograms per liter (µg/L) (parts per billion) total dissolved 
uranium [Wyman and Effner, 2007; Colorado Division of 
Reclamation, Mining, and Safety, 2010; U.S. Environmental 
Protection Agency 40 CFR § 141.66 (e)]. The Enforcement 
Action requires the Cotter Corporation to initiate immediate 
corrective actions to reduce the concentrations of uranium and 
other constituents to established standards in Ralston Creek at 
the mine site (Colorado Division of Reclamation, Mining, and 
Safety, 2010). The Enforcement Action also involves reassess-
ment of the adequacy of several versions of an Environmental 
Protection Plan submitted to DRMS for mine site reclamation, 
maintenance of solute concentrations in Ralston Creek at or 
below standards, and mine site closure. 

In an effort to better understand the surface water and 
groundwater flow systems and their interactions, the sources 
and fate of uranium and other heavy metal contamination in 
Ralston Creek, the Colorado DRMS asked the U.S. Geologi-
cal Survey to review and evaluate the adequacy of the current 
state of knowledge and data pertaining to the hydrogeology 
at the Schwartzwalder Mine and surrounding area potentially 
affected by the mine. The primary subject of this review is 
a report by Wyman and Effner (2007). (Also see http://min-
ing.State.CO.US for other reports and information related to 
the Schwartzwalder Mine). The Wyman and Effner (2007) 
report contains the most current and extensive hydrological 
and aqueous geochemical data for the mine site and forms the 
scientific basis for the subsequent Environmental Protection 
Plans. 

The faulted, fractured, and veined bedrock near the 
Schwartzwalder Mine imparts hydraulic and geochemical 
heterogeneity. These geological heterogeneities make 
understanding of the fate of groundwater flow and solute 

http://pubs.usgs.gov/of/2011/1092/pdf/WymanAndEffner2007.pdf
http://mining.State.CO.US
http://mining.State.CO.US
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Figure A.  Map of Colorado showing major physiographic provinces, the Colorado Mineral Belt, and the 
location of the Schwartzwalder Mine. The lower topographic map is from the U.S. Geological Survey, 30 x 
60 minute, Denver West quadrangle.
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transport near the mine site particularly challenging. The 
purpose of this report is to provide independent and objective 
evaluation and review of all available material; to verify data 
quality, calculations made, and adequacy of conceptual and 
predictive models in the Wyman and Effner (2007) report; 
and to report on limited new data that have been collected 
and analyzed as an independent check on existing research. 
The structure of this report includes: (1) brief characteristics 
of the geology and physical setting as it pertains to the 
hydrogeology; (2) history of mining and water resources 
at the mine site; (3) general and specific comments on the 
Wyman and Effner (2007) report; (4) descriptions of new 
data collected, the methods used, analytical results and 
interpretations; (5) and concluding remarks on the adequacy 
of existing knowledge with suggestions for addressing gaps in 
information as requested by the Colorado DRMS. In addition 
to references cited in this report, a complete bibliography of 
source information is provided. The Wyman and Effner (2007) 
report uses sequentially numbered figures and tables; in this 
report sequentially lettered figures and tables are used to help 
differentiate the two reports.

Overview of Geology and Controls on 
Groundwater

The Schwartzwalder uranium deposit is the largest 
vein-type uranium deposit in the United States (Adams and 
others, 1953; Sims and others, 1964; Sheridan and others, 
1967; Zielinski and others, 2008). The deposit is associated 
with Laramide age (about 70 Ma) hydrothermal fluid flow, 
faulting, fracturing, and polymetallic vein formation (Wallace 
and Karlson, 1985; Ludwig and others, 1985). It is hosted in 
tightly folded Paleoproterozoic quartzofeldspathic and calcsili-
cate metasedimentary and metavolcanic rock “units” common 
in the central southern Rocky Mountains (Figures A and B). A 
complex network of Paleooroterozoic and(or) Mesoprotero-
zoic pegmatite dikes also intruded these rocks. 

The Schwartzwalder Mine site is located in a narrow, 
approximately 330-foot wide, and steep valley incised by 
Ralston Creek into the eastern edge of the foothills of the 
Southern Rocky Mountains (Figure A). The creek channel is 
filled with locally and distally derived, coarse alluvial and col-
luvial sediments comprising a shallow aquifer (Qpp on Figure 
B; Sheridan and others, 1967). 

The mineral deposit comprises a network of fault veins 
that host brittley deformed oxide, sulfide, and carbonate 
mineral assemblages. Fault veins are complex brittle struc-
tures that are characterized by elements of both veins (mineral 
filled fractures) and faults that accommodate shearing of rock, 
producing fault rocks such as clay-rich gouge (see Appendix 
and Caine and others, 2010 for a more complete description 
of fault veins and their permeability). Joint networks likely 
formed by tectonic and exhumation processes are pervasive in 
the near surface, at depth at the mine site, and the surrounding 

region. Together the various crystalline rock types, foliations, 
folds, dikes, faults, veins, and joints comprise a complex and 
heterogeneous bedrock aquifer host for the Schwartzwalder 
uranium deposit.

In the metamorphic rock “units” compositional layering 
is generally parallel to foliation. Each of the units has vary-
ing intergranular permeability (k). There is a major upright 
and tight synform that plunges to the southwest (Figure B; 
Sheridan and others, 1967). As a result, the rock layering dips 
nearly vertical and has a diffuse but generally southwest-
northeast strike (Figures C and D). The foliation appears to 
have had some effect on the development and orientation of 
subsequent structures such as joints (Wallace and Karlson, 
1985) that may control anisotropy in groundwater flow.

The primary structure that hosts the Schwartzwalder 
uranium deposit is the Illinois fault zone. The Illinois fault 
zone and associated mineralization is localized in a relatively 
narrow “lithologic transition zone” composed of quartzite and 
garnet-biotite-gneiss between hornblende gneiss to the west 
and mica schists to the south (Wallace and Karlson, 1985). 
This zone was later referred to as “the Schwartz Trend” (for 
example, Norqist, 2001). However, hydrothermal mineral-
ization and associated uranium ore minerals are primarily 
associated with the Illinois fault zone in the transition rocks 
and not with the “lithologic transition zone” itself. Hydro-
thermal minerals were deposited at Schwartzwalder in at least 
three stages and include adularia, ankerite-dolomite, calcite, 
pitchblende, hematite, coffinite, pyrite, chalcopyrite, unusual 
Fe-Mo-As sulfides, galena, sphalerite, and fluorite (Wallace 
and Whelan, 1986). 

The Illinois fault zone strikes northwest with a curvipla-
nar surface trace that dips steeply to the southwest (Sheridan 
and others, 1967). At the mine the fault zone trace shows a 
right jog striking north-northeast, dipping 75 to 60 degrees 
to the west-northwest (Wallace and Karlson, 1985). The 
mapped trace length of the fault zone is approximately 4,600 
ft (Sheridan and others, 1967). Where the jog ends, the fault 
zone returns to its northwest strike and parallels Ralston Creek 
on its southwest side until it crosses the creek and merges 
with the east Rogers fault, a wide zone of distributed brittle 
deformation at this location, about 3,300 ft from the Schwartz-
walder adits. Several smaller splays of the Illinois fault are 
shown on maps (Sheridan and others, 1967). These splays 
cross under Ralston Creek and the alluvial aquifer to the 
northeast a few hundred feet from the Steve and Pierce adits, 
among the primary access points to the mine workings. There 
are outcrops of hydrothermal fault veins that were mined from 
an adit directly to the northeast of the jog on the north side of 
the creek (the “North Portal” in Figure B2b). Beige hydrother-
mal alteration halos surround many of these fault veins and 
the vein cores are locally vuggy, suggesting that these fault 
veins have enhanced permeability compared to their host rock. 
The primary Illinois fault zone ranges in width from several 
inches to about 7 ft (Wallace and Karlson, 1985). Wallace and 
Karlson (1985) also report apparently natural, 3 ft wide “open 
watercourses” in the core of the Illinois fault zone that extend 



Overview of Geology and Controls on Groundwater    5

Figure B.  (1) Geologic map of the Schwartzwalder Mine showing key features relevant 
to hydrogeology (modified from Sheridan and others, 1967). (2) Photographs of carbonate 
fault veins looking northeast from the Minnesota Level to the “North Portal” of the 
Schwartzwalder Mine: (a) Complex network of fault vein splays with orientations similar 
to those reported in Wallace and Karlson (1985); (b) Schematic trace map of the fault 
vein network in red; (c) Close-up view of a fault vein showing the carbonate primary vein 
adjacent to the compass with a beige hydrothermal alteration halo surrounding it. These 
structures may have higher bulk permeability than the surrounding less altered hornblende-
biotite-quartz gneiss host rock. The location of these photographs is shown in 1.
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Figure B.  (1) Geologic map of the Schwartzwalder Mine showing key features relevant to hydrogeology 
(modified from Sheridan and others, 1967). (2) Photographs of carbonate fault veins looking northeast from 
the Minnesota Level to the “North Portal” of the Schwartzwalder Mine: (a) Complex network of fault vein 
splays with orientations similar to those reported in Wallace and Karlson (1985); (b) Schematic trace map of 
the fault vein network in red; (c) Close-up view of a fault vein showing the carbonate primary vein adjacent to 
the compass with a beige hydrothermal alteration halo surrounding it. These structures may have higher bulk 
permeability than the surrounding less altered hornblende-biotite-quartz gneiss host rock. The location of these 
photographs is shown in 1.—Continued
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tens of vertical feet within the mine. The total width of the 
Illinois fault zone, including the primary fault segments and 
immediately surrounding splays, is on the order of several to 
30 or more feet (for example, Figure B2.)

The Illinois fault zone is highly complex with pre- and 
post- ore segments comprising a composite structure with 
multiple splay fault veins, also known as tension fractures, 
horsetails, or flats. These splays primarily branch off to the 
west in the hanging wall with antithetic dips to the main fault 
zone and are the primary ore hosting structures (Wallace and 
Karlson, 1985). The fault vein splays are significant structures 
with lengths along dip of hundreds of feet. Splays are a few 
inches to more than 30 ft wide with zones of fractured and 
brecciated rock in their cores. A prominent set of subparallel, 
open joints is also associated with many of the fault vein 
splays (Wallace and Karlson, 1985).

Motion in the Illinois fault zone may be related to the 
Rogers fault zone that has two primary segments (west and 
east) that bound the Illinois fault zone (Figure B). The west 
Rogers fault segment also hosts uranium mineralization and 
may be important in the kinematic history of this fault system 
(Wallace and Karlson, 1985). The three fault zones have 
complex and likely interrelated kinematic history. There are 
components of reverse, normal, and strike slip displacement 
on the order of several hundred feet, with at least 330 ft 
of “normal” dip-slip displacement (Wallace and Karlson, 
1985) accommodated by the Illinois fault zone. If there was 
a component of right-lateral motion on the Illinois during 
extension, dilation at the right stepping jog could have formed 
an extensive zone of opening with potential for localization of 
hydrothermal fluid flow and mineral deposition.

Extensional deformation associated with the Illinois fault 
zone is significant to the present-day hydrogeology. Extension 
commonly involves brecciation and the Schwartzwalder 
deposit is no exception. The internal structure of the 
Illinois fault zone and associated subsidiary structures 
include a complex and anastomosing core zone with highly 
brecciated hydrothermal vein mineral assemblages. These 
assemblages are variably cemented and locally open with 
vugs and mismatched fault surfaces that likely form the open 
watercourses described by Wallace and Karlson (1985). Many 
other minor faults provide slip surfaces that may be open or 
variably filled with clay-rich or other types of fault gouge 
(Appendix and Figure C). Fault cores are surrounded by a 
network of moderate to high angle joint networks which likely 
grade into the regional joints within the host rock (Figures 
C and D). In total, these fault-related structural elements 
combine to form a zone of locally elevated but heterogeneous 
permeability within the relatively low permeability bedrock. 
Extreme permeability heterogeneity, particularly if there are 
structures that can act as conduits, therefore defines the local 
hydrogeologic regime that controls groundwater flow from 
the mine workings to Ralston Creek (for example, Caine and 
others, 1996). 

Figure D4 shows three sets of discrete fault slip surfaces 
that form a network of likely open structures diffusely oriented 

with low, moderate, and steep dips with diffuse north-south 
and northwest-southeast strikes. The north-south normal and 
left-lateral sets are subparallel to the Illinois fault, the subd-
rainage containing the Schwartzwalder Mine, and the local 
hydraulic gradient intersecting Ralston Creek near the mine 
site. The northwest-southeast reverse set is parallel to the 
‘Schwartz Trend’ subdrainage and the local hydraulic gradient 
that intersects Ralston Creek after its bend from southeast to 
southwest (Figures A and B). Although many of the observed 
slip surfaces have trace lengths on the order of several feet, 
they are representative of the pervasive brittle deformation 
observed throughout the Front Range (for example, Caine and 
others, 2010) and at depth in the mine workings (Wallace and 
Karlson, 1985). These slip surfaces cut most other structures 
and are rough walled cracks with mismatched bounding 
surfaces of likely small aperture and show iron oxide staining 
indicative of relatively recent, near surface groundwater flow 
(Figure C). 

Figures D1 and D2 show a network of open joint sets 
of moderate to high intensity measured in surface outcrops 
near the mine and away from the mine. These measurements 
are consistent in orientation with those measured in the lower 
levels of the mine. There are three diffuse sets; one set sub-
parallel to compositional layering, a second set that is steep 
and subparallel to the Illinois fault zone, and a third set that 
cuts most of all other structures and that dips at moderate to 
shallow angles. Each set is subparallel to one of the sets of 
slip surface and drainages noted above. The east-southeast-
west-northwest joint set is also parallel to diffusely subparallel 
pegmatite dikes. The joint intensity within these dikes is much 
higher than the host rock into which they intruded (Figure C). 
The pegmatite dikes are similar to those observed in the Tur-
key Creek watershed by Caine and Tomusiak (2003) and were 
thought to be relatively high permeability features. The dikes 
were reported to have produced large amounts of mine inflow 
at Schwartzwalder (Wyman and Effner, 2007).

After the Laramide orogeny, which formed many of the 
brittle structures discussed above, the study area was subject to 
geomorphological and climatic processes that formed the pres-
ent landscape. As the Schwartzwalder deposit that formed at 
depth was stripped of overlying rock by erosion the ancestral 
Ralston Creek incised its channel into and through the Illinois 
fault zone. An unknown amount of mineralized rock was lost 
to erosion as the ancient stream cut its way to its present eleva-
tion. Further details of the geology, mineralogy, structure, and 
geomorphology of the Schwartzwalder deposit and surround-
ings are beyond the scope of this report and are described 
elsewhere (for example, Sheridan and others, 1967; Wallace 
and Karlson, 1985; Anderson and others, 2006).

Mine History and the Mine Site

The Schwartzwalder deposit was discovered in 1949 and 
intermittently mined from 1953 to 2000 using a variety of hard 
rock mining techniques (Figure E; Soule, 1960; Zielinski and 
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others, 2008). Approximately 17,000,000 pounds of U3O8, 
primarily from pitchblende (amorphous or microcrystalline 
UO2), were produced from the Schwartzwalder Mine 
(Wallace and Karlson, 1985; Zielinski and others, 2008). 
Fred Schwartzwalder operated the mine from 1953 until 1956 
when he sold his claim and rights to the Denver-Golden Oil 
and Uranium Company (Downs and Bird, 1965; Soule, 1960). 
Several private companies as well as the U.S. Atomic Energy 
Commission completed various mineral exploration activities 
at the site. In 1965 the Cotter Corporation purchased the mine 
and has been the operator since then.

The Schwartzwalder Mine comprises a number of adits 
connecting an underground network of drifts, shafts, winzes, 
and raises collectively referred to as mine workings. The mine 
workings extend to a depth of approximately 2,200 ft below 
the elevation of the adjacent Ralston Creek, which is within 
330 ft of the primary adits to the mine (Figure F). The total 
volume of void space created by the mine workings is esti-
mated to be on the order of 789,000 yd3 (Wyman and Effner, 
2007). In addition to the mine workings in the bedrock aquifer, 
the mine site also comprises alluvial and colluvial sediments, 
uraniferous mine waste rock, artificial fill, and a variety of 
industrial facilities and byproducts associated with the mining 
operations. As Ralston Creek flows by the mine site it interacts 
with shallow alluvial groundwater and perhaps deeper bedrock 
groundwater on its way to Ralston Reservoir (Figure A).

Dewatering of the Schwartzwalder Mine workings 
started sometime before 1960 and continued until May 2000. 
Before 1960, it is unclear if there was any treatment of the 
effluent water removed from the workings and it may have 
been discharged directly to the stream (Soule, 1960). Between 
1972 and 1983, water from the workings were treated with 

BaCl2 and settling methods in open-air ponds adjacent to 
the mine and Ralston Creek (Lammering, 1973; Yang and 
Edwards, 1984; Wyman and Effner, 2007). In 1983 an indoor 
mine water treatment plant was constructed at the mine site in 
order to remove suspended and dissolved constituents from 
the mine effluent (Zielinski and others, 2008). Between 1990 
and 1992, four in-ground sumps with pumps were installed in 
the alluvial sediments adjacent to Ralston Creek (Wyman and 
Effner, 2007). Groundwater from the sumps was pumped to 
the treatment plant, treated, and discharged to Ralston Creek. 
All but one of the sumps was shut down in June 2002. The 
final sump, Sump 1, which was the farthest downstream at the 
mine site, recirculated water from 2002 and was shut down in 
April 2008. In early July and mid-August 2010 Sumps 1 and 
4 respectively were reconditioned and brought online to again 
provide alluvial water to an updated water treatment plant 
employing ion exchange columns for the removal of uranium. 
Monitoring Well 9 was also used for pump and treat opera-
tions starting in mid-August 2010. Three new sumps, 5, 8, and 
9, were constructed in the late fall and have been operational 
to varying degrees and to stay within treatment capacity of 200 
gallons per minute since November 2010 (Cotter Corporation, 
written commun., 2011).

