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In-situ recovery (ISR) of uranium (U) from sandstone-type roll-front deposits is a technology that involves the
injection of solutions that consist of ground water fortified with oxygen and carbonate to promote the oxidative
dissolution of U, which is pumped to recovery facilities located at the surface that capture the dissolved U and re-
cycle the treated water. The ISR process alters the geochemical conditions in the subsurface creating conditions
that aremore favorable to themigration of uranium and othermetals associatedwith the uraniumdeposit. There
is a lack of clear understanding of the impact of ISR mining on the aquifer and host rocks of the post-mined site
and the fate of residual U and other metals within the mined ore zone. We performed detailed petrographic,
mineralogical, and geochemical analyses of several samples taken from about 7 m of core of the formerly the
ISR-mined Smith Ranch–Highland uranium deposit in Wyoming. We show that previously mined cores contain
significant residual uranium (U) present as coatings on pyrite and carbonaceous fragments. Coffinite was identi-
fied in three samples. Core sampleswith higher organic (N1 wt.%) and clay (N6–17 wt.%) contents yielded higher
234U/238U activity ratios (1.0–1.48) than those with lower organic and clay fractions. The ISR mining was in-
efficient in mobilizing U from the carbonaceous materials, which retained considerable U concentrations
(374–11,534 ppm). This is in contrast with the deeper part of the ore zone, which was highly depleted in U
and had very low 234U/238U activity ratios. This probably is due to greater contact with the lixiviant (leaching
solution) during ISR mining.
EXAFS analyses performed on grains with the highest U and Fe concentrations reveal that Fe is present in a re-
duced form as pyrite and U occurs mostly as U(IV) complexed by organic matter or as U(IV) phases of carbonate
complexes. Moreover, U–O distances of ~2.05 Å were noted, indicating the potential formation of other poorly
defined U(IV/VI) species. We also noted a small contribution from U_O at 1.79 Å, which indicates that U is
partially oxidized. There is no apparent U–S or U–Fe interaction in any of the U spectra analyzed. However,
SEM analysis of thin sections prepared from the same core material reveals surficial U associated with pyrite
which is probably a minor fraction of the total U present as thin coatings on the surface of pyrite.
Our data show the presence of different structurally variable uranium forms associated with the mined cores. U
associated with carbonaceous materials is probably from the original U mobilization that accumulated in the
organic matter-rich areas under reducing conditions during shallow burial diagenesis. U associated with pyrite
represents a small fraction of the total U and was likely deposited as a result of chemical reduction by pyrite.
Our data suggest that areas rich in carbonaceousmaterials had limited exposure to the lixiviant solution, continue
to be reducing, and still hold significant U resources. Because of their limited access to fluid flow, these areas
might not contribute significantly to post-mining U release or attenuation. Areas with pyrite that are accessible
to fluids seem to be more reactive and could act as reductants and facilitate U reduction and accumulation,
limiting its migration.

Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).
ss article under the CC BY-NC-SA lice
1. Introduction

The sandstone-type roll-front deposits located in the southern part
of the Powder River Basin in Wyoming host the largest in-situ recovery
nse (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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(ISR) operation in the United States, the Smith Ranch–Highland facility,
presently operated by Cameco Resources (Fig. 1) (Flores et al., 1999;
Freeman and Stover, 1999). The principal U minerals associated with
arkosic sandstone beds were identified as pitchblende and coffinite,
and in most cases occur with pyrite, marcasite, hematite, ferroselite,
native selenium, and calcite (Dahlkamp, 1993; Stewart et al., 2000;
Heinrich, 2012). Uwas derived frommultiple sources, including granitic
rocks located to the south of the Powder River Basin and from the alter-
ation and leaching of granitic sediments and late Tertiary volcanic ashes
deposited in the area. The U subsequently migrated in oxygen- and
carbonate-rich waters until it encountered an oxidation–reduction
interface within organic-rich and organic-poor arkosic sandstone
units, where it formed roll-front ore zones (Seeland, 1976; Santos,
1981; Freeman and Stover, 1999; Norris and Drummond, 2000). ISR is
a solution mining technique that involves the injection of oxygen- and
CO2-fortified water (Miller et al., 1990; Norris and Drummond, 2000) to
economically extract U from low-grade ore deposits while avoiding the
production of tailings and U-bearing dust associated with conventional
open-pit and/or underground mining operations. The main challenges
with ISR mining are the inability to access all of the U in the ore zone,
and, more importantly, the difficulties in restoring groundwater to
Fig. 1.Map showing the location of the Smith Ranch–Highlandmining site and the core hole (Ea
at mine unit (MU)-4 in the southern part of the Powder River Basin in east-central Wyoming.
baseline conditions and themined host rocks to chemically reducing con-
ditions capable of immobilizing any residual U or other contaminants.

During ISRmining, U(IV)minerals are oxidized to form highly soluble
uranyl hydroxycarbonate species (UO2(CO3)n(OH)m 2−2n−m) or calci-
um–uranyl–carbonate species (CaUO2(CO3)n 4−2n), which is facilitated
by the presence of excess carbonate. TheU(VI)-rich solutions are pumped
to the surface for U recovery using ion-exchange methods. Following
ISR mining, restoration is typically conducted by sweeping the mined
ore body with aquifer water drawn in from outside the ore zone
(groundwater sweep) and then treating the ore zone water by reverse
osmosis (RO). Treatment with reducing agents (H2, Na2S and H2S) has
also been used to restore the reducing capacity of the aquifer in an at-
tempt to reverse the oxidizing conditions created during ISR mining
(Mays, 1994; Hall, 2009). Bioremediation, through the stimulation of
native metal reducing bacteria within the aquifer has also been consid-
ered for the restoration of mined sites (Mays, 1994; Reimann and
Huffman, 2005; Luo et al., 2007; Hall, 2009; Yi et al., 2009; Hu et al.,
2011). An understanding of the chemical speciation of U in post-
mined ore material and of the nature of associated minerals and geo-
chemical conditions would help in evaluating and applying these and
other remediation strategies.
sting 348,744.59 ft, Northing 867,055.62 ft, elevation 5456.81 ft, andwater level at 259.3 ft)



Table 1
Mineralogical compositions of core samples from the Smith Ranch–Highland uranium
deposit mining unit 4 in Wyoming. Concentrations are given in wt.%.

Samples 766-1 766-2 767-1 769 dark 769-1 769-2 770-1 779 dark

Depth (m) 233.5 233.6 233.8 234.4 234.5 234.7 234.6 237.6
Quartz 63.1 66.4 61.7 58.6 54.4 59.3 59.8 35.6
Albite 3.0 2.9 1.9 3.6 3.2 8.2 7.2 c
K-feldspar 14.7 15.0 16.3 24.0 20.4 21.1 22.4 43.8
Muscovite 2.5 3.5 2.9 3.6 4.9 3.5 2.2 c
Kaolinite 2.1 2.6 2.8 1.2 2.4 2.2 1.9 2.1
Calcite a c. a 0.6 c a 0.7 c
Smectite 13.7 9.3 13.9 6.0 14.2 4.2 5.8 12.3
Pyrite a a a 2.4 0.5 1.0 c 6.2
Coffinite c c c b c c c b
Total 100 100 100 100 100 100 100 100

