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Abstract:

Coffinite (USIQ,) is a common uranium-bearing mineral of roll-framanium deposits. This
mineral can be identifiedby the visible near indcr(Vis-NIR) portable field spectrometers
used in mining exploration. However, due to the ld&tection limits and associated errors,
the quantification of coffinite abundance in thenamalized sandstones or sandy sediments of
roll-front uranium deposits using Vis-NIR spectrdrgerequires a specific methodological

development.

In this study, the 1135 nm absorption band aremesl to quantify the abundance of coffinite.
This absorption feature does not interfere with NilBSorption bands ofany other minerals
present in natural sands or sandstones of uraroliffront deposits. The correlation between
the 1135 nm band area and coffinite content waeragted from a series of spectra
measured from prepared mineral mixtures. The sanplere prepared with a range of
weighted amounts of arenitic sands and synthefiinde simulating the range of uranium

concentration encountered in roll-front uranium a@{s.

The methodology presented in this study providesghantification of the coffinite content
present in sands between 0.03 wt% to 1 wt% coffiniith a detection limit as low as 0.005
wt%. The integrated area of the 1135 nm band istipely correlated with the coffinite
content of the sand in this range, showing thatnie¢hod is efficient to quantify coffinite
concentrations typical of roll-front uranium degesiThe regression equation defined in this
study was then used as a reference to predict tieurat of natural coffinite in a set of

mineralized samples from the Tortkudukuranium faht deposit (South Kazakhstan).

Key Words: near infrared, portable field spectroscopy, coffinite, roll-front deposits, ore

exploration, mineral quantification
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1. Introduction

Field-based visible near infrared (Vis-NIR) reflmote spectroscopy has been routinely used
in mining exploration for over 30 years. It is éust and low-cost technique that can be
applied in the field to identifyminerals with abption features between 350 and 2500 nm.
This technique can also be used to semi-quantéatiundance of the main minerals that are
encountered in the alteration halos surroundingaitee deposits. Several publications have
discussed the use of Vis-NIR spectroscopy to cheriaze ore (Ramanaidou et al., 2015; Dill
2016), to map the distribution of minerals assedatithore deposits through airborne or
space-borne hyperspectral sensors (Kruse et &3)2hd to identifyn situ gangue minerals
and associated alteration halos during mining emgilon phases (Hunt and Ashley 1979;
Pontual et al., 1997; Herrmann et al., 2001; H&0®8). This technique has been recently
used for the exploration of volcanic-type uraniunepdsits (Xu et al., 2017) and
unconformity-type uranium deposits (Mathieu et2017). In both cases, the identification of

alteration mineral zones has been used as praxiesdnium ore.

In addition, recent developments in the synthekiganiferous minerals (Clavier et al., 2014,
Mesbah et al., 2015) and in Vis-NIR spectroscopgr¢d et al., 2014) have showed that this
field technique is an efficient tool to identify mar amounts of uranium bearing minerals
within the coffinite-uranothorite series in rockg®unding uranium deposits. Moreover, the
determination of a spectral feature, which i) did imterfere with any other Vis-NIR bands of
most rock-forming minerals that occur with coffmitand ii) remains unaffected by
compositional variation of the coffinite-thoritelisbsolution series(Baron et al., 2014), offers

new opportunities for a quantitative approach (Anes et al., 2017).

The goal of this study is to use the 1135 nm altgorfband area in order to: i) determine the
detectionlimit of coffinite in artificial sands madaf mixtures of known proportions of quartz

and synthetic coffinite (which simulate the sandynfations hosting the uranium within the
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roll-front); ii) determine a regression equatiornivizeen the area of the 1135 nmabsorption
band and the amount of synthetic coffinite mixethwguartz in sands mixtures; iii) use this
linear regression equation as a reference to dyamdiural coffinite abundances in a set of
mineralized samples of the Tortkudukuranium raiAtr deposit (South Kazakhstan); and iv)
discuss the validity of the obtained quantificatmoethod using the mineralogical data of the

Tortkuduk uranium ore deposit.