The Cotter Corporation has conducted mining and water 
treatment under a variety of permits issued by the State of 
Colorado, one of which allows for discharge of treated mine 
effluent to Ralston Creek (Colorado Division of Public Health 
and the Environment Discharge Permit number CO-0001 244). 
Water quality in Ralston Creek and discharged mine water 
effluent have been monitored by different government and 
private entities, at varying times for varying durations (for 
example, Lammering, 1973; Yang and Edwards, 1984; Wyman 
and Effner, 2007; Zielinski and others, 2008). The latest water 
quality monitoring included direct sampling of Ralston Creek, 
the sumps, and a number of monitoring wells completed in the 
surficial sediments at the mine site and in bedrock away from 
the mine site. The most complete sampling record and data are 
currently (2010) found in the Environmental Protection Plan 
submitted to the Cotter Corporation and DRMS by Whetstone 
Associates, Inc. (2010).

Dissolved U, Ra, Th, Mo, Fe, Cu, As, and SO4 in par-
ticular measured in Ralston Creek downstream from the mine 
site show anomalously high concentrations compared to 
concentrations measured in surface water of the eastern central 
Front Range of Colorado (Zielinski and others, 2008). These 
elements are of interest because they may be indicative of a 
mine-related source, have potential toxicity, and are mobile 
in oxygenated near-neutral pH surface water. Water quality 
measurements made by the U.S. Geological Survey in Novem-
ber, 2010 show high U concentrations consistent with values 
determined by DRMS, the Cotter Corporation, and Whetstone 
Associates.

In addition to shallow groundwater in the alluvium, 
the degree to which deeper groundwater in the Proterozoic 
bedrock is a source of contamination to Ralston Creek is 
unclear. In May 2000, the dewatering pumps near the base of 

(left facing) Figure C.  Outcrop photos from the 
Schwartzwalder Mine site. (1) Small fault slip surfaces near 
the Upper Adit. Note the subhorizontal slickenlines in the 
center of the photo and pervasive iron oxide staining, view 
approximately south. (2) Foliation in hydrothermally altered 
muscovite schist cut by low angle joints with extensive 
iron oxide staining. View is approximately southeast near 
Minnesota Adit. (3) Extensive faulting and fault-related jointing 
in a pegmatite dike above the mine, view approximately south. 
(4) Contrast in joint intensity in a pegmatite dike (upper left) 
compared to granitic gneiss (lower right), view approximately 
south. (5) Long trace length, pervasive low angle joints that cut 
the subvertical foliation that also has subparallel joints cutting 
it. The host rock is hornblende gneiss adjacent to the stream 
sample site “Stream Below (111910 6)”, view approximately 
southwest. (6) Low angle joint in hornblende gneiss just west 
of the upper level adit, view approximately southwest. (7) Open 
joints in granitic gneiss at Sump 1, view approximately south. 
Photo courtesy T. Waldron, CDRMS. (8) Detail from 7 showing 
iron oxide staining in subvertical joints that cut foliation.
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(left facing) Figure D.  Lower hemisphere, equal area projections (Allmendinger, 2004) 
showing: (1) poles to open joints collected at the surface in each of the major rock types. Blue 
poles are all of the data and black poles are from outcrops at the water-sampling site “Stream 
Below Mine” where the quartzite and garnet-biotite-gneiss transition zone rocks intersect 
Ralston Creek. (2) Kamb (1959) contoured poles to joints from 1 (blue unshaded contours) 
superimposed on contoured open joint data (gray shaded contours) collected by Wallace and 
Karlson (1985) in the lower levels of the Schwartzwalder Mine. An average orientation of the 
Illinois fault zone in the mine is shown as a light green great circle that is subparallel to the 
local hydraulic gradient. Mean great circles and vectors for each of the three major open joint 
sets are shown in pink. (3) Poles to compositional layering and foliations from the primary rock 
types. The green great circle and associated pole result in a pi axis for the major fold hinge 
coincident with that determined by Wallace and Karlson (1985) shown in pink. (4) Great circles 
of fault slip surfaces measured in the vicinity of the mine site show slip linears with the arrows 
pointing in the direction of hanging wall motion. Faults with normal and right lateral (red), left 
lateral (pink), and reverse (blue) kinematic indicators were observed. (5) Poles (red) and Kamb 
contours (blue) to carbonate and other fault veins observed primarily along the track of adit 
portals at the mine site. The pink pole and great circle show the mean orientation of these 
structures.

Figure E.  Aerial photograph showing the Schwartzwalder Mine site, U.S. Geological Survey water sampling sites and 
sample numbers from November 19, 2010. 
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the underground mine workings were turned off and natural 
groundwater was allowed to flood the workings. Currently 
(2010) there are approximately 140,000,000 gallons of ura-
nium and other heavy metal bearing water that sit in the mine 
workings (Wyman and Effner, 2007). Collectively this water is 
referred to as the “mine pool” and its upper surface was at an 
elevation approximately 15 ft below the floor of the primary 
adit to the mine on July 27, 2010 and approximately 32 ft 
above Ralston Creek adjacent to the adits.

General Comments on Wyman and 
Effner, 2007

The data compiled and reported in Wyman and Effner 
(2007) are extensive. The broad range of reported hydrologic 
and geochemical data through time are particularly useful 
and unique. However, data interpretation could be improved. 
Method descriptions are somewhat scattered and in some 

Figure F.  Schwartzwalder Mine workings and geologic cross section from Cotter Corporation 
(modified from Wyman and Effner, 2007).
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cases missing, along with inconsistent concentration units, 
making it occasionally difficult to determine the basis for 
statements made and quantitative results presented. Citation of 
relevant references and existing knowledge is incomplete. This 
weakens arguments in support of various conclusions. Finally, 
there are a number of errors in conceptual understanding, 
inappropriate use of these concepts in discussions, some errors 
in calculations, and errors in reporting the results of some 
calculations. The following specific comments are meant to be 
a constructive critique on the Wyman and Effner (2007) report 
with a focus on identifying gaps in the information, to help 
bolster the interpretations, and identify future research needs 
at the Schwartzwalder Mine site.

Specific, Section by Section Comments 
on Wyman and Effner, 2007

Section 2.4, Economic Geology, Page 5

1.	 This section starts with a brief description of the 
“Schwartz Trend” that should be attributed to the origina-
tors of this term. The Schwartz Trend is what Wallace and 
Karlson (1985) refer to as a “transition zone” of relatively 
more brittle garnet-biotite gneiss and quartzite units found 
between relatively less brittle hornblende gneiss and 
muscovite schist units in the metasedimentary sequence. 
Wyman and Effner (2007) state that this transition zone is 
“brittle” and that the ore body is hosted in this zone. How-
ever, the ore minerals are primarily localized in fault veins 
that formed in this transition zone. The key hypothesis of 
Wallace and Karlson (1985) was that the garnet biotite 
gneiss and quartzite units were preferential sites for brittle 
deformation during shallow Laramide faulting and thus 
fluid flow. This fluid flow localized the deposition of the 
carbonate hosted pitchblende deposits in and near these 
structures; the entire transition zone itself is not a host of 
significant mineralization.

2.	 Coffinite is noted as a “dominant ore mineral” and it is 
referred as a “uranium sulfate.” This is incorrect. Cof-
finite is a uranium-bearing silicate U4+[(SiO4),(OH)4] 
(Strunz and Nickel, 2001) and is of secondary importance 
compared to pitchblende.

3.	 Figure 1-1 (Figures F and G in this report), Mine Cross 
Section. This figure is important for understanding geo-
metric aspects of the mine workings with respect to the 
water table or potentiometric surface, hydraulic gradients, 
and the ultimate “static” water level of the mine pool. Yet 
the figure is marked as being “Not to Scale,” there is no 
section line location, and there are no supporting notes 
of explanation in the figure. It would be helpful to have 
assurance of the proper scale as well as the relation of this 

figure to the topography and locations of monitoring wells 
11 and 10.

Section 2.6, Mine Layout, Page 8

1.	 There is a discussion and presentation in Table 3 of mine 
coordinates and elevations where two datums are refer-
enced. It is unclear why two datums are reported and the 
datum ultimately used in the discussion is not explicitly 
stated. There also are inconsistencies in what is reported 
as the total mine depth throughout the report and in vari-
ous calculations. Calculation of the reported mine depth 
of “2,222 feet from the Steve Level portal to the bottom 
of the spiral decline” cannot be repeated using the infor-
mation given. A value of 2,200 feet is later used for the 
total mine depth to predict the “static level” of the mine 
pool, yet no justification is provided for use of 2,200 feet 
compared to 2,222 feet. 

Section 3.2, Flow in Ralston Creek at the 
Schwartzwalder Mine, Pages 12–16

1.	 Streamflow measurement data are presented for Ralston 
Creek in this section and statements are made regard-
ing gaining compared to losing reaches of the stream. 
Unfortunately, no information is presented on the accu-
racy or precision of the measurements in the body of the 
report. This is particularly critical since flow metering 
by the reported method can have errors as large as ± 20 
percent, particularly in mountain streams (for example, 
Rantz, 1978; Sauer and Meyer, 1992). When measure-
ment errors of this magnitude are considered, conclusions 
regarding specific locations and importance of gaining or 
losing reaches in a stream may be suspect. Highly precise 
and accurate measurements of streamflow are critical for 
determining the location(s) and amount(s) of flow contrib-
uted by bedrock, faults, and the mine pool via the alluvial 
aquifer to the stream channel.

2.	 Some information and analysis is presented on flooding 
hazards and these analyses are focused on the mine waste 
rock pile. Flow magnitude estimates are provided for 50- 
and 100- year floods at the mine site and are on the order 
of 4,900 to 5,700 cubic feet per second (ft3/s). A 100-year 
peak flow of 119 ft3/s was used for the waste rock stability 
analysis, which appears inconsistent with other estimates 
of flow for a 100-year flood. No analysis is provided for 
what a 100-year flood with peak flows on the order of 
thousands of cubic feet per second might do to surface 
installations, waste rock piles, contaminated alluvium, 
mine adits and bulkheads.  
     Sampling in Ralston Creek above and below the waste 
rock piles has not shown recent contamination. A cap 
rock cover composed of 3 feet of rock and 1 foot of soil 
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was installed on the waste rock piles in 2003, however, 
potential for the cover to fail over time thus allowing 
precipitation to infiltrate and leach the piles has not been 
addressed. In addition, shallow groundwater flow from 
the hill slope above and southwest of the waste rock piles 
could also leach contaminants from the unsaturated zone 
down to the saturated zone if the water table rose, and 
potentially enter the shallow aquifer, depending on the 
depth of any capillary fringe and the redox conditions. 
It is noted in Wyman and Effner (2007) that Ralston 
Creek adjacent to the waste rock piles is a losing reach. 
If this is true, leaching of dissolved uranium and other 
contaminants from the waste rock piles might not be 
detected because of the loss. Furthermore, if contaminants 
are being leached at the waste rock piles, they may be 
transported in the shallow alluvial aquifer to reemerge 
at downstream gaining reaches where groundwater is 
discharged.

Section 4.1.1, Depth to Water and Groundwater 
Flow, Pages 17–19

1.	 A minor correction to the report is that the road to MW11 
from the mine site is not reclaimed and is accessible with 
four-wheel drive or by foot.

2.	 The hydraulic gradient at the MW10 and MW11 well 
pair have a vertical component, but it is not appropriate 
to assign a vertical gradient to the entire mine site based 
on the well pair. When wells are drilled in fractured rock, 
new connections within the wells and between wells are 
made that did not exist before (for example, Shapiro and 
others, 1991). Conditions in such wells may not accu-
rately represent the local-scale hydraulic gradients and 
provide little information regarding the larger-scale or 
gradient conditions as a function of depth. It is clear from 
data provided in the report that nonvertical components 

of flow occur in the vicinity of the mine (for example, 
based on excavation, drill, and pumping data in pegmatite 
bodies that were encountered during mine construction 
and dewatering). It is also likely that lateral flow is a 
component of the flow system at depths below the Steve 
Level.

3.	 Page 18, conclusion number 4; indicating horizontal 
compared to vertical hydraulic conductivity is problem-
atic. Although vertical flow in discrete features such as 
the Illinois fault may be locally dominant, such struc-
tures may also guide flow horizontally. Flow magnitude 
and direction depends on the internal structure of the 
fault zone and the hydraulic gradient driving the flow. 
Additionally, there are pervasive, moderate to low angle 
joint sets that cut subvertical features such as foliations 
and these subhorizontal features are more likely to affect 
flow than less permeable foliations (Figures C and D; for 
example, Wallace and Karlson, 1985; Hsieh and others, 
1999). There are not enough hydraulic data at appropri-
ate scales to make informed determinations of hydraulic 
anisotropy in the bedrock aquifer. 

4.	 Page 18, conclusion number 5; a statement such as 
‘Assuming the bedrock aquifer is unconfined…’ would be 
appropriate when referring to “specific yield.” 

5.	 Page 18, conclusion number 5; the statement that infil-
tration is “about 3 inches per year” is not supported 
from previous work or otherwise supported by data. In 
Bossong and others (2003) a series of direct and indirect 
measurements of evapotranspiration and calculation of 
“infiltration” as a proxy for “groundwater recharge” were 
made in the Turkey Creek watershed of Jefferson County, 
Colorado. The Turkey Creek watershed is similar in geol-
ogy, topography, elevation, climate, vegetation, and other 
watershed parameters to the Schwartzwalder Mine site 
and surrounding area. Bossong and others (2003) note 
that “infiltration” is highly episodic and variable and is 

Figure G.  Schematic cross section of the Schwartzwalder Mine workings showing elevations of hydraulic head in 2010 
above the mine, in the mine, and at Ralston Creek (Modified from Wyman and Effner, 2007).
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strongly controlled by vegetation and other parameters; 
average annual infiltration of 3.9 inches, varying from 0 
inches to 7.15 inches (Bossong et al., 2003, Table 11; Fig-
ure 17; near zero infiltration was not measured but based 
on linear interpolation.). The value used by Wyman and 
Effner (2007) may be a reasonable value for infiltration 
to start with. However, given the year-to-year variations 
reported in Bossong and others (2003) it is not appropri-
ate to use a single value, particularly one that may not be 
representative. 

6.	 The estimate of infiltration is used to further estimate 
“drainable porosity” of the bedrock. If the range of values 
of infiltration from Bossong and others (2003) are used, 
porosity estimates using the approach of Wyman and 
Effner (2007); “infiltration ÷ increase in water level” 
could range from 0.2 to 1.2 percent.

Section 4.2, Groundwater in Alluvium,  
Pages 20–21

Most of the wells drilled into the alluvium penetrate 
into the bedrock providing critical information on the depth 
to bedrock (Table 11 in Wyman and Effner, 2007). Of the 10 
wells drilled into alluvium 5 of them are screened only in 
the alluvium (MW00 – MW4) while the other 5 are partially 
screened in alluvium and in bedrock (MW5R – MW9). With-
out nested wells—ideally one screened in alluvium only and 
one screened in bedrock only, both within the same nest—it is 
impossible to make robust determinations regarding hydraulic 
head differences between these two primary aquifers or chemi-
cal differences among different water.

Section 4.2.2, Alluvial Permeability Tests, Page 
23, Bullet Number 4

The comment “The test did not appear to influence the 
chemistry of Ralston Creek or any of the wells or sumps 
adjacent to the stream.” is relevant and worthy of discussion. 
Pumped water in the alluvium is expected to flow towards 
the well and would not be expected to have a major effect on 
the in-stream chemistry. Stream water recharge to the allu-
vial aquifer in losing reaches of the stream is a pathway for 
contaminant dissolution. Stream water that flows through the 
contaminated alluvium and artificial fill materials may pick 
up solutes and reenter the stream where the alluvial deposit 
pinches out (Figure B). The hydraulic conductivity of the 
alluvium is reported to be up to four orders of magnitude 
greater than the bedrock. High flow rates from the sumps are 
consistent with high hydraulic conductivity in the alluvium. 
Such high conductivities would not impede any hydraulic 
connection to Ralston Creek, however quantitative separation 
of different flow components between the bedrock, alluvium, 
and stream have not been demonstrated in Wyman and Effner 
(2007).

Section 4.3, Seeps, Page 27

Stated here and elsewhere in the document, hornblende 
gneiss unit is “relatively impermeable.” Wyman and Effner 
(2007) report measured values of hydraulic conductivity (K) 
of the fractured bedrock that ranges between approximately 
10-5 and 10-9 cm/s. For comparison, literature data indicate that 
sandstone Ks range from approximately from 10-4 to 10-8 cm/s 
(Freeze and Cherry, 1979). Sandstones commonly form aqui-
fers and the reported Ks for the bedrock at the Schwartzwalder 
Mine are well within this range. Most of the population of the 
western mountain suburban areas of Denver rely on individual 
water wells drilled in essentially the same rocks as those 
found at Schwartzwalder (Snow, 1972). Although the effective 
porosity and bulk permeability may be low, the rock units at 
the Schwartzwalder Mine site do qualify as an aquifer.

