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Abstract

Sandstongype uraniundeposits are among the most economic sources of
uranium Despite their significance, the tabular deposits oiCthleradoPlateau and
roll-front depositsn Nebraskaave not been studiediequately. fiere aremportant
differences between thiabularColoradoPlateau and Nebraskall-front deposits
includingtheir ore mineralogy, distribution and habit of dvedies, alteration, and
mechanisms of ore depositioithe U-Pb ages ofiranium minerals from th€olorado
deposits indicate four stages of mialization spanningrom theearly Oligocene to late
Pliocene Uranium and/ minerals include coffinite, montroseite and carnaiite are
associated with both biogenic and Aangenically precipitated sulphides. Two
generations of coffinite mimalizaion from the Three Crowoll-front depaitin
Nebraska were identified. This mineralizatjprecipitatedduringthe early Pliocene and
late Miocene.TheU-Th activity ratios ol minerals suggest a net accumulation of
uranium within the limbs of the reftont. Evolving oxidation fronts are implied by

mul tiple sulphide gen#¥Scampositions as i ndi

cated
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Chapter 1. Introduction

The worl dbés major uranium deposits occu
geological environments. Fiftegrincipal types of uranium deposits are recognized and
more than 40 subtypes and classes can be attributed to the 15 types (Dahlkamp, 1993;
Fayek and Kyser, 1999). Sandstdrasted uranium deposits are widespread and are
primarily hosted in Carboniferous Tertiary age rocks, and constitute approximately
30% of the worldbés uranium resources (Kyse
defined as lowtemperature, epigenetic deposits that likely derive their uranium supply
from adjacent, exposed granitiodies and interbedded or overlying uraniferous
tuffaceous sediments (Finch, 1996; Kyser and Cuney, 2009). There are faypesib

(a) Tabular deposits constorezones that form irregularly shaped lenticular
masses in reduced sediments (IAEA, 2009e mineralized zones are largely
subparallel to bedding and parallel to the patirainage direction. These
deposits a generally underlain by evapirideposits and overlain by mudstone
(Goldhaber et al., 1990orthrop et al, 1990a,b; Sanford, 1994);

(b) Roll-front deposits are characterized by convex ore zones that form down

stream from the hydraulic gradient. Overlying volcanic ash associated with these

deposits is a possible source of the uranium,(®gynkum, Inkay and

Mynkuduk inKazakhsta; Crow Butte and Smith Ranch in theSA;

(c) Basal channel deposits form in patiainage systems filled with permeable

alluvial-fluvial sediments capped by basalt sheets. Uranium minerals are

associated with detrital plant debris and form elongatébonlike ore bodies

(e.g, Khiagdinskoyen the Russian Feddran).



(d) Tectonic/lithologic deposits form in permeable sandstone areas where uranium
is precipitated in open tectonic extensionates (e.g., Mas Lavayme France
and Mikouloungou irGabon (IAEA, 2009).
The two highesgirade and producingre types are classified as tabular andfrolht;
they are recognized on the basis of the shape of the ore bodiieaalkhtionshipof the
ore bodieso depositional and structural environments.
Historically, the most economic sources and reservékiofthe United States
occur in sandstone deposits of twpés, the WyomingNebraska roHront type and the
ColoradoPlateau peneconcordant (tabular) type deposits. Although the geology and
geochemial processes involved in the genesis of these types of U deposits have been
described in numerous studies (e.g., Fischer, 1970; Thetrain1981;Goldhaber et al.,
1990; Northrop et al., 1990a,b; Sanford, 1994), these deposits have been largely ignored
in the pastl5 years. The majaimilaritiesand differences between these weposit
types and some of the genetic problems relating to these ddésr&ave been examined;
howeverdue to the fingrained nature of mineralization, understanding the ke
processes involved in the genesis and subsequent alteration of these deposits has been

challenging.

1.1 Tabular Deposits
The tabular vanadiuraranium deposits of théoloradoPlateau have been
studied in detail sincethemid9 506 s, and hasbekn gaimedwth respagte

to the genesis and geology of this deposit type (e.g. Wright, 1955; Gruner, 1956;



Granger, 1976; Ludwig, 1978; Thanehal, 1981; Tyler and Ethridge, 1983; Goldhaber
et al., 1987Goldhaber et al., 1990orthrop et al.,1990a,b; Finch, 1996; Spirakis, 1996;
Cuney, 2009). The majority of deposits occur in fluvial sandstones of the Salt Wash
Member of thelurassidMorrison Formation, and the primary ore is composed-ofays
and lowvalent vanadium silicat and oxides, withl mineralsaccessoriesSalt Wash ore
bodies tyically trend parallel to largscale sedimentary features, and occur as irregular
lenses of originally horizontal, tabular ore layers, ranging in thickness from a few
centimeters to sevdrieet. They occur entirely within reduced sediments without
adjacent tongues of oxidized sandstone, and are almost universally spatially associated
with detrital organic matter. Coffinite [\&iO4)0.9(OH)o4] and uraninitgUO,] are the
primary uranium oreninerals throughout the Salt Wash Member sediments of the
Plateau. A densitgtratified fluid interface is éavoured concept for the genesis of
tabulartype deposits of th€oloradoPlateau (Nash et al., 1981; Northrop et H99G;
Sanford, 1992, 1994The salinebrine model involves the interaction of dense, saline
groundwater chemically derived part from the underlying evapteifacies, with the
downtdip flow of fresh groundwater containing dissolv&dThe precipitation of/-clays
within host setinents hadsignificant influence on the pH of the brine by removing
hydroxide ions from solution; uranyl carbonate complexes carried by meteoric water
weredestabilizél by the significant drop in pH, whichkas followed by uranium
adsorption onto mineral gaces (e.g.quartz), reduction by biogenic,H, and finally
precipitation of coffinite (in the presence of sufficient dissolved silica) or uraninite

(Goldhaber et al., 1987



1.1.2The role of organic matter in the genesis of tabular eposits

Mostgenetic brinemeteoric models for tabular deposits suggest a spatial
relationship between detrital organic matter and mineralized layers. However, the
absolute role of organic carbon in the deposition of uranium ores remains controversial.
For example, ira comprehensive study of tabular deposits in the HenrynBdsah,
Northropet al. (1990a) determingdat while the formation of uranium deposits is
dependent on the presence of organic material, there is no direct corie¢iveen
organic carbon anthe abundance afranium. The bringneteoric interface model
described by Northrogt al. (1990a,bsuggestshat uranium minerals precipitated as a
result ofbacteriamediatedreactions, and that detrital organic material served as an
adsorbenaind energ source for the bacteria. While amorphous ¢(aehular) organic
matter is characteristic of the tabul ar

it is virtually lacking from deposits in the northern Plateau. Hansley and Spirakis (1992)

and Syrakis (1996) argue that amorphous organic matter is essential to the genesis of all

tabular deposits, functioning as a reductant (with bacteria acting as a catalyst). They
suggest that in those deposits where amorphous organic matter is presentlyckiogy, la

or bears weak spatial relationship to mineralized intervals, it is simply a reflection of the
degree of postre diagenesis. Organic materials are transformed into humic acids during
diagenesis, and are responsible for the alteratiéie-di oxidesmagnetite and ilmenite

Etched and skeletal F& oxides are characteristic of many tabular deposits across the

Plateau and have been recognized as the most probable source of vanadium in the tabular

deposits (Shawe, 1976; Goldhaber et al., 1990; Haaslé\spirakis, 1992; Spirakis,

1996).



1.1.3 The role of sulphur and sulphateeducing bacteria

An early study by Jensg1958) that included sulphur isotope data from tabular
uranium deposits in Utah, f ¥Svalds andh at no r
sulphide speciegyre potentia(mineralized versus unmineralized), or presence of organic
matter. Northrop et al. (1980, howe v er , **Swalesosulpbidesranhtiee U
Henry Basin, Us@nheyversas depthipe ldaiatrasated sighificant
var i at*Swalnes betweeth mineralized and unmineralized samples. Unmineralized
sampl es av erilamgieeralizéd.sdmplaés,averafe9 . 6 a. Experi men
studies €.g, Mohagheghi et al 1984) have demonstrated that fluids containing sulphate
reducing bacteria are more efficient at removing uranium from solution than bdicteria
solutions. They suggested tleatrtainbacteria may take up the uranium in cell walls to
await a suitableaducing agent such as&lor H. According to Reynolds and Goldhaber
(1983) bacterial sulphate reduction may serve to maintain a relatively high pH, ranging
from 6.5 to 8.4. Experimental results have shown that bactexthatedprocessesot
only catayze the redox reactions (Mohagheget al., 1984; Johnston et,&007; Zerkle
et al., 2009), but may reduc&‘Undependentlfrom organic matter and sulphides
preseni{Lovley and Phillips, 1992; Spirakis, 1996xperimental studiesf the isotope
effects of sulphwutilizing bacteriae.g, Farquhar et al., 2008runner and Bernascqni
2005;Johnston et al., 2008; Zerkle et al, 20@%owthatcyclical fractionation of S
during the dissimilatory reduction of sulphate resintthedepletion of“S characteristic
of biologically reduced sulphides

The source of uranium for the sediméwoisted uranium deposits of tGelorado

Plateau remains speculative, but is assumed to have been tuffaceous material within the



Salt Wash Member, or the Brushy Badmales overlying the Salt Wash Member
(Thamm et al., 1981).

Due to their genetic association with the large, econtaiglar deposits of the
Uravan mineral élt and Henry basin/-clays of the Jurassic sediments throughout the
ColoradoPlateau have been studied in detail by Northrop et al. (1990b) and Meunier
(1994). The principal vanadium clay minerals in the upper Morrison Formatidf are
bearing chlorite andlite, and although the origin and diagenetic history of vanadium
clays argpoorly understoodhese mineralare likely the product of vanadium
introductian into detrital clays (Meunief,994). The sourcef vanadium is still uncertain;
however someworkers have suggested tllaits elements derived from the
decomposition of efrital magnetite andmenite or leached from the overlying

Cretaceous sediments (Tharetral, 1981 Meunier, 1994).

1.2 RollFront Deposits of Nebraska and Wyoming
I n Nebraska, which has been descri bed a
provincesinthe U.S0 ( Si b rha @row Btte Hdpgsit in Dawes Countytie
first and only operating uranium mine, producing over 13 million poun@s Since
1991 usingn-situ recoverytechnology Since the Crow Butte depositowssimilar
physical and chemical characteristio the Wyomingtype rolHronts, it isalso
consicered toshare a similar genetic history. The Wyoming-fatint deposits constitute
the second largest uranium resource in the U.S., and have been geolagdally

chemically characterized in several studeg(Harshman, 1966, 197%yarren, 1972;



Dooley et al., 1974Granger and Warren, 1978; Ludwig, 1978; Leventhal and Santos,
1981; Reynolds and Goldhaber, 1983). The Wyomingfrotits occur in fluvial and
alluvial-fan deposits, where late Eocene tectonism created a structurally and
topographicallyfavourable drainage system for active meteoric recharge. Basin burial
followed by uplift during the Oligocene and Miocemsulted in aquifer recharge with
minemalized fluids, resulting in the formation of the majority of ore deposits (Hobday and
Galloway, 1999). Typical rolfront ore bodies are roughly crescshiaped in cross

section, concave towards the altered tongue. Uranium minerals occur along a redox
interface and precipitate where urantiich groundwater percolating down gradient
through the aquifer encounssediments containing reduced constituents. Ore zones can
be described as long, sinuous bands oriented perpendicular to groundwater flow (Figure
1-1); on the oxidized, p+gradient side the contact is relativehasp, whereas the

reduced, dowsgradient side has diffuse boundaries. Ferric iron minerals such as
hematite, goethite and other iron oxides typically occur within the altered zone, while
pyrite, minor marcasite and variable amountsmfanic matter occur in the axidized
(reduced) zone. Sedimentary controls in the formation of deposits include: 1) the
endurance of gently dipping, continuous strata during basin uplift and presence of clay
interbeds that form confined aquifers allowing for slow percolation of groundwater and
sustainable reducing environment; 2¢ sporadic deposition and rapid burial of organic
matter, followed by periods of high water tables thus raaiiiig an anaerobic
environment; 3)he formation of HS and pyrite by sulphateducing bacteria using

organic matter as an energy sou@gygen content of mineralized fluids and the

reducing capacity of host sediments is also a major ore control; uranium precipitation



from ore fluids is directly influenced by a drop in Eh following the formation of
significant amounts of reducing, metastable sulphur compounds from the breakdown of
host rock sulphide minerals in the presence of free oxygen within percolating fluids

(Grangerand Warren, 1979).

