Ross ISR Project

APPENDIX D5
Geology

January 2011

Ross ISR Project

TABLE OF CONTENTS
D5

GEOLOGY ....................................................................................... D5-1

D5.1
Regional Setting ........................................................................ D5-1
D5.1.1
Structural Geology .............................................................. D5-1
D5.1.2
Stratigraphy........................................................................ D5-3
D5.2
Permit Area ............................................................................... D5-6
D5.2.1
Structural Geology .............................................................. D5-6
D5.2.2
Stratigraphy........................................................................ D5-9
D5.2.2.1 Sub-Pierre Shale ........................................................... D5-12
D5.2.2.2 Pierre Shale................................................................... D5-12
D5.2.2.3 Fox Hills Formation....................................................... D5-13
D5.2.2.4 Lance Formation ........................................................... D5-17
D5.2.2.5 Stratigraphic Continuity................................................ D5-21
D5.3

Ore Mineralogy and Geochemistry ........................................... D5-22

D5.4

Historic Uranium Exploration/Development Activities ............. D5-26

D5.5
Seismology .............................................................................. D5-26
D5.5.1
Seismic Hazard Review...................................................... D5-26
D5.5.2
Seismicity ......................................................................... D5-27
D5.5.3
Historic Seismicity Near Permit Area ................................. D5-28
D5.5.4
Seismic Risk ..................................................................... D5-29
D5.5.5
Probabilistic Seismic Hazard Analysis ............................... D5-30
D5.6

References............................................................................... D5-32
LIST OF TABLES

Table D5-1.

General Terms Regarding Earthquake Intensity and
Magnitude ........................................................................D5-T1
LIST OF FIGURES

Figure D5-1.

Regional Tectonic Setting..................................................D5-F1

Figure D5-2.

Tectonic Map of the Black Hills Uplift and Eastern
Powder River Basin...........................................................D5-F2

Figure D5-3.

Regional Stratigraphic Column Modified from WGA
Guidebook for 20th Annual Field Conference (1968) ..........D5-F3

Figure D5-4.

Ross Project Area Bedrock Geology ...................................D5-F4

January 2011

D5-i

Ross ISR Project

TABLE OF CONTENTS (Continued)
Figure D5-5.

Generalized Geologic Cross Section Depicting Black
Hills Monocline in the Oshoto Area ...................................D5-F5

Figure D5-6.

Buswell Interpreted Faults ................................................D5-F6

Figure D5-7.

Stratigraphic Nomenclature used within Ross Permit
Area .................................................................................D5-F7

Figure D5-8.

Ross Project Area Geologic Fence Diagram ........................D5-F8

Figure D5-9.

Historic Earthquakes in Wyoming .....................................D5-F9

Figure D5-10. Probability of Earthquake with Magnitude 6.5 within
50 Years .........................................................................D5-F10
Figure D5-11. UBC Seismic Zone Map ..................................................D5-F11
Figure D5-12. Seismic Hazard at the Ross ISR Project Area ...................D5-F12
LIST OF ADDENDA
Addendum D5-1 Mike Buswell Master Thesis
Addendum D5-2 Drill Hole Tabulations
Addendum D5-3 Geologic Cross-Sections
Addendum D4-4 Isopachs and Structure Contour Maps

June 2011

D5-ii

Ross ISR Project

D5

GEOLOGY
The regional geology and seismology related to the Lance District in

general, and the local geology and seismology specifically related to the Ross
ISR Permit area are described in this section. Detailed information regarding
the structure, stratigraphy, and ore mineralogy of the permit area are
discussed to the extent that 10 CFR Part 40.32(e) allows Strata to obtain
sufficient subsurface information by exploration drilling.
D5.1

Regional Setting

D5.1.1

Structural Geology

The Lance District is geographically located along the west side of Crook
County in northeastern Wyoming. It is structurally situated between two major
tectonic features: the Black Hills uplift to the east and the Powder River Basin
to the west. Both of these structural features are related to the Laramide
Orogeny (uplifts of the Rocky Mountain region). The Black Hills of South
Dakota and Wyoming are commonly referred to as a classic example of doming
of the basement (Lisenbee 1978). The Black Hills uplift is the easternmost and
least deformed of the Laramide uplifts of the Rocky Mountain region (Lisenbee
1978). Figure D5-1 depicts the regional tectonic setting. The structural relief of
this uplift is of a moderate nature compared to other uplifts of the Wyoming
province (Lisenbee 1978).
Structural deformation that developed the Black Hills uplift and Powder
River Basin was initiated in the Late Cretaceous and Early Tertiary (Paleocene)
as Laramide crustal stresses. Erosion accompanied uplifting, and sediments
stripped off from the growing uplift filled the structural basin that was
synchronously developed to the west during the Laramide Orogony. The
depositional environments at that time consisted of near sea level low-relief
streams, flood plains, sloughs, and swamps that were inland of the open sea
that lay to the northeast. Through the Paleocene and into the Eocene, the
Powder River Basin subsided intermittently, followed by periods of stability
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resulting in the accumulation of several thousand feet of interbedded sands,
silts, clays and coal deposited in a near sea level environment. Deposition of
the Paleocene Fort Union Formation and Eocene Wasatch Formation was
followed by the deposition of the Oligocene White River Group, which covered
the Powder River Basin (Lisenbee 1988). The White River Group sediments
were deposited with angular unconformity across most of the eroded roots of
the uplift as well. During the Oligocene and Miocene Epochs, extensive
volcanism to the west provided a source of thick accumulations of tuffaceous
sediments that extended over much of the Powder River Basin and covered all
but the highest mountain ranges (Mears 1993).
The age of the major regional uplift that resulted in the removal of most
of the White River Group and formed the present-day Black Hills has been
established as late Oligocene, or possibly as late as Pliocene (Whitcomb and
Morris 1964 and Lisenbee 1988). Several erosional cycles in the stream valleys
suggest that uplifting and exhumation has continued throughout the Tertiary
Period. Uplifting may even prevail at the present time as streams in the Black
Hills region apparently are downcutting (Whitcomb and Morris 1964). The
north-northeast trending drainages in the Powder River Basin have continued
their downcutting through recent time resulting in the present topography of
the area (Mears 1993).
The Black Hills uplift is a broad north-trending domal structure
approximately 180 miles long and 75 miles wide with its core comprised of
Precambrian basement rocks. The intrusion of several large igneous masses
into the rocks underlying the area accompanied the uplifting. The tectonic map
of the Black Hills uplift and eastern Powder River Basin is depicted in Figure
D5-2. In detail, the uplift is not a simple fold, but rather consists of two
primary, north-trending en-echelon structural blocks, the western block and
the eastern block. The flanks of the uplift display different characteristics, with
a sharp monoclinal break on the west side of the western block and a broad
arch on the east side of the eastern block (Lisenbee 1988). The structurally
highest part of the uplift is on the eastern block centered on the exposed
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Precambrian core. The western block is bounded on the west by the Black Hills
monocline. The north-trending monocline separates the gently west-dipping
strata of the Powder River Basin from the uplift for a strike length of
approximately 150 miles. The maximum values of westerly dips in the rotated
limb range from 15 degrees west to vertical along strike (Lisenbee 1988).
The Powder River Basin, which borders the western flank of the Black
Hills uplift, is a structurally asymmetric Tertiary intermontane basin having
primarily Tertiary-age rocks exposed at the surface. The synclinal axis of the
basin is located along and near its western margin. Along the basin’s eastern
margin the structural dip of the sedimentary units is 1-2 degrees basinward.
As described by Lisenbee (1988), the resistant Paleozoic strata are dramatically
exposed in the monoclines along the western margin of the Powder River Basin
and form an impressive topographic front at the eastern flank of the Big Horn
Mountains approximately coincident with the uplift margin. In contrast, the
eastern basin margin is undistinguished topographically. The Cretaceous units
are only rarely reflected in topography at the Black Hills monocline, so the
uplift and basin are at roughly the same elevation for much of their shared
length.
D5.1.2