2. Geological context

The Tortkuduk uranium roll-front deposit belongstihe Muyunkum mining district, one of
the major uranium deposits of the Shu Saryssu bEsiated in the South Kazakhstan
(Yazikov 2002; Dahlkamp 2013). Such uranium depasécharacterized by low-grade and
high tonnage reduced uranium mineralization hostedroughly consolidated sand or
sandstones. Roll-front deposits are typically diddn two compartments named after the
redox condition prevailing in the sandy formatidiseralization occurs at the redox
frontwhereas reduced compartments are located abfeachnium mineralization. Oxidized
compartments are located behind and are typicapleded in uranium as the redox front
progresses toward reduced formations. Informatiobath the geology and the mineralogical
characteristics of the sandy formation hostingrttiefront uranium deposits of Tortkuduk are
reported inBen Simon (2009), Munara (2012), Dahiai2013), Mathieu et al. (2015) or
Robin et al. (2015a). According to these authorsrtkiiduk uranium mineralization is
dominated by very fine-grained coffinite mineraksliim) associated with sulphides.d.
pyrite, marcasite) and organic matter. The uranmimeralization is hosted in a thick middle
Eocene sand reservoir composed of sand channehatations in a coastal environment. The

sandy formations constitute the reservoir. Theyyviaom a relatively simple arenitic to
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arkosic mineralogical composition. Most of the uwam mineralization is hosted in fine-

grained to verycoarse-grained horizons of uncodat#d and highly permeable sands.

3. Materialsand methods

3.1. Natural sandsfrom the Tortkuduk uranium roll-front deposit

A total of 37 representative mineralized sand sasplere collected from 14drill-cores which
intersected the sandy reservoir of the Tortkuduodd. The uranium content measured by

X-ray fluorescence (XRF) ranges from 200 to 6206 pp

The average mineralogy of the selected samples ieen@5 to 74 wt% quartz, 9.5 to 19wt%
alkali feldsparsd.g.microcline and minor albite), 5 wt% micassd. muscovite, biotite), 5 to 9
wt% clay minerals€.g. smectite and kaolinite) and less than 1 wt% acegsamerals which
include coffinite, pyrite, marcasite, anatase, noaiine, ilmenite, zircon and calcite(Ben
Simon, 2009; Mathieu et al., 2015; Robin et al.12f). Minor gypsum and goethite also
occur in the oxidized compartmentsof the roll-fral@posits (Munara 2012). According to
their grain size, these sands range from fine tdiume-grained i(e.125 to 500 um). The
mean chemical analysis of a representative colunmmireeralized sand from this reservoir has
been determined as follows: 876 SiO,; 5.97wt% AlO5; 1.28wt% FeOs; 0.15wt%
FeO; 0.0wt% MnO; 0.26wt% MgO; 0.23wt% CaO; 0.5at% NaO; 1.45wt% KyO;

0.20wt% TiO,; 0.10wt% P,Os; 0.18wt% U; 0.23wt%S(Ben Simon 2009).

Coffinite is the most common type of uranium-begmmineral in all the samples(Boulesteix
et al.,, 2015, Lach et al.,, 2015, Mathieu et al.120Robin et al., 2015b).Uraninite
(pitchblende) and uranium-bearing alteration prasleé primary titaniferous minerals locally
complete the uranium mineralization (Mathieu et 2015). Coffinite was only identified in

the highly mineralized samples using X-ray difffant(XRD) (Robin et al., 2015b), whereas
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it wasdetected in each sample by scanning electr@noscope observations coupled with
energy dispersive X-ray analyses (SEM/EDS) (Boelgset al., 2015, Lach et al., 2015,

Mathieu et al., 2015, Robin et al., 2015b).

3.2. X-Rays Fluorescence measur ements

Chemical measurements were provided by the minmgpany, KATCO. The uranium
content of natural sands was measured using thevdKnOmega hand held XRF analyzer
manufactured by Innov-X-Systems. The XRF readingsewconducted in soil modeg, a
two-beam mode employing an internal Compton Norzmadilbn calibration). Each analysis
lasted four minutes in total with 150 seconds usiagm 1 conditions (heavy elements) and

90 seconds using beam 2 (light and transition efshe

3.3. Mineralogical sand mixtures

The sand mixturesconsist of known amounts of quanid coffinite and were designed to
simulate arenitic sands containing from 0.005 wipota 1 wt% of coffinite in addition to
guartz. To remain close to the field conditiong, sland mixtures were not ground at any stage

of the preparation.

The source of quartz for the preparation of thelsaixtures was Fontainebleau sand NE34, a
fine-grained natural arenitic sand (< 250 um) cioiitg more than 98wt% Si{Delfosse-

Ribay et al., 2004).

Apurified synthetic coffinitewith a chemical comjpasn of the ideal,end-member coffinite
(USIiOy4) was provided by the Institute for Chemical Separaof Marcoule (ICSM, France)
for the preparation ofsand mixtures. It consistpwiffied and well characterized aggregates
of individual 80 nm-long crystals having the zircstructure type (tetragonal, ;/dmd)
(Mesbah et al., 2015; Szenknect et al., 2016).atunal samples of the Tortkuduk uranium

roll-front deposit, coffinite also consistsof vdige-grainedparticlesg.less than 1 um).
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Eight mixtures of coffinite sands were prepared tfus study: seven of which had a total
mass of 2.5g and a coffinite proportion of 1, 0.0%, 0.25, 0.1, 0.05, and 0.03 wt%
respectively; andone with a total mass of 20g amféinite proportionof 0.005 wt%. The
proportion of Fontainebleau sand used for the medworresponds to the difference between
the total mass and the coffinite proportion. Thanium content for each sand mixture was

calculated based on the wt% ofpurifiedcoffiniteearch sample (Table 1).