Seepage

~ Reduced - .
. _sandstone -

Figurel-1: Idealized vertical crossection of a roHfront uranium deposit (from Hanly
al., 2009)

1.2.1 Chemical and biogenic models: the role of organic matter, bacteria and
sulphides

Studiesof Wyomingtype deposits have shown that, as in tabular deposits, there is
no direct chemical correlation between uranium and organic mattet éventhal and
Santos, 1981Spirakis et al., 1984 An early study by Jenson (1958) of the Powder
River and Shiey Basin rolifront deposits in Wyoming suggested that the presence of
uranium in an area lacking organic matter could be explained simply®ynigration
from a locale with an organic food supply used by anaerobic bac&é#geatively, the
lack of aganic matter in mineralized zones may simply reflect the oxidizing nature of the
ore fluids (Harshman, 1968prganic carbon is not considered an essential component in

the development of refiront deposits by many workers, instead organic matter may 1)



act as an energy source guiphatereducing bacteria, 2) reduce dissolved sulphate
(catalyzed by bacteria) and 3) contribute to oxygen consumption from migrating fluids
(Leventhal and Santos, 1981; Reynolds and Goldhaber, 1983; Gjelsteen and Collings,
1988; Spirakis, 1996). According to the chemical genetic model, in deposits lacking
organic matter (relatively) large quantities ofjore pyrite would need to lidizedby
migrating fluids in order to consume sufficient oxygen to create a redox framd&r

and Warren, 1979). Both chemical and biogenic models for the genesisfadmoll

deposits are well described in theoretical terms throughout the literaturdéasen,

1958; Warren ath Granger, 1969; Warreh972;Granger and Warren, 197Rgyndds

and Goldhaber, 1983). Amongst other geochemical parameters, both models depend on
the uniform distribution of prere ironsulphide minerals in host sediments, as well as
the formation obre-stage pyrite in the dowgradient altered zone of the degibduring
mineralization. The biogenic model states that groundwater flows down dip through the
ore zone, oxidizing prexisting (preore) ironsulphides and producing soluble sulphate
and iron specie®Anaerobicbacteria, using organic matter as a foodrse, gain energy

as they reduce the sulphate to foraSHwhich is then combined with dissolved iron
species to form isotopically ligipre-ore pyrite (Warren, 1972)Warren (1972) measured
the *Svalues of pyrite from a Shirley Basin deposit whishged from3 3 & (or e
zone) tdowndipd rdinefalized zone), with ore minerals intimately associated
with organic matter. Warren (1972) also plotted isotopic composition @&ulphide

sulphur versus distance from the ore zone; he concluded #ratazii disproportionation

is responsible for the formation of the Shirley Basin deposit, mainly because the isotopic

values of pyritedown dipof mineralization(i.e. postore) exceeded those of the poee
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pyrite. However, Harshann (1966), Austin (197@ndReynolds and Goldhaber (1983),
reclassified the same deposit as being of biogenic origin based on their interpretations of
the distribution of?*Svalues from sulphides across thefofint. An alternative non
biogenic (or chemical) model for deptssihat contaitittle to nil organic matteis

discussed by Granger aWdarren (1969) and Warren (197#hich stateshat bacterial
metabolic processes are not necessary during tHemnéng stage of rotfront deposits.
Theseauthors maintain that thexidation of preexisting iron sulphide minerals that were
initially formed via bacterial sulphate reduction in the presence of organic matter during
slow migration of ordorming fluids can produce both insoluble and soluble sulphur and
iron compounds. fie reconstitution of pyrite occurs as the dissolved sulphur and iron
species migrate from the oxidized zone, forward into the reducing zone of tfremol|
deposit already containing pyrite, where they react and form isotopically light pyrite
(relative b the preore pyrite). Depending on the pH, either pyrite (alkaline conditions)
or marcasite (slightly acidic) can precipitatdowever, Granger and Warren (1978)

assert that because sulphate and carbonate ions are not effective redox agents, the
concentation of free oxygeim the systems the principal control in the formation of
roll-front depositsyegardles®f whetherthe deposit is biogeradly or nontbiogenially
formed Reynolds and Goldhaber (1983) investigated the letiwben irorsulphide

minerals and rolfront genesis and discovered strong associations between sulphur
species, organic matter and pH. They concluded that bacterial sulphate reduction during
the formation of roHfronts in host rocks containing organic matter created conditdbn

high pH and led to the formation of pyrite, while the low pH in sediments lacking

intrinsic organic mattefavoured the formation of marcasite. Stanton and Goldhaber
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(1991) and Reynolds and Goldhaber (1983) found that no apparent link exists between
sulphide species and isotopic sulphur composition.

Element zonation within rolfiront deposits has been noted in several studigs (
Fischer and Stewart, 1961; Harshmann, 196862,1974; Spirakis et al., 1984). During
ore-forming processes, the oxittat potential of migrating fluids decreases and specific
elements begin tprecipitate from solutionSpirakis et al. (1984) observed thatPh
Ba, Al, andGd were enriched in mineralized zones (relativeackgroundocks), while
Ca Y, Ti, and Zrwerefound tobedepleted. Other studies (e.@ranger and Warren,

1969, 1979; Fischer, 1970) observed aalmuslyhigh concentrations @ewithin the

ore zone, whildvlo and Caare concentrated in zones up to several hundred metres down
dip from the ore zoneélhe correlation o€ andS suggests that sulphides in the ore zone
are the result ah situ(i.e. epigenetior syngenetic) sulphate reduction; the covariance

of carbon and sulphur does not apply to migrated sulphidé&sritdving up faults). The
publisredresults showed a slight increase of both sulphur and organic carbon; although
the increase in sulphur is minor, sulphides are capable of reducing approximately 25
timestheirweight of uranium (from & to U*") when oxidized tsulphate The reducing
power decreases only to 10 time weight of uranium if the oxidation of sulphide is

incomplete €.9.,sulphide to thiosulphate) (Leventhal and Santos, 1981).
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1.3 Objectives

Numerous studies on the tabular depositSa@bradoand the rolifront deposits
of Wyoming have characterized their mineralogy and geochemical characteeigics (
Wright, 1955; Gruner, 1956; Grangand Warren197; Ludwig, 1978,Warren et al.,
1980;Thammet al, 1981; Tyler and Ethridge, 1983; Goldiea et al., 1987Goldhaber
et al, 1990; Northrop et all990(a,b) Finch, 1996; Spirakis, 1996; Cuney, 2009).
However, little is known about the Three Crow +iotint deposiin Nebraska, and few
studies have been published in the past 15 years oabthiattype deposits of the
ColoradoPlateau. In addition, there have been no recent geochronological studies of
uranium ore mineralsom the Coloradotabulartype depositsand the age of uranium
mineralizationin the Three Crow deposit is unknown. Thine, the main objectives of
this thesis ee: (1) to characterize and establish a chronologthiuranium ore minerals
from both the Nebraska am@bloradodeposits, and (2) characterize and compare the ore
forming processes by cqraring their mineral pageneseand sulphur isotopic
composition of theulphideminerals associated with different zones within these
deposits. This type of information can be applied to refine exploration models, which can
be used by industry to explore filesetypes of dposits in similar geological

environments.
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Chapter 2. Geological Considerations

2.1 RegionalGeology. Central- and SouthwesternColorado

TheColoradoPlateau is situated within the Western Interior and covers almost
210000 squardilometersof the Four Cornerszgion, which consists of thewsthwestern
corner ofColoradq northwestern corner of New Mexico, northeastern corner of Arizona
and southeastern corner of Utah. The Precambrian basement is composed mainly of
metamorphic and granitiomplexes, with minor late sedimentary packagdse
ColoradoPlateau was tectonically stable durimgst of thePalaeozoic era (Cambrian
through Mississippian); however, duritigeearly Pennsylvanian, the plateau was
affectedby repeated broad upheavasach as the uplifts of the Ancestral Rocky
Mountains incentralColoradq including the Uncompahgre uplift, followed by extreme
erosion and deposition ofastic sediments in the compientary basins. By the end of
the Permian, the Ancestral Rockies haémeroded to a nearly flat plain.Late
Paleozoic time, the northweisending Paradox Basin developed in southwestern
Coloradoand southeastern Utah where thick accunariatof black shales and
evapories accumulated (Tweto, 1980; Tharatal 1981).The Jurassic stratigraphic
sequence (Figure-2) is represented largely by continental sedimentditftdands of
central and southesternColoradq such as the Transcontinental Arch and Uncompahgre
Uplift, likely had great influence on southern and easshorelines of invading seas
from the north and southiMarine sedimentation during the Cretaceous was more
extensive in the east than in the west; througlmlbradq facies are localized and often
marked by numerous disconformities since sedimentatidnsubsidence rates differed

across th€oloradoregion (Berman et al., 1980). The major mountain topography
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present today has been most influenced by the Laramide orogeny, which occurred from
thelate Cretaceous through miEbcene, creating the basinmgdauplifts which formed the
Central Rocky Mountains. However, many of the exposed structural features are products
of the reactivated faults and uplifts that were developed during andilsefeeecambrian

time (Tweto, 180). Egeirogenic uplift during théleistocene led to the eroasiof softer
sediments and downtting of river and stream valleys which have attributed to the

preserdday topography (Chenoweth et, d/981).
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Figure 21: Stratigraphic column showing units present ingdbhathwestern
Colorado regionAll units younger than the Brushy Basin Member of the Morris
Formation were subsequently removed by erosidharstudy area. Modified afte
Blakey (2011).

2.1.2 The Morrison Formation
In westernColoradq the uppermost Jurrassic rocks are represented by the

economically important Morrison Formation, which consists of four members: the
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Windy Hill, Tidwell, Salt Wash, and the Brushy Basin. In areas of high uranium
production in WesterfoloradoandEasternJtah (i.e. the Uravan Mineraldh), the
Morrison Formation consists only of the Salt Wash Member and the Brushy Basin
Member (Figure 21; Thammet al, 1981).The Salt Wash Member is the principal host to
the majorU-V deposits throughout the plateau aomsists of crosbedded sandste

facies with interbedded mudnd siltfacies deposited by braided streams in an alluvial
fan setting (Thamm et al., 1981; Tyler and Ethridge, 1983; Currie, 1088)tal zircons
from Salt Wash ash beds were determittcedave ages of 151.6 £ 1.1 Ma and 148.5 £
2.5 Ma (Bradshawand Kowallis 2010). The Brushy Basin Member conformably

overlies the Salt Wash Member in west@uloradoand is composed of three major
facies consisting mainly of sandstones, mudstones araf tmmestones and they are
interpreted to have been deposited in fluvial and alluvial/lacustrine plains (Currie, 1998).
Abundant bentonite beds composed of volcanic ashes in the middle part of the Brushy

Basin are the most probable sourcé&oh the Saltwash deposits (Thamat al, 1981).

2.2 Local Geology:Uravan, Colorado

The SM18 and Jo Dandy mines are located near Uravan, Montrose County,
where the topography is dominated by mesas and deeply incised caAyange
proportion of uranium depdsiin Coloradoare concentrated along an arcuate belt called
the Uravan Mineral Belt (Figure-2). Although large ore bodies are not restricted to this
belt, deposits within the UravaMineral Belt have been the focus of mining and

exploration due to the large size, high grade and close spacing of ore bodies (Fischer and
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Hilpert, 1952; Thamnet al 1981; Tyler and Ethridge, 1983)ln the project areas
uranium and vanadium productioomes from the upper part of the Salt Wash Member
of the Morrison Formation and the highest grade of mineralization occurs in point bar
deposits within meandering stream patd@nnels (Tyler and Ethridge, 1983). The
deposits are predominani¥ydeposits andll is cansidered an accessory elementyU
ratios are approximately 1:5 in the project area, and ratios as high as 1:20 have been
reported outside the Belt. The ore deposits in the region follow theweshtrend of the
nearby Paradox Basin salt anticlines.cgithe formation of the Paradox Valley salt
anticlines was concurrent with the deposition of the Walsh sediments, these structures
likely had a strong influence on channel flow direction and ore concentration (Teamm
al., 1981). Paleocurrent datadasandstone composition indicate a western Cordilleran
sediment source for the Salt Wash Member (Currie, 1998).

In the Uravan region, the tabuldrVore bodies are concordant to bedding and
erratic; ore minerals occur within reduced patdannel sedimentiat are proximal and
commonly parallel to oxidized sandstones (Figuf& Zyler and Ethridge, 1983). The
host sandstones are well consolidated and are characterized by abundant but erratic
organic matter and clay interbedBhe reduced sandstones canidientified in hand
sample mainly byheir colour, sediments are typically shades of light to medium grey, or
light brown with Imonite spots, depending on thesitionof the sedimentary bed
relative to the water tableOxidized sediments range @lou from red to rusty brown to
pink due to the presence of hematite or limonite that formed in oxidizing conditions
during deposition (Thamret al.,1981). The samples collected from the project areas are

host to the primary reduced ore minerals coffipil€SiOs)o o OH)o 4] and montroseite
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[(V,Fe) O(OH)], as well as the secondary ore mineral carnfitU0O,),(VO,).*3H,0]
(Figure 24). Although these three minerals are the most economically important, a
variety of other primary and secondary ore minehnalge been reported within the
Uravan minerabelt such as metguyamunite tyuyamunite rauvite, and corvusitélrable
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Table 21: Chemical formulae of uranium ardnadium minerals
reported within the Uravan mineratlb(Barthelmy,2014)

corvusite (Nay.6Cao.25K 0.15) V8020*4H 0
metdyuyamunite Ca(UQ)2(VO,),*3-5H,0
rauvite Ca(UQ)2(V1¢029)*16H,0
tyuyamunite Ca(UQ)2(VO,),*5-8H,0