Stratigraphy

The regional stratigraphy of the Black Hills uplift and adjacent Powder
River Basin includes Precambrian crystalline basement rocks, Paleozoic,
Mesozoic and Cenozoic sediments, along with some localized occurrences of
igneous intrusive rocks. The regional stratigraphic column is depicted in Figure
D5-3. The rocks of western Crook County are predominantly clastic and range
from claystone to fine-grained sandstone. Some coarse and conglomeratic
sandstone and massive limestone occur near the base of the stratigraphic
sequence at great depth below land surface. This sedimentary series is
underlain by igneous and metamorphic rocks of Precambrian age (Whitcomb
and Morris 1964). Figure D5-4 depicts the regional bedrock geologic map.
Sedimentary rocks of Mississippian age and older are not exposed on the
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surface along the northern and western flanks of the Black Hills uplift, nor are
the Precambrian age crystalline basement rocks (Robinson et al. 1964).
Sediments exposed in the Lance District are primarily limited to Lower (or
Early) and Upper (or Late) Cretaceous and Quaternary age with the vast
majority of the Tertiary age sediments being eroded away.
The Lower Cretaceous sedimentary units include the Lakota and Fall
River Formations of the Inyan Kara Group. These sediments represent a
transitional environment with terrestrial fluvial sequences grading into
marginal marine sediments as the Cretaceous Interior Seaway inundated a
stable land surface. Sandstone deposits of Fall River Formation are known to
be uraniferous both locally and regionally (Robinson et al. 1964). Uranium
occurrences in the Carlile, Hulett Creek, and Elkhorn Creek areas were mined
by a number of companies during the 1950s and 1960s from sandstones of the
Fall River Formation.
Following deposition of the near-shore Fall River sediments, the
Cretaceous Interior Seaway inundated large portions of present day North
America. The resulting thick sequence of marine intervals are comprised of the
Skull Creek Shale, Muddy Formation, Mowry Shale, Belle Fourche Shale,
Greenhorn Formation, Carlile Formation, Niobrara Formation and Pierre Shale.
Total thickness of these Lower and Upper Cretaceous intervals in the Lance
District can exceed 5,000 feet.
As the Cretaceous Period drew to a close, the seas of the Interior Seaway
were in retreat (Lisenbee 1988). In the area of the future Black Hills uplift and
the Powder River Basin, offshore marine deposits of the Pierre Shale grade
upward into transitional marine sediments of the near shore Fox Hills
Formation. The Fox Hills Formation is an erratic near-shore sand development
deposited during regression of the Late Cretaceous sea (Dunlap 1958). It has
been divided by Dodge and Spencer (1977) into lower and upper units.
Sediments of the Lower Fox Hills were deposited in marginal marine, foreshore,
and shore-face environments (Dodge and Spencer 1980). Unconformably
January 2011

D5-4

Ross ISR Project

overlying the Lower Fox Hills rocks are estuarine sediments of the Upper Fox
Hills Formation (Dodge and Spencer 1977 and 1980). Dominated by nearshore, fine-grained sandstones, the Fox Hills Formation is a primary uranium
host in the Lance District and portrays initiation of Laramide Orogenic events
in the region. The transition from marginal marine to terrestrial sedimentation
patterns is apparent in the Fox Hills, with a generally fining upward sequence
typical of the Powder River Basin.
Continued Laramide Orogenic activity resulted in deposition of the Lance
Formation, which lies conformably upon the Fox Hills Formation. The Lance
records the deposition of continental deposits following the withdrawal of the
Upper Cretaceous sea in the Powder River Basin (Dunlap 1958). Marine
influence on sediment distribution terminated with the sandstones and
mudstones of the Lance Formation. The Lance was deposited on a relatively
stable platform located in what is now northeastern Wyoming. Resulting
depositional environments have been interpreted as being fluviodeltaic in origin
(Dodge and Powell 1975, Dodge and Spencer 1977, Dodge and Spencer 1980).
The Lance Formation consists of fluvial channel sandstones that make up
about one-third of the formation (Connor 1992); the rest of the formation is
composed of interchannel mudstone and sandstone (Dodge and Powell 1975).
The Lance channel sandstones are pale yellowish- or greenish-brown, finegrained to very fine-grained elongate sand bodies, ranging from 3 feet to over
150 feet in thickness with a source area from uplifts in western Montana
(Dodge and Powell 1975). The interchannel sediments are finer grained and
composed of medium- to dark-gray, sandy clay that swells when wet, and palereddish-brown to gray, tuffaceous mudstones (Dodge and Powell 1975). Thin
interchannel muddy sandstones are interlayered with the thicker sandstones,
and the mudstones commonly contain degraded plant debris but lignite and
coaly shales are conspicuously absent.
Paleontological data also represent a change from near-shore marine
conditions of the Fox Hills Formation to fluviodeltaic conditions of the Lance
Formation. The Fox Hills rocks contain marine type fossils and the Lance rocks
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contain numerous disarticulated bones of dinosaurs and other terrestrial
reptiles (Dodge and Powell 1975). Robinson et al. (1964) used the lowest brown
carbonaceous shale or swelling clay bed as the Fox Hills-Lance contact. Within
the Powder River Basin, the combined Lance and Fox Hills thicken from less
than 700 feet in the north to more than 3,300 feet in the south; there is little
change in thickness from east to west (Connor 1992). Deposition of the Lance
Formation ended at the Cretaceous-Tertiary boundary. Studies have indicated
that rainfall amounts increased dramatically, accompanied by greater amounts
of sandy sediments and eventually by the development of widespread peat
accumulating swamps in the upper part of the Paleocene (Connor 1992).
Deposition of fluvial sandstones, floodplain mudstones and coals document a
continued continental influence on sedimentation through the overlying Fort
Union Formation.
The Fort Union Formation of Paleocene age consists primarily of fluvial
lenticular siltstones and sandstones and floodplain claystones and mudstones
that contain subbituminous coal and carbonaceous shale. The Fort UnionLance contact is unconformable throughout the Rocky Mountain area and
marks the break between Cretaceous and Tertiary time (Dunlap 1958). The
general lithology of the Fort Union-Lance is similar and no consistent marker
denoting the contact can be identified over the Powder River Basin. Some
geologists pick the contact at the first coal bed encountered (Dunlap 1958). The
upper two-thirds of the Lance contains no coal seams (Brown 1958). The upper
parts of the Fort Union Formation (the Tongue River Member) host the very rich
coal seams mined near the center of the Powder River Basin north and south of
the city of Gillette, Wyoming.
D5.2