Samples 779-1 779-2 780-1 782c 782-2 785-1 786-1

Depth (m) 237.4 237.6 237.7 238.4 238.7 239.3 239.6
Quartz 55.5 58.5 60.2 72.7 71.1 59.3 68.9
Albite 2.7 4.9 7.9 4.7 5.9 10.3 3.7
K-feldspar 20.9 16.4 24.6 11.3 12.2 13.3 15.9
Muscovite 2.9 10.7 1.5 3.1 2.7 4.4 2.8
Kaolinite 2.9 1.6 1.5 1.9 2.0 2.9 1.6
Calcite a c a a 0.6 a 0.6
Smectite 14.4 6.6 4.0 6.0 5.5 9.5 6.6
Pyrite 0.5 1.3 c c c c c
Coffinite c b c c c c c
Total 100 100 100 100 100 100 100

a, concentrations less than 0.5 wt.%.
b, present but could not quantify due to lack of standard.
c, below detection limits.
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Although considerable work has been done to characterize U-bearing
deposits prior to mining (Stewart et al., 2000; Heinrich, 2012), informa-
tion is sparse on previous studies investigating how roll-front sediments
are affected by ISR mining, a key factor governing post-mining behavior
of U. For this study, post-mining core sampleswere obtained frommining
unit (MU)-4 at the Smith Ranch–HighlandUdeposit inWyoming (Fig. 1),
whichwasmined by ISRmethods from1999 to 2005 andwas designated
as being ‘in restoration’ starting in 2010. The goals of the study were to
conduct detailed characterizations of the core sample sediments, with
emphasis on identifying and evaluating mining signatures that might
be exploited to improve or assess restoration methods and also to evalu-
atewhether the sediments retain some capacity to reduce U(VI) and thus
prevent significant U migration out of the previously mined areas. An
additional benefit of the study was to gain insights into the efficiency of
hydrologic sweep of the lixiviant solution during mining, as reflected by
the spatial distribution of geochemical and isotopic signatures in the
core samples. Specific tools that we employed included optical petrogra-
phy, scanning electron microscopy (SEM), total organic carbon analysis,
U and strontium (Sr) concentration and isotopicmeasurements of strong
acid leachates of selected samples to assess ISR fluid–rock interactions,
and X-ray diffraction, X-ray absorption and X-ray fluorescence measure-
ments (see below for details) on selected solid samples to determine U
and Fe structures, oxidation states, speciation, and mineral associations
in the sediments. Understanding the structure and chemical speciation
of U and associated minerals in post-mined ore deposits will help define
the geochemical environments that exist in the subsurface after ISR
mining, thus providing insights into conditions and processes responsible
for the continued release of U and other trace metals from previously
mined zones, which in turn should help in developingmore robust resto-
ration methods.

2. Materials and methods

2.1. Core selection and analytical techniques

Cameco Resources provided six vacuum-packed 0.3 m (one-foot)
sections of a 7.32 m (~24 ft) continuous core of semi-consolidated
light to medium gray arkosic sandstone from the Smith Ranch–Highland
MU-4 site (Fig. 1), which was mined from 1999 to 2005 and is currently
in the process of being restored using groundwater sweep and reverse
osmosis (Clay, Personal communication, 2013). The post-ISR samples
were selected from different levels of the ore zone located between
233.5 and 239.6 m below the ground surface. Even though most of the
samples exhibit generally similar petrographic, mineralogical, and chem-
ical properties and generally contain proportional amounts of organic
matter, U, and pyrite (Tables 1–3), the detailed characterization work
reported in this paper was conducted on an organic-rich subsample of
core from 237.4 m depth (designated as “779 dark”) because of its high
organic content, which contained considerably more uranium compared
with the other core samples (Tables 2 and 3).

Subsamples of the core were selected and processed for thin sections
and for quantitative X-ray diffraction (QXRD), and X-ray fluorescence
(XRF)measurements. The depths and identifiers of the samples prepared
for this study are listed in Table 1. These samples were also analyzed for
total organic carbon content, and they were acid leached to analyze U
and Sr isotopes in the leachates. X-ray absorption near edge spectroscopy
(XANES) and extended X-ray absorption fine structure (EXAFS) analyses
were also performed on selected thin sections.

2.2. Optical and scanning electron microscope studies

Thin sections of post-mined core samples (n=15)were prepared in
epoxy resin and heated to accelerate hardening. No special precautions
were taken to minimize contact between the samples and air during
thin section preparation. Thin sections were examined under transmit-
ted, polarized, and reflected light using optical microscopy to determine
the detrital and secondary minerals and the textural features of the
U-mineralized rocks (Fig. 2). At least three thin sections and several
fragments from each sample were also examined using scanning
electron microscopy (SEM). The SEM images and spectral patterns
from EDX (energy dispersive X-ray) analysis were used to identify the
detrital and secondary mineral phases and to investigate the distribu-
tions, morphologies, and the paragenetic relations of the clays, carbona-
ceous matter, U minerals, and pyrite (Figs. 2–4).

2.3. Quantitative X-ray diffraction

Representative fragments were taken from each of the cores for full-
pattern quantitative X-ray diffraction (QXRD) analyses. All samples
(n = 15) and standards were spiked with 20 wt.% Al2O3 (metallurgical-
grade Al2O3) and ground under acetone with a Retsch mortar and pestle
to a particle size b5 μm. The samples were loaded into a front-
loading Ti mount. X-ray analyses were run from 2 to 70° 2θ scan rate
of 8–12 s/step with Cu-Kα radiation. Mineral identification and unit-
cell parameters analysis was performed using the Jade© 7.5 X-ray
data evaluation program with ICDD PDF-4 database. Quantitative
phase analysis was performed using FULLPAT (Chipera and Bish,
2002). Mineralogical compositions of the core samples are presented
in Table 1.

2.4. X-ray fluorescence spectroscopy

Aliquots from the powdered samples of cores prepared for the QXRD
analyses were fused to prepare glass disks to determine the major and
trace element compositions using a Rigaku Primus II wavelength-
dispersive X-ray fluorescence (XRF) spectrometer. The samples
(n = 15) were first crushed and homogenized in 5–10 g portions in a
tungsten-carbide ball mill. Sample splits were heated at 110 °C for 4 h
and then allowed to equilibrate at ambient laboratory conditions for
12 h. To prepare fusion disks, 1.25 gram splits were mixed with 8.75 g
of lithium metaborate-tetraborate flux and heated in a muffle furnace



Table 2
Major, trace, and rare earth element compositions of arkosic sandstone cores from the Smith Ranch–Highland uraniumdepositmining unit-4,Wyoming. Concentrations are given inwt.%.

Samples Depth (m) SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Total LOI

766-1 233.48 75.50 0.23 6.21 1.28 0.01 0.58 0.55 0.30 2.22 0.04 86.92 12.69
766-2 233.63 86.40 0.15 6.27 0.85 0.01 0.55 0.35 0.36 2.32 0.05 97.30 2.61
767-1 233.75 83.63 0.15 6.79 1.18 0.01 0.60 0.39 0.34 2.51 0.05 95.65 4.26
769 dark 234.39 73.05 0.15 5.24 2.19 0.01 0.47 0.55 0.31 1.98 0.06 83.99 15.68
769-1 234.48 85.04 0.16 5.82 1.15 0.01 0.48 0.36 0.26 2.12 0.05 95.45 4.45
769-2 234.70 86.07 0.15 6.31 0.79 0.01 0.47 0.35 0.41 2.46 0.05 97.05 2.86
770-1 234.64 82.30 0.14 7.37 0.90 0.01 0.48 0.45 0.54 3.16 0.05 95.37 4.52
779-1 237.44 76.22 0.42 10.20 2.49 0.01 1.04 0.74 0.14 2.09 0.06 93.43 6.50
779-2 237.62 79.23 0.28 7.00 2.50 0.01 0.65 0.50 0.31 1.83 0.10 92.41 7.20
780-1 237.74 84.91 0.13 7.25 0.98 0.01 0.51 0.33 0.61 2.62 0.05 97.38 2.52
782c 238.35 87.88 0.16 5.62 0.95 0.01 0.46 0.31 0.36 2.03 0.05 97.82 2.09
782-2 238.68 87.06 0.13 6.15 0.85 0.01 0.45 0.31 0.43 2.30 0.05 97.73 2.18
785-1 239.27 87.96 0.17 5.75 0.82 0.01 0.44 0.33 0.46 2.07 0.05 98.05 1.85
786-1 239.57 88.10 0.24 5.51 0.89 0.01 0.43 0.34 0.43 1.94 0.05 97.93 1.96