Seeps or springs are sites of groundwater discharge. 
Seeps commonly emerge near breaks in slope along the 
incised margins of stream channels. Seeps and springs also 
commonly occur at contacts between lithologic units of 
contrasting hydraulic conductivity such as bedrock/alluvium 
contacts or where there are contrasts in fracture intensity, 
alteration, and(or) weathering. The location of Sump 1 is 
where the alluvial aquifer and valley are narrowest at the mine 
site. Just behind sump 1 the bedrock outcrops and forms the 
contact with the alluvial aquifer as well as a major brake in 
slope. Figure C shows the outcrop and large aperture joints, 
likely enhanced by mechanical weathering, in feldspar-rich 
granitic gneiss. The area around Sump 1 presents a potential 
permeability pathway connecting bedrock, alluvium, and the 
shallow subsurface below the alluvium. This is an important 
area where monitoring for the transport of mine pool water 
towards the creek water should be continued.

Section 5.1, Conceptual Hydrologic Model, 
Pages 27–29

Many elements of the “Pre-Mining,” “During Mining,” 
and “Post-Mining” conceptual hydrogeologic models are 
plausible, but there are also several misconceptions and a lack 
of data to support a number of the statements made. The depth 
of weathered bedrock and its permeability heterogeneity are 
largely unknown; bedrock is relatively unweathered in the 
near surface in numerous areas. Although relatively unweath-
ered, this does not mean joints are absent. There is notable 
evidence for distinct, open joint sets of moderate intensity, 
and near surface orientations that match those observed deep 
within the mine (Figures C and D, Wallace and Kalson, 1985).

The statement that “at depth, the hydraulic gradients 
in bedrock were not… influenced by Ralston Creek…” is 
not supported by data. The depth of “active circulation” of 
groundwater (for example, Robinson, 1978; Manning and 
Caine, 2007) is rarely constrained and could include depths 
approaching the total depth of the mine. The potential role of 
various fully penetrating discrete structures such as the Illinois 
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fault zone or other major faults in the watershed should be 
considered. The permeability structure and geometry of the 
Illinois fault zone, if and where it may cross Ralston Creek, 
and its potential to be a conduit for groundwater flow is not 
adequately addressed. 

The hydraulic condition found in the bedrock aquifer 
within the mine and vicinity is not well characterized in 
Wyman and Effner (2007). Given the high degree of correla-
tion among (1) average annual precipitation and apparent 
infiltration responses in mine inflows, (2) water level fluctua-
tions in the bedrock groundwater monitoring well MW11, (3) 
unimpeded connection between the unflooded mine workings 
and atmosphere, and (4) mine pool rebound or the return of 
the water level to its pre-mining equilibrium level (Wyman 
and Effner, 2007), the bedrock aquifer is best characterized as 
unconfined. 

Finally, the statement that the “capture zone” is limited 
by topography is an oversimplification because of the addi-
tional influence of discrete features such as the fault zones. 
The concept of a “capture” area that readily allows infiltration 
of precipitation to the groundwater flow system also implies 
that the aquifer is unconfined.

Section 5.2, Mine Inflow, Pages 29–40

Subsection 5.2.1, Pumping Records, Pages 29–32

1.	 Towards the end of page 30 it is noted that the mine 
workings extend more than 2,000 feet “below the pre-
mining potentiometric surface…”. However, no data are 
presented that establish the elevation or geometry of the 
pre-mining potentiometric surface. The statement contra-
dicts another statement on page 39 where it is noted that 
the “pre-mining static water levels were not measured 
prior to development of the Schwartzwalder deposit in the 
1950s…”.

2.	 Figure 19. It is not clearly discernable what is plotted in 
this figure, as it is not adequately described anywhere in 
the text or caption. The vertical blue lines appear to show 
the extremes of groundwater inflow into the mine for each 
month from 1995 through 1999. The red squares appear to 
be the average monthly inflows for the same time period. 
This figure is used for estimating several parameters in the 
report but in particular it is used to evaluate infiltration of 
precipitation in the vicinity of the mine. A comparison is 
made between rates of mine inflow and precipitation, but 
a plot of both data sets is not shown, thus requiring the 
reader to assume validity of the statements. The precipita-
tion record in Figure 6 is from May 1978 through July 
2007 at Ralston Reservoir and the mine inflow record is 
from 1995 through 1999. A more meaningful analysis 
suggested here is to cull the precipitation data and explore 
it over the same time period as the mine inflow data. 

3.	 There may be significant differences between the pre-
cipitation, temperature, and the north facing vegetation 
regime along the upper reaches of the mine site in the 
foothills (about 7,050 ft) compared with the location 
of Ralston Reservoir nearly 1,000 ft lower on the High 
Plains grassland (Figure A). These environmental differ-
ences may have a large effect on water availability for 
groundwater infiltration and should be accounted for in 
any future studies of the mine site water budget.

4.	 A lag time for precipitation to infiltrate into the mine is 
suggested; however, this average lag time is not constant 
throughout the year. For example, increasing average 
precipitation from February through May positively cor-
relates with increasing mine inflow from April through 
May; between May and June the mine inflow was still 
increasing yet precipitation was decreasing. From June 
through December mine inflow and precipitation on aver-
age appears to return to a positive correlation. These rela-
tions may have more to do with increased precipitation in 
late spring-early summer and the buildup of head suffi-
cient to drive flow rather than a constant lag as suggested 
by Wyman and Effner (2007). The role of evapotranspira-
tion (ET) may also be more important than frozen ground 
and ET is not well constrained in this report. Determina-
tion of groundwater recharge is challenging and should 
include a full accounting of all parameters such as ET to 
develop realistic estimates and minimize uncertainty. 

5.	 The final problem in this subsection is the lack of detail 
provided in the derivation of average monthly mine 
inflows from infiltration of precipitation. Figure 19 
indicates that the lowest average mine inflow occurs in 
February and March and this value is about 180 gpm 
(gallons per minute). This may be a ‘base level’ amount of 
inflow into the mine. If this assumption is correct, average 
inflows greater than 180 gpm may be augmented by local 
infiltration because of precipitation minus ET.

Subsection 5.2.2, Sources of Inflow, Pages 32–34 
and Part of Subsection 5.2.4, Projected Final 
Water Level, Pages 39–40

1.	 The statement “slow infiltration of groundwater through 
unfractured bedrock” is potentially misleading. All of 
the bedrock at the Schwartzwalder Mine and vicinity is 
fractured and locally faulted at varying intensities. Field 
observations at the mine site and from other areas in the 
eastern central Front Range indicate that the Proterozoic 
bedrock is pervasively jointed at the surface and at depth 
(Snow, 1968; Robinson, 1978; Caine and Tomusiak, 2003; 
Caine and others, 2008; Figure D). Numerous measure-
ments of open joints within the Schwartzwalder Mine, at 
depth, are provided in Wallace and Karlson (1985;  
Figure D).
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2.	 Use of the Thiem equation is presented in order to esti-
mate the “steady state inflow” into the mine at “its maxi-
mum extent.” The Thiem equation is traditionally used 
to estimate well discharge after drawdown has reached 
steady state (Driscoll, 1986). In addition, the approach is 
not clearly described, key assumptions are not stated, and 
thus the results are not repeatable. The equation used is 
taken from Singh and Atkins (1984):

		          Q
LKH

n R rh

= 2
1

( / )

	  	          (1)
 

where Q = volumetric inflow to the mine [L3/T], L = length 
of the well screen [L], K = hydraulic conductiity [L/T], H = 
drawdown [L], R = radius of influence [L], and rh = radius 
of the well bore or mine workings [L] (L = length and T = 
time; modified from Wyman and Effner, 2007). The unstated 
assumptions include: (1)Darcy’s law is not violated, (2) the 
well fully penetrates the saturated aquifer being tested, (3) 
there are no head losses during pumping, (4) radial flow 
that has reached steady state, (5) a horizontal water table or 
potentiometric surface, and (6) an aquifer with isotropic and 
homogeneous hydraulic conductivity that behaves as a con-
tinuous medium (for example, Driscoll, 1986; Kruseman and 
de Ridder, 1990). 

Although many of the assumptions behind use of Equa-
tion 1 are not adhered to, in practice, the use of this equation 
can result in valid estimations if its use is properly formulated 
and qualified. However, in the case of the Schwartzwalder 
Mine, several factors make the use of Equation 1 problematic. 
(A) The water table or potentiometric surface is not flat; based 
on the topography, the pre-mining surface must have had a 
significant slope. (B) Equation 1 is specifically for a confined 
aquifer (Singh and Atkins, 1984; Driscoll, 1986). Wyman and 
Effner (2007) do not establish whether the aquifer is confined 
or unconfined, but their data are most consistent with an 
unconfined condition. (C) Because of the topography and the 
high ratio of length to width (aspect ratio) of the mine work-
ings, it is highly unlikely that inflow to the mine was radial 
during drawdown. (D) The aquifer is probably heterogeneous 
and locally anisotropic with many discrete features; it is not a 
continuous medium at the scale of the mine working. (E) Use 
of a wellbore that is 500 feet in diameter representing the mine 
workings may violate Darcy’s law because of partial saturation 
and the large aspect ratio of the mine workings. 

When applying Equation 1 to the Schwartzwalder Mine, 
the results from Wyman and Effner (2007) cannot be repeated. 
Table A shows results of spreadsheet calculations of mine 
inflow using the same approach and input values used by 
Wyman and Effner (2007) to estimate “inflow to the mine 
from unfractured bedrock at full depth”.

For this calculation, Wyman and Effner (2007) specify 
all input values except R. The calculated value for Q reported 
in Wyman and Effner (2007) is 64 gpm. From Table A it can 
be seen that an inflow of about 64 gpm to the mine using 
the input values provided requires a value of R that equates 
to a circular radius of influence of about 500 ft, enclosing 

a “capture area” of about 18 acres; a value not reported in 
Wyman and Effner (2007). 
3.	 In Subsection 5.2.4, Projected Final Water Level, on 

pages 39–40, Wyman and Effner (2007) use the Thiem 
equation to predict the final static water level in the 
Schwartzwalder Mine pool. To predict the static water 
level, Equation 1 was rearranged to provide two new 
equations for K and H (Wyman and Effner, 2007). The 
equation for K was iteratively solved to obtain a value 
of 180.1 gpm average inflow, the value reported when 
the mine was fully excavated. The equation for H was 
solved for a value that would produce a flow of 1.2 gpm 
observed during the “pilot plant pumping test” conducted 
during the summer 2007 when groundwater elevation in 
the mine was close to the Steve Level. Finally, the values 
of K and H were used in both equations to iteratively 
solve for a value of L, equated to the saturated thickness 
of the aquifer as a proxy for the final static water level of 
the mine pool. Using this approach, values of L cannot 
be lower than the pump or higher than the water level 
measured at the end of the pilot pumping test. 
There are problems with the approach of Wyman and 

Effner (2007) that make it inappropriate for predicting the 
final static water level of the mine pool. All of the assumptions 
noted above for Darcy’s Law apply to any use of Equation 1 
and most are not adhered to. Values used for R are not explic-
itly provided or justified. The only data provided are from 
discharge into the mine, Q1 = 180.1 gpm and discharge from 
the pilot plant pumping test, Q2 = 1.2 gpm. Assuming that 
values for R, rh, K, and L are held constant Equation 1 can be 
expressed as, 
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The only variables that can be solved for are H1/H2 = Q1/
Q2 = 150.0. If either H1 or H2 were known, the other could be 
solved for. H2 is unknown. H1 can be iteratively solved for 
because H1 must approximately equal the depth of the mine 
minus the original depth to water, but the solution is not viable 
because the original depth to water is not known. The second 
problem with using this approach is the assumption that the 
pumping level for the pilot plant-pumping test (6,575 ft) rep-
resents a point H2 ft below the static water level (SWL). The 
actual drawdown, which should be about 1.4 ft, is superim-
posed on the unknown mine rebound water level trend, not on 
the SWL. The mine rebound trend remains unknown after a 
new pumping interval is started, and no data are created that 
allows the SWL to be determined.

The physical controls on the groundwater flow system 
are not accounted for in the Thiem calculations of Wyman and 
Effner (2007). Ultimately, the final mine pool water elevation 
will be controlled by the geomorphology, three-dimensional 
head regime, the bulk hydraulic conductivity of complex 
bedrock lithologic and structural heterogeneities, the mine 
workings, and transients imposed on the system by seasonally 
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variable recharge. Given the unknowns with the Thiem 
approach, the small elevation difference between the current 
mine pool and the Steve Level, and the complex physical con-
trols on the flow system; the statement on page 40 by Wyman 
and Effner (2007) “seasonal conditions are not expected to 
result in any significant transient head buildup above the static 
water level” is questionable. It is well documented that in low 
permeability fractured crystalline rocks, seasonal recharge can 
cause large changes in groundwater levels (for example, Snow, 
1972; Manning and Caine, 2007). The effects of seasonal 
transients in recharge on the mine pool elevation are perhaps 
the most poorly understood aspect of this problem.
4.	 Wyman and Effner (2007) report that, assuming a value 

of 3 inches per year for groundwater recharge and an 
annual average infiltration rate of 8.8 gpm as derived from 
seasonal variations in mine pumping records, a “direct 
recharge capture area” of 56.8 acres for the “fully dewa-
tered condition” in the mine is estimated. They further 
estimate a recharge capture area for the upper workings 
that is 9 acres, with a resultant 1.4 gpm annual average 
infiltration rate. It can be inferred that Wyman and Effner 
(2007) distribute 3 inches per year over the reported 
capture areas to determine the flow rates to the mine using 
the dimensional equation: 
 
		       Q = = ×

L

T

L

T
L

3
2 		          (2)

 
where Q = volumetric flow rate, L = length, and T = time. 
Thus, L/T equates to the infiltration rate of precipitation and L2 
equates to the area over which a specified amount of precipita-
tion is distributed. Although these calculations can be success-
fully repeated using Equation 2 and the specified input values, 
they do not correspond to the mine inflow rates calculated 
using Equation 1 for similar radii of influence. Capture areas 
and values of R do not necessarily need to be related, however, 
values of Q to the mine are attributed to infiltration by Wyman 
and Effner (2007) and thus should be approximately the 

same using both methods. Estimates of capture areas assume 
vertical flow, yet there likely is lateral groundwater flow 
going into the mine, at depth, based on surface measurements 
of subhorizontal fracture networks compatible with tectonic 
deformation from Laramide compression and exhumation 
(Figures C and D).

Wyman and Effner (2007) do not provide sensitivity 
analyses for the uncertain estimate of recharge and infiltra-
tion. Solving Equation 2 for L2, as a proxy for capture area 
and inputting the reported annual average infiltration rate of 
8.8 gpm and 1, 3, and 5 inches of precipitation per year, all 
viable values, the capture area to the “upper workings” is 
169.9 acres, 56.6 acres, and 34.0 acres, respectively. Thus the 
estimate of the capture area is highly sensitive to infiltration 
estimates that are poorly constrained. Finally, the geometry of 
the capture area is poorly constrained, particularly for frac-
tured and faulted rocks that could capture infiltration from 
areas outside of the regions mapped in Figure 20. The regions 
mapped in Figure 20 would require a significant amount of 
additional data to determine capture area with confidence. 

Subsection 5.2.3, Observed Rate of Mine 
Flooding, Pages 34–39

1.	 On pages 36 and 37 (Figure 23), Wyman and Effner 
(2007) report on and show a plot of the volume of mine 
voids by level. They do not indicate how these data were 
derived, any assumptions, or any uncertainties associated 
with the data. For example, it is unknown if measure-
ments of the shapes and heights of the various tunnels, 
winzes, raises, sizes and shapes of stopes and areas of 
collapse were included in the volume estimates.

2.	 Page 38 includes the statement “The plot of the water 
level in the mine versus time forms a smooth and 
predictable curve…” The curve has several irregularities 
that are likely because of transients and complexities of 

Table A.  Expanded estimates of inflow to mine for 2,200 foot, full depth from Wyman and Effner (2007).

[Abbreviations: ft, foot; cm, centimeter; ac, acre; s, second; sqrt, square root; gpm, gallons per minute; r, radius; sqrt (area/π). SI Conversions: 1 ft = 
30.48 cm; 1 ac = 4.05 x 107 cm2; 1cm3/s = 0.016 gpm. Thiem equation (Singh and Atkins, 1984) Q = 2 π L K H / ln (R / rh)]

Value Unit SI value Unit Radius
L = Length of well screen 2,200 ft 67,056 cm
K = Hydraulic conductivity 1E-07 cm/s 1E-07 cm/s
H = Drawdown 2,200 ft 67,056 cm
R = Radius of influence (9 acre area) 9 ac 3.64E+08 cm2 10,767 cm
R = Radius of influence (18 acre area) 18 ac 7.28E+08 cm2 15,227 cm
R = Radius of influence (56.8 acre area) 56.8 ac 2.30E+09 cm2 27,056 cm
rh = Radius of well bore (500 ft diameter, r =250 ft) 250 ft 7,620 cm

Q (9 ac) = 8,172 cm3/s 129.5 gpm
Q (18 ac) = 4,081 cm3/s 64.7 gpm

Q (56.8 ac) = 2,230 cm3/s 35.3 gpm
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flow to and within the mine workings. Such transients 
have been noted in other mines that were allowed to flood, 
as reported in Adams and Younger (2001) and Younger 
and Robins (2002). 