Permit Area

D5.2.1

Structural Geology

Due to the Black Hills monocline, there is a steepening of the regional
stratigraphic dip, which is essentially horizontal, to nearly vertical along the
eastern edge of the permit area. The rocks in this area have been rotated as a
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result of the flexure on the steeply inclined limb of the monocline (Buswell
1982). As indicated on the bedrock geologic map (Figure D5-4), the entire
permit area lies within the outcrop of the Lance Formation, while the other two
formations of interest (Fox Hills and Pierre Shale) crop out within ½ mile of the
permit area’s eastern boundary. A generalized geologic cross-section depicting
the Black Hills monocline in the vicinity of the permit area is shown in Figure
D5-5. An 85 degree dip to the west was measured at an outcropping of the
Pierre Shale located approximately ¼ mile east of the permit area, while
structural dips within the permit area were measured at 1 to 2 degrees
(basinward) at outcrops of the Lance Formation.
With the obvious exception of the Black Hills monocline, there are no
significant structural features in the permit area. No faults of major
displacement exist within the permit area; however, minor localized slumps,
folds and differential compaction features are common. Lineal features
originally interpreted by Buswell (1982) as structural faults are now believed to
actually be depositional rather than structural in origin. Strata conducted a
rigorous analysis of the data utilized by Buswell and, as explained below,
concluded that depositional irregularities and differential compaction of
dissimilar textures account for the minor changes in dip and/or thickness of
beds.
In 1982, M.D. Buswell completed his M.S. Thesis on the subsurface
geology of the Oshoto Uranium District for the South Dakota School of Mines
and Technology. The Thesis has been included as Addendum D5-1. The study
area for Buswell’s thesis is roughly the same area as the Ross ISR Project.
Buswell’s thesis presents a map of the structural contours on the base of the
Upper Fox Hills, which illustrates the locations of six, roughly east-west
trending structural faults in the permit area (Figure D5-6). Displacement on
these suspected subsurface faults were estimated to range between 10 and 30
feet. To support his interpretation, Buswell stated that, “slickensides were
present on a fault surface” in a core sample that intersected a fault, and that,
“sandstone was displaced against shale.” In addition, he cited the results of
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aquifer pumping tests conducted near suspected faults that suggested the
“presence of hydrologic barriers in the area,” and “that the barrier is fault
related.” Buswell’s observation of what he thought was a fault surface in a
single core sample is considered conjectural and a subjective judgment call. As
for the aquifer test cited by Buswell, the groundwater hydrologist (P.A. Manera)
who conducted and analyzed the test stated in his report (Manera 1978) that
the changing permeability and lateral discontinuity in the stratigraphy was the
more probable reason for some observation wells to be hydrologically isolated
rather than structural faulting causing no-flow boundary conditions.
In an effort to verify the existence of the faults that Buswell suspected,
and to identify and quantify the displacement of those faults, Strata developed
a series of detailed geologic cross sections drawn normal to the fault traces.
Only recently surveyed drill holes from the Nubeth research and development
project database that was developed in the 1970s by Nuclear Dynamics (later
ND Resources) were used to construct the cross sections. A review of the
historic information regarding the drilling program contained in the Nubeth
database indicated that the original drill holes were never surveyed. A great
majority of the historic Nubeth holes were capped with a cement plug
containing a metal tag that identified the old hole number. Utilization of a
metal detector was successful in locating these old holes, and once identified,
they were surveyed by Bearlodge Ltd. Inc. of Sundance, Wyoming. Many of the
Nubeth holes posted on the historic maps in the database were mislocated and
had erroneous collar elevations. As of June 18, 2010, approximately 300 of the
Nubeth project holes had been surveyed in the Ross permit area.
The effort to verify the existence of the structural faults interpreted by
Buswell also included a review of structure contour maps of distinctive
stratigraphic horizons across the permit area. The top and bottom elevations of
specific horizons (e.g., base of the Upper Fox Hills sandstone) having distinct
geophysical log signatures were calculated only from drill holes having correct
surveyed collar elevations, and were used to prepare the structure contour
maps. The structure contour map for each respective stratigraphic interval of
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importance with respect to the Ross ISR project is addressed within Section
D5.2.2.
A detailed review of the cross sections along with the structure contour
maps indicate that the east-west faults as mapped by Buswell in the Ross
permit area are not perceptible. What do appear to exist, however, are localized
slumps and differential compaction features overprinted on an undulating or
rolling terrain. In the sections where there is an apparent dip change and an
indicated displacement in the range of 10 to 12 feet, these minor displacements
most likely relate to undulating or rolling terrain, common in the Pierre Shale
and overlying basal Fox Hills, and/or differential compaction of sandstone
versus shale. These local features do not consistently carry through more than
one to two cross sections, further evidence for lack of faulting.
Buswell, in his thesis, acknowledged that he had access to ND
Resources’ drill hole database for his analysis. Buswell presumably would have
used the U.S. Geological Survey’s topographic map to visually locate and
estimate drill hole collar elevations because the NuBeth holes had not been
surveyed. The original U.S. Geological Survey topographic map for this area
was the Oshoto 15-minute quadrangle, which was issued in 1954 and had a
contour interval of 40 feet. Minor fault displacement of 10 to 30 feet, as
suspected by Buswell, could be accounted for by erroneous drill hole collar
elevations. The use of stratigraphic information from unsurveyed drill holes
within a very complex stratigraphic section is obviously problematic and
discredits any subsurface geologic structural interpretation. Therefore, Strata
does not consider Buswell’s structural fault interpretations to be valid.
D5.2.2

Stratigraphy

Detailed analysis of the subsurface stratigraphy and mineralogy of the
Ross permit area began in the early 1970s with the first uranium exploration
and development efforts in the Oshoto area. Beginning in 1971, Nuclear
Dynamics began a multi-phased drilling program in the Lance District. The
initial, wide-spaced drilling phase provided information on stratigraphic
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correlations of the Lance Formation and the first identification of oxidationreduction boundaries and mineral intercepts. From 1971 to 1975, thousands
of exploration holes were drilled to delineate roll front uranium deposit
boundaries and provide information for the economic evaluation of uranium
deposits. From 1975 to 1977, exploration efforts emphasized the development
of a mineable ore deposit in the Oshoto area. In 1978, Nuclear Dynamics
formed a joint venture with Bethlehem Steel called the NuBeth Joint Venture.
That year NuBeth developed and briefly operated a pilot ISR plant within the
permit area. All exploration efforts in the Oshoto area ended in 1979 upon
completion of an initial test of the leach chemistry, concurrent with a sharp
decrease in interest in nuclear energy following the Three Mile Island Incident.
Nubeth discontinued their Oshoto project in 1983.
In 2007 and 2008, Strata initiated mineral acquisition in the Lance
District and acquired a portion of the NuBeth drill hole database. Strata
subsequently began confirmation and exploration drilling for the Ross ISR
Project in September 2008. Strata continued with exploration and development
(delineation) drilling in 2009 and also acquired the complete historic NuBeth
database that same year. As of June 18, 2010, there were 1,115 surveyed drill
holes and 962 unsurveyed drill holes within a ½-mile radius of the permit area.
Core samples were collected from 14 of the surveyed holes.
The main objective of Strata’s program of rotary mud and core drilling
was to confirm the presence of the historic uranium mineralization and
enhance the understanding of the area’s geology. A geophysical log (resistivity,
spontaneous potential and gamma radioactivity) of each hole is used to help
interpret the subsurface stratigraphy in parallel with lithologic logging of drill
cuttings. Core samples also provide detailed lithologic data for stratigraphic
correlations. Unsurveyed NuBeth holes have been and continue to be located
by Strata and surveyed. Strata has also completed 27 monitor wells in the
permit area, which are included in the total number of surveyed drill holes.
Addendum D5-2 includes a tabulation of all drill holes located within a ½–mile
radius of the permit area that provide valid subsurface information. Borehole
locations are depicted on Exhibit RP-1-1.
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Specific to the Ross permit area, the stratigraphic sequence of
importance is, in descending order: recent unconsolidated surficial deposits
including residual soils, colluvium and alluvium, Lance Formation, Fox Hills
Formation,

and

Pierre

Shale.

Figure

D5-7

depicts

the

stratigraphic

nomenclature that is used within the permit area for the Ross ISR Project. This
figure illustrates the geophysical log and corresponding lithology obtained from
exploration drill hole number RMR008, the location of which is shown on
Figure D5-4. This particular drill hole was chosen as the “type log” for the
permit area due to the clarity of the geophysical logs and the associated
stratigraphic descriptions from land surface to the top of the Pierre Shale. The
Pierre Shale conformably underlies the Fox Hills Formation, which is divisible
into upper and lower units (Dodge and Spencer 1980). Upper Fox Hills strata
comprise the lower mineralized horizon (designated herein as the FH horizon
having uranium roll fronts A through D). Overlying the Fox Hills is the Lance
Formation.

The

boundary

between

these

formations

is

conformable.