2.3 Regional Geology: Northvestern Nebraska

The High Plains region is a vast, nearly flat plateau extending from Nebraska
through to the Coastal Plains of Texas and is included in the Great Plains province. The
Pine Ridge escarpment surrounding the Crow Butte uraniurfreall deposit in
northwesten Nebraska separates the High Plains from the Missouri Plateau to the north
(Trimble, 1980; Collings and Knode, 1984). An arch system extending across South
Dakota, Nebraska and Kansas has provided a greater understanding of the Precambrian
subsurface; bsement rocks have been uplifted and exposed along the Black Hills uplift
as well as the Chadron and Cambridge arches (Figbjet2owever, the majority of sub
surface information comes from thousands of exploratory oil and gas wells drilled in the
region, especially along the arch system. The Cha@ambridge Arch system is the
most structurally prominent feature in northwestern Nebraska and has strongly affected
Oligocene sedimentation by deflecting an eeatd flowing braided river system to the
south. Although periodic uplift along the entire arch system ocdutreoughout the
Phanerozoic eqrihe tectonic activity of each arch segment is believed to have occurred
during separate episodes (Carlson, 199%e project area is located in northweste

Nebraska within the eastest trending Crawford sdbasin, which is part of the larger



20

Tertiary DenvetJulesburg basin. The Tertiary sediments of the Crawfordbasin
overlie the Cretaceous Pierre Shale, and are marked by a paleos8lmayttick;
although the Pierre Formation is uplte®00m thick outside of the Crawford stlasin, it
measures betwe&®5m and460m thick in Dawes County due to erosion prior to
Oligocene sedimentation (Collings and Knode, 19&4javourable hydrogeological
systen developed during thBlack Hills Uplift (Tertiary), creating a slight dip of the
Crawford basin and providing the means for mobilization, transport, and deposition of
in Nebraska.Groundwater flowed from west to east at the tim& aieposition(opposte
of present day flow). The White River Fault (Figur)Zuts the Chadron and Brule
sediments ithe Crow Butte region with about 60ohvertical displacement, and has
been dated as pe#{hite River(late Oligoceneput pre-Pleistocene with little tail
water flow occurring across the fault through the Chadron aquifer (Gjelsteen and
Collings, 1988).The highly impermeable Pierre Shale unconformably underlies the
White River Group which consists of the Chadron and Brule Formations (Fig)re 2
Revisal lithostratigraphic divisions have been proposed by Terry (:B8)reclassified
and correlatd the Chadron suhlinits to similar units in South Dakota, as well as
distinguistedthe pedogenically modified Pierre Shale as a separate unit (FigQrd Re
revisions, however, are not officially recognized by the USGS at the present time and are
not included in this study. Theolwer Chadron sandstones, host to the Crow Butte
deposit, are a braidet/er valleyfill deposit, unconsolidated and poorly cemehtgth
up to 20% authigenic clayS'he Lower Chadronansists predominantly @frkosic,
coarsegrained, crosedded sandstone with common clay intertzabgalls the latter

representing flood plain or low velocity deposits. The Lower Chadron is L@0tm
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thick regionally, but in the Crow Bugtarea is only approximately b2thick, and is
overlain by brick red clay, often used as a marker bed, from the lower portion of the
Middle Chadron which serves as the upper confining urtie remainder of thiliddle
Chadronconsists of greenistray claystones formed from the reworkisg
devitrificationof air-fall ash deposits, anddlentire unit ranges betwe&@m and 30m

in thickness The Upper Chadron is composed of dgr&enish blue and greenisfown
siltstones and claystones representing fluvial channel and flood pfaositteand is
approximately 30n thick in the Crow Butte are@Collings and Knode, 1984jelsteen
and Collings, 1988Hanly et al, 2009)

The Brule Formation conformabbyverlies the Cadron Formation, and is
composd of the Orella and the Vithey Members, ranging from 150 to 200m in
thickness.The Brule Formation consists of eolian and fluviallywerked silt and
claystones with minor sandstone lenses, and is the ou&cropping unit within the
Crawford subbasin. The sediments of the Whitney Member contain anomalous amounts
of U due to thdarge proportiorof volcanoclastienaterial derived from volcanimentres
to the west, and have been identified as a potestiaiceof U for the underlying
Chadron depositsZpllings and Knode, 1984jelsteen and Collings, 198Banly et al,

2009.

The Arikaree Group disconformably overlies the White River Group and is
composed ofttree formations: the Oligocene Gering, MimceneMonroe Creek and
Harrison Formations representing channel and flood plain deposits. Both the Gering and
Monroe Creek Formations are composed of buff to brown sandstone and siltstones, but

the Monroe Creek is distinguished tine presence afoncreionscemented by CaQs.



The Harrison Formation is a buff to light gray unconsolidated fossiliferoustsensd

(Collings and Knode, 1984).
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2.4 Local Geology:Dawes County, Nebraska

The Three Crow uranium depositis loca8kins out hwest of Nebr as
and only operating uranium mine Crow Butte, which is approximét&iy from the
town of Craword in Dawes County (Figure-2). Uranium mineralization in Nebraska
occurs within the lacustrine facies of the Brule Formation and the basal Chadron
Formation of the Oligocene White River Groafthough production has come
exclusively fom the Lower Chadron sanatsthe Crow Butte depositUranium from the

Crow Buttedepositis most likely derived from the overlying asich bedsof the Brule
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Formation andU deposition is believed to have occurred during the early Miocene
(Zielinski, 198); Gjelsteen, 1988).

In the Three Crow project arghe Brule Formation, Upper and Middle Chadron
Members are similar tdvose described above (Figur&2 A gradational contact
between the tan to browaoloured clays of the Brule Formation separates the greenish
clays of the pper Chadron MembefThe Middle Chadron Member is predominantly red
coloured clays with minor greecoloured clay interbedsThe Lower Chadron Member
hosts themost significant Umineralization in the study area; this lithology was initially
identified n previous drill holes. A complete summary of gamma logs and detailed
lithological descriptions collected during the 2009 drill prograene reported by Hanly
et al. 009. The Lower Chadron Member is hostdamineralization in the study area,
andis composed of silty to coarsgrained sands with an overall fining upwards

sequence; shale and clay interbeds are common and limonite staining is abundant but

sporadic.

Figure 28: Photograph of drill cuttings from drill hole T797C. The cuttings aredaic
in groups of four; saples were taken every 1.5 metdesing drilling. Top of the hole
top left of photograph (Brule Formation), bottom of hole: bottom rigietr (€ Shale).
From Hanly et al(2009.
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Chapter 3. Methods

3.1 Sample Selection
3.1.1Colorado sample suite

Twelve hand samples were collected from the Bvand JBE9 mines in Uravan,
Coloradoin 2005 by FayekIn 2010, an additionalevenhand specimens were collected
from the SM18, JD6 and JB8 mines in the Uravan area by the authbland samples
representative of both mineralized (oxidized anéxidized) and barren sandstones
from the Salt Wash Member were sampled based on macroscopic appearaBegand

counter measurements; samples were then documented and photographed.

3.12 Nebraska sample suite

Vacuumsealed portionsf drill coreranging from 0.1%0 0.30metre (m)lengths
from the Three Crow roffront deposit in Dawes County, Nebraska were provided by
Cameco Resources from thseummer 2008 drilprogram; for detailssee Hanly et al.
(2009. The samples were taken along3¥ m fence across the reftont, and represent
the basal sands of the Lower Chadron Member; they were taken at approximately the
same stratigraphic level frorfive zones othe rolHront. Six sampesfrom the distal
altered zone (T797C series) and the distal reduced zone (T810C saci@sgre taken
at depths betwee?61.0to 264.7 mand272.0to 275.4m, respectively.Ten samples
from themineralized zone (H161C seriesg¢re taken at depths eten264.9and268.5
m. Sixteen samples from the proximal altered zone (H150C series) were taken at depths
betweer260.3to 265.0 mand nine samples from the proximal reduced zone (T792C)

were taken at depths betwezsi’.3to 271.0 m
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3.2 Methodology

Detdled hand specimen descriptions were recorded and polished thin sections
were prepared from each sample from the Three Crow deposit, and from each hand
specimen collected from tl@oloradodeposits.Macro- and micrescale textures were
characterized using opticahd scanning electron microscoSEM); representative
areas were selected for quantitative analysis by electron microprobe and secondary ion

mass spectrometry (SIMSHand specimens are aebed in Appendix A.

3.2.1 Scanning electron meroscope (SEM)

Preliminary examination was performed on carbon coated thin sections using a
Cambridge Stereoscdr20 scanning electron microsco@EM) equipped with a back
scattered electron detector and an energy dispersiagy Xpectroscopy (EB) detectar
Since image brightness is proportionathie atomic weight of an elemeBSEis ideal
for locatingU minerals due to thikigh atomic numheof U. Enegy dispersive
spectrometryalso used in conjunction with the SEM, characterizes the elemental
composition of minerals analysed and is useful in identifying variances in mineral
composition. Collectively, these techniques were used to seéad af interest for

further analysis.

3.2.2 Electron mcroprobe (EMP) analysis
Quantitative elemental analysestbfindV minerak were determined using a
Camece X100 electron microprobe with PGT energy disperspectrometer equipped

with five wavelergth dispersive spectrometers, which offers a spatial resolution of about
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1 um. Operating conditions were 15 lAtcelerating voltage with 204 beam current.
Diopside, UQ, fayalite, PO’ e, andalusiteThO,, pyrite, olivine, orthoclasand VRBO;
were usedastandards for SGa, U, Fe, Pb, Al, Th,,9g, Kand V, respectively.The
limits of detectionare290,4995 435, 770, 980, 320, 820, 380, 430and 20Qparts per
million (ppm)for elementsSi, U, Ca, V, Pb, Al, FeNa, Mg and K respectively Major
elemental analyses of these mineralspaozidedin Appendix C.
3.2.2.1 Chemical Pb Ages

Chemical lead (Pb) ages dfminerals from botlColoradoand Nebraska
samples were calculated using the atomic wepghteniof Pb, U and Th measured with
an electron microprobe (Appendix C) and used in conjunction with the Cameron
Schiman equation in Bowles (1990):

T=Pbx 10'°/ [(U x 1.612) + (4.95<Th)] [1]

3.2.3 Secondary ion masgpgectrometry

Stable isotope compositions of sulphides arBlJsotgic content otJ-bearing
minerals from selected samples were measbyeslMSusing a Cameca IMS 7F at the
University of Manitoba. Areas of interest for YPb isotopic analysis were chosen based
on petrography and quantitative electron microprobe data. Preparation of thin sections
for SIMS analysis for both sulphur atldPb isotopic analysesagsimilar: thin sections
were ckaned, polished, and cut into hniletre-sized sample fractionsMultiple fractions
were mounted in cold epoxy, left to set overnight, and then coated with a thin layer of
gold to create a conductive surfadeor U and Pb isotopic measurements, 43MA

primary beam of Owas used anibns were detected by &hectron transport particle
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(ETP) electron multiplier coupled with an ion counting system with an overall deadtime
of 25 ns. The following species were detected sequentially by switching the magnetic
field: 2°Pb,?°Pb,?"Pb,?®®Pb,%*°Th, *4Th, *U, ¥, and®®U. A typical analysis
lasted ~20 minuteand consistedf 50 cycles.

For sulphur isotope analysis, a 1.8 nA primary beam oiv@s accelerated (+10
kV) onto the sample surface with a sputtering diameter ef @5The instrument
operated at a 200 sample offset for sulphur10kV secondary accelerating voltage and
atamass resolving power of 35ldns were detected with an ETP electron multiplier
coupled with and iorwounting system and an overall daane of 34ns The sulphur
isotopes”?S and**S were detected sequentially by switching the magnetic ffeld.
typical analysis lasted 6 minutes)d comprise&0 cycles
3.2.3.1 Standards

During the measurement mess by SIMS, an intrinsic madependent biais
introduced, which is referred to as instrumental mass fractionatidf) @i typically
favours the lowmass isotopeThe greatest contributor to the IMF is the ionization
process, which depends most strongly upon sample characteristics (i.e., chemical
composition). Thi s i s referred to as compositional
ef fect so ( e. 1998) Th&afocej apcurate isompic SMIS analysis requires
that IMF be corrected fdyy using mineral standards that are composdtilyrsimilar to
the unknown.Resultsfrom the SIMS analyses tiie standard are compared to its
accepted isotopic composition in order to calculate a correction factor that is applied to
the unknowns measured during the same analysis sessioi@liger and Cathelinea

1988).
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3.2.3.2 Sulphur isotopenalysis

One sulphide sample of suitable size and representation was selected from each of
the five zones of the Three Crow riibnt depositas well as sulphides from four
mineralized samples collected from the 9Rnd JB6 depositsi*S values were
measured usin§IMS. The standards used in this analysis were large, homogeneous
pyrite grains from the Balmat deposit in Maine, which has an avéfége f  +15. 1 a
(+/-0 . 3 &) .arerefiveed & the conventional ( dnethtibnardlative to the
ViennaCanyon Diablo Troilie (V-CDT) standard, and is expressed as:
FSveor (@) ZSFASkanpd (**SF?S).cor-1} x 1000 [2]
3.2.3.3U-Pbisotopic analysis

A total of fifteen spot analyses from the four types of U mineralization from the
Coloradodeposits were measur@singSIMS to determine the h-Pb isotopic
composition. Activity coefficients of**3U/?**U for each type ob) mineral calalated
using SIMS data indicattat allU minerals are in secular equilibrium
Ay U A& 1) , t he-Phétiogrmethod Was used to calculate the ages of
U minerals(. TheU-Pbages of each) mineral type were calculated using the following
equation:

20Ppy=YY = -1 [3]
wheres(**U) = 1.55125x10"
This equation follows the assumption that theesysis closed to U loss and the U
minerals are in secular equilibrium (Faure, 1986). *feb7*®U ages are considered to
be more reliable than ages calculated ff8fRb/*U principally because sandstode

deposits have been shown to be depletédfin (Bopp et al., 2009). A common lead
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correction was applied assumiffigPb7°’Pb = 18.954+1 ant®®’Pb/*Pb = 15.635+0.11
(Faure, 1986) Ages and errors were lcalatedusing Isoplot (Ludwig, 1993)ased on
the weighted average.