3.	 Although the “mine pool” may be close to an equilib-
rium or “static water level,” the degree of imbalances 
between seasonal infiltration rates and bedrock drainage 
remains uncertain, particularly in this complex fractured 
and faulted aquifer. More recent water level data from the 
mine pool are presented in the Environmental Protection 
Plan by Whetstone Associates (2010). The 2010 data are 
referenced to the Steve Level at a reported elevation of 
6,602.3 ft. The Steve Level is a critical benchmark as it 
is the primary haulage adit that connects the full mine 
workings to the surface. Thus, the Steve and adjacent 
Pierce adits are potential pathways for contaminated mine 
pool water to enter the local environment. At present 
(2010) these adits are hydraulically sealed with bulkheads 
(Wyman and Effner, 2007). Should the mine pool rise to 
the Steve Level or above, for example because of infiltra-
tion from several wet years in a row, springs and seeps 
of uranium-rich groundwater might emerge at the break 
in slope where the Steve, Pierce, and other adits were 
constructed. Other potential access points to mine pool 
water include the Black Forest adit seen in the field to the 
northwest of the Steve and Pierce, but little information 
was found on its extent or connection to the rest of the 
mine workings. The next higher, well-connected mine fea-
ture above the Steve Level is the Charlie Level at 6,721 
ft, and about 119 ft above the Steve Level. Field observa-
tions indicate the Charlie is covered with colluvium or 
artificial fill. There is a ventilation shaft slightly above the 
Charlie at an approximate elevation of 6,769 ft. The “CV” 
Level at 6,791 ft also appears to be covered. The next 
Levels include the Minnesota at 6,817 ft, the LBJ at 6,887 
ft, and Upper at 6,947 ft. The ventilation shaft, Charlie, 
CV, Minnesota, LBJ and Upper Levels are apparently not 
hydraulically sealed. 

4.	 Insight and constraints are provided by the mine pool 
elevation data shown in Figures 21 and 22 of Wyman 
and Effner (2007) and the more recent data in Whetstone 
Associates (2010, Table 8-13). Table B, adapted from 
Whetstone Associates (2010, Table 8.13) with one correc-
tion, shows the most recent elevation fluctuations of the 
Schwartzwalder Mine pool from the period of October 
2007 through July 2010. The correction is for 7/1/10, for 
which “23.7 ft below Steve” in Table 8.13 should read 
“14.4 ft below Steve.” The rates of elevation change vary 
from a slow draining condition at a rate of -0.0024 ft/d to 
a high filling condition at a rate slightly greater than 0.1 
ft/d. The integrated mine pool elevation data indicate that 
the rate of groundwater drainage has been less than the 
rate of groundwater infiltration during the last 2.5 years. 
In addition, the seasonal transients from yearly springtime 
infiltration add significant quantities of quasi-permanent 

groundwater with continued increases in the elevation 
of the mine pool as of July 1, 2010, thus suggesting that 
rebound from the pre-mining elevation is incomplete.
If the reported time series data are representative of 

future changes in mine pool elevation, they can be used to 
provide some insight into if and when the mine pool might 
reach the Steve Level. Four flooding periods of distinctive sea-
sonal infiltration or drainage drawn from the most recent data 
include: (1) October 29, 2007 to April 23, 2009 represents a 
period of drainage, (2) April 23, 2009 to August 12, 2009 rep-
resents a period of average springtime infiltration, (3) August 
12, 2009 to April 1, 2010 represents a period of groundwater 
“base flow” and non-springtime infiltration, and (4) April 1, 
2010 to July 1, 2010 represents a period of high springtime 
infiltration (Table B). Using combinations of these periods, 
four hypothetical scenarios can be simulated that account for 
variations and extremes in yearly infiltration and drainage. 
For each scenario, 0.75 of a year is simulated using either low 
infiltration or low drainage and the remaining 0.25 of the year 
with either average or high springtime infiltration. The total 
change in mine pool elevation for a simulated year is tallied 
using combinations of specified periods. The time it would 
take to reach the Steve Level is computed from the elevation 
on July 1, 2010 using the simulated rates for each scenario. 
Table B shows that under these four scenarios the mine pool 
could reach the Steve Level in about a year and one half if 
there were average infiltration for 0.25 of the year (Period 2) 
and groundwater “base flow” for 0.75 of the year (Period 3) 
or about Winter 2012. The mine pool would reach the Steve 
Level in about 7.3 years if there were high infiltration for 0.25 
of the year (Period 4) and drainage for 0.75 of the year (Period 
1) or about Fall 2017. Ultimately, the magnitude of seasonal 
precipitation and infiltration rate compared to the drainage rate 
will control when and if the mine pool water level will reach 
the Steve Level. 

Subsection 5.2.4, Projected Final Water Level, 
Pages 39–40

Perhaps the most challenging aspect of estimating the 
final mine pool elevation is defining the head regime above 
and around the mine workings for which there are exception-
ally little data. Hydraulic heads were not measured in the 
vicinity of the mine prior to mining and there are currently 
(2010) only three measurement points; MW11, the mine pool, 
and Ralston Creek (Figure G; modified from Wyman and 
Effner, 2007).

Although the original figure says “not to scale,” the 
topographic profile was checked in relation to the locations of 
MW11 and Ralston Creek and these were found to be reason-
ably accurate. Groundwater hydraulic head data collected in 
2010 are shown as light blue lines at the three measurement 
points; MW11 (about 100 ft below ground surface, eleva-
tion = 7,299 ft), mine pool elevation below the Steve Level 
(6,588 ft), and the elevation of Ralston Creek (6,552 ft). The 
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Table B.  Recent mine pool elevation data and projections of water levels from measured infill rates.

[Abbreviations: foot, ft; d, day; yr, year. Elevations are referenced to EGM 96. Notes: Steve elevation = 6,602 ft. Observations from transducer in Steve 
Level reported in Revised Whetstone Associates, Environmental Protection Plan of 8/4/2010, Table 8-13, Page 8-30.]

Flooding 
period

Date 
start

Date 
end

Duration 
(d)

Water 
elevation 
(ft) start

Water 
elevation 

(ft) end

Water height 
(ft below 

Steve Level) 
start

Water height 
(ft below 

Steve Level) 
end

Change 
in height 

(ft)

Rate of 
change 

(ft/d)

1 10/29/07 4/23/09 534 6,576.656 6,575.356 25.64 26.94 -1.30 -0.0024

2 4/23/09 8/12/09 109 6,575.356 6,578.536 26.94 23.76 3.18 0.029

3 8/12/09 4/1/10 229 6,578.536 6,578.669 23.76 23.63 0.13 0.0006

4 4/1/10 7/1/10 90 6,578.669 6,587.918 23.63 14.38 9.25 0.1028

Flooding 
period

Rate of 
change 

(ft/d)

Average 
change 
for 90 d 

(ft)

Average 
change 

for 
365-90 
= 275 d 

(ft)

Scenario 1 
Average total 
1 year change 

Period 2 for 
90 d + 

Period 3 for 
275 d (ft/yr)

Scenario 2 
Average total 
1 year change 

Period 4 for 
90 d + 

Period 3 for 
275 d (ft/yr)

Scenario 3 
Average total 
1 year change 

Period 2 for 
90 d + 

Period 1 for 
275 d (ft/yr)

Scenario 4 
Average total 
1 year change 

Period 4 for 
90 d + 

Period 1 for 
275 d (ft/yr)

Projected 
time for 

mine pool 
to Steve Level 
from 14.38 ft 

on 7/1/10 
(years)

1 -0.0024 -0.22 -0.67 2.79 5.16
9.41 1.53

2 0.029 2.63 8.02 1.96 7.35
8.58 1.68

3 0.0006 0.05 0.16

4 0.1028 9.25 28.26

747 ft elevation difference and the 2,597 ft horizontal distance 
between MW11 and Ralston Creek translate into a calculated 
hydraulic gradient of about 0.28. This likely is an unstable 
water table configuration and the stable water table in the 
plane of the cross section in Figure G is yet to be realized. 

Section 5.3, Evaluation of the Hydraulic 
Connection Between Ralston Creek and the 
Mine, Pages 41–43

This section provides evidence that a ‘strong’ connection 
between the mine pool and Ralston Creek is not indicated, but 
the evidence is inadequate to rule out a weak connection. The 
evidence for the lack of a connection includes the observa-
tion that mine dewatering did not cause Ralston Creek to 
dry up; that the stable isotopic composition of the mine pool 
water plot closer to the meteoric water line than the data for 
the single stream sample presented; and that tritium data were 

not definitive. Indications of a nonexistent to weak hydraulic 
connection between the mine pool and Ralston Creek during 
dewatering does not preclude a stronger connection since the 
mine pool has risen above the elevation of the creek, particu-
larly because connecting shallow pathways between the mine 
and the stream may have drained during initial mine dewater-
ing. It is worth noting that a single sample from Ralston Creek 
is not adequate to characterize the seasonal range of d18O 
along the meteoric water line for the area of Ralston Creek 
(for example, snowmelt may be as depleted in d18O as the 
700 level sample, but cannot be evaluated without additional 
analyses). Wyman and Effner (2007) state that “Waters that 
differ significantly from the isotopic compositions observed 
for the meteoric water are generally interpreted to have had 
long residence times as groundwater”. As described in Clark 
and Fritz (1997), oxygen and deuterium isotope composi-
tions that fall below the local meteoric water line are usually 
because of water evaporation before recharge, not because of 
longer residence times.
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Section 6.5, Ralston Creek Water Quality,  
Pages 52–90

1.	 The first paragraph in this section covers all of the poten-
tial sources of water and any constituents in them, but the 
data and interpretation that follow do not address the rela-
tive contributions from each source. These contributions 
are the central issue and probably cannot be determined 
using concentration data alone.

2.	 In the unnumbered table on page 52 and in Table 24, ura-
nium is reported as milligrams per liter (mg/L); the same 
values are given in Appendix F with uranium reported as 
picocuries per liter (pCi/L). Inconsistencies in reporting of 
units in the report make interpretation of the data difficult. 

Subsection 6.5.2, Water Quality After Turning off 
the Sumps and Water Treatment Plant, Page 53

The data presented in this subsection indicate a “first 
flush” phenomenon in Ralston Creek. This “first flush” is the 
result of rock weathering in the unsaturated zone. Relatively 
soluble constituents are preferentially dissolved when the 
water table first rises. However, the long-term effects of the 
contaminated surficial deposits on water quality in Ralston 
Creek are not well understood. Figures 31 and 32 show the 
“first flush” and a strong seasonal effect on dissolved con-
stituents at SW-BPL, a long-term Ralston Creek surface water 
sampling just below the mine site. Figure 33 indicates that 
dissolved uranium concentrations in the creek increase after 
the sumps were shut down. Based on Table 24, the median dis-
solved uranium concentration increased from SW-AWD above 
the mine site (0.0025 mg/L) to SW-BPL (0.03135 mg/L). 
Again based on Table 24, the median uranium concentration of 
the treatment discharge (SW-DIS001) is 0.0055 mg/L com-
pared with a median uranium concentration of 0.0032 mg/L 
below the discharge point (SW-BDIS) indicating no real effect 
from the treatment discharge on uranium concentrations in 
Ralston Creek. All of the major increases in uranium concen-
trations in Ralston Creek occurred at the mine site or down-
gradient, particularly once the sumps were turned off in June 
2002.

Upgradient concentrations of dissolved uranium at 
0.002 to 0.004 mg/L are consistent with recent U.S. Geologi-
cal Survey measurements. While the sumps were operating, 
uranium concentrations at SW-BPL were about 0.008 mg/L 
and the furthest downgradient (SW-LLHG) concentration 
was about 0.01 mg/L. Concentrations of 0.008 to 0.01 mg/L 
approximate the baseline drainage from the mineralized rocks 
surrounding the Schwartzwalder Mine. Once the sumps were 
turned off, the median uranium concentration at SW-BPL 
increased to 0.05 mg/L and SW-LLHG uranium concentra-
tion also increased to about 0.05 mg/L. This suggests a 0.04 
mg/L uranium concentration increase because of mine effect, 
which could include drainage from the contaminated surficial 

materials, natural runoff from the mineralized area, and a 
component of mine pool water. All of these sources would 
have been collected prior to the sump and water treatment 
shut down. In Appendix G of Wyman and Effner (2007), a 
short sump shut down coincided with a 0.0009 mg/L uranium 
concentration increase in Ralston Creek because of “loading 
from the alluvium.” 

Section 7.2, Alluvial Water Quality, Page 94

This section discusses the aqueous geochemistry of 
the alluvial groundwater at the mine site. Uranium and 
molybdenum are detected and the highest dissolved uranium 
concentrations in 2002-2003 would appear to be because of 
the sump shut down. However, the possible sources of such 
uranium concentrations and chemical processes that facilitate 
dissolution and transport of oxyanions are not adequately 
discussed. It is stated that the “the groundwater in the mine 
and in the alluvium have distinct geochemical signatures” but 
specific chemical differences are not provided. For example, 
the groundwater in the alluvium appears to be a “diluted 
version” of mine pool water given the similar source rocks, 
but no data indicating a “distinct geochemical signature” are 
presented. 

Section 7.5, Shallow Bedrock Water Quality, 
Page 119

Compared to values in Ralston Creek above the mine 
site, relatively high dissolved uranium concentrations were 
measured in MW11. The average dissolved uranium concen-
tration in MW11 was 0.29 mg/L with a median concentration 
of 0.033 mg/L for 10 samples collected between February 
1999 and July 2001. These data suggest that groundwater 
above the mine is within the region of effect of the hydro-
thermal uranium deposit. However, the variability of uranium 
concentrations in MW11 is quite large (0.007 to 2.63 mg/L). 
New data from MW11 in November 2010 indicated a uranium 
concentration of 0.00037 mg/L (without purging). Collec-
tion of additional samples from MW11 and more background 
groundwater quality data are suggested for future studies. 

Section 7.6.3, Water Quality in the Reflooded 
Mine, Pages 127-139

The text in this section indicates that 115 samples were 
collected through June 2007 and complete analytical analyses 
are presented in Appendix F of Wyman and Effner (2007). 
Only 3 of these 115 samples were listed (under SHAFT) in 
Appendix F. Table 37 on page 129 is not adequately linked 
to Appendix F and information such as sample location, time 
of sampling, and depth of sampling are not provided. The 
3 “SHAFT” samples listed in Appendix F have relatively 
uniform dissolved uranium concentrations of about 45 pCi/L, 
however, units of mg/L seem more likely based on Table 37. 



22    Review and Interpretation of Previous Work and New Data on the Hydrogeology of the Schwartzwalder Uranium Mine

Subsection 7.6.3.1, Evaluation of Mine Water 
Quality with Depth, Page 130

1.	 The mine pool was sampled at various depths and 
intervals over time. However, key constituents such as 
dissolved uranium are not plotted as a function of depth. 
To understand the full scope of potential chemical con-
tamination from the mine pool as a source, it is critical to 
know if there is chemical stratification of various constitu-
ents and how stratification might be related to parameters 
such as reduction potential (Eh), pH, and temperature. 
This subsection does not elaborate on the concentrations 
of toxic constituents with depth in the mine pool water. 
If there is chemical stratification then samples taken only 
from the near surface of the mine pool in the Steve Adit 
may not be representative of the chemistry at depth.

2.	 It is noted on page 130 that there are “moderately oxidiz-
ing conditions at depths of several hundred feet below the 
surface of the pool.” This is consistent with high concen-
trations of dissolved uranium at these depths, but uranium 
concentration is never presented and the depth of the 
SHAFT sample in Appendix F is not listed.

Subsection 7.6.3.2, Evaluation of Chemical Trends 
in Mine Water as a Function of Time, Page 130

In item 13 it is noted that uranium concentrations in mine 
water increased from about 4 mg/L to about 59.5 mg/L from 
initial mine flooding in May 2000 to October 2002. From 
2003 to 2007 the concentration was said to have “steadily 
decreased” to about 45 mg/L (about a 25 percent decrease 
over about four years). Data from December 2009 show a 
lower concentration of 35 mg/L. There are little data on how 
“steady” these changes are and they may only capture what is 
happening in the shallowest part of the mine pool.

Section 8, Characterization of Waste Rock and 
Fill, Page 140

Bottle roll leaching tests are mentioned but no data are 
presented. Such data would be useful for determining the 
relative leachability of constituents that might be diagnostic of 
sources in the waste rock and fill.

Section 9, Impact Analysis, Subsection Mine 
Water Chemistry, Page 142–151

Subsection 9.4.1.2, Evaluation of Precipitation 
and Dissolution Reactions Controlling Mine 
Water Chemistry

9.4.1.2.1, Upper Mine Water Speciation, Page 148

A charge imbalance of -46.77 percent is quite large for 
doing meaningful mineral/solution equilibria calculations on 
the sample used. Resulting errors in calculated mineral satura-
tion indices could be quite large.