Mineralization also occurs in the Lower Lance (designated herein as the LT
horizon having roll front uranium deposit E). Recent unconsolidated surficial
deposits (i.e., residual soils, colluvium and alluvium) lie unconformably upon
the Lance Formation.
A total of 371 geophysical logs that were of sufficient resolution and
considered most representative of the stratigraphy were selected for the
preparation of six geologic cross sections that are used to illustrate the
subsurface stratigraphy of the permit area. These cross sections, which are
constructed both parallel and perpendicular to the local dip, are included in
Addendum D5-3. Due to the large number of geophysical logs that were used to
construct the cross sections, each one was broken up into segments for
illustration purposes. For example, Figure D5.3-2 Sheets 1 through 12 are the
segments used to create of Cross Section A-A'. Figure D5.3-1 in Addendum D53 illustrates the locations of the cross sections and the individual segments
that make up each section.
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Descriptions of each of these stratigraphic units and the important
implications they have from groundwater hydrological and ISR operational
perspectives are discussed below in ascending order.
D5.2.2.1 Sub-Pierre Shale
Formations older than the Upper Cretaceous Pierre Shale are listed on
the Regional Stratigraphic Column (Figure D5-3). The eastern edge of the Ross
permit area lies essentially along the trace of the Black Hills monocline, as
depicted on the bedrock geology map (Figure D5-4). As such, the outcrops of
seven Upper and Lower Cretaceous formations (Niobrara, Carlile Shale,
Greenhorn Formation, Belle Fourche, Mowry, New Castle, and Skull Creek)
underlying the Pierre Shale occur within roughly 2 miles of the permit area.
The Pierre Shale in this area is a massively thick marine shale that is
considered a regional confining layer. The older, underlying formations are
therefore sufficiently separated by the Pierre from the overlying Fox Hills and
Lance formations so as to not be of interest here, with the following exception.
An analysis of the geology and water quality of potential injection zones was
performed to evaluate the optimum targets available at the proposed project
area for Class I wastewater injection wells. As such, the Cambrian-age
Deadwood and Flathead formations were selected as the optimum target
injection interval. The Class I Underground Injection Control (UIC) permit
application for the Ross ISR project was prepared by Petrotek and is included
in Mine Plan Addendum MP-3. Based on Petrotek’s geologic analysis, the
Deadwood and Flathead formations will likely be encountered at depths of
approximately 8,163 and 8,565 feet below land surface, respectively.
D5.2.2.2 Pierre Shale
The Pierre Shale, of Upper Cretaceous age, is the oldest formation of
interest for the Ross ISR Project. As indicated on Figure D5-7, the stratigraphic
horizon nomenclature for the Pierre Shale is “KP” within the permit area.
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As indicated on the bedrock geology map (Figure D5-4), the Pierre Shale
crops out approximately ¼ mile east of the permit area. Outcrops of Pierre
Shale are poorly exposed, but are distinguishable in the subsurface by electric
logs and core (Buswell 1982). Typically, historic Nubeth and recent Strata
Energy drill holes have been terminated in the top of the Pierre Shale.
Therefore, the description of the full Pierre Shale section included herein is
based on information obtained from other sources. The Pierre Shale is
comprised of massive, dark grey to black silty shales with relatively uniform
composition. Siphonites, trace fossils identified in core samples, give indication
of a marine environment of deposition (Dodge and Spencer 1980).
Based upon the thickness of the outcrop on the bedrock geology map
(Figure D5-4) and geophysical logs from oil wells located in the general area,
the Pierre appears to be approximately 2,200 feet thick in the Ross ISR permit
area. Depths to the top of the Pierre Shale within the permit area range from
roughly 500-650 feet in the northeastern quadrant, 690-870 feet in the
southeastern quadrant, 740-920 feet in the southwestern quadrant, and 860980 feet in the northwestern quadrant. Spontaneous potential (SP) and
resistivity (R) logs for drill holes that penetrated the Pierre Shale, such as drill
hole RMR008 (Figure D5-7), and logs for oil wells typically indicate the absence
of water-bearing zones. Locally, the upper Pierre Shale is void of any permeable
water-bearing strata. Due to its thickness and low permeability, the Pierre
Shale is considered the lower groundwater confining unit within the Ross ISR
Permit area. The Pierre provides a significant hydraulic barrier between water
bearing intervals within the older, underlying Cretaceous, Mesozoic, and
Paleozoic formations and the younger, overlying Upper Cretaceous Fox
Hills/Lance formations. Additional discussions on the hydraulic characteristics
of the Pierre Shale are included in Appendix D6.
D5.2.2.3 Fox Hills Formation
The bedrock geology map, Figure D5-4, depicts the Upper Cretaceous
Fox Hills Formation cropping out along the eastern boundary of the Ross
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permit area. In the vicinity of Oshoto, Dodge and Spencer (1980) divided the
Fox Hills Formation into lower and upper units, based on differences in color,
bedding, trace fossils, lithology and texture.
D5.2.2.3.1 Lower Fox Hills Formation
The Lower Fox Hills Formation, as described by Buswell (1982), consists
of two sand members separated by interbedded shales and silts. The lower of
the two, or basal, sand horizons is comprised of sandstones with thin interbeds
of shale and siltstone, capped by a calcareous-cemented sandstone. The
contact between the underlying Pierre Shale and the Lower Fox Hills Formation
basal sand horizon is gradational, with the basal sandstone typically exhibiting
a coarsening upward with a very sharp upper contact with overlying shales and
siltstones. As indicated on Figure D5-7, the stratigraphic horizon nomenclature
for the basal sandstone in the Lower Fox Hills is “FS”, and its thickness is
typically around 20 to 35 feet.
Overlying the FS horizon is an interval comprised of dark gray to black
shale, claystone and mudstone. This interval is described herein as the Basal
Fox Hills Lower confining unit (or aquitard). The stratigraphic horizon
nomenclature used herein for this shale unit in the Lower Fox Hills is “BFH”,
and its thickness is typically around 30 to 50 feet within the permit area
(Figure D5-7).
The upper of the two sand horizons in the Lower Fox Hills consists of
thin bedded sandstones and interbeds of shales, siltstones, and calcareouscemented sandstones (Buswell 1982). Typical of this sand interval, the basal
contact is sharp, then fining upward to a gradational upper contact. The
stratigraphic horizon nomenclature used herein for this upper sand horizon in
the Lower Fox Hills is “BFS” (Figure D5-7), and it is believed to be continuous
throughout the permit area. With respect to this sand member’s significance to
the Ross ISR Project, and in particular to the occurrence of groundwater in the
Oshoto area, it is the first water-bearing interval that lies stratigraphically
below the uranium ore-bearing sands in the Upper Fox Hills Formation.
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Groundwater monitoring wells have been installed in this saturated interval,
which demonstrates hydraulic continuity and the same basic lithologic
characteristics throughout the permit area (see Appendix D6). This sand
interval is also referred to as the deep monitoring zone, or “DM” interval.
Structure contour maps that depict the elevations of the upper and lower
surfaces of the DM interval, as well as an isopach map that depicts the DM
interval’s thickness within and near the permit area are included in Addendum
D5-4 as Figure D5.4-1, D5.4-2 and D5.4-3 respectively. The thickness of the
DM interval ranges from around 10-30 feet and averages about 16.5 feet thick
within the permit area. Within the permit area, depths to the top of the DM
zone range from roughly 480-620 feet in the northeastern quadrant, 500-680
feet in the southeastern quadrant, 600-760 feet in the southwestern quadrant,
and 550-790 feet in the northwestern quadrant.
Conformably overlying the BFS horizon (DM aquifer) is an interval
comprised of thin interbeds of black to dark gray shales, siltstones and
claystones. This shale unit contains the marine trace fossil Thalassinoides,
which is the only trace fossil found in the Lower Fox Hills (Dodge and Spencer
1980). This shale interval is also described as the Basal Fox Hills lower
confining unit. The stratigraphic horizon nomenclature used herein for this
aquitard is “BFH” (Figure D5-7). The DM interval is separated from the Upper
Fox Hills sandstones by this shale unit. An isopach map that depicts the
thickness of the BFH shale interval, which is also referred to as the Lower
Confining Unit, within and near the permit area is included in Addendum D5-4
as Figure D5.4-4. The thickness of this confining shale interval ranges from
around 10-50 feet and averages about 32 feet thick within the permit area.
Additional discussions on the confining properties of the BFH Lower Confining
Unit shale aquitard, which is believed to be continuous throughout the permit
area, are included in Appendix D6.

January 2011

D5-15

Ross ISR Project

D5.2.2.3.2 Upper Fox Hills Formation
Buswell (1982) determined that there are two types of sandstone deposits
that are prevalent within the upper Fox Hills Formation in the Oshoto area: 1)
thick-bedded, blocky sandstones and 2) thin, interbedded sandstones,
siltstones and shales.
The blocky sandstones are light grey to grey, well to moderately well
sorted,

and

fine-grained.