The U-Th-Pb isotopic comgsition of seven spot analyses representing two types
of U minerals from the Three Crogeposit vasmeasured using SIMS. TREU/%U
activity coefficients were calculated from SIMS data and indicate that coffinite samples
are not in secular equilibriulA aavy>U/*U<1) and are less than 1 Ma. The
230Th/”*U method of dating was used in place of th@lydating method due to
insufficient accumulation of Pb. Ages for the two typetahinerals were calculated
using the following equation:
t=(-(1/ ) xIn(1-*ThF*U) [4]

W h e g 9.18x 10°
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Chapter 4. Results
4.1 Colorado Tabular Uranium Deposits
4.1.1Hand sample aescriptions

Samples from the JHb mine consist oflark greyblackand pale green, fin¢o
mediumgrained oxidizedsardstonewith commonshalelaminae Dark grey, brown and
yellow claygallsand lamnaelocally impart a mottled appearandée outer, oxidized
crust isyellow toorange, mediurtrystalline ands approximately 1 t@ cm thick.
Detrital quartz compges the majoritpf the samples (5@0 vol. %) while lithic
fragments, including clay clasts and volcanic rock fragments range ftorh08/0l. %,
and feldspars are minor (trace towvol. %). The sandstones agenerally moderatelip
well-sorted. Samples from the SM8 mine consist of light browiight to dark grey
fine- to mediumgrained, massive (reducesgndsonesinterbeddedvith dark grey and
green oxidized sandstangoth oxidized and reduced sandstone beds range fram<1
to ~15 cmin thickness Reduced sandstonedemposed mainly of quartz (up t® vol.
%) with minor white feldspars (5 tbOvol. %) and trace lithic fragments. The sandstone
is generallywell cemented by clay mineral$0 to15vol. %) andpore spacsilling
calcite (<2vol. %). Oxidized sandstone is composed mainly of quartz (up 1@b%0),
with lithic fragments (<1®ol. %) and minor feldspars (<2l. %). The oxidized
sandstone isharacterized bgtrongyellow alterationof matrix clay minerals Samples
from the JB8 mineconsiss predominantlyf light to darkgrey (reduced), fine to
medum-grained sandstones interloled withdiscretethin shale lamingealiffuse clay
rich bedsanddark greyclay galls The sandstones are consed ofquartz (up to 7®ol.

%), feldspar (5 to@vol. %) and minor lithic grains (<&ol. %). Minor white, irregular,
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centimetresizedwhite carbonatéensesoccurthroughoutExposed surfaces samples
aremoderatelyoxidizedand are dark grey and green wiitkreased carbonate cement
and yellowclay alterationSee AppendipA, Table 1for handsample descriptiorsnd

images

4.1.2 Petrography

Polished thin sectionsf samples collected from both the S and Jo Dandy
(SM-18, JD6, JD8, JD9) mineswere examined by reflected and transmitted light
microscopyand thin section descriptions are presented in Appendic&ssory
mineralsfrom the SM18 and Jo Dandy samplexlude pyrite, calciteand trace
amounts of barite, sphalerjimenite and zirconLocally, quartz overgrowths fill pore
space and commonly contain montroseite needles and clay mitgeaigum minerals
are essentially undistinguishahleder transmitted or reflectéight microscopy.
ThereforeU andV minerals were identifiednd chaacterizedusing SEM and EMP.

Organicmatterwas identifiedexclusivelyin JD-8 samplesand is composed of
silicified, cellularplantfragments that comprisgproximately 15% of mineralized
samplesThe fragments are generally less thanddbin lengh, and cell lumensccur as
structurally wellpreservedor compacted into thimwavy laminae bothtypesare
associated with \¢lay mineralization butU mineralization only occurs within the
compacted, ribbony laminae intergrowith V-clays The following sections will focus
on U, V, clay and sulphide minerals and mineral phases associated with-tezaong

rocks.
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4.1.2.1. Mineral pragenesis

The mineral paragenesis of samples from thel®WD6, JD-8 and JB9 mines
in Coloradois based on textuseobserved in thin section, SEEDS,EMP data and
geochronology. The minerals can be subdivided into three formational components:
detrital, authigenic, ahoreforming (Figure 41). The framework grains consisting of
quartz, feldspar, rock fragmenttrital iron-oxides such as ilmenitnd organic detritus
were deposited ithemid-Jurassic and were cemented by clays, quaszgrowths and
minor calcite. The introduction and incorporation gfinto cell lumens of organic matter
and matrix clay minedsfrom the breakdown of \bearingFe-Ti oxidesresulted in the
formation of authigeni®&/-clay. The precipitation of montroseite fromadfays was
followed by further development of quartz overgrowths during the authigenic stage.
During orestage processethe precipitation of coffinite, occurring principally through
secondary replacement miontroseitewas immediately followed bthe developmentf
carrotite mineralizatiorvia oxidation of coffinite and montroseit&he precipitation of
pyrite likely precedes coffinite mineralization, but is also asgediavith coffinite
precipitation Uranium mineralizatioronsisting ofcarnotite and coffinite, occurring
within matrix V-clays and dissematedwithin V-clay cementcontinuedand likely

reflects regioal fluctuations of groundwateable levels.
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Sphalerite —_—— —

Barite _————
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Coffinite —

S1 S3

Carnotite

Figure 41: Paragenetic scheme illustrating the genetic sequence of minerals associated
with the Coloradodeposits.
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4.1.2.2Uranium mnerals

Fourtypesof U mineralization were identified based cmemical composition
and morphologynd aredesignated aS1 to S4 in Figure-4. The first fype consists of
coffinite thatrepla@smontroseiteThis particular type waislentified in JD6 and SM18
sampesonly, andaccounts fok2% of mineralized thin sectiongCoffinite crystals are
less than 2 min size andrepla® montroseitealongmicro-fractures and at grain
boundariegFigures 4-2 A-C). Theaccuratechemical compositionf coffinite from the
SM-18 sample suitesouldnotbe accurately determindxkcause othe small crystal size
and the heterogeneoreplacement textuse Theanalysesnvariably includesignificant
concentratiosof V and Fe Coffinite fromsample JB6-2 (Figure 42C)is characterized
by 8.98to 15.54wt % SiO, and63.31to 78.53wt % UO,.

The second type & mineralization was identi#d exclusively irthe SM-18
sample suit@and consists afrystallinecarnotitewhich typically occursnterstitialy to
framework quartgrains(Figure 42D). A typical feature of carnotites shrinkage cracks
thatlikely developed during alteratiqaehydration) oprimaryoreminerals such as
montroseiteas first documented yless (927). Carnotite is characterizdxy 60.59to
65.25wt % UQ3, 22.70 t030.84wt % V,0s and3.89 to 7.26 wt %K,0.

Thethird type ofU mineralizationis intimatelyassociated with pyritdoutwas
documented exclusiveip samplegrom the JB9 deposit. BSE images of samplD-9-

5 (Figure4-2E) showcoffinite mineralsprecipitated as spheres and spindles that are
intergrown withspheroidapyrite in V-clay cementwhereU mineralsare less than 5um
in size Electronmicroprobeanalysis andlatainterpretationveredifficult due to small

crystal sizeand complex intergrowth texture
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Thefourth type of U mineralization iggeneticallylinked with V-clays, whereJ
minerals aranalterationproductof V-clay minerals Severaloccurrenceof this type
areobservedn SM-18,JD-8 and JB9 samples, howevelue to impurities from \lays,
smallcrystal size of ore mineralseterogeneous texturaad variation in composition
amongand withinthe deposits, definitive minefadentification wasot possible
Coffinite precipitatingas disseminated graifrem within V-clay cement waalso
identified inthe JD9 deposit and is characterized®y2to 18.40wt % Si0,, 46.22 to
65.17wt % UQO,, and4.64to 10.28wt % V,0s (Figure 42G,H). In sample SML8-2-5
(Figure 421), carnotitemineralizationoccurs within wispy, ribbonylaminaeof V-clay
minerals the latterconstitutingup to70% of matrix mineraltocally. The principal
chemicalcomponent®f this matrix mineralizatiofrom the SM18 depositange from
10.46t0 27.15wt % SiO;, 20.70 to 40.03vt % UO3, 18.46t0 21.36wt % V,0s, 1.72t0
12.11wt % Al 03, 1.5610 9.25wt % FeO, 4.02 t&.48wt % K,0 and 0.47%0 4.67wt %
MgO. In sample SM18-1-3, carnotite appears to replace detrital quartz (Figtzd) 4
andoccurs as aggregates of amorphous blelikin and surrounded by -clay minerals.
This mneralization is characterized by 5.212%.14wt % SiQ,, 30.46 to 56.2Wt %
UQO;3, 11.87 to 21.03vt % V,0s, 4.42 1019.33wt % Al,O3 and4.22 to 7.35vt % K;0. In
contrast,U-rich V-clay in sample JEB-2 (Figure 42K) is characterized by0.01%to
37.98wt % SiQ, 8.58t0 63.10wt % UO;, 20.91to 50.85 wt % VO3, 3.83 t010.36wt %
Al 03, 0.06t0 1.64 wt % Fe(00.97to 6.33 KO and0.09to 2.52 wt % MgO.Uranium
minemralizationassocited with V-clays in sample CB2-8 (JD9 depositloccus
disseminatedavithin matrix V-clay (Figure 42L); U minerals areharacterized by 32.81

to 46.27 wt % SiQ 2.11to 9.37 wt % UQ, 14.04 to 24.31 wt % XDs, 9.07 to 19.78 wt
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% Al;0O3, 158 t06.47 wt % KO, 0.48 to 1.33 wt % Ca@nd 1.49 t®.81 wt % MgO.
The significant variation in chemical composition suggests a complex intergrowth of

early-stageU minerals
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Figure 42 (see pp. 390). (A) BSE image of type 1 uranium mineralization: coffi
(bright white) replacing montroseite (dark grey) along grain boundaries and within
fractures. Sample JB-2. (B) High magnification BSE image of type 1 uran
mineralization: coffinite (bght white) replacing montroseite aggregate (dark grey)
grain boundary. Sample I®2. (C) BSE image of coffinite (bright white) replac
montroseite (grey) along grain boundaries. Bottom: pyrite associated with cc
Sample JB6-2. (D) BSE imag of type 2 uranium mineralization showing carn
interstitial to framework quartz grains. Sample -381-3. (E) BSE image of type
uranium mineralizationcoffinite minerals (bright white) occuas spheres and spinc
intergrown with spheroidal pyet(grey). Sample CR2 (JD9). (F) BSE image faype ¢
uranium mineralization associated withclay. Sample CB12 (JD9). (G) BSE image
type 4 coffinite mineralgrecipitating from Vclay cement and proximal to remn
quartz. Sample CR2 (JD9). (H) BSE image of type 4 uranium mineralization sho\
coffinite precipitating from Wrich matrix clays. Sampl€B-12 (JD9). (I) BSE image ¢
montroseite (grey) partially replaceg boffinite (bright white) and texturally continuc
with type 4ribbony, camotite andvanadium clay minerals. Sample SI8-2-5. (J) BSt
image of type ZLarnotite mineralseplacing quartzSample SML8-1-3 (K) BSE imag:
of type 4 uranium mineralization showingpntroseite precipitating frod- clay. Sampl
JD-8-1-2. (L) BSE image otype 4uranium minerals disseminated within a matri
V-clays. Sample CB18 (JD9). Qd: detrital quartz; Cof: coffinite; Mont: montrosei
Py: pyrite U+V-clay: unidentified uranium minerals associated withl&y.