9.4.1.2.3, Reflooded Mine Water Speciation, Page 149

Wyman and Effner (2007) state that “CO2 gas is over-
saturated in the mine water.” However, the dissolved CO2 
concentrations are reasonable for groundwater after contact 
with soil gas CO2. In addition, CO2 does not “precipitate when 
oversaturated” like a mineral would, but degasses upon drops 
in pressure or when the water is exposed to air (Clark and 
Fritz, 1997).

9.4.1.2.4, Modified Reflooded Mine Water Speciation, 
Page 150

Geochemical modeling under a lower assumed Eh is 
significant because lower Eh could cause precipitation of 
dissolved uranium in the mine pool. Such precipitation is pres-
ently unlikely because of the extremely high concentrations of 
uranium observed in the mine pool.

Recent U.S. Geological Survey 
Analyses of Aqueous Geochemistry at 
the Schwartzwalder Mine Site

Methods

Mine pool, well, sump, and stream water samples were 
collected in the vicinity of the Schwartzwalder Mine site at 
the locations shown on Figure E on November 19, 2010. All 
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water samples were collected through plastic tubing connected 
to a peristaltic pump. Water was filtered in-line using a 0.45 
µm capsule filter. Typically about 1 L samples were collected 
directly at the water source, except for MW11. Groundwater 
from MW11 was collected via a plastic bailer, which only col-
lected water near the top of the water column within the well 
(time, equipment, and access did not allow for well purging). 
The bailer sample was placed in a 1 liter (L) plastic bottle 
and then filtered. Specific conductance, temperature, pH, and 
dissolved oxygen were measured at the time of collection with 
standard meters. Alkalinity measurements were completed 
in the field using a Hach digital titration kit. All water data, 
along with sample descriptions and locations are included in 
Table C.

Each sample was split into even aliquots to provide 
samples for (1) dissolved major and minor cations and sulfate, 
(2) dissolved major anions, (3) iron pairs (Fe2+/Fe3+), (4) 
uranium isotopes (234U/238U), (5) sulfur isotopes (d34S), and 
(6) carbon isotopes (d13C). Samples for dissolved major and 
minor cations and sulfate and uranium isotopes were acidified 
to a pH less than 2 with ultra pure nitric acid. Water samples 
for major anions were refrigerated for preservation. The iron 
pair samples were acidified to a pH less than 2 using ultra pure 
hydrochloric acid. Samples for sulfur isotopes were preserved 
with 2 drops of nitric acid and carbon isotope samples were 
preserved with 2 drops of copper chloride, both to decrease 
bacterial activity. Analyses for major and minor cations, 
major anions, iron pairs, and sulfur isotopes were completed 
at the U.S. Geological Survey Mineral Resources Laboratory 
(Denver, Colo.). Major and minor cations plus sulfate were 
determined by inductively coupled plasma–mass spectrometry 
(ICP-MS, Lamothe and others, 2002). Anion analyses were 
determined by ion chromatography (IC, Theodorakos and 
others, 2002). Based on analyses of known standards, error in 
the ICP-MS and IC data is less than 5-10 percent. Iron pairs 
were analyzed using the ferrozine method for iron species with 
errors of generally less than ± 5 percent (Bangthanh To and 
others, 1999). 

Sulfur isotope data were obtained by precipitating dis-
solved sulfate as barite by adding BaCl2 to each sample. The 
barite was recovered by filtration using 0.45 micron mem-
branes and then dried at 90 °C. Filtrates were weighed into 
tin capsules along with a flux (reagent grade V2O5), and the 
capsules were combusted in an elemental analyzer to form 
SO2 gas, which then flowed directly to an Micromass Optima 
mass spectrometer for isotope measurement by isotope ratio 
monitoring (modification of method of Geisemann and others, 
1995). Isotopic compositions are reported in delta-notation, 
in units of per mil, relative to Vienna Canon Diablo Troilite 
(VCDT). Duplicate analyses agreed to within 0.3 per mil or 
better.

Uranium isotopic analyses (234U/238U) were completed at 
Northern Arizona University (NAU), Department of Chemis-
try and Biochemistry, Flagstaff, Ariz. Uranium activity ratios 
were acquired with a quadrupole ICP-MS (Thermo X Series 
II) equipped with an APEX HF sample introduction system 

and concentric FEP Teflon nebulizer. Samples with lower ura-
nium concentrations were preconcentrated. Dissolved uranium 
concentrations were measured by a VG Axiom sector-field 
ICP-MS unit. Error bounds of one standard deviation are listed 
with the results.

Carbon isotopes were analyzed at the Laboratory of Iso-
tope Geochemistry at the University of Arizona, Tucson, Ariz. 
d13C of dissolved inorganic carbon (DIC) was measured on a 
continuous-flow gas-ratio mass spectrometer (ThermoQuest 
Finnigan Delta PlusXL) coupled with a Gasbench automated 
sampler (also manufactured by Finnigan). Samples were 
reacted for more than 1 hour with phosphoric acid at room 
temperature in Exetainer vials previously flushed with He gas. 
Standardization is based on NBS-19 and NBS-18 and preci-
sion was ±0.30‰ (1 sigma). One equipment blank (EB-1) was 
collected to identify any contamination during sampling (no 
significant contamination was found).

Previous Data

Previous work at the Schwartzwalder Mine demonstrated 
the difference in stream water quality with and without the 
sumps and treatment plant operating (Figure H; Wyman and 
Effner, 2007). Mine dewatering and effluent treatment (for 
uranium only) continued through May 2000 and the series of 
four sumps operated from 1990 through June 2002. Sump 1 
continued to recirculate groundwater to Sump 4 without treat-
ment as a hydraulic barrier until April 2008. During the efflu-
ent discharge period through June 2002, increases in TDS, sul-
fate, specific conductance, magnesium, sodium, molybdenum, 
and alkalinity are apparent (Figure 28 in Wyman and Effner, 
2007 for December 1998 data) while the uranium concentra-
tion varied within a narrow range of 0.003 mg/L upstream 
from the mine site to 0.006 mg/L downstream (Wyman and 
Effner, 2007). Geochemical data for Ralston Creek are avail-
able through March 2010 (Whetstone Associates, 2010). 
Dissolved uranium concentrations are plotted for four stream 
locations on December 17, 1998; December 16, 2003; Decem-
ber 28, 2007; and December 11, 2009 (Figure H2). December 
dates are used in these plots to consistently show data col-
lected during stream base flow conditions. The uranium con-
centration in Ralston Creek on December 17, 1998 was within 
the range of 0.003 mg/L to 0.006 mg/L (Wyman and Effner, 
2007) for the period (1990-2002) with sumps and water treat-
ment operational (Figure H2). In December 2003, the mine 
pool was still below stream level but the sumps and treatment 
were not operational, except for recirculation in Sump 1 to 
Sump 4. Uranium concentrations above the site remained low 
(less than 0.010 mg/L) but they increased below the site to a 
range of 0.080 to 0.140 mg/L. 

The mine pool elevation measured from the Steve Level 
had risen above the elevation of Ralston Creek at SW-OS or 
about 6,552 ft on approximately March 15, 2007 (Whetstone 
Associates, 2010 indicates a date of February 2007 with an 
elevation of 6,540 ft) and the sumps remained shut down, 
except for recirculation in Sump 1 to Sump 4. The pattern 
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Table C.  Schwartzwalder Mine site aqueous elemental chemistry of surface and groundwater.

[USGS Job Number: MRP-11390. All data from inductively coupled plasma–mass spectrometry (ICP-MS) except when noted IC for ion chromatography. Free air radioactivity near the ground surface at 
each sample location site (Site Rad) was measured using a handheld scintillation counter in units of microroentgens per hour (mR/hr). Duplicate analyses were run for dissolved uranium concentrations. 
Horizontal coordinates are referenced to WGS 84 and vertical coordinates to EGM 96. Samples collected and processed November 2010 by R.H. Johnson and J.S. Caine, U.S. Geological Survey. Abbre-
viations: latitude, LAT; longitude, LON; decimal degrees, dd; foot, ft; microroentgens per hour, mR/hr; microsiemens per centimeter, µS/cm; degrees Celsius, °C.]

Field 
number

Sample 
description

Sample 
type

LAT (dd) LON (dd)
Elevation 

(ft)

Site 
Rad 

(mR/hr)

Conduc-
tance 

(µS/cm)

Temp-
erature 

ºC
pH

Alkalinity 
(mg/L 

CaCO3)

Dissolved 
oxygen 
(mg/L)

13C 
(‰)

13C 
error 

as
1s 

(‰)
111910 1C Mine Pool mine pool 39.84499 105.28016 6602 36 3270 12.5 6.95 185 2.10 -4.0 0.3
111910 2C MW11 well 39.84118 105.28642 7398 9 141.1 8.7 5.20 8 1.15 -12.3 0.3
111910 3C Sump 1 sump 39.84414 105.27744 6542 40 1110 8.6 6.22 63 3.37 -1.8 0.3

111910 4C Stream 
Sump 1 stream 39.84424 105.27721 6538 39 507 6.2 6.70 34 6.03 -5.3 0.3

111910 5C Stream 
Above stream 39.85163 105.28861 6601 15 315 3.7 6.96 43 6.42 -4.8 0.3

111910 6C Stream 
Below stream 39.83738 105.27295 6401 30 557 5.6 7.96 70 6.01 -5.6 0.3

EB1 Blank NA NA NA NA NA              
                     

Sample 
description

234U/238U

234U/238U 
error as 

1 σ

δ34S 
‰

Duplicate
δ34S  
‰

Ag 
(µg/L)

Al 
(µg/L)

As 
(µg/L)

Ba 
(µg/L)

Be 
(µg/L)

Bi 
(µg/L)

Ca 
(mg/L)

Cd 
(µg/L)

Ce 
(µg/L)

Mine Pool 1.138 0.005 -3.3 -3.4 <1 <2 13.9 17.9 <0.05 < 0.2 433 2.6 0.07
MW11 1.76 0.04 4.1 3.8 <1 <2 <1 14.3 <0.05 < 0.2 10.9 <0.02 < 0.01
Sump 1 1.119 0.005 -2.7 -2.8 <1 <2 <1 59.7 <0.05 < 0.2 162 0.33 0.01
Stream @ 

Sump 1 1.132 0.013 -1.2 -1.3 <1 <2 <1 60.1 <0.05 < 0.2 68.2 0.04 0.01

Stream Above 1.57 0.03 8.9 8.7 <1 <2 <1 55 <0.05 < 0.2 35.8 <0.02 0.01
Stream Below 1.136 0.002 -0.3 -0.5 <1 <2 <1 68.4 <0.05 < 0.2 67.7 0.03 < 0.01
Equipment 

Blank         <1 <2 <1 <0.2 <0.05 < 0.2 <0.2 <0.02 < 0.01

 
Sample

description
Co

(µg/L)
Cr

(µg/L)
Cs

(µg/L)
Cu

(µg/L)
Dy

(µg/L)
Er

(µg/L)
Eu

(µg/L)
Fe

(µg/L)
Total Fe
(µg/L)

Fe2+

(µg/L)
Fe3+

(µg/L)
Ga

(µg/L)
Gd/P
(µg/L)

Mine Pool 20.7 11.1 4.4 2.4 0.006 < 0.005 < 0.005 3720 3930 3888 41 0.1 0.007
MW11 <0.02 2.3 < 0.02 0.6 < 0.005 < 0.005 < 0.005 <50 < 5 < 5 < 5 < 0.05 < 0.005
Sump 1 <0.02 5.8 0.21 1.8 0.006 0.005 < 0.005 <50 18.0 3.7 14.4 < 0.05 0.01
Stream @ 

Sump 1 <0.02 3 0.02 0.75 < 0.005 0.005 < 0.005 <50 8.8 5.7 3.1 < 0.05 0.005

Stream Above <0.02 2.2 < 0.02 0.59 < 0.005 < 0.005 0.005 <50 12.0 12.0 0.0 < 0.05 < 0.005
Stream Below <0.02 3 0.03 0.67 0.005 < 0.005 0.005 <50 19.0 9.9 9.3 < 0.05 0.009
Equipment 

Blank <0.02 <1 < 0.02 <0.5 < 0.005 < 0.005 < 0.005 <50       < 0.05 < 0.005
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Table C.  Schwartzwalder Mine site aqueous elemental chemistry of surface and groundwater.—Continued

[USGS Job Number: MRP-11390. All data from inductively coupled plasma–mass spectrometry (ICP-MS) except when noted IC for ion chromatography. Free air radioactivity near the ground surface at 
each sample location site (Site Rad) was measured using a handheld scintillation counter in units of microroentgens per hour (mR/hr). Duplicate analyses were run for dissolved uranium concentrations. 
Horizontal coordinates are referenced to WGS 84 and vertical coordinates to EGM 96. Samples collected and processed November 2010 by R.H. Johnson and J.S. Caine, U.S. Geological Survey. Abbre-
viations: latitude, LAT; longitude, LON; decimal degrees, dd; foot, ft; microroentgens per hour, mR/hr; microsiemens per centimeter, µS/cm; degrees Celsius, °C.]

Sample
description

Ho
(µg/L)

K
(mg/L)

La
(µg/L)

Li
(µg/L)

Mg
(mg/L)

Mn
(µg/L)

Mo
(µg/L)

Na
(mg/L)

Nb
(µg/L)

Nd
(µg/L)

Ni
(µg/L)

P
(mg/L)

Pb
(µg/L)

Mine Pool < 0.005 24.5 0.08 143 274 5050 1400 174 < 0.2 0.02 22.2 0.07 <0.05
MW11 < 0.005 3 < 0.01 11.2 4.1 42.5 < 2 14.5 < 0.2 < 0.01 <0.4 0.2 <0.05
Sump 1 < 0.005 7.4 0.07 27.6 72.4 7.1 52.4 46.8 < 0.2 0.03 <0.4 0.03 <0.05
Stream @ 

Sump 1 < 0.005 3 0.03 9.9 25.8 3.3 11.4 24.4 < 0.2 0.03 <0.4 < 0.01 <0.05

Stream Above < 0.005 1.7 0.01 3.8 9.9 3.2 < 2 16.9 < 0.2 0.02 <0.4 < 0.01 <0.05
Stream Below < 0.005 3.2 0.01 13 26.5 9.4 12 30.6 < 0.2 0.01 <0.4 0.01 <0.05
Equipment 

Blank < 0.005 <0.03 < 0.01 0.6 <0.01 <0.2 < 2 < 0.01 < 0.2 < 0.01 <0.4 < 0.01 <0.05

 
Sample

description
Pr

(µg/L)
Rb

(µg/L)
Sb

(µg/L)
Sc

(µg/L)
Se

(µg/L)
SiO2

(mg/L)
Sm

(µg/L)
SO4

(mg/L)
Sr

(µg/L)
Ta

(µg/L)
Tb/P

(µg/L)
Th

(µg/L)
Ti

(µg/L)

Mine Pool < 0.01 46.2 0.5 1.3 < 1 16 < 0.01 2000 4000 0.05 < 0.005 251 23.5
MW11 < 0.01 0.68 <0.3 1.6 < 1 20 < 0.01 22 64 0.04 < 0.005 < 0.2 < 0.5
Sump 1 < 0.01 5 <0.3 1.3 1.1 18 < 0.01 520 769 0.03 < 0.005 23.2 6.6
Stream @ 

Sump 1 < 0.01 1.3 <0.3 1.3 < 1 19 < 0.01 150 364 0.03 < 0.005 3.75 1.8

Stream Above < 0.01 0.34 <0.3 1.2 < 1 19 < 0.01 22 220 0.03 < 0.005 < 0.2 < 0.5
Stream Below < 0.01 1.4 <0.3 1.3 < 1 19 < 0.01 150 371 0.03 < 0.005 2.53 1.9
Equipment 

Blank < 0.01 < 0.01 <0.3 < 0.6 < 1 < 0.2 < 0.01 3.1 < 0.5 0.04 < 0.005 < 0.2 < 0.5

 

Sample
description

Tl
(µg/L)

Tm
(µg/L)

U
(µg/L)

Duplicate 
U

(µg/L)

U error as 
1 σ

U Ketterer

V
(µg/L)

W
(µg/L)

Y
(µg/L)

Yb
(µg/L)

Zn
(µg/L)

IC
Cl

(mg/L)

IC
F

(mg/L)

IC
NO3

(mg/L)

Mine Pool 2.35 < 0.005 33300 41000 1000 2.8 < 0.5 0.14 < 0.01 22.8 42.5 <0.04 <0.08
MW11 <0.1 < 0.005 0.37 0.48 0.02 0.7 < 0.5 0.01 < 0.01 <3 2.1 0.1 0.2
Sump 1 <0.1 < 0.005 3880 5600 200 1.7 < 0.5 0.07 < 0.01 37.8 40.4 0.3 0.9
Stream @ 

Sump 1 <0.1 < 0.005 506 530 10 1 < 0.5 0.03 < 0.01 4.3 47.8 0.2 0.3

Stream Above <0.1 < 0.005 1.47 1.92 0.06 0.8 < 0.5 0.02 < 0.01 <3 50.2 0.2 <0.08
Stream Below <0.1 < 0.005 347 460 10 1.1 < 0.5 0.03 < 0.01 3 45.7 0.2 <0.08
Equipment 

Blank <0.1 < 0.005 < 0.1 <0.5 < 0.5 < 0.01 < 0.01 <3 <0.06 <0.04 <0.08
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Figure H.  (1) Schematic location map of the Schwartzwalder Mine site 
footprint and surface (SW) and groundwater (MW) sampling sites. (2) Dissolved 
uranium concentrations along downstream sampling sites on Ralston Creek at 
specified dates. (3) Dissolved uranium in MW7 and SW-FBRG compared with 
time. Red lines with black arrows show benchmark dates. MW7 is adjacent to 
Sump 1 and SW-FBRG is about 2,120 ft downstream from Sump 1. All data and 
information are from Wyman and Effner, 2007 and Whetstone Associates, 2010.
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and magnitude of uranium concentrations are similar in 
December 2007 to those in December 2003, but in December 
2009, uranium concentrations below the mine site increased 
dramatically to 0.40-0.45 mg/L when the mine pool elevation 
was above the elevation of Ralston Creek and no sump opera-
tion or treatment was occurring (Figure H2). This dramatic 
uranium concentration increase may indicate an approximate 
two-year travel time for the mine pool water to enter Ralston 
Creek.