Intraformational

shale

pebble

conglomerates

commonly occur at, or slightly above, the basal contact between Upper and
Lower Fox Hills. Shale clasts are well rounded and have been found in core to
range up to 6 inches in diameter.
The thin, interbedded sandstones, siltstones, and shales represent either
low percentage sands or high alternation rate areas. Sandstones range from
olive green to grey, fine- to very fine-grained, and moderately to poorly sorted.
Black shales to dark grey siltstones are slightly bioturbated (disturbed by
organisms),

and

Dodge

and

Spencer

(1980)

identified

brackish-water

pelecypods in the same unit. Coalified leafy matter and small carbonaceous
fragments are present in core samples.
Uranium mineralization occurs in the marginal marine sandstones of the
Upper Fox Hills Formation, which are primary production targets of the Ross
ISR Project. The Upper Fox Hills sandstones make up the lower portion of the
mineralized zone, and as depicted on Figure D5-7, the stratigraphic horizon
nomenclature used herein for the upper Fox Hills mineralized zone is “FH”.
Mineralization occurs in three to four discontinuous interbedded sandstones
and the roll front uranium deposits have the letter designations of A, B, C, and
D, in ascending order (Figure D5-7). Within the permit area, the FH horizon
ranges in thickness from around 50 to 65 feet.
The FH horizon is also the lower portion of the ore zone aquifer, or what
is referred to herein as the “OZ” monitoring interval. The upper portion of the
mineralized zone, which also is the upper portion of the OZ aquifer, is within
the overlying Lance Formation.
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D5.2.2.4 Lance Formation
The bedrock geology map, Figure D5-4, shows that the Ross permit area
lies virtually within the outcrop of the Upper Cretaceous Lance Formation. The
Lance Formation sediments are poorly exposed at the surface, but are
distinguishable in the subsurface core and electric logs (Buswell 1982). The
Fox Hills-Lance contact is rarely exposed, but the marine beds of the Fox Hills
are directly overlain by fluviodeltaic sandstone and mudstone of the Lance
Formation. Only the lower section of the Lance Formation occurs in the permit
area.
As described in Section D5.1.2, the Lance Formation on the eastern side
of the Powder River Basin consists of a mixture of thicker fluvial channel
sandstone and thinner floodplain interchannel clays, mudstones, and very finegrained sandstones. The depositional environment of the Lance created a
stratigraphy that is complicated and vertically heterogeneous. In general, the
lower Lance Formation sediments are comprised of multiple sand bodies
bounded by abundant shales and siltstones.
Buswell’s investigation of the Lance Formation in the Oshoto area
included the lower 100 to 150 feet of the formation above the Fox Hills
boundary. Within this section of the formation, Buswell described two
depositional sandstone packages with opposing sand body geometry. Both
deposits are related in that deposition occurred in a continental setting, but
were influenced by varied local processes active in a progradational coastal
setting. Streamflow directions throughout Lance sedimentation in northeastern
Wyoming are predominantly south to southeast (Dodge and Powell 1975).
Sandstones were deposited as distributary channels and crevasse splays on a
lower coastal or delta plain.
The following description of the Lance Formation sediments is taken from
M.D. Buswell’s 1982 M.S. Thesis on the subsurface geology in the Oshoto area:
The lowest sand package of the Lance Formation is comprised of
narrow, rejoining fluvial channel deposits. Channel sandstones form
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sharp upper and lower contacts and display abrupt boundaries with
laterally equivalent interchannel sediments. The sandstone deposits in
the lowest section are divided into thick bedded sandstones and thin,
interbedded sandstone, siltstone, and shale. Thick-bedded sandstones
are gray to light gray, fine- to very fine-grained, and often have clasts of
carbonaceous fragments and coalified woody materials. Interbedded
sediments have dark brown and gray organic-rich shales, black lignitic
shales, and dark gray, very fine-grained sandstones and siltstones. Basal
Lance distributaries formed a complex rejoining channel pattern that
probably resulted from rapid and repeated channel diversions.
Sandstones form a net of north-south oriented sand bodies within this
section. These sand bodies are typically narrow and straight, rejoining
channels trending roughly north-south that extend out of the Oshoto
area.
Located above the lower Lance channel-interchannel deposits are
sediments comprised of small, east-west-trending sandstones, which are
fine- to very fine-grained. The types of sand bodies occurring within this
section are multiple narrow east-trending shoestring sandstones and a
singular, broad, wedge-shape sandstone that grades easterly into
multiple shoestring sand channels. Sand trends extend west out of the
Oshoto area. Lateral boundaries for individual sand bodies are abrupt.
These sand bodies are bounded by abundant dark gray shales and
siltstones. (Buswell 1982)
The Lance Formation is of particular importance to the Ross ISR Project.
Uranium mineralization occurs in the fluvial sandstones of the basal Lance
Formation, which, combined with the uranium mineralization of the Upper Fox
Hills sandstones (FH horizon), are primary production targets of the Ross ISR
Project. The basal Lance sandstones comprise the upper portion of the
mineralized zone, and as depicted on Figure D5-7, the stratigraphic horizon
nomenclature used herein for the lower Lance mineralized zone is “LT”.
Mineralization occasionally in the LT horizon as roll front uranium deposits
having the letter designation of E (Figure D5-7). Within the permit area, the LT
horizon ranges in thickness from around 30 to 40 feet. The uranium orebearing sands of the upper Fox Hills Formation (FH horizon) and lower Lance
Formation (LT horizon) are saturated and capable of transmitting groundwater.
Monitoring wells have been installed in this saturated interval, which is
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referred to as the ore zone aquifer, or the “OZ” monitoring interval, throughout
the permit area (refer to Appendix D6).
Structure contour maps that depict the elevations of the upper and lower
surfaces of the OZ interval, as well as an isopach map that depicts the OZ
interval’s thickness within and near the permit area are included in Addendum
D5-4 as Figures D5.4-5, D5.4-6 and D6.5-7, respectively. The thickness of the
OZ interval ranges from around 100-180 feet and averages about 136 feet thick
within the permit area. Within the permit area, depths to the top of the OZ
interval range from roughly 250-430 feet in the northeastern quadrant, 300500 feet in the southeastern quadrant, 410-660 feet in the southwestern
quadrant, and 400-650 feet in the northwestern quadrant.
Overlying the OZ aquifer is a sequence of thinly interbedded, gray to dark
gray mudstones, claystones, siltstones, and very fine-grained sandstones. As
depicted on Figure D5-7, the stratigraphic horizon nomenclature used for the
Ross ISR Project for these predominantly floodplain deposit intervals are, in
ascending order “LC”, “LS”, “LR”, “LQ”, “LP”, “LO”, and “LN”. Overall, the
thickness of this entire sequence typically ranges from about 55 to 145 feet.
These very fine-grained sediments that lie directly above the OZ aquifer have
been determined to be areally continuous throughout the permit area and
impermeable to groundwater flow (refer to Appendix D6). An isopach map of
the LC horizon aquitard, which is also referred to as the Upper Confining Unit
(Figure D5-7), within the permit area is included in Addendum D5-4 as Figure
D5.4-8. The thickness of this areally continuous confining unit ranges from
around 20-80 feet and averages about 43 feet thick within the permit area.
Additional discussions on the confining properties of the LC horizon aquitard
are included in Appendix D6.
A