4.1.2.3VanadiumMinerals

Montroseite isalow-valentvanadium oxide minerdhat forms principallyby
alteration of \{clays andis an importantore-forming mineralin the Jo Dandydeposits
Montroseitevasdocumentedrom JD-6 samplesndtypically occus interstitial to
framework grainsalong quartz grain boundaries and as inclusions within quartz
overgrowthgFigures 4-3 A-C). Montroseite typically occuras aggregates of
microscopic, randomly orientemt fanshapegdbladed crystal]saggregates aigartially
replaced by coffinite withimicro-fracturesandalong grain boundariggigure 42A, B).
In sample JB6-2, montroseite is characterized by <0.01 to 4.74 wt %, @@88to
77.68 wt% V,03, and 6.65 to 17.34 wt % Fe®l.ontroseitadentified in D-8 sampless
in the form of aggregatibladed crystal§Figures 43B) andis characterized b§2.90 to

79.22wt % V03 and8.49 to 11.78vt % FeO.
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The partial alteration of F&i oxides toV-clay is shownn Figure 43D where \/
clays fill microfracturesandpartially replacd=e-Ti oxide mineralsthis type of secondary
replacement waalso notedn a previous study by Meuni€t994). TheFFe-Ti oxide
mineral ilmenite waitially distinguishedetrographicallyasdiscretellmenite lamellae
and wasanalsed using EDS to verifiys chemical compositianin sample JEB-2, V-
clays occur within the celumens of fossil wood, and are texturally associstiil
montroseite (Figure-8E). TheV-clays in the JEB depositarea mixture ofvanadium
bearingillite and chlorite(Table 41) and are similar to the clays described by Meunier
(1994) in the Slick Rock districtThe occurrence of montroseite crystals within quartz
overgrowths indicatethat authigenic silicavas depositedfter vanadium mineralizan.
In addition, the common spatial association between coffinitd/ancherals suggests a

genetic link.
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Figure4-3: (A) BSE image of montroseite precipitating from matrbchy. Sample JD
8-1-2. (B) High magnification BSE image of montroseite aggregate with shrinkage
cracks. Sample JB-1-2. (C) BSE image of montroseite crystatecipitating within por
space. SamplJD6-1. (D) BSE image of detrital Tire oxides partially altered by
uraniumrich V-clay with proximal carnotite mineralizatio8ample SML8-5. (E) BSE
image of vanadium mineralization within cell lumens of fossil wood with proximal
montroseitemineralization. Sample JB-1-2.
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Table4-1: Partial EMP analyss of vanadium clays (*=averagdérom Meunier, 1994)

SiOz Al 203 V503 FeO MgO CaO Na,O K->0O

JoDandy | 47.24 15.76 2220 173 516 036 0.09 452
46.60 13.67 2450 106 282 031 0.09 574
43.75 13.05 29.02 086 262 0.29 0.08 5.98
34.02 1992 2187 277 11.81 035 0.11 0.27
4350 1490 24.12 184 4./9 034 0.06 5.36
37.01 1275 3399 176 397 081 022 485
38.86 12.89 27.76 194 380 044 0.14 5.46
31.39 13.87 40.74 3.01 640 056 0.23 3.01

S“iﬁifeR*OCk 42.80 14.10 2140 1.17 357 0.16 0.00 6.35

4017 13.26 17.61 212 300 0.19 0.00 7.31
Slickrock | 33 95 2200 1170 4.31 13.04 004 000 0.22
chlorite*

4.1.2.4Sulphide rmerals

Sulphide mineralglentifiedin samples from the Jo Dandy (H)JD8, JD-9) and
SM-18 minesconsist of pyrite, which compges <% of thin sections examineuth
reflected light microscopyThethreemain morphological types of pyritdentified in
thin sctionare:1) framboidal,2) suthedral and3) pyrite texturallyassociated withJ
and Vmineralization Type 1 famboidal pyriteoccuss as bothdensely packed aggregates
and smaller, more diffusspheroidal aggregatelSsramboids are typically <2 um size
Type 2 sibhedral pyrite grains have an average grain size ofirl,®ut range from <3
t o 1 Gaddareematically distributedhroughouthesamplesType 3 pyritewas
identified in sample JiB-2, whereit occurs asubhedratrystals <2 m i enandsis z

texturally associated with coffinite mineralization along grain boundarie®afroseite.
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Figure 44: Reflected light images of the three morphological types o
pyrite analysed by SIMS. (A) framboidal pyrite, (Bamboidal pyrite,
(C) subhedral pyrite and (D) pyrite texturally associated with coffinit
Qd: detrital quartz; Cof: coffing; Mont: montroseite; Py: pyrite

4.1.3Chemical Pb ages

Chemical Plages were calculatedrom electon microprobe data (Tables91
Appendix Q for eachtype of U mineralizationdentified in JB6, JD-8, JD9 and SM18
samplesas described abov@ype 1 coffinite fromsample]D-6-2 gives chemicalPb
ages ranigg from 1.1 to56.6Ma. Calculated bemicalPbagesof type 2carnotitefrom
sampleSM-18-1-3 rangefrom 0.3 to 57/ Ma, with one outlier af1.7 Ma.Type 3
coffiniteintergrown with pyrite contains Pb levels below detection liritg therefore
chemicalPbages could not bealculated Cdculated ages for type 4 coffinite

mineralization associated with-8May cemenin sampleCB-12-8 (JD-9 mine)range
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betweer0.6 ands.3 Ma Three dita pointgepresentingype 4 mineralizatiofrom
sampleSM-18-2-5 give ages ranging from 93.3 to 132.2 Ma, while the remaimiata
from the same samp@gmvemineralization ages older théimeir host rocks~150 Ma

(Bradshaw, 2010)

4.1.4 U-Th-Pb geochronology

Data fromin situSIMS isotopic analysesaveused to calculate {Pb agegor
each type ot mineralzation (Appendix D. Stage 1U mineralization consists d¢fpe 1
coffinite (Figure 42A) andtype 2 carnotiteg(Figure 42D), which giveanaverage age of
34 +5 Ma (MSWD=2.4; 7 analyses Stage 2J mineralization consists of ty@ecoffinite
from JD-9 (Figure 42E), whichgivesan age of 22 3Ma. Stage 3J mineralizationis
the most abundamype of mineralization and consists of type 4 carndfitigure4-2H),
which givesan age of 11+B/a. Stage 4offinite mineralization (Figure 2G), which
occursas disseminated graimsthin V-clay cementjs 3+1 Maold.

Figure 45 shows the distribution of activity ratie§ U>>7U%® and TH*Ju*®
reportel in Table 2 (Appendix Dyith 5 and 10%errors respectivelyWith the
exception of two analyses, the majority of theninerals are in secular equilibrium,

which suggests théhe U-Pb isotopic system was undisturbed
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Figure4-5: Disequilibrium plot showing effects of roaekater interactions for
uranium mineral phases; the position of data points indicates the net gain or Ic
uranium from deposits. Shaded forbidden zones can only be reached via corr
alteration processeNlote: numbers after each phase in legend correspond to ut
mineralization type described inl4 Adapted from Scott et al. (1992).

4.1.5Sulphur isotopic analysis of pyrite

Threedistinctmorphological types of pyrittom theJD-6 and JB9 depos#s
were analyzed using SIM@ppendix D. Two different occurrences ofdmboidal
pyrite from sample JB-5 havet**S values ranging from20.78 to-26.34 (Figure 4
4A) and-34.99 to-35.9 (Figure 44B). Subhedral pyrite from sample J4-7 has
P‘Svaluesof -23.18 to-5 1 . {F&@ure 44C). Both the subhedral and framboidal
pyrite are enriched iffS andhave isotopic values that arensistent wittbiological
sulphide reduction because sulphate reducing bacteria selectweize low-molecular
weight compounds angéduce the lighte’S (Southam, 2012)ln sample JB6-2, pyrite

thatis spatially associated with mineralizaion (Figure 44D) hasl**S values ranging
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from-5 . 0 &-13t30, which suggests that chemical rather than biological processes are
responsible fotheformation of pyrite from the JB mine.Currently, the original source
of sulphur is poorly characterized. However, one potential source of sulphate is the

underlying @aporite facies (e.g., Goldhaber et al., 1987)

4.2 Three Crow Roll-Front Uranium Deposit, Nebraska

4.2.1 Hand sample dscriptions

Samples from the distal altered (oxidized) z¢hgd7C)consist oflight to
medium grey and browiine- to veryfine-grained to gty sandwith common clay
interbeds and gall€ommon sandstone lenses composed of medmigoarsegrained
sandwith dark, roundeaobblesLocal yellow to orangdimonite staingmparta mottled
appearanct the sandSamples are nuterately topoorly indurated anchoderately to
poorly sorted In the poximal altered (oxidizedjone (H150C), samples consist of
medium brown, green and yeW, mediumgrained to very fingyrained silty sand Clay
interbeds and galls locallgnparta mottled appearanc8parsedark reddistbrown
staned laminae arel cm thick and minolight pink to dark redtainedcentimetresized
lensesoccurthroughoutSandsaregenerallypoorly indurated andremoderatelysorted.
In the nineralized(H161C) one, samples consist mfedium to dark greynterbedded
coarseto medium to fine sahand conglomerat&lay interbedgsypically rangefrom <1
cm to 2cmin thickness butclay content increases towatttie base of the sequence.
Minor discontinuousmillimetre-thick shale laminaeccur throughout the sampléhe

clay interbeds and galls are locally stained yellow andSathplesaremoderatelyto
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very poorly induratecandpoorly sortedSamples from therpximal altered (reduced)
zone (T792C) consigiredominantlyof medium brown to light grey, very fin¢o
medum-grained, silty sandvith interbedscomposed ofoarseo mediumgrainedsandy
lenses andilty claylaminae Abundant geen and reddish orangky mottlingoccurs
towardsthebottom oftheinterval The sandstones are generally poorly sorted,
moderatelyto poorly indurated and porousamples from theiskal altered (reduced)
zone (T810C) consist oight to medium greygreen and brown, fingrainedsandstones
with minor dark grey, brow and reddislcoloured claygallsthatlocally imparta nottled
appearanceéRarecentimetresized yellowclay lensesoccurnear the top of thmterval
Samplesare generally poorlinduratedandmoderately to welsorted See AppendiA

(Table 2)for handsample descriptiorsnd Appendix B for thirsectiondescriptions

4.2.2Petrography

Polished thin sections ofill core samples from the five zones of the Three Crow
roll-front were examined by reflected and transmitted light microscopy. Accessory
minerals include pyrite, hematite and traedcite andzircon. Due to thecarcity ofU
mineralization and theverallfine-grained nature of theamplesl minerals are
indistinguishale with transmitted or reflectelight microscopy. Thereforé) minerals
were identified andharacterized using SEM and EMP

Importantfeatures such asmintroll front and evidence of redox reactions
between hematite and pyrite were identified usirfigceed and transmitted lightandthe
chemical compositionf hematite and pyrite was anaggrusing E3. In thin section

H150G09 from the proximal altered zor{€igure 46A), amini-roll front is apparent at
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thesharp contact betwe@xidized hematiterich sedimentsandlight grey,reduced
sediments In thin section T7976 from the distal altered zor{€igure 46B), medium
crystalline hematite occuwsith very fine-grained pyrite inclusionsandrepresentshe

principalredox reactionthat is responsiblfr the formation of rolfront deposits

\
Figre 46 (A) Transmitted light image of contact between reduced (grey) sedime
and oxidized (red) sediments. Sample H10B3dB) Reflected light image of hemat

with pyrite inclusions in quartz veiQd: detrital quartz; Hem: hematite; Py: pyrite.
Sample T79C-06.

4.2.2.1 Mineral paragenesis

The mineral paragenesis of saggpfrom the Three Crow depowtbased on
textures observed in thin section, as well as SHDS andEMP data. The minerals can
begroupednto three formational components: detrital, agémic, and ordorming
(Figure 47). Detrital minerals such as quartz, feldsgariteand lithic grains were
deposited duringhe Oligocene and cemented by authigenic clays and minor calcite.
Authigenicminerals such as pyrite and clays developed during diagenesis of detrital
minerals.Coffinite precipitated fronthelate to early Pliocene, andaslikely preceded

by and also continuously qurecipitated wih biogenicallymediated pyrite.
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Figure 47: Paragenetic scheme illustrating the genstiguence of minerals associated
with the Three Crow roffront deposit, Nebraska.
4.22.2 Uranium nneralization

Two typesof uranium mineralizatiofdesignated aS1 and S2 in Figure-4)
were identified in one thin section arapleH161G04 from themineralized zone Type
1 U mineralization consists of coffinite that occwihin dissolutioncavitiesof adetrital

guartz grain with an average crystal sizee<n. peTR2Y mineralizationalso consists of
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coffinite andis associated with pyriteithin a microfracturein a detritalquartzgrain,
with an average crystal sipé<2e& m

Thetype 1U mineralization was characterizegi EMP and identified asaffinite.
Dissolution cavities have irregular, angular to rounded outlines that collectivelytianpar
vague sukparallel fabric across the host quartz gréloffinite occurs within these
cavities as fine graed (<2¢ nclusters (Figure4-8 A,B). Themain chemical
component®f coffinite are54.26 to 62.69vt % UO, and17.80 to 24.80vt % SiO,.
Element distribution maps were created using EMP and shosstn#ution ofSi, U, Fe
and Ph(Figure 49). Locally, rare pyrite grains <1lum in size argergrown with
coffinite within these cavities.