Samples Depth (m) V Cr Ni Cu Zn Ga Ge As Rb Sr Y Zr

766-1 233.48 84.00 33.00 13.00 14.00 19.00 b7.50 b7.50 42.40 83.20 71.00 16.00 398.00
766-2 233.63 24.00 19.00 13.00 7.00 10.00 b7.50 9.70 87.10 73.20 65.00 10.00 142.00
767-1 233.75 35.00 24.00 14.00 10.00 25.00 b7.50 b7.50 34.80 72.20 71.00 10.00 134.00
769 dark 234.39 120.00 30.00 23.00 16.00 19.00 7.40 79.10 41.70 119.80 54.00 18.10 167.00
769-1 234.48 37.00 18.00 14.00 11.00 20.00 b7.50 86.80 20.40 77.70 60.00 11.80 155.00
769-2 234.70 17.00 17.00 11.00 8.00 10.00 b7.50 76.30 43.90 76.80 64.00 10.00 165.00
770-1 234.64 35.00 15.00 19.00 11.00 11.00 b7.50 146.40 75.70 105.20 72.00 11.00 160.00
779-1 237.44 82.00 51.00 28.00 18.00 54.00 12.60 79.10 b18.00 99.70 90.00 15.00 300.00
779-2 237.62 63.00 36.00 55.00 13.00 459.00 b7.50 113.10 96.90 315.50 69.30 37.80 520.00
780-1 237.74 31.00 13.00 11.00 9.00 28.00 8.20 b7.50 b18.00 93.30 62.00 10.00 97.00
782c 238.35 67.00 17.00 13.00 7.00 15.00 b7.50 15.30 b18.00 64.00 56.00 8.00 144.00
782-2 238.68 45.00 13.00 12.00 10.00 16.00 b7.50 b7.50 b18.00 70.00 62.00 7.00 89.00
785-1 239.27 39.00 17.00 11.00 11.00 18.00 b7.50 b7.50 b18.00 63.00 60.00 9.00 259.00
786-1 239.57 69.00 17.00 13.00 7.00 14.00 b7.50 b7.50 b18.00 59.00 59.00 15.00 410.00

Samples Depth (m) Nb Ba La Ce Pr Nd Sm Gd Tb Dy Ho Er

766-1 233.48 10.50 451.00 22.20 27.70 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50
766-2 233.63 11.90 462.00 b22.80 b26.4 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50
767-1 233.75 7.70 485.00 b22.80 b26.4 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50
769 dark 234.39 67.10 385.00 25.60 39.10 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50
769-1 234.48 19.60 427.00 22.20 33.40 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50
769-2 234.70 8.40 473.00 b22.80 b26.4 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50
770-1 234.64 14.00 548.00 b22.80 b26.4 b28.50 b19.80 15.50 b14.40 b20.70 b14.40 b17.70 b16.50
779-1 237.44 28.00 448.00 28.10 56.20 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50
779-2 237.62 235.60 352.00 56.30 86.30 b28.50 24.90 b15.60 54.60 b20.70 b14.40 b17.70 b16.50
780-1 237.74 14.00 463.00 b22.80 b26.4 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50
782c 238.35 16.00 457.00 b22.80 34.20 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50
782-2 238.68 13.00 506.00 b22.80 b26.4 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50
785-1 239.27 11.00 430.00 b22.80 35.80 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50
786-1 239.57 14.00 413.00 29.80 58.60 b28.50 b19.80 b15.60 b14.40 b20.70 b14.40 b17.70 b16.50

Samples Depth (m) Tm Yb Lu Hf Pb Bi Th U

766-1 233.48 b14.40 b14.70 b12.00 14.40 22.00 b4.80 9.70 144.20
766-2 233.63 b14.40 b14.70 b12.00 b9.30 16.00 b4.80 b5.40 148.40
767-1 233.75 b14.40 b14.70 b12.00 b9.30 37.00 b4.80 b5.40 163.70
769 dark 234.39 b14.40 b14.70 b12.00 b9.30 4.00 b4.80 6.20 2569.70
769-1 234.48 b14.40 b14.70 b12.00 b9.30 22.00 b4.80 6.20 711.60
769-2 234.70 b14.40 b14.70 b12.00 b9.30 16.00 b4.80 b5.40 180.60
770-1 234.64 b14.40 b14.70 b12.00 b9.30 13.00 b4.80 b5.40 504.60
779-1 237.44 b14.40 b14.70 b12.00 22.90 28.00 b4.80 5.30 781.10
779-2 237.62 b14.40 b14.70 b12.00 10.20 15.00 b4.80 10.50 11,534.20
780-1 237.74 b14.4 b14.7 b12 b9.3 114.00 b4.8 5.30 374.00
782c 238.35 b14.4 b14.7 b12 b9.3 15.00 b4.8 b5.4 23.70
782-2 238.68 b14.4 b14.7 b12 b9.3 70.00 b4.8 b5.4 b5.4
785-1 239.27 b14.4 b14.7 b12 b9.3 23.00 b4.8 12.30 b5.4
786-1 239.57 b14.4 b14.7 b12 17.00 17.00 b4.8 8.80 b5.4
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for 30 min at 1015 °C. Additional one-gram splits were heated at
1000 °C to obtain the loss on ignition (LOI)measurements to determine
total volatile contents (i.e., H2O, CO2, F, Cl, S, etc.) in the samples in
weight percentage and to be used in the data reduction program.
Elemental concentrations were calculated by comparing X-ray intensi-
ties for the samples to those for 17 standards of known composition
using “consensus values” from Govindaraju, 1994. Intensities were
reduced using the de Jongh model empirical method to calculate
theoretical matrix correction coefficients (Rigaku Corporation, 2009).
Results are presented in Table 2.

2.5. Organic carbon analysis

Theorganic carbon contentwasmeasured using a Costech elemental
analyzer coupled to a ThermoMAT-253 isotope ratiomass spectrometer
(Larson et al., 2008). Split samples were weighed into tin capsules, with



Table 3
Uranium, strontium, and thorium concentrations, total organic content, and uranium and strontium isotope compositions inferred from leachates of arkosic sandstone core samples
obtained from the Smith Ranch–Highland mining unit-4 in Wyoming.

Laboratory ID Core samples Depth (m) Leached U (mg/g core leached) Leached Sr (mg/g core leached) Leached Th (mg/g core leached) Avg. % C

1 766-1 233.48 0.062761 0.025021 0.01223 3.12
2 766-2 233.63 0.111877 0.041597 0.007748 0.93
3 767-1 233.78 0.051499 0.020093 0.003548 1.56
4 769 dark 234.39 2.103842 0.0301 b0.007 7.73
5 769-1 234.48 0.162678 0.025878 0.005689 1.44
6 769-2 234.64 0.331585 0.035085 0.005117 0.63
7 770-1 234.70 1.383221 0.034241 0.005675 1.68
8 779 dark 237.59 24.84004 0.016958 0.001942 48.42
9 779-1 237.44 0.180231 0.033537 0.00352 1.32
10 779-2 237.65 15.99065 0.023436 0.004214 2.47
11 780-1 237.74 0.039502 0.018461 0.004686 0.40
12 782c 238.00 0.005393 0.014888 0.030954 0.38
13 782-2 238.51 0.004167 0.020809 0.00282 0.50
14 785-1 239.27 0.002712 0.013398 0.005466 0.49
16 786-1 239.57 0.011585 0.02017 0.014574 0.36

Laboratory ID Core samples Depth (m) 238U/235U 234U/238U 234U/238U activity ratio 87Sr/86Sr