Data reported in Whetstone Associates 2010 further docu-
ment the increase in uranium concentrations in Ralston Creek 
from August 1998 to August 2010 (Figure H3). For example, 
a significant spike in uranium concentration occurred in the 
fall 2009 at SW-FBRG (Figure H3). Whetstone Associates, 
2010 indicates that spring 2009 was particularly wet causing 
higher than normal water levels in many wells. They interpret 
the spike in uranium concentrations in Ralston Creek during 
the fall 2009 to be related to flushing of soluble salts as water 
levels rose. For sites upgradient from the mine, SW-AWD and 

SW-A001, the uranium concentrations are consistently low 
during the entire study period (Figure H1).

Uranium concentrations in MW-6, MW-7, and MW-9 
show an increase shortly after the sumps were turned off in 
2002. This is explained in Wyman and Effner, 2007 as a “first 
flush.” From the fall 2003 to the fall 2009, dissolved uranium 
concentrations in these wells were in the range of about 0.25 
to 1 mg/L (Figure H3 shows data for MW-7). In the fall 2009, 
dissolved uranium concentrations in MW-6, 7, and 9 all spiked 
to values of 1.5 to 2.0 mg/L; a spike in uranium concentra-
tion in Ralston Creek also mimicked the spike in the wells. 
This spike and the generally increasing trend in uranium 
concentrations seen after fall 2009 may indicate increased 
groundwater flow from the mine pool towards the wells (and 
Ralston Creek) consistent with the mine pool elevation having 
risen above the hydraulic heads in MW-6, 7, and 9. Similarly, 
increased uranium concentrations in Ralston Creek may also 
indicate increased groundwater flow to the stream from the 
mine pool through the contaminated alluvium with little to 
no lag time from the alluvium to the creek. We agree with 

Figure H.  (1) Schematic location map of the Schwartzwalder Mine site footprint and surface (SW) and 
groundwater (MW) sampling sites. (2) Dissolved uranium concentrations along downstream sampling 
sites on Ralston Creek at specified dates. (3) Dissolved uranium in MW7 and SW-FBRG compared with 
time. Red lines with black arrows show benchmark dates. MW7 is adjacent to Sump 1 and SW-FBRG is 
about 2,120 ft downstream from Sump 1. All data and information are from Wyman and Effner, 2007 and 
Whetstone Associates, 2010.—Continued
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the assessment in Whetstone Associates, 2010 that “results 
from 2009 may show effect from (1) mine pool water, (2) shut 
down of the sumps, and (3) from increased precipitation which 
solubilized uranium from reactive surfaces on the waste rock 
and fill.” 

Results and Interpretations for New U.S. 
Geological Survey Data

Water sample collection by the U.S. Geological Sur-
vey on November 19, 2010 provided comprehensive water 
quality information for six locations (Figure I) along with 
new isotopic data (Table C). Mine pool water chemistry was 
similar to that reported in Wyman and Effner (2007) with dis-
solved uranium concentration of 33,300 micrograms per liter 
(µg/L) (33.3 mg/L) and 1,716 mg/L sulfate (all sulfate values 
are reported from ion chromatography analyses in Table C). 
In contrast, uranium and sulfate concentrations in groundwa-
ter collected above the mine site in MW11 were 0.37 µg/L 
(0.00037 mg/L) and 14 mg/L, respectively. Concentrations 
of constituents such as uranium (3,880 µg/L = 3.88 mg/L) 
and sulfate (415 mg/L) in Sump 1 are slightly higher than 
values reported earlier. Uranium concentrations in samples 
from Ralston Creek were 0.35 to 0.51 mg/L below the mine 
site, similar to 0.3 to 0.6 mg/L from December 2009 samples 
reported in Whetstone Associates (2010). Overall, major cat-
ion, anion, and trace element data are consistent with previous 
data collected at the site (Figures J, K, L). Several elemental 
constituents show relative increases in concentrations from 
upstream to downstream that include Ca, Mg, and Sr (2x); 
Li, Na, K, Rb (2x to 5x); SO4 (7x); Mo (10x); and U (230x) 
(Table C). These concentration increases are believed to result 
from surface- and ground-water rock interactions associated 
with the Schwartzwalder Mineral deposit.

A plot of specific conductance at locations along Ralston 
Creek (Figure I2) shows dilute upstream water and increased 
conductance in water downstream water of the mine site. 
Downstream increases in alkalinity are not as distinct as for 
other constituents like uranium.

The d13C value in MW11 (-12.3‰) is consistent with 
shallow groundwater recharge (Clark and Fritz, 1997). The 
d13C value in MW11 is affected by atmospheric and soil gas 
carbon dioxide dissolved into shallow groundwater. All of the 
other water samples are affected by calcite dissolution, which 
generates d13C values near zero (Clark and Fritz, 1997). d13C 
values in the stream range from -4.8‰ above the mine site to 
-5.3‰ and -5.6‰ below the mine site. The mine pool d13C is 
-4.0‰ and Sump 1 is -1.8‰, confirming that mine site water 
is not adding significant alkalinity to the stream as indicated in 
Figure I5.

Uranium concentrations increase significantly as Ralston 
Creek passes the mine site (Figure I1). Uranium isotopic ratios 
(234U/238U) are also significantly different in upstream water 
compared to downstream water (Figure J1). Slow, weathering-
related leaching of uranium from rocks and soils tends to 

produce low dissolved uranium concentrations with 234U/238U 
ratios greater than unity (in this case more than 1.5). More 
aggressive leaching of uranium ore bodies under oxidizing 
conditions, tends to produce uranium-rich groundwater with 
234U/238U ratios closer to unity (Zielinski and others, 1997). 
The 234U/238U ratios in mine pool and downstream water are 
similar (1.13-1.14) and this is permissive of a mine pool 
source for the added uranium. The 234U/238U ratio in Sump 1 is 
slightly lower (1.12) but similar to the range of values in the 
mine pool (Figure J1). The use of 234U/238U activity ratios to 
identify uranium derived from mine pool water has potential, 
but additional sampling and additional high precision analyses 
would be needed (Michael Ketterer, oral commun., 2011). 

Sulfate concentrations in Ralston Creek increase signifi-
cantly downstream from the mine site (Figure I3). Sulfate in 
upstream water may be derived from naturally occurring sulfur 
in the volcanogenic metasedimentary Proterozoic bedrock. 
The d34S values for MW11 and the stream above the mine site 
(4.1‰ and 8.9‰, respectively) are within the range of values 
reported for common water-rock interactions in igneous rocks 
(0‰ to 9‰, Figure 6.1 in Clark and Fritz, 1997). Bacteri-
ally mediated sulfate reduction that precedes the formation of 
pyrite may produce a significant fractionation of d34S and sul-
fate produced from subsequent oxidation of pyrite is typically 
depleted in d34S (Clark and Fritz, 1997). An isotopic signature 
of pyrite oxidation is seen in the mine pool and Sump 1 water 
with values of -3.3‰ and -2.7‰, respectively. 

d34S values of dissolved sulfate in Ralston Creek change 
from 8.9‰ above the mine site to negative values downstream 
from the mine site (Figure I4). This dramatic change indicates 
significant input of groundwater that is rich in sulfate that 
was produced from pyrite oxidation. Similar to the uranium 
isotopes, the differences in d34S values for the mine pool and 
Sump 1 water are quite small and may represent the range of 
values to be found in mine pool water. The use of sulfur and 
uranium isotopes to identify sources works well if isotopically 
distinct end members are identified (that is, upgradient surface 
and groundwater compared to mine pool water). Characteriza-
tion of the isotopic compositional range of each end member 
will require additional sampling and analyses.

An additional method that could be pursued is the deter-
mination of stream loads (flow × concentration) for various 
dissolved constituents. In Wyman and Effner (2007), stream-
flow was not measured accurately enough to determine loads. 
However, groundwater flow to Ralston Creek can be estimated 
independently based on changes in stream water chemistry as 
the stream flows past the mine site. For example, assuming 
conservative behavior, the changes in dissolved concentra-
tions of Ca, K, Li, Mg, Rb, SO4, Sr, and Ti in the stream as the 
water passes the mine site would require a 25 volume percent 
contribution to the stream from Sump 1 water compared to 
a 5 percent contribution of the more concentrated mine pool 
water. While variable mixing of fresh and contaminated 
groundwater in the alluvium is certainly an added complica-
tion, improved streamflow measurements at different times 
of the year coupled with stream water chemistry could better 
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Figure I.  Selected geochemical data from six U.S. Geological Survey water samples collected November 19, 2010 
plotted against sample location. Data and sample locations in Table C, Figure E.



30    Review and Interpretation of Previous Work and New Data on the Hydrogeology of the Schwartzwalder Uranium Mine

Figure J.  Uranium isotopic activity ratios (AR) of 234U and 238U from six U.S. Geological Survey water samples 
collected on November 19, 2010. (1) All data. (2) Selected data with expanded scale to show analytical error. Data 
and sample locations in Table C, Figure E.

define this temporal variability of groundwater contributions 
to Ralston Creek near the mine site.

Chemical data for the six water samples collected by the 
USGS on November 19, 2010 were analyzed with PHREEQC 
(Parkhurst and Appelo, 1999) to evaluate saturation indices 
(minerals that may or may not dissolve or precipitate) of 
various minerals, including uranium minerals. Our evaluation 
confirmed the results of a similar assessment by Wyman and 
Effner (2007). Since our sampling included iron pairs (Fe2+, 
ferrous iron and Fe3+, ferric iron), the assessment of redox 
conditions is believed to be more accurate (Wyman and Effner, 
2007, used redox probes). PHREEQC results from the mine 
pool sample show that uraninite remains slightly undersatu-
rated (-1.04, saturation = 0.0) at an Eh of 165 millivolts (mV), 
based on the iron pair measurements. This value is reasonable 
considering the high concentrations of dissolved uranium. A 
sensitivity analysis for variations in Eh show that decreasing 
Eh to 142 mV causes uraninite to become saturated, which 
is the equivalent of decreasing the ferric iron concentration 
from 41 mg/L to 12 mg/L. This change to uraninite saturation 
is within measurement error for the iron pairs (±5 percent), 
since ferric iron is only 1 percent of the total iron concentra-
tion (3,930 mg/L). These results are similar to those of Wyman 
and Effner (2007), that slightly more reducing conditions 
could produce uraninite precipitation and significant drops 
in dissolved uranium concentrations. To evaluate uraninite 
precipitation, Wyman and Effner (2007) used an Eh change 
from 23 mV to -25 mV, at a pH of 7.53, which showed a 

uraninite saturation change from -1.7 (undersaturated) to 0.01 
(at saturation).

Critical Questions Regarding the 
Hydrogeology of the Schwartzwalder 
Mine and the Source, Transport, and 
Fate of Dissolved Uranium

In seeking input from the U.S. Geological Survey on 
the hydrogeology of the Schwartzwalder Mine site, DRMS 
sought answers to a number of specific questions. These ques-
tions are reproduced below along with answers based on our 
observations and interpretations of existing data. Answers to 
the listed questions should be considered preliminary pending 
further study and the collection of critical new information as 
discussed in the Conclusions section of this report.

What is the likelihood that groundwater will 
report from the mine pool to areas beyond the 
mine?

It is likely that groundwater from the mine pool will flow 
to areas beyond the mine in the subsurface; particularly now 
that the mine pool is above the elevation of Ralston Creek at 
the location of the Steve Portal and well above the creek along 
its course further downstream. However, the amounts, flow 



Figure K.  Selected geochemical results from six U.S. Geological Survey water samples collected on 
November 19, 2010 of common major lithophile and radiogenic elements. (1) Site specific concentrations. The 
scale is linear and expanded from 100,000 µg/L to 600,000 µg/L. (2) Box plot concentrations. For each element 
shown the bottom and top of each box shows the 25th and 75th percentiles respectively of the data, the 
horizontal line within each box shows the median, the back dot shows the average, and the endpoints of vertical 
lines above and below the box shows the 90th and 10th percentiles of the data. 

Critical Questions Regarding the Hydrogeology of the Schwartzwalder Mine    31



32    Review and Interpretation of Previous Work and New Data on the Hydrogeology of the Schwartzwalder Uranium Mine

Figure L.  Selected geochemical results from six U.S. Geological Survey water samples collected on November 
19, 2010 of elements commonly found in water associated with epithermal, polymetallic hydrothermal alteration. 
(1) Site specific concentrations. The scale from 0 to 100 µg/L is linear. Above 100 µg/L the scale is expanded and 
logarithmic. (2) Box plot concentrations. For each element shown the bottom and top of each box shows the 25th 
and 75th percentiles respectively of the data, the horizontal line within each box shows the median, the back 
dot shows the average, and the endpoints of vertical lines above and below the box shows the 90th and 10th 
percentiles of the data. 
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rates, and flow directions of mine water are presently difficult 
to predict. 

What are the likely routes of migration of 
groundwater from the mine pool?  

Consideration of Darcy’s law in conjunction with 
geological observations and the available data provide some 
insight. Darcy’s law: 
 

		     

Q KA
h
l

Q
A

K
h
l

q

= ∂
∂

= − ∂
∂

=

rearranging,

                       (3)
 
where Q = volumetric flow rate [L3/T], K = hydraulic con-
ductivity which is negative reflecting the fact that water flows 
down a hydraulic gradient [L/T], A = cross-sectional area 
through which flow occurs [L2], ∂h/∂l = the hydraulic head 
gradient, and q = specific discharge also known as the Darcy 
velocity [L/T], (L = length and T = time; for example, Freeze 
and Cherry 1979). The driving force for groundwater flow is 
gravity governed by topography and the difference in ground-
water elevations from high to low points at the mine site and 
beyond. From inspection of the topography in the vicinity of 
the Schwartzwalder Mine groundwater flow may be driven 
from high to low regions approximately anywhere within the 
shaded blue region in Figure M. The western most corner 
and northwestern edge of the blue region are also constrained 
by the three-dimensional extent of the mine workings in the 
subsurface. 

Wyman and Effner (2007) largely focused on the imme-
diate area of the mine site, which included the area from the 
vicinity of MW11 down (northeast) to the vicinity of the Steve 
Portal, the alluvial aquifer, and Ralston Creek. However, 
inspection of Figure M shows that based on the inferred head 
gradients, groundwater flow may also be driven away from 
the immediate mine site and farther to the east and south-
east. This configuration of permissible groundwater flow is 
partly controlled by the jog in Ralston Creek southeast of the 
mine site where it passes through the Proterozoic-Paleozoic 
unconformity (Figures A and B). The depth of active circula-
tion and high K heterogeneities in the bedrock aquifer, both 
largely unconstrained parameters, also govern the magnitude 
and directions of flow. 

There are three components of the integrated or bulk 
hydraulic conductivity that may cause heterogeneity at the 
Schwartzwalder Mine.
1.	 Variations in the intergranular K of the various rock 

types. Although the measurements of bulk K provided 
by Wyman and Effner (2007) do not distinguish between 
intergranular compared to discrete K (that is, faults and 
fractures), the K measurements vary over a range 300x 
from the minimum to the maximum values.

2.	 Discrete structures such as faults, veins, and joints that cut 
across granular matrix form a variety of heterogeneities 
and such features can cause relatively preferred pathways 
for groundwater flow. Depending on their orientations, 
scales of influence, and degree of connectivity they can 
cause anisotropy in the flow field. Potential exists for 
such structures, particularly the Illinois fault zone, to be 
conduits for mine pool water to enter Ralston Creek and 
many are parallel to the local hydraulic gradient.

3.	 The mine workings and associated mining related features 
such as abandoned mineral exploration boreholes. Within 
the mine workings there is near infinite permeability. The 
workings terminate to the northeast in the subsurface 
before reaching the location of Ralston Creek. The loca-
tion of exploration boreholes is unknown and these could 
cause additional connectivity for mine pool water to flow 
outside of the area of the mine workings. The open bore-
holes could also affect the mine pool elevation if they are 
connected to the mine pool by way of permeable faults 
and fractures. See below for further discussion on these 
boreholes.

What will be the expected rate of groundwater 
seepage from the mine to offsite locations and 
when might it be expected to first appear?