Type 2 coffinite mineralization ispatiallyassocated with pyriteand occurs
within a micrefracturein detritalquartz  Cof f i ni t e crystaectus ar e
with arhedral to subhedral pyrite along a fracture of a single quartz (@rigires 4-10A-
C). Coffinite mineralization is characterized 5§.21 to 63.3%t % U0, and11.92 to
24.52wt% SiOG, and possesses a similar U/Si molar ragdype 1 coffinite. A
gradational contact between pyrite aadfinite is visible in reflectedight and BSE
images(Figure 410C), butin order to investigatthe texturarelationsbetween coffinite

and pyrite element distribution maps were created using EMRAlysis(Figure4-11).
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Figure 4
quartz grain. Sample H161@. (B) High magnificatiorBSE imageof coffinite
mineralization within dissolution cavity. Sample H160L

Figure 49: Element distribution magpcreated using
EMP showing distribution of Si, Pb, U and Fe
within dissolution cavity ofletrital quartz. Sample
H161GO04.
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Figure 410: (A) BSEimage of coffinite
and pyrite mineralization within a
microfracture of detrital quartz. Sample
H161G04. (B) High magnificatiolBSE
imageof coffinite and pyrite
mineralization within microfracture of
detrital quartz. Sample H161@1. (C)
High magnificaton BSE image showing
texturalrelationsbetween coffinite and
pyrite. Sample H161D4.
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Figure 411: Elemental distribution majpcreated
using EMPshowing Si, Pb, U, and Fe
concentrations within microfracture of detrital
quartz grain. Sample H161@4.
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4.2 2.3 Sulphide and iron oxideinerals

The sulphide minerals in the Three Crow deposit consist of pyititetrace
marcasite and compe <1%of samples. Iron oxide minesatonsist of hematite and
compase < 2% of samples in the altered and mineralized zones. The ssljpinid
hematiteare too finegrained to be identified in harsdmpletherefore, sulphide minerals
were identified and charasized using reflected and transmitted light microscopy. In the
distal altered zone (T79/Mnely crystalline hematite was identified using BSE imaging
and EDS analysis, and occursiiade amounts commonly with firgrained pyrite
inclusions. Disseminated, very fingrained hematite also occurs within matrix clay
minerals throughout samples from the distal altered to proximal altered zone. Laminated
pyrite was identified in thin section T792 from the distal alterezbne, where laminae
are fdded;<1mm thick and pyrite grains are highly fractured. Thet@yaminations are
proximal, andare likely lithologically related to the underlying Pierre Shale Formation as
noted in he preliminary drill logs (Hawylet al, 2009). In the proximal alted zone
(H150C), hematite is disseminated within matrix claiperals, whereas pyrite conges
<1% of samples and is predominantly very fitttmediumgrained, subhedral to
anhedral and interstitial to framework grains.tia mineralized zone (H161Qjyrite
compses<2% of samples andiccurs as three types: 1) figeained, subhedral pyrite
(predominant); Rclusters of very fineto fine-grained framboids and 3) micraized
blebs spatially associated withmineralization. Sulphides in the proximatteed zone
(T792C) consist predominantly of fine very finegrained pyrite framboids with minor
fine- to mediumgrained, subhedral pyrite and cong@o<2% of thin section&igure 4

12).
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Figure 412 Reflected light and BSEnages of different morphological types of py
from each zone of refiront. A: pyrite laminae from distal altered zone T797; B:
framboidal pyrite from proximal reduced zone H150C; C: pyrite associated with
coffinite from mineralized zone H161C; D: fréwidal pyrite from mineralized zone
H161C; E: framboidal pyrite from proximal reduced zone T292C; F: pyrite and
marcasite (Marc) from distal reduced zone T810C.
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4.2.3Chemical Pb ayesand U-Th-Pb geochronology

Results from thelectron microprobe analyses gpe 1coffinite from sample
H161G04 give chemical ages ranging from 2.1 to A 84awhereagype 2 coffinite is Pb
deficient and thereforehemical ages could not be calculagagpendix C).

The U-Th-Pb isotopiccomposition otype 1 and Zcoffinite from the Three Crow
roll-front wasdeterminedusing SIMS in ordeto calculatetheages olU mineralization
Because dth types of coffinite mineralizatioaregeologically youngthe isotopidJ-Pb
methodcouldnotbeused The U-Th method of datingwhichusesthe activity ratiosof
20/28% and®°Th/2%, was usedo calculateheages of coffiniteType 1 coffinite
givesageshat rangdrom 23Kato 27Ka £3 Ka, whereasype 2coffinite givesages
rangingfrom 194 to 20%a + 30Ka (Table 4 Appendix D)

Figure 413 shows the>U/?*%U and®*°Th/?*U activity ratics (Table 5, Appendix
D) using amodeladapted from Scott et 4[.992) The data indiatethat: 1) neithertype
1 nor type 2 coffinite ign secular equilibrium, 2) both types are consistent With
accumulation and 3ome data plawithin the forbidden zos, which indicates thai
mineralization experiencdd accumulation due to discontinuous processes (removal and
addition).Theincrease irf>*U activity in nearly allof the samplesnay be due to the
incorporation of dissolvet?U in circulating groundwat that has been leached from

nearbyU sourcegFaure, 1986)
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Figure 413. Disequilibrium plot showing the evolution of coffinite minerals fro
initial equilibrium during rock/water interactions Tinree Crow deposit, Nebrask
Adapted from Scott eal. (1992.

4.2.4 Stable sotopes

A total of 55 analysegrom thedifferentzones of theThree Crowroll-front
deposit (distal altered, proximal altered, mineralized, proximal reduced anddgduce
weremeasuredising SIMS(Table 5 AppendixD). Thesample from thelistal altered
zoneT797 (Figure 413A) consiss of a pair offoldedlaminaecomposed of sutedral,
fractured pyriteandy i e | d e d t“8values(®3ts-5 44 @BAtd-35 }
suggesting that there argo distinct generationsf pyrite. A large,intensely fractured

pyrite grainfrom the poximal altered zone (H150Cjdure4-13B) producedrariable
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#*Svalues rangindrom -12 and-5 0 & Two different pyrite morphologies were
analysedrom the mineralized zon¢he firstcomprisessery fine-grained pyrite that is

spatially associated with fingrained coffinite crystals. This type has a wide range of
#‘Svalues, from16t0-4 34, and pyrite becom®away ncreasi
from uranium (coffinite) mineralizatiorfrfom topto bottom in Figure 4.3C). The

secondype of pyriteis asingle pyrite grain composed @énsely packedsery fine
grainedframboids (Fgure 413D) that havee 0 n s i *$S valuegangingfrom -53 to-

5 5 aAn aggregate ofery fine to fine-grainedpyrite framboidfrom theproximal

reduced zon@&292C(Figure 413E) hast**Svalues betweer? 7 & & r2 diSulphide
mineralization from the distal reduced zqi®10C; kgure 413F) consists of subhedr

pyrite andmarcasite pyrite and marcasitewere diferentiated usingeflectedlight
microscopySpot anal ysi s ¥vdluepeweent 2 @nydi2&/ldd e dvhii | e

t h #Svalues of marcasite rangetween3 5 & almd .
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Chapter 5. Discussion

5.1 Colorado tabular uranium-vanadium deposits
Until themidl 9506s, most workers considered
deposits ofcoloradoand Utah as primargeposits although they were composed
primarily of oxidized mineralsToday,however, after further explation and &rge
di scover i es,theprimérp tleducel and\ nanerals are widely
recognized as the precursors to these deposits. In this gtagyetrographic evidence,
EMP analysesand SIMS stable isotope data illustrate the relationship betweenrprima
and secondary andV minerals, the evolution of which ultimately supports the widely
accepted salinbrine model Goldhaber et al1990; Northrop et al., 1990&anford,
1990). The crystallization of Mlays during the initial stages of deposit fotina
decreased the pH of the saline brine. Subsequently, dissolved uranyl compounds carried
by late meteoric watersecame unstable, leadinglioadsorpiion onto quartz or clay
minerals. The precipitation of primadyminerals is the result of biogeniauction,and
is either simultaneously reduced with sulphate by bacfeadley et al, 1992) or
reducedoy biogenic HS generatedby the metaboliprocessesf bacteria (Northrop et

al., 1990b).

5.1.2 Primary andsecondaryore minerals

The primary minerals are classified as reduced minerals and in the study area
consist of theoffinite andmontroseiteThesource oV in V-clays has been speculated
to befrom the breakden of FeTi oxides (Northrop et 3119908, Wanty et al., 1990;

Spirakis, 1996). Previous studies of-FFeoxides in the San Juan Basin have shown that

t

I..
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they are an important reductant for the precipitatiod afinerals and their alteration
textures can provide insight on the formation of sanddtbdeposits (Fore et al, 2001).

In this studyhowever, \fclays locally replace F&i oxides along fracture planes and
along grain boundarig§&igure 43D). The breakdown of detrital FB oxides resulted in
the liberation of Fe and V, and subsequent incorporatidhinfo matix clays and the
formation of pyrite. The Mlays in the study area exhibit simitaxtures to those
described by Breit1995)as authigenic and locally contain significant concentrations of
U. The direct precipitation of primary minerals such as maeite from \(clays, as well
as the adsorption &f onto V-clay minerés reflectthe reducing nature of the-8ays In
samples from the J6 and JB8 mines, Umineralization (coffinite) forms after ¢lays

as an alteratioproductin assocition withlargea g gr e gat e ¥coriposedofic | ast s ¢
very fine montroseite crystals and remnant quiasigments The source of silica during
the formation of coffinite was likely detrital quartz grains or silica cement.

Although not petrographically observed in samfitem this study, it has been
previously established that montroseite aoffigite can oxdize to rauvite and finally to
the more stablearnotite (Thamnet al, 1981).Secondaryarnotite from the SM.8 mine
appears texturally comuous with the ribbonymatrix V-clay laminations (Figus4-21I),
which is consistent witin situ alteration of the primary montroseite and coffinitbe
evolution of themineralparageneseasan therefore be established from the petrographic
evidence desdred in thepreceding paragraphs) the alteration of F&i oxides
liberating V and Fe; 2) the incorporation of V into matrix clays and formation of

sulphides; 3) the formation of V minerals (ergontroseite) and adsorption of U onte V
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clay minerals; 4) the formatn of coffinite 5) the oxidation of primary ore minerals

montroseite and coffiniteand 6) the forration of secondary carnotite.

5.1.3 Ages of uranium nmeralization

Chemical Pb ages were determined for primary and secondary minerals using
EMPA. Thesalata,however, canndbe used taliscriminate between radiogenic and
common lead, which is a primary factor affectthgaccuracy of chemical Pb ages for all
types ofU mineralization. Chemical Pb ages calculated for typemineralization from
the JD6 mine range from 1.1 to 56.6 Ma. Thiariability is likely due to heterogeneous
replacement textures and small crystalsimdnere spot analyses invariably incluale
mixture ofmontroseite and coffinite. Chemical Pb ages for type 2 carnotite
mineralizaton from the SM18 mine are relatively constrained, ranging from 0.3 to 5.7
Ma and represent secondary mineralization with preferential Pb loss, whereas the outlier
chemical age of 71.Ma indicates a localized accumulatiof lead. Type 3 coffinite
mineralzation associated with pyrite from the-8DminehasPb levels belovihe
detectionimit and therefore chemical Pb agesild not becalculated. Chemical Pb ages
for type 4U minerals from the JB8 and SM18 mines both represent complex
intergrowth andextures betweeb andV-clay minerals in early stages dfmineral
growth. Uranium minerals from the ®mine are disseminated withirdlay cement
and range from 0.6 to 5.3 Miaage The relatively constrained range of ages may be the
result oflocalized Pb mobilization. The minerals from the SM.8 mine are intergrown

with V-clay within dense, ribbony laminations that aettrally continuous witlaltered
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montroseite. Thenuch older chemical Pb ages3#.3 to 132.2 Ma are likely the result of
Pb accumulation.

U-Pb isotopic ages were determined for primary and secondary minerals in order
to constrain the approximate timing of mineralization. Previstudies have reported
ages olJ mineralization from the Plateau ranging from 22 to 215 Mdl¢éMand Kulp,
1963). The only publisheéd®b/®U ages of primary uraninite and coffiiin the
Uravan district rangbetween 65 to 90 Ma (Miller and Kulp, 1963), while previously
reportedR&?%U?* ages of carnotite and metagamunite (sampled fronojnts and
fractures) from Salt Wash ore @oloradoand Utah range from 10 to 120 Ka (Stern and
Stieff, 1956). These ages suggest multiple mineralization ewemitsh is consistent
with the complex alteration textures of the ore zongkarlJravan arealn the present
study, four stages & mineralizatiorwere characterized and dated. Stage 1 coffinite and
carnotite give ages of 34+ 5 Ma and are associated witibiogenic pyrite that has**S
values betweerb to-1 3 aThe much older ages of carrtetfrom this study, compared
to the very young ages reported by Stern and Stieff (1956), may suggest that there is
more than one generation of carnotite associated witGdh®adotabularU deposits.
The samples analyzed in this study were from undengronineralized seams, having
formedin situfrom the alteration of primary minerals, whereas the carnotite analyzed by
Stern and Stieff (1956) occuatong fractures and joinendlikely represertglate
remobilization ofU andV. Stage 2J mineralization consists of coffinitexturally
associated with pyrite, with an age of 22+3 Ma. The coffinigssociated with
framboidal pyrite thahasi®'S values betweer21 to-2 6 &The textures and®*S values

clearly sugest a biogenic origin fahis pyrite Stage 3 and darnotite and coffinitgive
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agesof 11+3 Ma and 3+1 Ma, respectively. No sulphides appear to be associated with
the stage 3 or W minerals. Thegerange ofU minerals suggesthat mineralization

was a continuous procetgt persisteduringperiods of optimal geologicabnditions

Only stage 2J minerals are associated with biogenic pyrite and may have precipitated
from biogenic reductiomxidation reactions. Stage 1, 3 and #ninerals may have
precipitated from lod&ed, nonbiogenic redox reactions.