stratigraphic

sequence

of

fine-grained

fluvial

sandstones

and

interbedded claystones and siltstones lies directly above the very fine-grained
mudstones and claystones that are described in the preceding paragraph. This
interval of saturated permeable material will yield enough water to wells that
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can be put to beneficial use to be considered an aquifer. As depicted on
Figure D5-7, the stratigraphic horizon nomenclature used for the Ross ISR
Project for this saturated fluvial sandstone interval is, in ascending order,
“LM”, “LL”, and “LK”. With respect to this sandstone interval’s significance to
the Ross ISR Project, and in particular to the occurrence of groundwater in the
Oshoto area, it is the first water-bearing interval that lies stratigraphically
above the targeted uranium ore-bearing sands of the upper Fox Hills/lower
Lance (OZ aquifer). This sandstone interval is the first areally consistent
saturated zone encountered when drilling in the Oshoto area. Monitoring wells
have been installed throughout the permit area in this saturated interval,
which demonstrates hydraulic continuity and is also referred to as the shallow
monitoring zone, or “SM” aquifer (refer to Appendix D6). Structure contour
maps that depict the elevations of the upper and lower surfaces of the SM
interval, as well as an isopach map that depicts the SM interval’s thickness
within and near the permit area are included in Addendum D5-4 as Figures
D5.4-9, D5.4-10, and D5.4-11, respectively. The thickness of the SM interval
ranges from around 60-170 feet and averages about 112 feet thick within the
permit area. Within the permit area, depths to the top of the SM interval range
from roughly 100-250 feet in the northeastern quadrant, 150-350 feet in the
southeastern quadrant, 300-450 feet in the southwestern quadrant, and 250450 feet in the northwestern quadrant. Additional discussions on the SM
interval is included in Section D6.
Overlying the SM aquifer is a sequence of interbedded floodplain deposits
of mudstones, claystones and siltstones and fluvial channel sandstones. As
depicted on Figure D5-7, the stratigraphic horizon nomenclature used for the
Ross ISR Project for these predominantly floodplain deposit intervals are, in
ascending order, “LG”, “LF”, “LE”, “LD”, “LB”, and “LA”. These fine-grained
sediments act to confine the SM aquifer. A structure contour map that depicts
the elevations of the upper surface of the confining unit (aquitard) above the
SM interval, and an isopach map that depicts its thickness within and near the
permit area are included in Addendum D5-4 as Figures D5.4-12 and D5.4-13,
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respectively. The thickness of the confining unit above the SM interval ranges
from around 20-120 feet and averages about 60 feet thick within the permit
area.
Sandy units within the LB and LA horizons are locally saturated. With
adequate recharge and permeability, groundwater does occur locally within
some of the fluvial sandstones of the upper-most Lance Formation within the
permit area. Monitoring wells have been installed in these horizons within the
permit area to monitor the surficial aquifer, or what is referred to as the “SA”
interval. Additional discussion on the SA interval is included in Appendix D6.
D5.2.2.5 Stratigraphic Continuity
The uninterrupted connection or persistence of the various stratigraphic
units/intervals throughout the Ross permit area is clearly depicted on the
geologic cross sections contained in Addendum D5-3. A fence diagram that
graphically illustrates the spatial relationships of the various geologic
units/intervals that demonstrate hydraulic continuity and exhibit similar
lithologic characteristics within the permit area is shown on Figure D5-8. Only
drill holes located along geologic cross sections A-A', B-B' and D-D' that
penetrated the DM interval were used in the construction of the fence diagram.
The top of the reference sections are located from the existing ground surface
and the depths to the contacts between the various intervals coincide with
those depicted on the respective geologic cross sections. Due to the threedimensional projection of the reference sections, the vertical and horizontal
scales are not consistent throughout the diagram.
The cross sections and fence diagram demonstrate that the upper Fox
Hills/lower Lance production zone (referred to as the OZ aquifer) is
stratigraphically continuous and hydraulically isolated from the overlying
upper Lance by areally continuous and impermeable mudstones and
claystones (referred to as the LC horizon aquitards or Upper Confining Unit).
The geologic cross sections and the fence diagram not only demonstrate the
continuity of the confinement provided by the overlying units but also the
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continuity of the confinement provided by the basal Fox Hills siltstoneclaystone unit (referred to as the BFH horizon aquitards on the Lower
Confining Unit) and the underlying Pierre Shale.
D5.3

Ore Mineralogy and Geochemistry
The following description is from the Wyoming State Geological Survey’s

website of the origin of uranium deposits:
“Uranium occurs nearly everywhere on the planet, even in sea
water, but may become concentrated in ore deposits under the right
geological conditions and processes. Uranium is usually found in porous
sedimentary rocks such as sandstones or conglomerates, but some large
deposits are associated with igneous and metamorphic rocks. Uranium
atoms are similar in size and chemical properties to calcium atoms, so as
rocks form, uranium often substitutes for calcium in minerals such as
plagioclase (very common in granites). Thus, calcium-rich rocks such as
granite typically contain more uranium than other rocks, and are
thought to be the source of many uranium ore deposits. Particles ejected
from ancient volcanoes – particles often chemically similar to granitic
rocks – are another possible source of uranium ore deposits. These two
possibilities are still the center of debate among scientists trying to
determine the source of uranium deposits.
Groundwater carries the leached uranium from the source rock –
either Precambrian igneous and/or metamorphic basement rock or largevolume volcanic ash fall deposits – and re-deposits it upon migrating into
a reducing environment within the aquifer. In-situ leach mining reverses
that process to recover uranium.” (WSGS 2010)
C-shaped roll fronts and tabular ore bodies in the Ross permit area
developed when Upper Cretaceous sediments were uplifted in the early Tertiary
and exposed to oxidizing, uranyl-bearing groundwater. Groundwater entering
the system initially migrated down the stratigraphic dip. When strike-oriented
sand

channels

were

encountered,

groundwater

was

diverted

primarily

northward. The source of the uranium in the Upper Cretaceous rocks may have
been the uranium-rich tuffaceous rocks of the Oligocene age White River
Formation that covered the whole northeastern Wyoming area to a depth of
several hundred feet (Buswell 1982).
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The roll front geometry within the permit area is complex due to the
variability of the depositional environment of the host sandstones and hence
controls on groundwater movement. Active, passive, and stagnant roll fronts
formed in response to the differential migration of groundwater through a
heterogeneous

aquifer.

Active

alteration

tongues

coincide

with

thick,

permeable, transmissive channel sands of the Fox Hills and Lance Formations.
Passive and stagnant fronts tend to be associated with channel flanks or lowpermeability, organic-rich interchannel sediments (Buswell 1982).
Uranium grade and thickness of roll front deposits are dependent upon
the rate and volume of uranyl-bearing groundwater crossing the geochemical
interface. Both the orientation of the roll front to groundwater flow and the size
of the channel sand have a direct bearing on uranium deposition. The richest
ore deposits are found at the terminus of alteration projections associated with
large channel systems (Buswell 1982).
The alteration process not only changes the color, but also alters the
mineralogy of the host sandstones. The color of unaltered reduced sandstone is
light to dark grey; the darkening agents consist of organic material, dark
accessories and fine-grained pyrite. Altered oxidized sandstone contains subtle
iron oxide staining where former carbonaceous matter and pyrite were present.
Kaolinized feldspar is typically a greenish-grey to bleached and occasionally
has a pink to tan-buff appearance. The presence of pyrite and carbonaceous
material along with rapid facies changes of the sandstone host to silty clayey
sediments are the major controls on uranium precipitation. Thinning of
sandstones and diminished grain size (siltstones-claystones) likely slowed the
advance of the uranium-bearing solutions and further enhanced the chances of
precipitation (Buswell 1982).
The two horizons targeted for mining in the Ross permit area, one in the
upper Fox Hills (FH horizon) and one in the Lower Lance (LT horizon), vary
from thick, fine-grained cut and fill argillaceous sandstones to fine-grained
sandstones with numerous facies changes (marginal marine environment)
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occurring

within

short

distances.