Darcy’s law allows the calculation of the Darcy veloc-
ity (q, in Equation 3) of groundwater flow given estimates of 
K and the hydraulic head gradient, ∂h/∂l. Darcy velocity is 
not the actual velocity of groundwater flow moving through a 
granular media as not all of the pore space within such media 
is connected. A conservative estimate of the true velocity of 
groundwater flow is known as the average linear velocity, vavg 
[L/T]: 
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where ne = effective porosity [dimensionless] that accounts 
for the connected pore space that conducts groundwater 
flow moving through a media (Freeze and Cherry, 1979). As 
previously noted, Wyman and Effner (2007) present hydraulic 
aquifer test data and estimates of bedrock Ks. They also 
supply what amounts to an estimate of ne about 0.005, which 
could reasonably vary between 0.01 and 0.00167. Using the 
supplied range of values for K, ne, and estimates of ∂h/∂l; vavg 
was computed along the four representative profiles shown in 
Figure M. Scenarios that cover the full ranges of K (Kminimum, 
Kaverage, Kmedian, and Kmaximum) and ne were simulated and travel 
times, Tcreek: 
 

	               Tcreek = distance traveled

avg 	                         (5)
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were computed for groundwater to reach Ralston Creek in 
each scenario (Table D). 

Representative hydraulic gradients were estimated along 
each profile shown in Figure M using anchor points of known 
subsurface groundwater elevations and horizontal distances 
from the anchors to Ralston Creek. The gradient estimates 
include: (1) a groundwater table (perhaps similar to the 
premining condition) about 100 feet below the surface at the 
top of the hill above the mine at MW11 with northeast flow to 
Ralston Creek at SW-OS (MW11 Profile); (2) flow northeast 
from a point where Shaft 2 intersects the mine pool to Ralston 
Creek at SW-BOS (Shaft 2 Profile); (3) east-northeast flow 
from a point where the location of the Steve Portal intersects 
the mine pool to Ralston Creek midway between SW-OS and 
SW-BOS (Mid OS BOS, Steve Profile); and (4) flow north-
west to southeast from a point where Shaft 2 intersects the 
mine pool to Ralston Creek at the end of the profile line (NW-
SE Profile).  

The estimates of Tcreek assume groundwater flow in a 
homogeneous, isotropic porous media and do not assume 
that groundwater will arrive at the creek, although it is likely 
that it will reach the creek. Discrete features such as zones of 
high intensity fracturing, fault veins, and (or) fault zones are 
not accounted for in these computations. As noted, Ralston 
Creek crosses the unconformity between Proterozoic crystal-
line rocks and Paleozoic sedimentary rocks (Figure B). This 
contact is a fault zone along some of its surface trace. The 
probability of high permeability contrasts along the contact 
may cause anisotropic groundwater flow (see Caine and 
Forster, 1999 for more discussion of fault-related fluid flow). 
It is further assumed that Ralston Creek is a discharge area for 
groundwater flow from regions hydraulically above it. The 
estimates do not consider the effects of chemical reactions that 
may retard or enhance concentrations of constituents along the 
simulated flow paths.

In summary, average linear velocities indicate that the 
range of estimated travel times is anywhere from about 4 

Figure M.  Aerial photograph draped on a 3-m resolution digital elevation model and tilted to show topography and the 
region of permissible groundwater flow down-gradient from the mine workings (blue shaded region). Locations of water-
elevation measurement sites are shown as blue drops. Green profile lines indicate where topographic and hydraulic 
gradients, below the ground surface, are estimated in computations below. View is approximately southwest and looking 
down from an elevation of approximately 8,500 feet. 



Table D.  Schwartzwalder Mine topographic and hydraulic gradient data and average linear velocity estimates.

[Vertical coordinates are referenced to EGM 96. Unless otherwise noted mine pool and other water elevations from Revised Whetstone Associates Environmental Protection Plan, 8/4/10; *elevations, 
profiles, and distances determined using Google Earth®. Abbreviations: T=time, v=velocity, vavg=average linear velocity, L=length, q=Darcy velocity, K=hydraulic conductivity, dh/dl=hydraulic gradient, 
ne=effective porosity, foot=ft, meter=m, max=maximum, min=minimum, avg=average, med=median, Creek refers to Ralston Creek; SW-OS, Mid OS BOS, and SW-BOS are sampling sites along Ralston 
Creek.]

Topographic and hydraulic gradient data

Elevation data for hydraulic gradient estimates
Elevation

(ft)
Creek at
SW-OS

Creek at
Mid 

OS BOS

Creek at
SW-BOS

Creek at
SE Profile 

End
Mine pool elevation at Shaft 2 in Steve Level on 7/1/10 6,588
Assumed pre-mining MW11 water elevation about100 

below surface* 7,299

Mine pool height relative to creek on 7/1/10 36 40 44 176

Profile name Location name
Elevation

(ft)

Topographic
elevation
difference

(ft)

Horizontal
distance

(ft)

Horizontal
distance

(m)

Topographic
gradient

Hydraulic
elevation
difference

(ft)

Hydraulic
gradient

MW11 Profile (SW to NE) MW11 7,399
Creek at SW-OS 6,552 847 2,597 792 0.33 747 0.288

Shaft 2 Profile (SW to NE) Shaft 2 6,945
Creek at SW-BOS 6,544 401 991 302 0.40 44 0.044

Steve Profile Steve Portal 6,602
Creek at Mid OS BOS 6,548 54 520 158 0.10 40 0.077

NW-SE Profile Shaft 2 6,945
Creek at SE Profile End* 6,412 533 2,598 792 0.21 176 0.068

Average linear velocity for bedrock Ks: q=Kdh/dL, ne=effective porosity, vavg=q/ne, vavg=(K/ne)dh/dl, Tcreek=travel time to creek=L/vavg

Kmax (m/s) Kavg (m/s) Kmed 
(m/s)** Kmin (m/s)

Reported Ks for bedrock from pumping tests: 3.3E-07 2.9E-08 2.7E-09 9.9E-10
**same ~ value resulting from Wyman and Effner (2007) Thiem computations

CASE 1: ne=1 percent = 0.01 vavg vavg vavg Vavg Tcreek Tcreek Tcreek Tcreek
Hydraulic  for Kmax for Kavg for Kmed for Kmin for Kmax for Kavg for Kmed for Kmin

Profile name gradient (m/s) (m/s) (m/s) (m/s) (years) (years) (years) (years)
MW11 Profile (SW to NE) 0.288 9.5E-06 8.3E-07 7.8E-08 2.8E-08 3 30 326 890
Shaft 2 Profile (SW to NE) 0.044 1.5E-06 1.3E-07 1.2E-08 4.4E-09 7 75 808 2,203
Steve Profile 0.077 2.5E-06 2.2E-07 2.1E-08 7.6E-09 2 23 245 667
NW-SE Profile 0.068 2.2E-06 2.0E-07 1.8E-08 6.7E-09 11 129 1,386 3,780
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Table D.  Schwartzwalder Mine topographic and hydraulic gradient data and average linear velocity estimates.—Continued

[Vertical coordinates are referenced to EGM 96. Unless otherwise noted mine pool and other water elevations from Revised Whetstone Associates Environmental Protection Plan, 8/4/10; *elevations, 
profiles, and distances determined using Google Earth®. Abbreviations: T=time, v=velocity, vavg=average linear velocity, L=length, q=Darcy velocity, K=hydraulic conductivity, dh/dl=hydraulic gradient, 
ne=effective porosity, foot=ft, meter=m, max=maximum, min=minimum, avg=average, med=median, Creek refers to Ralston Creek; SW-OS, Mid OS BOS, and SW-BOS are sampling sites along Ralston 
Creek.]

CASE 2 (reported): ne=0.5 
percent=

0.005 vavg vavg vavg Vavg Tcreek Tcreek Tcreek Tcreek

Hydraulic  for Kmax for Kavg for Kmed for Kmin for Kmax for Kavg for Kmed for Kmin
Profile name gradient (m/s) (m/s) (m/s) (m/s) (years) (years) (years) (years)

MW11 Profile (SW to NE) 0.288 1.9E-05 1.7E-06 1.6E-07 5.7E-08 1.3 15 163 445
Shaft 2 Profile (SW to NE) 0.044 2.9E-06 2.6E-07 2.4E-08 8.8E-09 3 38 404 1,102
Steve Profile 0.077 5.1E-06 4.5E-07 4.1E-08 1.5E-08 1.0 11 122 334
NW-SE Profile 0.068 4.5E-06 3.9E-07 3.7E-08 1.3E-08 6 65 693 1,890

CASE 3: ne = 0.167 percent = 0.00167 vavg vavg vavg Vavg Tcreek Tcreek Tcreek Tcreek
Hydraulic  for Kmax for Kavg for Kmed for Kmin for Kmax for Kavg for Kmed for Kmin

Profile name gradient (m/s) (m/s) (m/s) (m/s) (years) (years) (years) (years)
MW11 Profile (SW to NE) 0.288 5.7E-05 5.0E-06 4.7E-07 1.7E-07 0.4 5 54 149
Shaft 2 Profile (SW to NE) 0.044 8.8E-06 7.7E-07 7.2E-08 2.6E-08 1.1 13 135 368
Steve Profile 0.077 1.5E-05 1.3E-06 1.2E-07 4.6E-08 0.3 4 41 111
NW-SE Profile 0.068 1.3E-05 1.2E-06 1.1E-07 4.0E-08 2 22 231 631



months to just under 3,800 years (Table D). For the effective 
porosity value (ne about 0.005) used by Wyman and Effner 
(2007) to estimate recharge capture areas and their reported 
average value of K (2.9x10-8 m/s), the estimated travel times 
for each hydraulic gradient scenario range from about 11 to 65 
years.

Other than the obvious chemical indicators 
such as uranium concentration, what other 
chemical or hydrologic indicators could be used 
to indicate that the mine pool is reporting to 
Ralston Creek?

 Chemical tracing of inputs of mine pool water to Ralston 
Creek requires large chemical contrasts in concentration and 
low dilution of mine water within the creek. Constituents in 
addition to uranium that show relatively high concentrations 
in the high total dissolved solids mine pool water include Ca, 
Fe, K, Li, Mg, Mn, Mo, Na, Rb, SO4, Sr, and Th. Most of 
these constituents are also elevated in the alluvial groundwater 
compared to Ralston Creek water, but dissolved Fe, Mn, and 
Th are not elevated. Under oxidizing conditions that might 
be found in the alluvial groundwater and as found in Sump 1, 
Fe and Mn react with oxygen to form precipitates of iron and 
manganese oxides. 

A series of low-and-high flow, sumps-on and sumps-off, 
stream tracer dilution studies (Kimball and others, 2002) could 
provide chemical loading data and direct measurements of 
locations and volumes of mine pool and contaminated alluvial 
groundwater discharge to Ralston Creek. Tracer dilution 
studies involve pumping a conservative tracer into a stream 
at a constant rate. During pumping a strategically planned 
downstream sampling campaign establishes where the tracer 
concentration is diluted by diffuse or discrete groundwater or 
tributary inflow. Stream tracer dilution studies cannot detect 
losses in streamflow, but changes in the tracer concentra-
tion allow for calculation of streamflow increases that are far 
more accurate than manual flow metering. Samples are also 
analyzed for determination of constituent concentrations from 
which accurate loading can be determined. Isotopes of ura-
nium and sulfur from samples collected during tracer dilution 
studies may further provide relatively unique isotopic sig-
natures of mine pool water and its mixing with stream water 
or alluvial groundwater. In addition, dye tracers and micro-
spheres could be used to indicate pathways and rates of flow 
over short distances in relatively permeable alluvial sediments.

What are the options for monitoring 
groundwater migration from the mine pool?

Continued frequent monitoring of dissolved uranium at 
previously established locations in Ralston Creek is suggested 
to document seasonal variability and effects of operations 
such as recent sump pumping and treatment. In particular, 

frequent monitoring could allow confident detection of short-
term spikes in dissolved uranium concentrations that might be 
related to previous transients in mine water inflows. 

Direct measurement of groundwater migration from 
the mine pool would require new monitoring wells that are 
completed only in the bedrock. If some of these wells were 
collocated and nested with existing monitoring wells com-
pleted only in the alluvial aquifer, they could better document 
differences in hydraulic head between the bedrock and alluvial 
aquifers and provide data on the potential direction ground-
water may be flowing from one aquifer to another and (or) 
into Ralston Creek. Additional strategically located bedrock 
monitoring wells at a variety of depths would provide better 
three-dimensional understanding of groundwater flow and 
quality. Time series water level, temperature and geochemical 
monitoring are suggested in all such wells. Possible locations 
of other new bedrock monitoring wells include the vicinity 
of the Minnesota Level and outboard of the mine workings, 
and in the subdrainage formed in what is referred to as the 
“Schwartz Trend.” 

Is it possible that mine pool water could migrate 
offsite at depth and not report to Ralston Creek?

One of the poorly understood aspects of the deeper 
groundwater flow system near the mine workings and down-
gradient is the depth of active circulation of groundwater. 
Major geological structures with high, albeit heterogeneous 
permeability, such as the Illinois fault zone, are present at 
depth. These complex structures could facilitate transport of 
shallow groundwater to depths and distances distal from the 
mine site. Ralston Creek is the low point of hydraulic head for 
this watershed and relatively deep groundwater flow within the 
active flow zone may eventually discharge into Ralston Creek 
at some location downgradient from the mine site. If new bed-
rock groundwater wells were drilled, several with sufficient 
depth, they could be used for temperature and geochemical 
profiling that could establish if there is an effective “base” for 
flow in the bedrock aquifer.

What approach(s) might be taken in evaluating 
the “pre-mining baseline” groundwater quality 
in the mineralized, but unmined, bedrock?

Because of the large changes in the hydraulic heads com-
mon in mountain aquifer settings (for example, Manning and 
Caine, 2007) and the potential for groundwater mixing,  little 
if any, pre-mining groundwater may exist in the active flow 
system. Establishing pre-mining background groundwater 
quality is commonly difficult (for example, Nordstrom, 2008). 
However, dedicated bedrock monitoring wells could be evalu-
ated using tritium-helium isotopic dating methods. If deep 
bedrock water is untritiated, it could be of pre-mining age and 
quality. 
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Tritium is continually produced in the atmosphere at low 
concentrations, but was introduced into the atmosphere in 
large quantities in the 1950s during nuclear bomb testing. Tri-
tium concentrations in present-day precipitation are approxi-
mately 5 tritium units (TU) with variations depending on 
location. Because of its short half-life (12.3 years), recharged 
groundwater older than1950 (or 60 years old) has low levels 
of tritium (less than 0.5 TU). Likewise, recharged groundwater 
that is less than 60 years old does have detectable levels of 
tritium. More accurate groundwater dating can be achieved 
knowing the local tritium concentration and concentration of 
helium as a product of tritium. Tritium measurements indicate 
an “apparent” age of the groundwater age, as the technique 
cannot distinguish groundwater mixing.

Potential conduits from the flooded mine 
workings to the alluvium included historical 
exploration boreholes that were drilled into the 
deposit from the valley floor. One of these has 
been identified but are there methods available 
to identify the locations of others?

Electrical geophysical methods, particularly self-
potentials, may help to identify these locations, albeit with 
important limitations. Self-potentials are sensitive to variable 
concentrations of electrochemically discernible constituents 
such as sulfides (for example, Minsley and others, 2010) as 
well as anthropogenic sources of contamination such as steel 
(for example, Naudet and others, 2004). The spatial resolution 
may not be adequate for direct identification of small features 
such as exploration boreholes, however, the data may indicate 
where high TDS mine pool water may be emanating reduced 
bedrock water into the alluvium. Magnetic data may hold 
promise if there are steel pipes left in the boreholes; however, 
resolution may be an issue because the survey would have to 
pass close to the pipes to detect them. Direct current resistivity 
data could provide auxiliary information about the alluvium 
thickness and possibly variations in saturation, but data should 
be focused on several discrete profiles over the area of interest.

Summary

Given the dual purpose of this report as a technical 
review of Wyman and Effner (2007) and a presentation of lim-
ited new data by the U.S. Geological Survey, summary points 
are provided in the following two sections.

Review of Wyman and Effner (2007)

1.	 Hydrologic data provided in Wyman and Effner (2007) 
are thorough and comprehensive, but some interpretations 
of the data are questioned. Methods for estimating infiltra-
tion and groundwater recharge are not well documented 

and integrated into the report. Climatic data from Ralston 
Reservoir may not be adequate to understand climate at 
the mine site. Lack of quantification of evapotranspira-
tion hinders estimates of the contribution of infiltration to 
groundwater recharge and as an effect on the water level 
of the mine pool. 

2.	 In the formulation of the conceptual groundwater hydro-
geological model Wyman and Effner (2007) make some 
statements that could cause misunderstanding. Statements 
implying that the bedrock is “impermeable” and does not 
constitute an aquifer are oversimplifications and are con-
tradicted by data that show hydraulic conductivities in the 
range of common sandstone aquifers elsewhere. Based on 
the positive correlation between apparent infiltration from 
precipitation and inflow to the mine the bedrock aquifer 
shows behavior consistent with unconfined conditions.

3.	 Relations between foliations, joints and faults are not well 
described. The permeability of the primary structure that 
was mined for uranium, the Illinois fault zone and associ-
ated fault vein splays was not described and its geometry 
relative to Ralston Creek was not addressed in sufficient 
detail. The suggestion that groundwater flow is primarily 
vertical in areas away from the mine workings is not sup-
ported by data.