The matheratical model shown in Figure4ladapted from Scott et al. (1992)
shows the activity ratios of tH&®U decay series alongalteration pathway during low
temperature rockvater interactions. The disequilibm plot indicates that type 1
coffinite, type 2 carnotite and typeliminerals disseminated within-®ays are in
secular equilibrium, whereas some typd sineralsassociated with matrix ¥lays plot

in the second quadrant, indicating a net accumulatidch of

5.1.4Sulphur isotopic analysis

The a v3Sisaapie composition of subhedral and framboidal pyrite in
mineralized samples from the study areat&9a a @978 respectively. T
values are consistent with biologicllphate reduction and reflextimited sulphate
supply. In sample HB-2, pyrite spatially associated with coffinitarmaralization gives
considerabhhigher values with an averagé-9 . 9 a wh i c heitherengtede sent s
fractionation of sulphate from early, diagenetic pyrite, or chemical sulphate reduction
The values are only slightly higher (i.e. isotopically heavier) than those that we would

expect from a biologically formed suljple deposit.
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5.2 Three Crowroll-front, Nebraska

The geological setting of the Three Crow +fotint deposit is similar to tiseof
the Crow Butte deposit in Nebraska and the Wyonrtypg rolkfronts in thatU
mineralization occurs in the Tertiary hostks at an oxidatieneduction boundary. In
the Crow Butte deposit, coffinite occurs within the matrix as poorly developed, fine
grained (<2nm) crystals (Hansley et.al984). Gjelsteen and Collings (1988) suggested
thatU mineralization in the Crow Bté deposit occurred soon after deposition of the
Chadron Formation during maximum transmissiatyhehost sedimentand due to
high permeability of overlying astich beds ané change in groundwater flow direction
duringthePliocene. The paragenesisldminerals in the Three Crow deposit, however,
cannot be determined from petrographic analysis alonelggrace amounts of very
fine-grained coffinite (<qum) were identified in one sample from the mineralized zone.
Coffinite occurs exclusively withidissolution cavities and midractures in detrital
quartz. The general scarcity of mineralization may simply reflect a poorly mineralized
locale within a zone olJ mineralization, a feature that has been noted in the Crow Butte
deposit (Gjlesteen and diolgs, 1988). Both the intimate textural relationship between
pyrite and coffinite, and the isotopic composition of pyrite across thérooll deposit
suggest that pyrite is the principal reductant in the Three Crovirooll. The sulphur
isotopic compesition of pyrite is consistent with biological reduction. Organic matter
was not identified irsamples examined in this studygwever this lack of organic
material has been noted in several economic deposits in Wyoming arithuealpeen
destroyed by axlized groundwatefluids or consumed by sulphateducing bacteria

(Hansley and Spirakis, 1993pirakis, 199k
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5.2.1Ages of coffinite mineralization

The chemical Pb dating method is based on the assumption that all of the Pb in a
U mineral is of radigenic origin, and thus is generally considered an unreliable age
dating method because of the possibility of the accumulatieithar radiogenic or
common Plwithin the crystal structure of the mineralccordingly, the chemical Pb
ages calculated for e 1 coffinite are highly variable, rangifrgm 1.1 to 56.6 Ma. In
contrastU-Pb-Th isotopic dating methods provide the most reliable ages by measuring
theU decay series ratios directly. However, interpretatioisa@bpic datingesults
remains a diftult task due to the dynamics of natural systems, such as daughter gain or
loss due to weathering and reslater interactions (Faure, 1986). In previous studies of
Wyomingtype rolkront deposits, LPb isotopic ageseported for uraninite rangeom
18 b 24 Ma (Dooley et al., 1974). Apparent radiogenic ages of 15.8 and 17.6 Ma from
the nearby Crow Butte deposit (Gjelsteen, 1988) are the only published agjes of
mineralization for Nebraska reftont deposits to date. In this study, only one sample in
themineralized zone contasretectabléJ mineralization, which occurs as two distinct
morphologcal typeghat are both associated with detrital quartz grains (described as type
1 and 2 coffinite irsection 4.2.22 Using®°Th/2%U disequilibrium datingnethodsthe
isotopic ages of four very fingrained coffinite crystals occurring within dissolution
cavities of the detrital quartz grain were calculated and ranged from 23 to 27 Ka +3 Ka.
The dissolution cavitiem the detrital quartz grailikely serval as an effdrect i ve
U adsorption and subsequent reilut. Two spot analyses of firgrained coffinite
crystals spatially associated with pyrite mineralization within a fractuaedetrital

quartz grain (type 2 coffinite) each have varigBf&h/?**U isotopic ratios, and give
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much older ages of 193 and 205 Ka +30 Ka. The differences in calculated ages between

type land 2 coffinite ardéikely the result of two separate episodes of mineralization.

5.2.3Sulphur isotopic analysis

It is well established that roffront U deposits have a definite relationship to
sulphide minerals (IAEA, 2009). Previous sulphur isotopic studies describe distinct
isotopic trends, and interpret the mechanism of reduction as either chemical or biological,
across rb-front deposits in Wyoming (Austin, 1970; Warren, 1972; Reynolds and
Goldhaber, 1983). The isotopic sulphur composition of pyrite generally reflects the shift
from an open, oxygenated environment to a system depleted of dissolved oxygen with an
increasimgly limited sulphur supply. In this study, the isotopic sulphur composition of
sulphides reflects the structure of the-fotint. Although the formation andistribution
of sulphides occundependently frontJ mineralization, their existence is essentoaihe
formation ofU deposits, and sulphur isotopes may serve as a potential exploration tool to
delineate and map reffont deposits.
5.2.3.1Biogenic sulphureduction

Dissimilatorysulphatereducing bacteria couple the reduction 8f With the
oxidation of carbon or kS, andt hasbeen showmxperimentally that not only are
sulphate and ¥ reduced simultaneously, but enzymatic (i.e. biogenic) reductiofi’of U
is more efficient than neanzymatic (i.e. chemical) reduction by sulphides. The fact that
ore-stage pyrite and prere pyrite are undistinguishable in hand specimen is problematic.
The most reliable method in identifying different sulphide generations is to measure the

%S valuesin situmicro-analytical techniques, such as that used insthidy, provide
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the most acurate results. Sulphur isotoplata from previous studies of Wyomitype

roll-front deposits, however, are based on the bulk chemical analysis of sulphides. In
general, if the pyrite is of biogenic origin, and thus considerdwhve precipitated during

ore for mat i*8alussofpgricesvill betbélosd 014 (i sot opical |y
and theoretically, could reach valuesaslow/as @ f ol | owi ng di spropor
multiple oxidationreduction cycles (Farquhar dt,&2003). Sulphur isotopic

compositions of sulphide minerals from a Shirley Basinfrolht deposit in Wyoming

rangefrom3 2. 7 t o + 1 8. 8éreasiny’ts enrichmentasressthe deposit
relative t ¥Svallee pracsepyritmefe-17i0-20 & ( Warren, 197
The two biogenic models proposed by Warren (1972) consider the sulphur isotopic trend
across the roffronts, wheré”s is enriched downstream in the deposit and the isotopic
composition of pyrite acrogbe deposit is controlled by ore stage pyrite. Outside the

deposit, the isotopic compaosition of pyrite is controlled bygreestage pyrite. The

sulphide deposits form as groundwater moves through th&aotldeposit and sulphate

is reduced and the prpitating sulphide incorporates the lighter isotope, leaving the

remaining dissolved sulphate enriched¥® to formpyrite increasinglyenriched in

heavyS. The two biogenic models for the formation of sulphide deposits described by

Warren (1972) arelj the quantitative reconstitution mogdehich requires complete

conversion of dissolved sulphate to pyrdad (2) the steadstate modewhich requires

only partial reprecipitation of sulphuaspyrite. The conditions necessary for the

complete conuesion of dissolved sulphate to pyrite described in the quantitative

reconstitution model are relatively rare in nature as some sulphur will be last due

precipitation inefficiency of the precipitation proc€eg, low dissolved oxygen and
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sulphur concenations of migrating ore fluids)The sulphur isotopic trends across a
theoretical rolifront deposit for the quantitative reconstitution model and stetatg
model are shown in Figureslsand 52, respectively. The trends are not regpdil
applicable o every sulphideleposit; Austin (1970) completed systematic sampling and
isotopic analysis of sulphides across four Wyomingfrolhts, where only one of tee
deposits produced an iddedctionation pattern. The distributiah sulphides is strongly
dependat on both amount of dissolved oxygergroundwater and prere content of
host sedimentéeg, amount of reduced or oxidized mineralsiher variables includa
flow-rate of groundwater, buffering capacity of host sedimentsSacdntent (Grange
and Warren1972;1978). Thesulphurisotopiccomposition ofpyrite from the
mineralized zone tthedistalreduced zonef the Three Crovdepositranges from54.2
to-20.2a . Thisisotopic trendFigure 53), is notsimilar to either the quantitative
(Figure 51) orsteadystate modeal (Figure 52) and may be attributed in partttee
limited data set. However, the isotopimmposition of pyrite downstream from the
oxidation frontreflects the basic principle describm the steadgtate model ofjradual
%3 enrichment approaching poee isotopic values of pyrite, in contrasttenoreabrupt
enrichment and subsequent depletiof’8fshown by the isotopic trend in the
guantitative reconstitution model.

The isotojpc values reportesh previous studiefAustin, 1970 Warren, 1972are
based on wholeock analyses; h #S values of sulphides from the Three Crow deposit
are reported as the average of each data set from the mineralized, proximal reduced and
distalred ced zones of the de p¥Ssaluesofsulphigesfromnge s

the five zones of the Three Crow rilbnt deposit are shown in Figure45 Multiple

-

C
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sul phide generations of pyrite wit¥#in the
values of two superimposed pyrite laminae from the distal, altered zone (T797C) indicate

two distinct generations of pyrite with consistent valaesragings 3 @ &rtd

respectively T ¥iSevalués of pyrite from the proximal, altered zone (H150C) e a

within therangefrom -12 to-50a , with an averageo 6 a; vari abi |l ity is
due to localized and incomplete reactions dupregipitation. Two morphological types

of pyrite from the minmlized zone (H161C) were ana&gz 1) a single, intesely
fractured pyr it e*Sgauesiaveragnistshiand 2) pyste spatialyn t U
associated with coffinite within a micffeacturein a detrital quartz grain. This pyrite

g i v ¥Ssvalus that become increagly heavier away from coffinitsineralization,

the lowestvalue beingt 6a near the contact dndktheween pyri
highest1 6 & near the outerarédgen cbffhei’lSeacThee
values is most likely due to aagtual depletion in sulphur within a localized closed

system (i.e. the fracture). The textural relationship between coffinite and pyrite suggests
thattwo mineralsver e c ont e mp 8'$values meassirefor Jammedrom the

proximal reduced zone (B2C) are variable with an averagebf2 a; t hese val ue
slightly higher than those predicted using the stesddie model and may represent a

migrating front with reoxidation accompanied by further fractionation,

disproportionation and rprecipitatin of**Sd e p | et ed s v*iSpalueddre s . The
sampledrom the distal reduced zone, consistingpétially associateplyrite and

marcasiteaverage3 7. 8 a f or -2n@&d.r 2 ad i ftTiee tveopmpherals e

represent separate sulphide generationsadso a shift in geochemical conditions.

Because the precipitation ofarcasite occurs &wer pHvaluesthan pyrite, it is likely
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thatthese mineralprecipitated from chemically distinct ore fluids. Geochemical studies
by Stanton and Goldhaber (19%)d Reynolds and Goldhaber (1983) concluded that the
formation of marcasite igrgely a function of pH. Jens€1958) concluded that there is

no covariant rel ati ons h¥Spwhibhdstcansistentwiththe phi de

results from th@resenstudy.
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Figure 51: Isotopic sulphur trend described in the quantitative reconstituti
model showing the sulphur isotopic composition of pyrite versiartte
downstream. After Warreri972.
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Figure 52: ideal isotopic sulphur trend predicted foe gteadystate model
showing tte sulphur isotopic composition of pyrite verslistance downstrear
After Warren (1972).
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Figure 53: Average sotopic sulpur trend of pyritedfrom Three Crow deposit.
Mineralized zone to distal altered zooeerall trend showthe enrichment ot's
in pyrite approaching prere values withncreasing distance from oxidation

front. (Actual distances of the drill holes are approximate because they wer

reported in Hanly et al, 2009 and are most likely proprietary).
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Figure 54 : **Scdmposition of sulphides across five drill holes intersecting the Tk
Crow roll-front. Modified after Hanly et al. (2009).
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Chapter 6: Conclusiors

The Wyomingtype rolHront andColoradoPlateau tabular deposits are the
principal resources for uranium the U.S Bothtypes occur within continental
sediments, have similar element and mineral associations and are formed as the result of
the same basic mechanism of reduction from soluBfednsoluble U*. The
differences between the two types of deposits, however, greatly outnumber the
similarities with respect to ore mineralogy, distribution araphologyof orebodies,
alteration, and nature of ore deposition.

The tabular deposits in the Uraviagionoccur within the sediments of the
Jurassic Morrison Formation and are characterized by anomalous concentratlons of
with accessory; intense alteration of primary depodgs to localization ofJ andV
into the more stable, oxidized deposits. In thelgtarea, primary andV minerals such
as coffinite and montroseite are localized in sedimentary packages composed of black,
mineralized laminae and barren sandstone intervals that are concordant to bedding, and
occur entirely within reduced sedimentseldecondary carnotite deposits ocasir
disseminatedrainsin mineralized seams from in situ alteration of primary minerals, and
also as massive, remobilized mineralizatwonfined to fractures and joint§he
formation of primary deposits is the resoilta series of sequential geochemical reactions
at an interface between lower dense, saline brinesigpel ,permeating meteoric waters,
the latter having interacted with the overlying altered &sisland havingigh pH
values The \tclay minerals of th tabulatColoradodeposits are considered to be the
primaryvanadium source; in this studydfays were identified as vanadiemah illite

andvanadiumrich chlorite  The \fclaysthat occumithin cell lumens of organic matter



75

werelikely deposited bef@compaction and suppaah authigenic origin. Evidence from
this study showing montrosejteith local coffinite alterationprecipitating from within

matrix V-clays siggests the reducing nature oftlays; early formabn of V-clays plays

a crucial rolan lowering the pH of the brine, causing dissol&th groundwater to

become unstable and adsorb onto clay minerals or quartz. Once adsorbed, coffinite was
precipitated in the presence of biogenically precipitated aqueous sulphides within the
saline brinein situisotopic sulphur values of pyrite from this study are consistent with
biological sulphate reduction.