1 766-1 233.48 137.6046 7.13E−05 1.485524694 0.712977
2 766-2 233.63 139.2778 6.30E−05 1.318984338 0.712637
# 3 (average) 767-1 233.78 137.82535 5.90404E−05 1.232217878 0.712207
#4 (average) 769 dark 234.39 137.4404 5.57014E−05 1.162536591
5 769-1 234.48 137.8123 5.24E−05 1.095934479 0.715077
6 769-2 234.64 137.9235 6.13E−05 1.276408031 0.712986
#7 (average) 770-1 234.70 137.7119 5.62466E−05 1.175278394
8 779 dark 237.59 137.8167 6.14E−05 1.278977457
9 779-1 237.44 137.6551 4.44E−05 0.930505448 0.713196
#10 (average) 779-2 237.65 137.8904 6.21315E−05 1.298148564
11 780-1 237.74 137.8443 4.80E−05 1.002305441 0.715211
#12 (average) 782c 238.00 137.997 3.47403E−05 0.725443587 0.71516
13 782-2 238.51 137.6441 3.67E−05 0.768016507 0.713475
14 785-1 239.27 137.7604 3.12E−05 0.652665251 0.713723
#16 (average) 786-1 239.57 137.79325 3.1169E−05 0.651701772
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mass spectrometer response calibrated to carbon content in elemental
analysis standards (NIST 1547 Peach Leaves, NBS 2704 River Sediment,
Eurovector BBOT, Eurovector Urea). The results of the organic carbon
mass percentage are provided in Table 3 along with the corresponding
mass fraction of uranium (g U/g) determined from the analysis of leach-
ates described in Section 2.7.
Fig. 2. A core with organic-rich (#8 and 9) and arkosic sandstone (#10 and 11) is shown on t
organic-rich 769 dark (C) and organic-poor 782c (A, B, and D) of post-ISR-mined cores from M
2.6. Micro XRF elemental maps

A thin section of an organic-rich sample (779 dark) from the post-ISR
mined ore zone was mounted on an EDX Eagle III instrument that was
run at 40 kV, 400 μA. An area of the thin section (17 mm × 18 mm)
was mapped at a step interval of 33 μm × 44 μm (Fig. 5). The dwell
he left. Petrographic (A and C) and SEM (B and D) images of selected thin sections from
U-4 ore zone collected at depths of 237.6 m and 238.4 m, respectively.
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Fig. 3. SEM images of organic-rich 779 dark from MU-4 ore zone, showing considerable amounts of U (white) and pyrite (P, gray) crystallized on carbonaceous fragment fractures and
matrix (A and C), rock fragment (B), and quartz grain (C).
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time on each point was 200ms and the run timewas 19.6 h. Maps of U,
Al, Fe, S, Ge and other trace elements distributions and concentrations
within a carbonaceous fragment were recorded using a 10 μm per
pixel resolution.

2.7. U and Sr isotope measurements of leachates from core fragments

Small fragments (0.07–0.7 g) taken from the post-ISR mined cores
were leached using 4.5 mL of a 1.9 molar nitric acid with trace amounts
of hydrogen peroxide to accelerate the dissolution of U. Aliquots of
leachates were sent to the University of California (UC) Berkeley for U
and Sr isotope measurements. U isotope ratios were determined using
the GV Instruments IsoProbe MC-ICPMS located at Lawrence Berkeley
National Laboratory (LBNL). The IsoProbe uses an Aridus II desolvation
system to introduce samples in a 30 ppb solution. The isotopes 238U
and 235U were measured on Faraday cups and the 234U was measured
on a Daly ion-counting system (Christensen et al., 2004). Estimated pre-
cision for 234U/238U activity ratios is b0.2% (2 sigma) and 238U/235U is
0.05% (1σ). 238U/235U ratios are reported in delta notation relative to
bulk silicate earth (BSE), which is 238U/235U = 137.88. Solutions from
the U isotope separations were evaporated to dryness and re-dissolved
in 8 M HNO3. Sr isotope ratios were measured on the Thermo Fisher
Triton thermal ionization mass spectrometer (TIMS) located at UC
Berkeley. Purified Sr was loaded onto zone-refined rhenium filaments
using 1% phosphoric acid and a TaCl5 activator solution. Sr isotope ratios
weremeasured on Faraday cups using a static routine. Mass discrimina-
tion was corrected using 86Sr/88Sr = 0.1194. Isobaric interference from
87Rb was monitored at 85Rb and corrected when 87Rb/86Sr exceeded
10−5. The Sr isotope standardNBS 987wasmeasured repeatedly during
the study interval (n = 6) with a value of 0.710263 ± 0.000007 (2σ).
This compares to the accepted value of 0.710245. The analytical results
are given in Table 3 and selected results are plotted in Fig. 6.

2.8. XANES and EXAFS analyses and data collection

XANES and EXAFS data for bulk pyrite standard were collected at
beam line 11-2 at the Stanford Synchrotron Radiation Light (SSRL)
source (www-ssrl.slac.stanford.edu/content/beam-lines/beam-lines-
by-number). The samples were pulverized in a regular hood and loaded
into an aluminumholder 1.b (http://www-group.slac.stanford.edu/esh/
rp/fo/SSRLsampleholderscatalog.pdf). All μXANES, μEXAFS and μ-XRF
data presented in the paper were collected on an organic-rich thin
section (779 dark) at beam line 2-3. The preparation of thin sections is
described in Section 2.1. The samples were run at room temperature
andnoprecautionswere taken to reduce potential oxidation of U during
analysis. U-bearing samples are typically run at low temperature to
minimize oxidation at the beam line. However, this capability was not
available at beam line 2-3 for our sample type. Si(111) crystals were
used to monochromate the incoming beam. The X-ray optics at beam
line 2-3 focus the beam to a 2-μm spot. A single channel Ge detector
for μXRF mapping and μEXAFS measurements was used. We calibrated
the detector and set the windows to collect the fluorescence signal
from elements of interest: U, Th, Ga, Fe, Zn, Zr, K, Ca, Ti, Mn, Cu, Se, Pb,
Br and establish the element mapping analysis for elements with
Z ≥ Ca. The recorded μXRF maps were analyzed using the microprobe
analysis kit software package developed at SSRL. The EXAFS spectra
were obtained in the fluorescence mode, at room temperature. The
energies are calibrated by using the transmitted beam to measure the
absorbance of Y foil (for U samples) measured prior to the sample mea-
surement. Second-order polynomials are fit through both pre-edge and
post-edge regions for normalization of the edge jump to unity. Several
spots with the highest U and Fe counts were analyzed by taking multi-
ple scans for each sample location (Figs. 7 and 9). The scans are aver-
aged after interpolating the data for the individual scans. The smooth
atomic absorption is approximated with a spline polynomial whose
knot positions are adjusted to minimize the area of the modulus of the
Fourier transformof the k3-weighted EXAFS belowR= 1–1.2 Å. Fourier
transforms are calculated after the application of the sinewindow func-
tion to the EXAFS. Metrical parameters are obtained from the EXAFS
weighted by k3 via nonlinear, least-squared, k-space curve fits using
the standardharmonic EXAFS equations summed over shells and ampli-
tudes and phases obtained from code FEFF7. Uncertainties are obtained
by calculating least square errors to the fit with and without the wave
froma particular shell to determine its overall improvement in the qual-
ity of the fit and thin shifting the parameter until the fit is worse by 10%
of this quantity. The number of relevant independent points for each fit
was estimated using the following equation: NI = (2δkδR / π) + 2
(Stern, 1993). The spatial correlations for the μXRF element maps are

http://www-ssrl.slac.stanford.edu/content/beam-lines/beam-lines-by-number
http://www-ssrl.slac.stanford.edu/content/beam-lines/beam-lines-by-number
http://www-group.slac.stanford.edu/esh/rp/fo/SSRLsampleholderscatalog.pdf
http://www-group.slac.stanford.edu/esh/rp/fo/SSRLsampleholderscatalog.pdf
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Fig. 5. μXRF elemental maps of trace metals of a thin section of a carbonaceous fragment
(779 dark) recorded using a 10 μm per pixel resolution on sample that is a few centimeters
large.
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calculated using the Pearson function that measures the strength of as-
sociation between a pair of variables. For the correlations between ex-
perimental data and the fitting results, the root mean square deviation
was used. This function is frequently used as a measure of the differ-
ences between values predicted by a model or an estimator and the
values actually observed from the data being modeled or estimated.
Fig. 4. SEM image of sample 779 dark (upper) shows a carbonaceous fragment and elongated quar
grain. EDAXpatterns identifymajormineral phases (i.e., A= quartz, B= organicmatter, C= pyrit
show fractured organic fragment (A), pyrite (B), and U (C) along fractures and on the surface of th
(i.e., A = organic matter, B = pyrite, and C = U and Si (coffinite)).
3. Results