Uranium

mineralization

occurs

in

depositional environments as both roll fronts and tabular ore bodies.
Based on drilling to date, the two main mineralized horizons are found at
depths ranging from 410 to 700 feet below the surface within the permit area.
The main mineralized horizons trend in a north-south to northeast-southwest
direction. The average dimensions of the mineralized roll fronts and tabular
bodies are 115 feet wide by 8.9 feet thick and 2,000 to 3,000 feet long. The
mineralization grade averages 500 ppm eU3O8. Historically, the horizons were
broken out into numerous sub-horizons. Because of the complexity of
correlating these narrow, discontinuous zones the decision was made to group
the horizons. The richest mineralized zone occurs in the middle part of the FH
Horizon sand; it is about 70 feet thick and contains the most significant
portion of the total resources within the permit area. The LT Horizon,
approximately 30 to 40 feet thick, is an interbedded sandstone-siltstonemudstone zone and contains minor mineralization.
A petrographic analysis of a core sample from the 1977 push-pull test
hole SP758R was completed by Rocky Mountain Geochemical Corporation
(1977). The composition of the core ranged from fine- to medium-grained
sandstone to very fine-grained siltstone with lenses of clay and minor calcite
throughout. The core is typical of many Wyoming uranium deposits. The
composition of the sandstone consists of the following:


60% quartz



35% feldspar (50% plagioclase and 50% orthoclase)



5% clay (montmorillonite)



approximately 1% organic material



<1% pyrite



<1% carbonate

According to the petrographic analysis performed by Rocky Mountain
Geochemical Corporation, the principal uranium minerals are uraninite, a
uranium oxide, and coffinite, a uranium silicate. Vanadium in the form of
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vanadinite (a lead chlorovanadate [Pb5(VO4)3Cl]) and carnotite (a hydrated
potassium uranyl vanadate [K2(UO2)2(VO4)2 3H2O]) is also found in association
with the uranium at an average ratio of 0.6 (vanadium) to 1.0 (uranium).
Petrographic analyses were completed by Core Laboratories of Houston,
Texas in September, 2009, on three thin sections from core samples obtained
from two borings, RMRD0003 and RMRD0004. The following was revealed from
those analyses:
The composition of the ore zone sandstones are predominantly fine
grained, moderately well sorted, argillaceous sandstone (>10% matrix).
Sand grains are typically subangular to sub rounded. Compaction
appears to be light in the sandstones to moderate in the argillaceous
sandstone, as point-to-point contact areas are more common than the
long grain contacts.
The argillaceous sandstone has a subarkose composition with
abundant monocrystalline quartz and moderate to common feldspar and
minor lithic components. Trace to minor amounts of polycrystalline
quartz, metamorphic rock fragments, carbonate rock fragments,
sandstone rock fragments, argillaceous rock fragments, clay-replaced
grains, kaolinite-replaced grains, and chert. Accessory grains include
micas, heavy minerals and plant fragments and clay pellets.
Syntaxial quartz overgrowths and clay (kaolinite chlorite) are the
primary authigenic minerals observed in the argillaceous sandstone;
these are rare to minor in other samples. The authigenic chlorite appears
to be more grain-coating than grain replacing; kaolinite is more
commonly observed as grain-replacement.
Other authigenic minerals noted include calcite, pyrite and
titanium oxides. Both the detrital clay and some of the authigenic clay
have very similar composition (illitic); they are distinguished by their
distribution and their morphology. The clay in the argillaceous sandstone
has a reddish color in reflected and transmitted light suggesting partial
replacement/precipitation to hematite.
The two sandstone samples contain abundant primary
intergranular pores and are of excellent reservoir quality. The
argillaceous sandstone contains moderate amounts of primary pores and
fair reservoir quality; detrital and authigenic clay are the primary causes
of the reduced reservoir quality. Secondary pores are of minor
abundance in all samples and do not significantly affect the reservoir
quality.
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D5.4

Historic Uranium Exploration/Development Activities
Historic exploration activities in the Ross Permit Area can be summarized

as follows:


1971 - Nuclear Dynamics begins exploration drilling in the Lance
Permit area.
1978 - Nuclear Dynamics forms a Joint Venture with Bethlehem
Steel (Nubeth Joint Venture) to develop the Project.
1978 - The Nubeth Joint Venture develops and briefly operates a
pilot plant ISR in the south-central portion of what will become the
Ross permit area.
1983 - The Project is discontinued by Nubeth.
2008 - Strata Energy acquires key ground covering most of the
Ross permit area and begins confirmation drilling of historic
resources plus exploration drilling. Strata also acquires a portion
of the historic Nubeth database.
2009 - Strata continues with exploration and development drilling
and also acquires the original complete Nubeth database.
2010 - Exploration and development drilling is ongoing by Strata
Energy in the Ross permit area and expansions of the known
mineralized zones are progressing.









D5.5

Seismology

D5.5.1

Seismic Hazard Review

The seismic hazard review was based on analysis of available literature
and historical seismicity for the permit area. Appendix A to 10 CFR Part 40
presents criteria relating to the operation of uranium mills and the disposition
of tailings or wastes. Criterion 4 of that Appendix lists site and design criteria
that must be adhered to whether tailings or wastes are disposed of above or
below grade. Criterion 4(e) deals with seismic hazards and states that, "The
impoundment may not be located near a capable fault that could cause a
maximum credible earthquake larger than that which the impoundment could
reasonably be expected to withstand. As used in this criterion, the term
‘capable fault’ has the same meaning as defined in section III (g) of Appendix A
of 10 CFR Part 100. The term ‘maximum credible earthquake’ means that
earthquake which would cause the maximum vibratory ground motion based
upon an evaluation of earthquake potential considering the regional and local
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geology and seismology and specific characteristics of local subsurface
material."
There are no capable faults (i.e. active faults) with surface expression
mapped within or near the permit area, according to the USGS (2009). The
closest capable faults to the site are located in central Wyoming, 270 km (168
miles) to the west-southwest. Section D5.2.1 describes how faults previously
mapped in the area by Buswell (1982) were the result of limited survey data.
D5.5.2

Seismicity

The following discussion of seismicity in Wyoming and the permit area is
based primarily on Wyoming State Geological Survey Information Pamphlet 6
(Case and Green 2000), Seismological Characterization for Crook County (Case,
Toner and Kirkwood 2002) and The Original Uranium Deposits (WSGS 2010).
Earthquakes are common in Wyoming and have occurred in every county
in the State over the past 120 years. Most of these have occurred in the
northwestern part of the State (see Figure D5-9). Only two earthquakes with a
magnitude greater than 2.5 (Richter Magnitude Scale) or intensity greater than
III (Modified Mercalli Intensity Scale) has been recorded in Crook County and
only nine in Campbell County. Magnitude is an instrumentally determined
measure of the size of an earthquake and the total energy released. Each onestep increase in magnitude equates to a 32 times increase in associated
seismic energy (e.g., a magnitude 7.5 earthquake releases approximately one
thousand times more energy than a magnitude 5.5 earthquake, or 32 times
32). Intensity is a qualitative measure of the degree of shaking an earthquake
imparts on people, structures, and the ground. For a given earthquake,
intensities can vary depending upon the distance from the epicenter.
Table D5-1 presents a summary of the Modified Mercalli Intensity Scale,
equivalent Richter magnitude, and approximate peak ground acceleration
associated with each scale category.
Natural earthquakes in Wyoming occur because of movements on
existing or newly created faults or movements of (or in) the magma chamber
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beneath Yellowstone National Park. Most historical earthquakes have occurred
as a result of movements on faults not exposed at the surface. These deeply
buried faults, which are not expected to generate earthquakes with magnitudes
greater than 6.5, have not been studied in detail. A series of Quaternary (within
the past 1.65 million years) faults exposed at the surface in Wyoming, however,
have activated and generated earthquakes from hundreds to thousands of
years ago. Future earthquakes with magnitudes from 6.75 to 7.5 are expected
to occur along those exposed Quaternary faults. As discussed in the preceding
section, no Quaternary faults have been mapped within 270 km of the Ross
license area.
As shown in Table D5-1, earthquakes generally do not result in ground
surface rupture unless the magnitude of the event is greater than 6.5. Because
of this, areas of the state that do not have active faults exposed at the surface,
such as the permit area, are generally thought not to be capable of having
earthquakes with magnitudes over 6.5 (see Figure D5-9). Earthquakes with
magnitudes less than 6.5 would cause little damage in specially built
structures but could cause considerable damage to ordinary buildings and
severe damage to poorly built structures. Some walls could collapse.
Underground pipes would generally not be broken and ground cracking would
not occur or would be minor.
D5.5.3

Historic Seismicity Near Permit Area

Only three magnitude 3.0 and greater earthquakes have been recorded in
or around Crook County (Case, Toner and Kirkwood 2002, WSGS 2010). One
occurred near Sundance on February 3, 1897. The intensity IV-V earthquake
severely shook the Shober School on Little Houston Creek southwest of
Sundance. Many residents of Sundance reported hearing three loud reports
resembling the explosion of a boiler or a great blast (Case, Toner and Kirkwood
2002). The other recorded Crook County earthquake occurred near Moorcroft
in November 2004. It had a magnitude of 3.7, which corresponds to an
intensity level of III (WSGS 2010).
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On