Four stages of uranium mineralization were identiirethe Coloradodeposits 1)
coffinite and carnotitg2) coffinite texturally associateavith pyrite, 3)matrix-replacing
carnotiteand 4)coffinite precipitating from Vclay cementThe isotopic sulphur
composition of pyrite from mineralized samples from the study area is consistent with
biological sulphate reduction, with the exception o occurrence of pyrite associated
with stage 1 coffinite and montroseite, which likely precipitatethbyganicchemical
processes. Carnotite is considered to ltexeloped at the expensepsimary coffinite
and montroseiten situand occurs very proxial to, and continuous witkhe primary ore
minerals and Wlays. Stage 1 coffinite and carnotite give ages of 34+ 5 Ma, stage 2
coffinite gives an age of 22+3 Ma, whereatge3 and4 carnotite anatoffinite give an
ageof 11+3 Ma and 3+1 Ma, respeatiy. Thevariationof ages and types of
mineralization associated with the tabtiigpe deposits inColoradosuggest that these

deposits have had a complex and protracted fluid history.
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The large rolitype U ore deposits of Nebraskad Wyomingwere deposited
from theearly to midMiocene, and occur in highly arkosic and unconsoldigediments
within intracratonic basins. Typical Wyomirgpe rolkfronts are characterized by a
relatively sharp, cresceshaped interface between oxidized arduoed sediments along
which U minerals are precipitated and are consistently associated with supergene
sulphide depositsAn abrupt change in Eh causes dissolved uraniuff) (b percolating
ore fluids to become unstable, adsorb onto quartz (or othecess)yfand finally
precipitate. Bacterial sulphate reduction in sandstones that contain vegetal matter, which
acts asnenergy source for bacterggrvesas an efficient catalyst and extends the
reducing environment over larger aree@mpared to inorganichemical sulphate
reduction,due to the migration of 5; iron oxides are readily transformed to pyrite,
thereby adding to the reducing capacity of the rocks. Sulphur isotope values of sulphides
across the Three Crow deposit follow the biogenic isotopidehfirst described by
Austin (1970) and Warren (1972), where pyrite along the oxidation front shows the
maximum®?S enrichment, and valuescomeprogressively heavier, approaching-ore
sulphide values with increasing distance downstream. Shiftswmiiieigeochemical
system are reflected by the occurrence of marcasite with pyritevahdedoxidation
fronts are implied by multipleSsulphide ge
compositions.

Petrographic and stable isotope data ftbenThree Crow study area suggest that
the deposit was formed by similar processes as those described for Wygpangl+
fronts. The”*°Th/”%U isotopicages o coffinite from the Three Crowoll-front deposit

range from 23 to 27 + 3 Ka, representingnenalization that occurs within dissolution
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cavitiesin quartz, and 193 to 205 +30 Ka for coffinite associated with pyrite within a
fracturein a single detrital quartz grain. The two sets of ages for coffinite mineralization
suggest two distinct generati® ofU mineralization. The mineralized samples for this
study were obtained from the limbs of the 4fodint (rather than the nose) and thelb
activity ratios plot within théJ accumulation quadrant, which suggests that the limbs are
gainingU. Therefae, in situU-Th micro-analysis olU minerals by SIMS can be used to
determine whetr a rolHront U depositis moving (i.e. UTh activity ratios plot irtheU
removal quadrant) or beingrimed (i.e. UTh activity ratios plot itheU accumulation

guadrat).
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Table 1: Hand sample descriptionsColorado deposits

JD-6 1-1 | Mottled grey/black, medium graing
sandstonevith minor claylenses
Exposed surface shows
approximatelymillimetre thick
orange, crystalline crusextensive
oxidation;secondary
mineralization) Moderately
indurated, brittle

JD-6 1-2 | Mottled dark greyclay-rich, fine
grained sandstone (oxidized);
massive, brittle. Exposed surface
shows < 1mnyellow/orange
crystalline crustVery fine grained
yellow and green alteration on
fracture surfaces, spatially
associated with clay. Clay has
blocky fracture patter, with
conchoidal surfaces.

JD-6 1-3 | Pale green, finto mediumgrained
sandstongoxidized) massive.
Discontiruous and diffuse dark gre|
claylaminae, 15 mm thick,
somewhat mottletexture Patchy
yellow and white clayey alteration
as specks anddibs (<2%).




JD-6 1-4

Dark grey, fine to mediumgrained
sandstone, massive. Predominani
quartz with minor lithic grains in
>15% clay matrixVery diffuse
(<10%) yellow alteration specks ar
blebs €omposed otlay size
particles). Minor, sporadic white
irregular 25 mm clay blebs. Minor
dark grey clay galls €6 mm).

SM-18 1-

Light brown fine tomedium
grained, massive sandstone with
fine grained, brown specks (iron
oxide). Well cemented, well
consolidated. Common green clay
clasts <1 mm, slightly elongated
pamllel to bedding.
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SM-18 1

Medium grainedlight brown,
massive sandstonwell cemented
and conelidated. Dark reddish
brown stainingform 1-5 mm thick
laminae. Minor dark greglay galls,
1-3 mm. Fine grained, brown (iron
oxide)specks~ 1mm.
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SM-18 1-

Top (oxidized): fine to medium
grained sandstone, dagkey/green.
Centimetre sizedrregular clay
lenses. Greenish staining
throughout withminor yellow,
clayey alteration speckSharply
diffuse contact between underlying
light brown, reduced fine grained
sandstone. Orange, millimetre thic
iron oxide stained laminae.

SM-18 1-

Top (oxidized) 0.5-1.5 cm thick,
shaley, dark greyfine grained
sandstonePossiblemedium sized
coalfragmentgblack, conchoidal
fracture) Sharply diffuse transitio
to light grey, bleached, fine to
mediumgrained sandston@ale
orange(iron oxide)stained laminae
crosscut by upper layers;3lcm
thick.

SM-18 1-

Palebrown mediumgrained
sandstone with minor (<10%jthic
grains (:2 mm). Porous, well
indurated massive. Spotty brown
(limonite) staining, as blebs <hm.




JD8 11

Laminated(oxidized)sandstone:
medium grained, light grey with
discontirvousmudstondaminae
and abundant mud clasts2tm.
Pale red staining, patchy salminor
limonite alteration. White siliceau
alteration and yellow claalteration
on fracture planeand exposed
surfaces.

JD8 12

Shale, massive, dark greyellow
clay alterationon fracture and
bedding planes
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Table2: Hand sample descriptions, Three Crow, Nebraska

08 T810C 001 | Grey/brown finegrained sand with 0% TI0C 0Ol TS
minor silty clay mottling. Tof
Unconsolidated. . —
[T g
08 T810C 002 | Green/dark grey, fingrained sand. | pg Tgioc 00a T5
Minor local, centimetresized No Tof INDICATEOR o ..
orange/yellow silty lenses. R
Unconsolidated. s b
08 T810C 003 | Light brown, fine grained, massive
sand. Unconsolidated.
08 T310C 003 TS ; ]
No foP |NDICATED : —
8 T810C 004 | Medium grey/brown, fine to medium '
grained sand. Unconsolidated. i 100 0ot T .
Vo ToP |NOI1cATED
S PR Senn ' cgﬁ”ﬂiﬁﬁ N
e W
08 T810C 005 | Light grey and brown mottled, fire

grained sand/Neaklyinduraed.

0% TI0C 005 TS
No Tof (NO(CATED §

e W R

| e i, ikt B P
.

,:m,
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08 T797 001 Medium grey, finegrained sand. Loca
minor red stainingWeakly indurated *
0% T#¥ 001 TS
no ToP INQILATED |
08 T797 002 Light brown/yellow fine to very fine ym B
grained, clayrich sand with red/browr
stained mottling. <2% fine to mediun ool iorcateo
grained black lithics, anare locally
stained bright red. Unconsolidated.
08 T797 003 Medium brown, fine to medium —— e
grained, clayrich sand. Minor orange| ., ., ,worenres
to brown, silty clay mottling. ==
Unconsolidated.
08 T797 004 Predominantly yellow/white, very fing g 1797¢ o004 15
to very coarsegrainedconglomerate.
Very poorly sorted with common |y
coarse grained, rounded, light grey
guartz and minor medium to coarse
lithic grains. Common medium to
coarse grained, angular black lithic
grains. Porous, poorly indurated.
08 T797 005 | Mottled yellow and lighbrown,

mediumgrained, conglomerate with
common grey clay mottling. Commor
black to grey, angular, medium to ve
coarse lithic grains. Poorly indurated
porous.

0% TH97¢ 005 T

Mo ToP InoipaTer
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08 T797C 006

Dark grey, silty clay. Common
orange, discontinuous clay laminae
and centiretresized clay lenses.
Moderately indurated.

rog T797¢ 0@
Nb Tof INPICATER

T792G08-01

Mottled light grey, fine grained sand
with common pink clay lenses and
pink-stained laminae. Unconsolidate

o gl b sy ”
bl Lttt

B Y ’

T792G08-02

Light grey, fine grained sand. Local
brown ironoxide stained,
discontinuous laminae.
Unconsolidated.

T792G08-03

Top: light grey/brown, fingrained
sand grading to dark grey/ brown silt
clay grading into fine grained sand.
Minor yellow/brown mottling.
Unconsolidated.

T792G08-04

Grey/brown fine to mediumrgined
sand with silty clay interbeds.
Abundant massive, centimetsezed

lenses and laminae composed of silt] .

black grains. Local red/brown iren
oxide coatings on beddimanes.

Weaklyindurated, crumbly, porous. \

e B rsamiinn
R \“'.“‘,.‘W‘

o
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T792-08-05

Mottled mint green clagnd dark grey ,
clay with light grey, fine to coarse 40FP 0% 1132 vos TS

-

grained, poorly sorted sand. Minor | €
coarse, rounded dark grey/black A
pebbles. Unconsolidated.

LTl 1l bttantsist st

T792-08-06

Predominantly light brown/grey, fine TeaaL-U%-0l T
to mediumgrained sand with green {op
clay mottling towards bottoraf <«
interval. Trace thin, black laminae arn - &
irregular, centimetrsized black, silty |£
lenses. Minor coarse to very coarse
grey quartz and dark pebbles.

Unconsolidated.

T792-08-07

Medium grey, silty clay mottled with
minor fine grained, light grey sarahd
local thin, black laminae. Medium

grained white feldspars and medium|
coarse | ithic gr ¢
pepper o texture.

T792-08-08

Medium to light brown, clayich, silty
to fine-grained sand with red stained
laminae and greclay galls. Medium

to coarsegrained white feldspars and
bl ack Ilithic gra
pepper o texture.

2o v e st
. m uuul Hie

h elludualyggl - AITHTEH RO B

T792-08-09

Fine to medium grained, brown clay | * 0% TI94C- 09 &
rich sand mottled with minor dark gre 10f

clay. Common black, centimettkick
laminae. Local red/orange staining |
near top of intervaWeaklyindurated.

A

i D (8




T792-08-10

Fine grained, light brown sand,

moderately sorted, poorly consolidat§

(first 10 centimetres). Becoming

increasingly argillic towards bottom g

interval (no top indiated) with white |

and grey clay galls, grading into whit{

yellow, and grey clay laminae
interbedded with minor fingrained
sand. Unconsolidated.

0g T793¢-10 TS
P _[NOICATED

H161G01

Predominantly fine to mediwgrained
sand vith common pebbles and
cobbles Crumbly.

H161G02

Predominantly fine to medium graine
conglomerate. Minor medium to very
coarse quartz pebbles and medium
grained lithics. Poorly indurated.
Crumbly and porous fragments.

08 HI6IC-01 Ts

No Tof |NpiCATE®

0g Hikle 03 TS

No ToP INPICATED

H161G03

Predominantly fine to medium grain€,¢ uizic 03 T ]

conglomerate. Minor medium to very
coarse quartz pebbles and medium
grained lithics. Poorly indurated.
Crumbly and porous fragments.

H161G04

Predominantly fine to medium
grained, light brown and grey, weakly

cemented sandstone mottled with re(ne ﬁ!""““é,” -

and grey clay galls. Common pebble

andcobbles. Poorly indurated. Porou, *%

fragments.
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H161G05

Fine to mediurgrained grey and pink
sand fragments mottled with minor
grey clay. Crumbly and porous.
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H161G06

Brown, clayrich fine to medium
grained sand with green, yellow and
red clay mottling<5% medium
grained white feldspars artiack
lithics. Unconsolidated.
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H161G07

Brownish grey, fine to medium
grained sand with minarlay mottling.
Unconsolidated.
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H161G08

Dark grey/brown, fine to medium
grained sand with common coarse tg
very coase rounded pebbles and
cobbles. Porous, weakly consolidateq

H161G09

Medium grey/brown, medium to
coarse grained sand. Local yellow cl
mottling with minor coarse to very
coarserounded pebbles and cobbles
Unconsolidated.