3.1. Petrographic, mineralogical, and chemical characteristics of post-ISR
mined cores

Sedimentary rocks with abundant detrital and diagenetic brittle
minerals (e.g., quartz, feldspar, and carbonates), identified using petro-
graphic and mineralogical methods generally have higher porosity
(Chen et al., 2011). This is consistent with results from petrographic
analyses of the ISR-mined cores that indicate moderately sorted and
poorly consolidated arkosic sandstone, containing abundant quartz,
feldspar, mica, carbonaceous fragments and minor clay minerals, biotite,
iron oxide, pyrite, and traces of hornblende. The low clay mineral con-
tents are probably related to insignificant alteration because of shallow
burial. Most of the feldspars are coarse, fractured, and partially altered
to clay minerals. Carbonaceous fragments of variable sizes commonly
occur within the arkosic sandstone and their abundance varies with
depth. Pyrite is sparsely disseminated and occurs within the clayey
matrix, along the edges of minerals, and on surfaces and along fractures
of carbonaceous fragments (Figs. 2–4).

In addition to petrographic observations, backscattered SEM images
indicate abundant residual U and pyrite associated with carbonaceous
matter, quartz, rock fragments, and fractureswithin organic-rich samples
(Figs. 3 and 4). A fine-grained U-bearing mineral is the dominant phase
because it coats and sometimes completely covers pyrite grains
(Fig. 4A). U minerals are also dominant within fractures that probably
acted as fluid pathways. Pyrite and U also occur within fractures and
matrix of a rock fragment that is embeddedwithin a larger carbonaceous
fragment (Fig. 3B). The close association of U and pyrite as discontinuous
patches on carbonaceous fragments, fractures, and along grain bound-
aries indicate that U postdates pyrite. Both minerals are partially altered,
possibly during the ISR mining and pyrite appears to be responsible for
the reductive immobilization of U. However, the U deposited on pyrite
as indicated by SEMmight only be a thin coating and only a small fraction
of the total U. This seems to be the case in light of further analyses obtain-
ed by μXRF and μEXAFS, which are more penetrating.

The quantitative XRD results indicate the types and abundances of the
detrital (i.e., quartz, K-feldspar, albite,mica, and carbonaceous fragments)
and secondary (smectite, kaolinite, minor pyrite and calcite, and traces of
coffinite) mineral contents of the post-ISR mined cores (Table 1). The re-
sults are consistent with the petrographic and SEMdata. All core samples
have similar detrital and secondary mineral contents even though some
contain considerable amounts of carbonaceousmatter, calcite, and pyrite.
U content is mostly below detection limit of the X-ray diffraction analysis
except for traces of coffinite in three of the organic-rich samples
(Table 1).

The core samples were chemically analyzed by XRF to evaluate the
effects of continuous circulation of oxidizing solutions on the host
rocks during the ISR mining of MU-4 from 1999 to 2005. The post-
mined samples from the ore zone are silica-rich (73–88 wt.%) but the
rest of the major oxides make up less than 15 wt.% (Table 2). Despite a
granitic origin, the K2O, Na2O, and Al2O3 contents are significantly de-
pleted even though the petrographic andmineralogical results indicated
abundant albite, K-feldspars, and clay minerals (Tables 1 and 2). The
mafic oxide (e.g., CaO, Fe2O3,MgO, and TiO2) contents are low, consistent
with a granitic source for the sandstone. Themajor oxides also vary with
depth. Some samples (779-1 and 779-2) contain higher concentrations
of Al2O3, Fe2O3, TiO2, MgO, and CaO, consistent with the mineralogical
compositions of the samples (Table 1).
tz (A) that is coatedwith pyrite (C, gray) andU (D,white) on the upper and lower sides of the
e, andD=Uand Si (coffinite fromXRDanalysis)). The lower SEM images of the same sample
e carbonaceous material. The EDAX patterns identify the major mineral phases in the image
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Fig. 6. Variations of uranium, strontium, and total organic carbon concentrations (A), 234U/238U activity ratios (B), and strontium isotopes (C) with depth.
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Like the major oxides, the trace element contents indicate minor
variationswith depth. A few of the samples contain elevated concentra-
tions of V, Ni, Ge, As, Rb, Zr, Nb, Pb, and U (Table 2). The U concentration
increases with increased contents of Fe2O3, CaO, and P2O5 as well as
with several trace elements (e.g., V, Ni, Ge, Rb, Ce, Nb, Pb, Zn, and Zr).
Similar features are noted between U concentration and total organic
carbon (TOC), loss on ignition (LOI), clay minerals, and pyrite contents
(Tables 2 and 3). There is an apparent correlation between the elevated
organic carbon content and elevated metal content consistent with the
Fig. 7. Elemental maps of Fe for sample 779 dark (left) recorded using a 2 μmper pixel resolutio
dwell time of 50ms at beam line 2-3. The scale bar represents 300 μm. Fe K-edge EXAFS and XA
show the highest Fe counts. The EXAFS and XANES spectra of pyrite were recorded at bean lin
capacity of the organic matter to complex and accumulate metals,
including U.

Post-ISR-mined samples from the lower part of the core hole (237.7–
239 m) generally contain slightly lower organic (b0.5 wt.%) and clay
mineral (b6 wt.%) contents and low residual U concentrations (2.7 to
40 μg/g) unlike samples from the upper section (Tables 2 and 3). The
uppermost (232.6–237.4 m) samples have higher organic matter (0.6
to 48 wt.%) and clayminerals (N6 wt.%) inmost cases. The core samples
contain variable amounts of carbonaceous fragments that are randomly
n on a sample that is a few centimeters in size; themapswere recorded at 17,500 eVwith a
NES spectra (shown on the right corner) were recorded at the white triangle areas, which
e 11-2 using a pure pyrite standard.
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Fig. 8. U X-ray absorption near-edge structure (XANES) analysis for multiple locations
within sample 779 dark. The first and second derivatives of the spectra are shown in the
inset; lower right of the spectrum.

41G. WoldeGabriel et al. / Chemical Geology 390 (2014) 32–45
distributed within the arkosic sandstone except in a few cases where
discrete layers of matted carbonaceous matter were noted (Fig. 2).

Leachates from core fragments are enriched in U compared with Sr
and Th and are consistent with the results of the bulk chemical analysis
(Tables 2 and 3). Both U and Sr generally decrease with depth like the
trace element data from the bulk analysis (Fig. 6A). The low Th content
and depletion of some of the major and trace elements are probably
related to preferential loss of the elements during the ISR mining and
possibly due to low solubility of Th in groundwater and the preferential
migration of U from the source.

The 234U/238U activity ratios of the leachates show a range of values
(0.650–1.486) that decreasewith depth (Table 3, Fig. 6B). The core sam-
ples from the upper part of the section yielded elevated activity ratios
and are correlated with higher U concentrations in those samples
(Tables 2 and 3). Lower activity ratios suggest greater leaching during
mining, as 234U tends to be more easily dissolved and mobilized from
U phases than 238U because it is generally not as well incorporated
into crystalline lattices due to alpha recoil during its formation from
decay of 238U (Ludwig, 1978; Pekala et al., 2010). Repeat analyses
yielded consistent activity ratio results. The 87Sr/86Sr isotopic composi-
tions of the leachates are highly variable and there is no discernible
relationship with depth or other variables (Tables 2 and 3).