4.	 Uncertainty in the streamflow measurements was not 
adequately addressed, which effects the proposed loca-
tions and magnitudes of discharge into Ralston Creek. 
More accurate and precise measurements of flow are 
suggested to accurately identify inflows to the creek from 
bedrock sources.

5.	 Although the waste rock piles upgradient from the mine 
site have been capped and vegetated, their long-term 
integrity may not have been adequately addressed. 
The piles could become a contaminant source should 
their cap rock covers fail in the event of a major flood. 
Although geochemical sampling has not indicated recent 
contamination from the waste piles, there is potential 
for near-surface leachates and runoff from the piles to 
enter the shallow alluvial aquifer and be discharged 
downgradient. 

6.	 Use of the Thiem equation for determining an equilibrium 
water level for the mine pool is inappropriate for several 
reasons. The most important of these is that drawdowns 
during the pilot plant-pumping test are superimposed on 
the unknown, pre-mining static water level. Groundwa-
ter rebound to pre-mining conditions remains unknown 
after the pumping test was started, and no information is 
created that allows the static water level to be determined.  
Based on mine pool water levels from 2008, 2009, and 
2010 alternate approaches can be used to evaluate if water 
level rise in the mine workings is complete and how tran-
sients may impact the mine pool elevation.
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7.	 Units for uranium concentrations are not consistently 
used in the report making it difficult to follow some of the 
arguments and compare data sets.

8.	 As noted by Wyman and Effner (2007) it is likely that 
the “first flush” of dissolved solids after the sumps where 
shut down in 2002 had an effect on alluvial groundwater 
and stream water quality. After an apparent lag time for 
transit, this phenomenon increased the uranium concentra-
tions in Ralston Creek temporarily.

Additional Insights from Observations, New 
Data, and Data Interpretations of this Report

1.	 Structural geological and hydrogeological analysis indi-
cates that the pre-mining, primary segment of the Illinois 
fault zone that hosted the uranium deposit likely had 
locally high to extreme permeability. This structure may 
have contributed metals and sediments to the ancestral 
Ralston Creek as the creek incised to its current elevation. 
Although the primary segment of the Illinois fault zone 
does not cross Ralston Creek at the mine site, several 
associated fault vein splays do. These faults could act as 
preferential conduits for mine pool water to enter Ralston 
Creek. In addition, surface and subsurface data show a 
pervasive network of open, low angle joints that could 
facilitate lateral groundwater flow at the mine site and 
beyond.

2.	 Dissolved uranium concentrations in the stream above 
the mine site were low (1.47 µg/L) and high in the mine 
pool (33,300 µg/L) in November 2010, both of which are 
consistent with historical data.

3.	 Uranium concentrations in November 2010 in MW11, 
the bedrock monitoring well above and upgradient of the 
mine site, were also low (0.37 µg/L). Wyman and Effner 
(2007), reported uranium concentrations in MW11 that 
are quite variable and had a range of 0.007 mg/L to 2.63 
mg/L (7.0 µg/L to 2,630 µg/L). Additional sampling with 
full well purging may confirm the consistency of these 
concentrations.

4.	 Concentrations of total dissolved solids increase as 
Ralston Creek flows past the mine site. In November 
2010, downstream uranium concentrations were 347 µg/L 
to 506 µg/L. These concentration increases were observed 
even though sumps to collect alluvial groundwater and the 
water treatment plant were both in operation.

5.	 Uranium and sulfur isotopes are promising identifiers of 
mine pool water and mixing in the alluvial aquifer and 
Ralston Creek. More measurements may better define 
the isotopic composition of end member mine pool water 
(high uranium), end member upstream water from Ralston 
Creek (low uranium), and variations in sump water com-
pared to mine pool water.

6.	 Projections of the time for the mine pool to attain the 
elevation of the Steve Level were based on the recent his-
tory (July 2010) of changes of mine pool elevation from 
Wyman and Effner (2007) and suggest a range from about 
two to seven years or as early as Winter 2012 or as late as 
Fall 2017. The mine pool water level data show progres-
sive, and sometimes slow, episodic rise of the mine pool 
elevation indicating that the rate of drainage is currently 
(2010) slower than the rate of inflow from natural ground-
water flow and recharge. Inflow transients during spring 
are not fully drained over time and cause a net increase in 
mine pool elevation. It is not clear if the mine pool will 
continue to rise to reach the Steve Level or higher, or if 
the recent transients will stabilize. Continued monitoring 
is suggested.

7.	 In order to estimate the time for groundwater to flow 
from the mine pool to Ralston Creek new computations 
of average linear velocities were completed using several 
scenarios. The computations are based on data primarily 
from Wyman and Effner (2007) that allow for estimates 
of hydraulic head gradients in directions most likely for 
groundwater flow, likely values of bulk hydraulic con-
ductivities and effective porosities. The results indicate 
a range of possible groundwater travel times from the 
mine workings to Ralston Creek of about 4 months to just 
under 3,800 years. The large range of probable hydraulic 
conductivities and viable effective porosities causes the 
large range in computed travel times. When using the 
reported average hydraulic conductivity and mid-range 
effective porosity, the travel times are on the order of 11 
to 65 years. If a worst-case scenario is considered using 
the reported maximum hydraulic conductivity and mini-
mum estimate of effective porosity, travel times range 
from about four months to two years. (It is notable that 
after the mine pool elevation rose above the elevation of 
Ralston Creek (about March 2007) the dissolved uranium 
concentrations in Ralston Creek at the mine site and 
below more than doubled over about a two-year period.)  
Estimates of average linear velocity do not account for 
variable precipitation or dissolution of individual dis-
solved species through a number of possible chemical 
reactions. 

8.	 Before March 2007, the mine pool elevation was below 
the elevation of Ralston Creek, so mine pool ground-
water could not flow toward the creek at the mine site. 
After Sump 1 recirculation was shut down in April 2008, 
uranium concentrations have been increasing in Ralston 
Creek during base flow conditions and in the alluvial 
groundwater as confirmed by new U.S. Geological Survey 
data collected in November 2010.
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Conclusions

1.	 The mine pool elevation continues to rise, albeit at a slow 
rate, and its elevation is correlated with temporal varia-
tions in precipitation. Currently (2010), inflow to the mine 
workings is greater than outflow through the bedrock 
aquifer in response to variable recharge events. The 
equilibrium condition for the mine pool elevation and the 
magnitude of potential variation from an equilibrium con-
dition, particularly for a consecutive series of wet years, is 
difficult to predict and unknown at this time. 
If the recent record of change of mine pool elevation is 

representative of future potential changes, the mine pool may 
reach the Steve Level in approximately two to seven years 
unless inflow decreases in response to changes in precipitation 
or outflow increases in response to increased head in the mine 
pool. The water table elevation of the mine pool is controlled 
by the three-dimensional head regime; the bulk hydraulic con-
ductivity of the bedrock; the ability of geometrically complex 
heterogeneities in lithology, structure, and mine workings to 
enhance or impede outflow; and transients imposed on the 
system by groundwater recharge.

Numerical groundwater flow modeling could provide 
some insights; however, there currently are too few data from 
existing monitoring wells to capture the three-dimensional 
head regime and how it may vary seasonally. Given that the 
mine pool is currently (July 2010) about 15 ft below the Steve 
Level and that the local head gradient is extreme, continued 
monitoring of the mine pool elevation is suggested for pre-
venting potential seepage of uncontrolled mine pool water into 
the environment. Drilling of new strategically located moni-
toring wells, especially ones screened only in bedrock, may 
provide important head and geochemical data. Geophysical 
logs for temperature, fluid conductivity, televiewer and flow 
metering of new wells may better delineate the types, loca-
tions, and frequencies of the structures that control flow.
2.	 Prior to 2007 when the mine pool was below the eleva-

tion of Ralston Creek the primary source of uranium to 
Ralston Creek was contaminated alluvial groundwater. 
Now that the mine pool elevation is higher than Ralston 
Creek the concentration of dissolved uranium in alluvial 
groundwater and Ralston Creek appears to be higher than 
historic values and is increasing. New pairs of nested 
wells screened in the bedrock only and in the alluvium 
only are needed at a variety of appropriate locations to 
better characterize head between the bedrock and alluvial 
aquifers, flow directions, and their chemical compositions. 
Such wells will also provide more detailed monitoring of 
any contaminated water moving towards Ralston Creek. 
An additional set of wells located between the Steve 
Portal and Ralston Creek and near Ralston Creek along 
“the Schwartz Trend” is also recommended.

3.	 The Illinois fault zone likely had high local permeability 
prior to mining. The fault zone is a highly segmented 

structure with many fault vein splays branching from it. 
The primary structure that was mined for uranium jogs 
into parallelism with Ralston Creek but the major segment 
that hosted the uranium deposit does not appear to cross 
Ralston Creek at the mine site. However, several minor 
fault vein splays likely cross Ralston Creek at the mine 
site based on the observations of such structures at the 
portal on the northeast side and in line with the mapped 
trace of the Illinois fault zone. Potential exists for these 
fault vein splays to act as preferential conduits for mine 
pool water to eventually enter Ralston Creek. There is 
a network of surface and subsurface open, albeit likely 
low permeability, low angle joints that could accommo-
date lateral groundwater flow. These joint networks are 
pervasive in the region and are likely the primary con-
trol of permeability and permeability anisotropy within 
the bedrock aquifer away from the fault-related mineral 
deposits. Mine pool derived water may also travel through 
the relatively permeable alluvium before reaching the 
creek. Geochemical reactions along diverse flow paths 
in bedrock or alluvium may change the chemistry of the 
water, making identification of a mine pool source more 
challenging.  

4.	 Stream tracer dilution studies in Ralston Creek would 
accurately locate and quantify groundwater inflows to 
the stream and the chemistry of those inflows. Specific 
sampling during such tracer studies may include locations 
where the subsidiary structures of the Illinois fault zone 
cross Ralston Creek to help determine if they are conduits 
for mine pool water. Ideally, several tracer dilution studies 
may be considered:  One at high flow during runoff, and 
two at base flow, one with the sumps in operation, and 
one with them shut down. Construction of flumes or weirs 
above and below the mine site might also provide longer 
term monitoring of Ralston Creek discharge and loading if 
regular samples are collected at such installations. Stream 
tracer dilution studies could help determine the best loca-
tions for such installations. A well drilled through one of 
the waste rock piles and into the alluvial saturated zone 
could monitor leaching at the base of the piles and could 
be tied to monitoring at stream locations near the waste 
rock piles. A contingency plan for a major flood that could 
disrupt the piles may be considered.

5.	 Additional uranium and sulfur isotopic measurements 
of all sampled water from tracer dilution studies along 
Ralston Creek, monitoring wells, sumps, and the mine 
pool have potential for distinguishing groundwater 
sources. Isotopic compositions of uranium-rich water are 
insensitive to dilution and thus individual sources such as 
mine pool water are traceable in the local environment of 
the mine and downstream from the mine site.

6.	 The exact locations of each of the now buried adit portals 
were not provided in Wyman and Effner (2007). Although 
there are no known mine workings that cross Ralston 
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Creek in the subsurface, the completion of accurate 
mapping of adits and any previously unknown workings 
are suggested as part of the future reclamation of the mine 
site because these features are possible sources of outflow 
of rising mine water that could be sealed.

7.	 The mine pool water could be sampled to identify any 
chemical and isotopic heterogeneity with depth or lateral 
position within the mine workings. This could more accu-
rately and completely characterize this source of uranium 
and other contaminants. 

8.	 Development of a more complete water budget and 
hydrologic mass balance for the mine site could better 
constrain estimates of infiltration rates and amounts of 
groundwater that lead to seasonal transients in the eleva-
tion of the mine pool.
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Figure N.  Fault zone, fracture, and fault vein conceptual models showing physical components and potential 
hydrological influences. The ellipse depicts the possible directions of maximum and minimum permeability for a fault 
or fault vein after they have formed causing them to be complex conduit-barrier systems. A sketch of the basic types 
of fractures found in nature with the ideal maximum principal stress (s1) orientation that controls their formation is 
also shown.
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Appendix: Definitions of Brittle 
Structures

Groundwater flow in crystalline rock is commonly con-
trolled by brittle structures. To better understand the character-
istics of brittle structures and their potential hydraulic effects, 
a series of definitions is provided along with a detailed figure 
depicting these structures (Figure N). The term fracture is 
nongenetic and simply refers to a crack. Joints are opening-
mode fractures in which the direction of movement of the two 
subparallel walls is perpendicular to one another (Figure N). 
Faults are shearing-mode fractures where the walls slide past 
one another in directions other than perpendicular to one 
another. Although a shear fracture can open for an instant, the 
effect of shearing tends to grind wall-rock materials, which 
effectively closes the structure. A vein is simply a fracture, 
whether a joint or fault, that is filled with a mineral precipitate. 
Veins can also have openings within them referred to as vugs. 
If a vein has accommodated shear, it is referred to as a fault 
vein.

Fault zones are complex networks of shear- and opening-
mode structures, and they commonly contain veins. Fault 
zones have distinctive components that impart structural, 
lithological, hydrological, and mechanical heterogeneity into 
a rock mass (Caine and others, 1996). Components include a 
fault core where most of the strain has been accommodated 
and where fault rocks such as gouge or fault breccia form 
(Figure N). Fault cores are commonly surrounded by and 
are in sharp contact with a damage zone that is related to the 
growth of the fault and is composed of networks of small 
faults, joints, veins, and folds (Chester and Logan, 1986). The 
contact between a fault core and damage zone is commonly a 
polished and striated slip surface that can be heterogeneously 
open or closed. Other damage related to faults include another 
set of subsidiary structured such as splays, horsetails, and 
other structures that branch from or are associated with distrib-
uted deformation with the rock mass. These fault components 
are surrounded by the protolith or relatively undeformed host 
rocks. 

Because fault cores are commonly composed of clay-
rich gouge or crushed and cemented rock, they can have 
permeability that is orders of magnitude lower than that of 
the surrounding rocks, thus forming a barrier to groundwater 
flow. However, some fault zones are composed primarily of 
networks of open joints with higher permeability than is found 
in the surrounding rock, causing the fault to be a conduit to 
flow. Most commonly, fault zones have a core and damage 
zone that can cause the fault to be both a conduit and a barrier 
to flow—impeding flow across the fault and enhancing flow 
parallel to it, depending on the orientation of the hydraulic 
gradient relative to the orientation of the fault zone (Caine and 
Forster, 1999). Fault zones can also have internal heterogene-
ity with multiple cores or poorly developed damage zones (or 
both). Fault veins can be quite complex with extremely low 
permeability, massive veins adjacent to clay-rich fault cores, 

pods of damaged rock, slip surfaces, and fracture networks 
sandwiched between the veins and gouge. These structures 
may cause complex baffling and rerouting of groundwater 
flow that interacts with fault veins (Figure N). 

Appendix: Bibliography

Introduction to Finding and Accessing 
Bibliographic Information

The bibliography of materials reviewed for this project is 
an important aspect of the basic research. Though not all of the 
materials reviewed were directly referenced in this evalua-
tion, the bibliography provides access to additional scientific 
research that may be of interest as supplemental material. U.S. 
Geological Survey library resources were used for comprehen-
sive searches of relevant historical and scientific publications 
for the Schwartzwalder Uranium Mine, underground mine 
water rebound, groundwater flow in faulted and fractured crys-
talline rocks, solute transport of uraniferous groundwater, and 
other relevant topics. The following summarizes the sources 
used through the USGS Library to find the citation informa-
tion, as well as the access points for the public to find and 
obtain the documents of interest.

Since 1882, the U.S. Geological Survey Library has pro-
vided information and data to the Nation. Here in Colorado, 
the U.S. Geological Survey Library has been available to the 
public since 1948. Though times have changed with the onset 
on the Internet, both print and electronic resources are con-
sistently used in every bibliographic request. The public has 
access to several information sources from the U.S. Geological 
Survey Library at URL: http://library.usgs.gov. Additionally, 
the public has access to many geoscience indexes, databases, 
e-journals, and e-books from computers available for the 
public to use onsite. Many historical print reference materi-
als, for example publications from the U.S. Bureau of Mines, 
are also available to the public. Books and journal articles 
unavailable from the U.S. Geological Survey Library System 
were obtained by librarians through the network of libraries 
across the country, and some cases the world, participating in 
Interlibrary Loan (ILL).

To compile a comprehensive review of the Schwartz-
walder Uranium Mine, both print and electronic bibliographic 
resources were used. Because geology and hydrogeology 
publications are disseminated and indexed through a variety 
of sources, commercial databases, library catalogs, agency 
indexes and bibliographies, and project bibliographies and 
publication lists were thoroughly reviewed to compile the 
comprehensive bibliography. The bibliography of materi-
als reviewed are listed by author and organized by using 
Endnote™. Duplicate author and title citations exist because 
papers and reports are published by more than one source and 
(or) series and it is important to document these references for 
future research. The primary keyword searches used in various 
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appropriate combinations include mine water, mine groundwa-
ter rebound, mine pool flooding, fault and fracture, uranium, 
groundwater, hydrology and hydrogeology, solute transport, 
vein, Schwartzwalder, Ralston Creek, and Ralston Reservoir. 
Additionally, the bibliography includes citations of commer-
cial bibliographic online sources used; online open sources 
available to the public, including several U.S. Geological Sur-
vey databases; access points on downloading full-text publica-
tions applicable to this assessment; and print indexes utilized 
to compile bibliographic information on the topic. 
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