February

18,

1972

a

magnitude

4.3

earthquake

occurred

approximately 18 miles east of Gillette near the Crook-Campbell County line.
No damage was reported (Case, Toner and Kirkwood 2002).
D5.5.4

Seismic Risk

The Uniform Building Code (UBC) contains information and guidance on
designing buildings and structures to withstand seismic events. The current
(1997) UBC Seismic Zone Map divides Wyoming into five zones (Zones 0 to
Zone 4) defined in part by the probability of having a certain level of ground
shaking (horizontal acceleration) in 50 years (See Figure D5-10). Horizontal
acceleration in the UBC Seismic Zone Map is provided in terms of percent of
gravitational acceleration (%g).
The UBC criteria are as follows:
Zone
0
1
2
3
4

Effective Peak Acceleration (%g)
<5
5 to 10
10 to 20
20 to 30
>30

The UBC based these criteria on the assumption that there was a 90%
probability that the above values would not be exceeded in 50 years, or roughly
a 100% probability that the values would be exceeded in 475 to 500 years.
Crook County is in UBC Seismic Zone 0, which suggests that there is a
90% probability that an earthquake with an acceleration of 5%g would not
occur within any 50-year period. Such acceleration, however, is less than
would be suggested through newer building codes. Recently, the UBC has been
replaced by the International Building Code (IBC), which is based on
probabilistic analyses (Case, Toner and Kirkwood 2002), as discussed below.
Some regulations require an analysis of the earthquake potential in areas
where active faults are not exposed (such as the area around the Ross ISR
permit area), and where earthquakes are tied to buried faults with no surface
January 2011

D5-29

Ross ISR Project

expression. Regions with a uniform potential for the occurrence of such
earthquakes are called tectonic provinces. The USGS identified tectonic
provinces in a report titled “Probabilistic Estimates of Maximum Acceleration
and Velocity in Rock in the Contiguous United States” (Algermissen and others
1982).
Within a tectonic province, earthquakes associated with buried faults are
assumed to occur randomly and are sometimes referred to as “floating
earthquakes” (Case, Toner and Kirkwood 2002). Sometimes regulations or
prudent design requires that a floating earthquake be used for design of a
facility. Usually, those regulations also specify at what distance a floating
earthquake is to be placed from a facility. For example, for uranium mill
tailings sites, NRC requires that a floating earthquake be placed 15 km from
the site, and that earthquake is then used to determine what horizontal
accelerations may occur at the site. A magnitude 6.25 floating earthquake
placed 15 km from any structure in Crook County would generate horizontal
accelerations of approximately 15%g at the site. That acceleration is about
three times what would be found from the UBC Seismic Zone Map and would
be adequate for designing certain facilities at a uranium mill tailings site but
may be too conservative for less critical sites, such as a landfill (Case, Toner
and Kirkwood 2002). Critical facilities, such as dams, usually require a more
detailed probabilistic analysis of random earthquakes.
D5.5.5

Probabilistic Seismic Hazard Analysis

The USGS publishes probabilistic acceleration maps for 500-, 1000- and
2500-year time frames. The maps show what accelerations may be met or
exceeded in those time frames by expressing the probability that the
accelerations will be met or exceeded in a shorter time frame. For example, a
10% probability that a peak ground acceleration may be met or exceeded in
50 years is roughly equivalent to a 100% probability of exceedance in 500
years. The IBC uses a 2,500-year map as the basis for building design, vs. the
500-year map used for the UBC zone map. The IBC maps reflect current
January 2011

D5-30

Ross ISR Project

perceptions on seismicity in Wyoming (Case, Toner and Kirkwood 2002). In
many areas of Wyoming, ground accelerations shown on the USGS maps can
be increased due to local soil conditions. If fairly soft, saturated sediments are
present at the surface, and seismic waves are passed through them, surface
ground accelerations will usually be greater than would occur if only bedrock
was present. In this case, the ground accelerations shown on the USGS maps
would underestimate the local hazard, as they are based upon accelerations
that would be expected if firm soil or rock were present at the surface.
Based on the 500-year map (10% probability of exceedance in 50 years)
(Figure D5-12), the estimated peak horizontal acceleration in the permit area is
about 2.7%g. This relates to an intensity IV earthquake (see Table D5-1) which
would be felt by many people indoors, few outdoors, and would feel similar to a
heavy truck passing nearby. Based on the 1000-year map (5% probability of
exceedance in 50 years) (Figure D5-11), the estimated peak horizontal
acceleration at the site is about 4%g. This relates to an earthquake at the low
end of intensity V, which would be felt by almost everyone, would awaken some
people, move small objects, may shake trees and poles, and could crack plaster
and break dishes. For the 2,500-year map (2% exceedance probability in 50
years) the estimated peak horizontal acceleration at the site is about 7.5%g,
which according to Table D5-1 would still relate to an intensity V earthquake.
With a limited historic record, it is nearly impossible to determine when a
2,500-year event last occurred in Crook County. Because of the uncertainty
involved, and based on the fact that the new IBC utilizes 2,500-year events for
building design, the WSGS suggests that the 2,500-year probabilistic map
(Figure D5-12) be used for seismic analysis in design of critical facilities in this
part of Wyoming the Ross ISR site. This conservative approach is in the interest
of public safety (Case, Toner and Kirkwood 2002).
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Table D5-1.

General Terms
Magnitude

Regarding

Earthquake

Intensity

and

Equivalent
Peak Ground
Richter
Acceleration
Intensity Magnitude
Description
(%g)
I
1.0 – 2.0 Felt by very few people; barely noticeable.
< 0.17
II
2.0 – 3.0 Felt by a few people, especially on upper floors.
0.17 – 1.4
III
3.0 – 4.0 Noticeable indoors, especially on upper floors,
0.17 – 1.4
but may not be recognized as an earthquake.
IV
4.0
Felt by many indoors, few outdoors. May feel
1.4 – 3.9
like heavy truck passing by.
V
4.0 – 5.0 Felt by almost everyone, some people awakened.
3.9 – 9.2
Small objects moved. Trees and poles may
shake.
VI
5.0 – 6.0 Felt by everyone. Difficult to stand. Some heavy
9.2 - 18
furniture moved, some plaster falls. Chimneys
may be slightly damaged.
VII
6.0
Slight to moderate damage in well built,
18 - 34
ordinary structures. Considerable damage to
poorly built structures. Some walls may fall.
VIII
6.0 – 7.0 Little damage in specially built structures.
34 - 65
Considerable damage to ordinary buildings,
severe damage to poorly built structures. Some
walls collapse.
IX
7.0
Considerable damage to specially built
65 - 124
structures, buildings shifted off foundations.
Ground cracked noticeably. Underground pipes
broken. Wholesale destruction. Landslides.
X
7.0 – 8.0 Most masonry and frame structures and their
> 124
foundations destroyed. Ground badly cracked.
Landslides. Wholesale destruction.
XI
8.0
Total damage. Few, if any, structures standing.
> 124
Bridges destroyed. Wide cracks in ground.
Waves seen on ground.
XII
8.0 or
Total damage. Waves seen on ground. Objects
> 124
greater thrown up into air
Case and Green 2000; Case, Toner and Kirkwood 2002; and Michigan Tech University 2010.
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Regional tectonic setting of the Black Hills uplift at the easternmost margin of the
Wyoming province. Diagonal pattern indicates Precambrian basement, dotted
pattern indicates Tertiary deposits. Approximate location of axes of uplifts and
basins shown with heavy line.

Figure D5-1. Regional Tectonic Setting
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Figure D5-2. Tectonic Map of the Black Hills Uplift and Eastern Powder River Basin
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Figure D5-3. Regional Stratigraphic Column
Modified from WGA Guidebook for 20th Annual Field Conference (1968)
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January 2011
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Figure D5-11. UBC Seismic Zone Map

January 2011
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Figure D5-12. Seismic Hazard at the Ross ISR Project Area

January 2011
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