3.2. Elemental maps of U-bearing organic-rich sediments

The μXRF elemental maps indicate discrete zones with high concen-
trations of U, Ni, Fe, Ca, and S, and Ge along the edge of a carbonaceous
fragment (Fig. 5). The Fe, Ni and S associations signify the abundance
and co-location of iron and nickel sulfide minerals, but without appar-
ent U association. The U-rich surfaces appear to be spatially separated
from the high-Fe zones. Moreover, an isolated Ge-enriched zone is
noted in a different part of the carbonaceous fragment. The μXRF
elemental maps show poor correlation between the highest concentra-
tions of Fe and U despite the close association of both minerals (i.e., U
and pyrite) as shown in the SEM data (Figs. 3 and 4). These results sug-
gest sequential formation of the Fe andU phases rather than concurrent
formation.

3.3. EXAFS results of Fe and U

To gain an understanding of oxidation state distribution of Fe and U
within the 779 dark sample, we performed EXAFS analyses on selected
spots with the highest U and Fe concentrations. A pyrite standard was
also analyzed at beam line 11-2 to determine the XANES and EXAFS
spectra of pure pyrite. Fe K-edge XANES spectra recorded at two differ-
ent locationswith high Fe concentrations closely resemble the spectrum
of a pure pyrite sample run at beam line 11-2 (Fig. 7 right inset). Also
shown in Fig. 7 is the elemental map, with the Fe distribution and
EXAFS spectra recorded at two areas of the sample alongwith the spec-
trum of the pure pyrite compound used as a reference material. The
spectrum has a peak at around 7127 eV and a broad shoulder at
7140 eV. The close resemblance of the Fe spectrum in the sample with
the spectrum of the pyrite indicates that Fe is present as Fe(II) in the
Table 4
Structural parameters for pure pyrite, iron in sample 779 dark and crystallographic data from t

Specimen Shell Number of atoms

Iron in 779 dark Fe–S 7.5 ± 2
Fe–Fe 10.8 ± 3
Fe–S2 6.2 ± 2

Pyrite compound Fe–S 11.6 ± 3
Fe–Fe 12.1 ± 3
Fe–S2 6.2 ± 2

Literature data Fe–S 6
Fe–Fe 12
Fe–S2 4
samples examined. The result is consistent with the EXAFS data,
which show that the spectra of the sample and the pyrite standard are
identical, and consistent with published data (Table 4, Fig. 7) (Finklea
et al., 1976; Totir et al., 1997). Analysis of the inverse Fourier transform
of the EXAFS shell yielded Fe–S and Fe–Fe distances that are identical to
that determined from the crystal structure of pure pyrite. Thus, the
EXAFS of the pyrite standard is well defined, whereas the amplitudes
of the peaks from the EXAFS analyses of the geological samples are
slightly lower because they are more disordered compared with a
pure crystal. The EXAFS of the geological samples are almost perfectly
aligned with that of the pyrite standard, confirming the presence of
the same neighbor shells at equal distances (Fig. 7). The sample, pyrite
standard, and the crystallographic data are summarized in Table 4.

U LIII-near-edge XANES spectra recorded at multiple locations of the
779 dark sample are presented in Fig. 8 and the U LIII-edge EXAFS and
corresponding Fourier transform are presented in Fig. 9 along with the
elemental maps, representing the distribution of U in the sample. The
XANES spectra recorded at different locations are very similar and are
characterized by a broad peak at about 17,172 eV and the absence of a
shoulder at 17,190, which is observed in U(VI) compounds. The
XANES spectra recorded for the 779 dark sample is consistent with
the presence of U in a reduced form (U(IV)). However, the presence of
small amounts of oxidized U (≤10–20% UO2

2+) cannot be excluded.
Given the small amounts of potential U(VI) in the samples, the spectra
were not analyzed to determine the percentage of U present in the ox-
idized U(VI) state. The U LIII-edge EXAFS representing an average of
multiple spectra for one of the locations analyzed is presented in Fig. 9
along with the curve fitting and Fourier transforms of the EXAFS data.
The metrical parameters of the fit and comparison with literature data
he literature.

R, Å

2.25 ± 0.02
3.76 ± 0.02
3.43 ± 0.02
2.26 ± 0.01
3.79 ± 0.01
3.46 ± 0.02
2.26 (Tryk et al., 1995; Brec et al. (1989); Wu et al. (2004))
3.83
3.62
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Fig. 9. Elemental maps of U for sample 779 dark (left) recorded using a 2 μmper pixel resolution on a sample that is a few centimeters large. Themaps were recorded at 17,500 eVwith a
dwell time of 50ms. The scale bar represents 300 μm. Representative U LIII-edge XAFS for one of the locations alongwith the fit and the different shells used to fit the data are represented.
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are summarized in Table 5. The EXAFS data for the U from 779 dark are
best modeled with 4.4 oxygen atoms at 2.44 Å, 0.85 atoms of oxygen at
1.79 Å, 2.90 atoms of carbon at 2.90 Å, and 1.3 atoms of oxygen at 2.06 Å.
No U–U shell is needed and although a U–S shell at 3.26 Å and a U–Fe
shell at 3.52 Å can be included in the fit, they do not further improve
it (Gallegos et al., 2013). There is also no evidence for the presence of
a Si shell at 2.8–3.8 R (Å). This is consistent with the absence of any
U–Si correlation in the μXRF data (Fig. 5).

The fit parameters closely resemble the parameters for U(IV)
triscarbonate, U(VI) tris carbonate complexes (Bargar et al., 1999;
Wang et al., 2013), and U(VI) incorporated into calcite and aragonite
(Reeder et al., 2000). The U–O distance of 2.44 Å determined for our
sample which is the same as that determined for U(IV) triscarbonate
complex [U(CO3)3(H2O)2]∙2H2O (Wang et al., 2013), is similar to the
U–O distances determined for uranyl triscarbonate U(CO3)3(H2O)22−

of 2.40–2.49 Å (Bargar et al., 1999; Reeder et al., 2000), and within the
range of U–O distances of 2.42–2.44 determined for U incorporated
into aragonite (Reeder et al., 2000). In addition, the presence of 3 carbon
atoms at a distance of 2.90 Å is consistent with U being in a form com-
plexed with carbonate-like ligands. The U–C distance of 2.89–2.90 Å
Table 5
Structural parameters for a natural uranium sample obtained from a carbonaceous ore sam
comparison.

Compound Coordination shell Number of atoms

Current data
Current sample U\O 4.3 ± 1
Current sample U_O 0.8 ± 0.3
Current sample U\C 2.9 ± 1
Current sample U\O 1.3 ± 1

Literature data
Schoepite U\O
U(VI) adsorbed onto ferrihydrite U_O
U(VI) adsorbed onto hematite U_O
U(VI) adsorbed onto goethite U_O
U(VI) adsorbed onto ferrihydrite U\O
UO2 U\O 8
Schoepite U\O 3.3

U\O 0.8
UO2(CO3)34− (aq) U\C 3

U\O 8.7
U(CO3)3(H2O)2 U\O 6

U\C 3
U\O 2
are typical for U(IV) and U(VI) coordinated with three bidentate car-
bonate groups (Bargar et al., 1999; Reeder et al., 2000; Wang et al.,
2010). The U–O distances for U(IV) and U(VI) triscarbonate complexes
are very similar and it is difficult to distinguish between these forms
based on the distances and number of coordinating atoms. However,
given that U in our samples is present predominantly as U(IV) it is likely
that the compounds analyzed represent U(IV) complexed with either
simple U-carbonate like complexes or U(IV) complexed carboxylic
acid type moieties. However, it is likely that some of the U might be
present as U(VI) associated with carbonate. The lack of significant U–U
contribution and the absence of any significant U–S, U–Fe, U–Si interac-
tions (Gallegos et al., 2013; Wang et al., 2013) strongly suggests that U
analyzed in these samples is predominantly present in a monomeric
form. There is a small contribution of a U-oxo moiety observed at
1.79 Å, which indicates that U is partially oxidized and is possibly a
U(VI)–carbonate complex or U(VI) incorporated into calcite. Some
U(VI) that is complexed by organic matter and/or carbonate might
also be present. There are no indications of the presence of any Fe(III)
phases in the analyzed areas and no Fe–U interactions that would sug-
gest that a fraction of the U is adsorbed onto oxidized iron phases. The
ple and structural parameters from other uranium compounds from the literature for

Type of atom R, Å Reference

O 2.44 ± 0.02
O 1.79 ± 0.01
C 2.91 ± 0.02
O 2.06 ± 0.01

O 1.81 Aamrani et al. (2007)
O 1.78–1.81 Reich et al. (1998)
O 1.79–1.82 Totir et al. (1997), Bargar et al. (1999)
O 1.76–1.80
O 2.35–2.52 Reich et al. (1998)
O 2.35 Aamrani et al. (2007)
O 2.31 Aamrani et al. (2007)
O 2.55 Aamrani et al. (2007)
C 2.88 Bargar et al. (1999)
O 2.43 Bargar et al. (1999)
O 2.39–2.49 Wang et al. (2010)
C 2.82 Wang et al. (2010)
O 2.225 Wang et al. (2010)
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absence of shorter U–O distances in the order of 2.32–2.38 Å generally
reported for U and uranyl species adsorbed onto iron phases suggests
that the U analyzed in our samples is not an adsorbed uranyl carbonate
species (Bargar et al., 1999; Livens et al., 2002). The observation of some
unusual U–O short distances at 2.06 Å might suggest the presence of
some other U phases such as species that possess bridging oxo ligands
(Walter et al., 2003).

4. Discussion

Petrographic, mineralogical, and chemical data collected from core
samples provided valuable information for assessing the sedimentolog-
ical and burial diagenetic processes that led to the formation of the
sandstone-type U roll-front deposits within arkosic sandstone host
rocks. Information about the burial diagenetic processes and the resulting
secondary mineral assemblage are relevant both for developing effective
ISR mining techniques and to understand post-mining geochemical con-
ditions that could result in downgradientmigration of residual fluids and
chemicals related to ISR mining. The geological processes and post-ISR
mineralogical and chemical features are highlighted next.

4.1. U ores and burial diagenetic processes

The U ore deposits at the Smith Ranch–Highland location were
derived from the weathering of granitic source rocks located along the
southern margin of the Powder River Basin and from the alteration
and leaching of granitic sediments and late Tertiary volcanic ashes
deposited within the basin consistent with the origin of the arkosic
sandstone host rocks (Seeland, 1976; Santos, 1981; Flores et al., 1999;
Freeman and Stover, 1999). The absence of mafic minerals within the
arkosic sandstone confirms that the sediments were derived primarily
from granitic rocks. U was presumably mobilized by oxygenated and
carbonated waters and appears to have been immobilized when it en-
countered reducing conditions within or near carbonaceous matter
and pyrite, which are commonly present at variable amounts within
the arkosic sandstone. The primary and secondarymineral assemblages
suggest that the shallow burial diagenetic processes were not intense,
consistent with the insignificant alteration of the detrital minerals and
the lack of cementation within the matrix of the host rocks, thus
allowing fluids to readily flow during the formation of the roll-front
deposits.

Quartz exhibits traces of overgrowth along rounded and subrounded
grain boundaries,whereas feldspars (e.g., K-feldspar, and albite) are var-
iably altered. The secondary minerals (smectite, kaolinite, pyrite, calcite,
and trace amounts of coffinite),which are typical of low-temperature dia-
genetic alteration, represent at least 15 wt.% of the mineral assemblage.
The mineralogical results are generally similar to published data
from the Smith Ranch–Highland ore deposits (Seeland, 1976;
Stewart et al., 2000; Heinrich, 2012). However, no minerals typical
of high-temperature alteration processes (e.g., illitic clays) were noted.
The presence of abundant smectite and poorly matured carbonaceous
matter within the U-bearing arkosic sandstone provides additional
evidence for the low-temperature environment during shallow burial
diagenesis and deposition of U. This is also reflected in the abundance of
detrital minerals and associated carbonaceous fragments compared
with the minor fraction of secondary minerals present within the arkosic
sandstone because of limited alteration during the low-temperature
burial diagenesis. As a result, the arkosic sandstone units were poorly
cemented and contained abundant void spaces, which subsequently
allowed the influx and mobilization of mineralized fluids to form the
U ore zones along the interface of a shallow redox front (Ludwig, 1978).

The K-feldspar and albiteminerals indicate partial alteration and are
closely associated with variable amounts of smectite and kaolinite. The
overall clay mineral content is lower in the deeper samples (Table 1).
Kaolinite is considerably less abundant and shows minor variation
with depth comparedwith smectite. Both smectite and kaolinite appear
to have formed in situ from the alteration of K-feldspar and albite be-
cause of their close association with partially to totally altered feldspar
grains. It is very unlikely that the partially altered feldspar grains were
transported from the granitic mountains that surround the Powder
River Basin because of strong hydrodynamic processes during fluvial
transport. Thus, the abundance of smectite compared with kaolinite
and the absence of mixed layer illite/smectite suggest that the early
Tertiary arkosic sandstone host rockswere deposited in a shallow deposi-
tional environment and underwent minimum low-temperature alter-
ation in the basin. Moreover, the poorly consolidated carbonaceous
fragments, containing well-preserved plant structures, represent a low-
grade peat deposit that is consistent with minimum thermal diagenesis.

4.2. Mineralogical features of post-ISR mined arkosic sandstone units

The core samples were obtained from post-mined deposits, and pre-
sumably most of the U was removed during the ISR mining. However,
there is good evidence of poor contact between the mining lixiviant
and U (coffinite)-bearing sandstone in some zones of the cored interval,
particularly where organic carbon and claymineral contents of the core
are high. The sediments in the organic-rich areas (e.g., in the vicinity of
the 779 dark sample) were still grayish in color rather than the yellow-
orange color that is typical of oxidized sediments.

In the post-mined core samples, the abundance of U, Fe, and other
metals closely associated with carbonaceous fragments suggests that
the well-preserved plant remains have high affinity for metal binding
(Fig. 5). For example, high Ge accumulation in carbonaceous materials
is due to its strong affinity for organic matter rich in metal binding
groups (Du et al., 2009; Li et al., 2011). The persistence of zones with
high Fe, Ge, Ca, and U indicates a strong and non-specific affinity of
the organic matter for metal complexation. Thus, organic matter within
the arkosic sandstone played an important role in the concentration of
U and other metals during the formation of the roll-front U ore zones.
As shown in the SEM images in Figs. 3 and 4, the growth of U on pyrite
is consistent with pyrite's known ability to immobilize U, which is proba-
bly present as a coating on the Fe-sulfide crystals (Hua andDeng, 2008; Bi
and Hayes, 2014; Lee et al., 2014). However, the μXRF elemental maps
indicate discrete areas in which the U-rich zones on the carbonaceous
fragments have minimum overlap with other metals including Fe
(Fig. 5). The pyrite is partially and/or totally armored with U, thereby
somewhat concealing Fe and S. U associated with organic matter
seems to be more abundant and might be present in thicker deposits.
U associated with pyrite is likely present as a very thin coating or film.
EXAFS analyses on select areaswith the highest U and Fe concentrations
provide information about the oxidation state distribution of Fe and U
within the samples.

The persistence of U and Fe in the post-mined cores suggests a poor
sweep of these areas with abundant carbonaceous fragments by the
lixiviant solutions, whichwould be consistentwith the hydrophobic na-
ture of organic matter and the general association of the organic matter
with finer-grained sediments in the core. U was not noted within the
matrix of organic-poor sections of core, presumably because these
were efficiently swept during ISR mining. These interpretations are in
part consistent with the structural determinations performed by
EXAFS in which most of the U found in our samples consisted of U(IV)
complexed by carboxylate moieties. Addition of Fe–U and U–S does
not enhance the numerical fit of the data. A Si shell at 2.8–3.8 R (Å)
was not included in the fit for lack of any Si–U correlation in the μXRF
data, which indicates that U and Si were not correlated. However, the
presence of some U(VI) and unusual U–O distance suggests that more
complex and ill-defined U forms are also present in the sample.

4.3. Geochemical features of post-ISR mined cores

The arkosic sandstonehost rocks at the Smith Ranch–HighlandUde-
posits indicate minor variations in chemical compositions with depth.
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Comparisons of the results of samples from the upper (766-1 to 779-2)
and lower (780-1 to 786-1) parts of the cores indicate distinct variations
in major element contents (e.g., SiO2, Al2O3, Fe2O3, and CaO), LOI, and
total organic carbon contents (Tables 2 and 3). Samples with lower
LOI and lower total organic carbon have relatively higher SiO2 and
Na2O but slightly reduced Al2O3, Fe2O3, and CaO. Clearly the depletions
and slight enrichments are attributed to the ISR mining. Basically, sam-
ples containing abundant carbonaceous fragments and elevated U and
pyrite from the shallow section of themining unit were not significantly
affected during the ISR mining, whereas the opposite is true with sam-
ples from the lower half of the section. The samples are variably hydrated
(LOI = 1.3–15.7 wt.%) with depth. The loss on ignition (LOI) values,
which depict the amount of volatiles (i.e., water and gases) clearly map
out the distributions and abundances of carbonaceous matter and clay
contents of the core samples. A strong correlation is noted between
high LOI values and the amount of total organic content (TOC) as well
as higher concentrations of U, pyrite, and smectite (Tables 2 and 3).
The LOI and chemical compositions from the XRF and leachate analyses
of the core samples also indicate similar variations in U contents with
depth (Tables 2 and 3).

Data fromUand Sr isotopic analyses indicate additional characteristic
features about the origin of the host rocks and associated U ores (Fig. 6).
The deeper cores obtained from the post-ISR mined samples reveal a
234U/238U activity ratio that is characteristic of strong weathering
(Lowson, 2013) or ISR leaching (Placzek et al., 2014, submitted to
Economic Geology) that leads to the depletion of 234U in solid phase
(234U/238U b1). However, samples from the upper half of the mined
zone rich in carbonaceous materials contain U with a 234U/238U activity
ratio above unity,which is consistentwith insignificant ISRfluid–rock in-
teraction in the aquifer and accumulation of U enriched in 234U. Previous
investigations reported that preferential loss of radioactive daughters
was responsible for the younger and discordant apparent ages obtained
during U–Pb dating of U ore bodies at the Highland mining unit (Santos
and Ludwig, 1983). The presence of high concentrations of unsupported
radiogenic daughters in pyrite and organic fragments is consistent
with the selective migration of decay products from the U ore zones
in Wyoming (Ludwig, 1978).

The core samples yielded high 87Sr/86Sr isotopic ratios (N0.712) that
vary with depth (Fig. 6C). The similarity in isotopic compositions of
most of the core samples probably signifies equilibration or minor isoto-
pic exchanges between fluids and host rocks in the depositional environ-
ment. The results are within the range of isotopic values (N0.71) of
Precambrian granitic rocks and alluvial sands derived from those rocks
(Capo et al., 1998). The Sr isotopic ratios confirm that the arkosic sand-
stone units were derived from Precambrian granitic rocks that bound
the southern portion of the Powder River Basin.
4.4. Implication to post-ISR contamination downstream from ISR-mined site

Our data show that the ore zone which is rich in residual uranium is
also rich in carbonaceous matter and clay minerals. This is indicative of
either a significant retardation of the effect of the leaching fluids or,
more likely, a result of inefficient sweep of the sediment by the ISR
fluids. In contrast, core fragments that contain low organic matter and
clay minerals are depleted in their U contents. Pre-mining gamma logs
of the core hole indicate high peaks around 234.7-m depth (organic-
rich sample 770-1) and around 237.7-m depth (organic-poor sample
780-1) with a sharp drop below that. For example, 770-1 contains a
significant amount of U compared with 780-1, consistent with more
efficient leaching of U from the organic-poor zone (780-1) during ISR
mining (Table 3). The organic-poor arkosic sandstone also had a much
more oxidized yellow-orange appearance than the gray-black organic-
rich rocks, indicative of extensive oxidation even though petrographic
examination indicated a few grains of pyrite in one of the deeper
samples.
The results of U isotope analysis indicate elevated 234U/238U activity
ratios in the upper half of the ore zone, which gradually decreased with
depth to below the secular equilibrium in uranium depleted areas
(Fig. 6). Less than unity activity ratios have been related to strong natural
leaching of U in weathering zones of U ores and to ISR leaching process
(Walter et al., 2003; Placzek et al., 2014, submitted to Economic
Geology). These observations are consistent with a greater degree of
sweep and leaching of U in the deeper organic-poor ore zones at MU-4
that are consistent with lower (0.65–1.0) activity ratios.

The arkosic sandstone host rocks from the ore zone are poorly
cemented and full of void spaces and access of leaching fluids does not
appear to be an issue except for the organic-rich sediments, which are
hydrophobic and contain more smectite that probably reduced the
porosity of the arkosic sandstone.

The study indicates that ore zones rich in carbonaceous materials
have lower porosity and increased hydrophobicity and were least
affected by ISR mining fluids and therefore may provide little post-
mining restorative benefit. These zones contain considerable U in a
reduced form probably complexed to organic matter. This U is likely
to be stable and might not contribute significantly to post-mining mi-
gration of U. In contrast, the lower part of the ore zone that contains
trace amounts of organic matter and pyrite was subjected to consider-
ablewater–rock interactionwhere pyrite appears to be partially altered.
This zone might provide some U attenuation through reductive deposi-
tion on partially altered pyrite. Residual pyrite may play a role in in-situ
immobilization of U in the post-mined unit. However, more work is
needed to determine the long-term stability of U reduced on the surface
of iron sulfideminerals, which act as oxygen scavengers andmight pre-
vent U reoxidation (Bi and Hayes, 2014).

5. Conclusion

The integrated petrographic, mineralogical, and structural informa-
tion gained by analyzing core fragments from a previously mined U
ore zone provide significant insight into the sedimentological and burial
diagenetic processes of the host rocks, the nature of the ore zones, and
the factors that influence ISR mining and the fate and transport of
contaminants downgradient of the mined unit. Our data suggest that
carbonaceous materials which are abundant in the arkosic sandstone
host rocks might have played a significant role in accumulating U and
continue to act as a significant reservoir for U and other trace metals.
U associatedwith the carbonaceousmaterials appears to be present pre-
dominantly as U(IV)-carboxylate complexes. The U (coffinite) associated
with organic matter seems to either resist oxidation or more likely
remained inaccessible to leaching fluids. Although these areas retained
significant U and an important reducing capacity, theymight not contrib-
ute significantly to U attenuation because they are likely disconnected
from the main hydraulic flow system.

Trace amounts of pyritewere noted in post-mined cores that are sig-
nificantly depleted in U contents consistent with extensive leaching
during ISR mining. There is also some evidence suggesting reduction
of U on the surface of pyrite in areas accessible to fluid flow. Residual
pyrite in these swept zonesmight have acted as a reducing phase to par-
tially attenuate U.More detailed investigations are needed to determine
the nature of the U phases and their long-term stability.
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