The control of the sample homogeneity was decisivesidering the very low amounts of
coffinite added to the Fontainebleau sand for thepgration of the sand mixtures. The
obtained reflectance data in the Vis-NIR domainghhiwere collected from a surface
analysis,are representative of the whole samplg ibthethree-dimensional homogeneity of
the sample is verified. The small crystal size bé tsynthetic coffinitefacilitated its

dissemination in the quartz grain material evenhwiery low coffinite amounts.The

mixtureswere made by slowly stirring the vials (8@olutions per minute) for 2 days prior to
the analysis. Special attention was paid to thellivag of the sand mixtures to prevent them
from shaking, in order to limit the settling of &iofte grains toward the bottom of the

vialsdue to the high density of coffinite crystéds5.1 g/cm).

Fontainebleau sand  Coffinite  Coffinite  Uranium

Sample
(mg) (mg) (wt%) (ppm)
SF-Co_0.000. 19999.01 1.0C 0.00¢ 36
SF-Co_0.03 2499.25 0.75 0.030 216
SF-Co_0.05 2498.75 1.25 0.050 360
SF-Co_0.1( 2497.5( 2.5C 0.10( 72C
SF-Co_0.25 2493.75 6.25 0.250 1800
SF-Co_0.50 2487.50 12.50 0.500 3600
SF-Co_0.7! 2481.2! 18.7¢ 0.75( 540(
SF-Co_1.00 2475.00 25.00 1.000 7200

Table 1: Composition of sand mixtures and their calculatehium content.

3.4. Reflectance measur ements



162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

The reflectance spectra were acquired using the A®BaSpet 4 Standard-Res field
spectrometerand the Indi2dro software. The spectrometer includes: i) adfigéfraction

grating silicon (Si) array for the 350 to 1000 npestral region, and ii) two oscillating
diffraction grating monochromators with cooled $nglement indium gallium arsenide

(InGaAs) detectors for the 1000 to 2500 nm speoggibn.

The spectral resolutionof the detectors is3 nmh& 350 - 1000 nm range and 10nm in the
1000-2500 nm range.A contact probe that contairith Hee artificial lighting sourcee(g.

halogen lamp) and the opticfiberwas used to andlygesamples.

The spectrometer and the contact probe were switcheé30 minutes prior the calibration and
the acquisitions to ensure the stabilization ohbibie detectors and the halogen lamp.Each
sample spectrum corresponds to the average of d&fkest spectra acquired in about 7

seconds.

The samples were analyzed intwo IR-transparent Eahgiders: i) sampling traysfrom the
ASD Muglight accessoryand ii) small glass vials.tiMal samples were alsointroducedinto
the sample trays and measured without any preparadisit is done in the field. The sand
mixtures were prepared and analyzed in the sanie WRaproducibility testswere performed
to ensure the homogeneity of the sand mixtures.fifiag Vis-NIR spectrum of each sample
was the average of six individual measurements reiyethe vialwas turned over between
each reading to rearrange the sand mixtures. Th#auof six measurements was chosen as
the addition of more spectra do not impact sigaiiity the final averaged spectrum (from
experiment). The high reproducibility of the VisRllacquisitions validates the preparation
procedure of the prepared sands.The Spectral Gebla SG") software developed by the
CSIRO (CSIRO, 2017) was used in this study to Viseand analyze the spectral signature

of samples.
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4. Resultsand Discussion

4.1. VisNIR reflectance spectra of sand mixtures

The Vis-NIR spectrum of the synthetic coffinitesand mixtures is characterized by a series
of absorptions bands at 1135nm, 1418nm, 1511nm8ri7and 2130nm(Fig. 1A). The
absorption features occurring under 1800nm aréatéd to the electronic transitions of the
U*" in the octahedral position of minerals with a zirdgpe crystal structureq. zircon
(ZrSiOy), thorite (ThSiQ), coffinite (USiQ)) and minerals of the thorite—coffinite solid
solution series reported as uranothorite(Mackesl.etl975; Zhang et al., 2003, 2009; Baron
et al., 2014). To our knowledge, the multiple uraissharp features observed between 350

and 700 nm are not described in the literature.

Reflectance (offset for clarity)

660

350 565 780 995 1210 1425 1640 1855 2070 2285 2500
Wavelength (nm)

Figure 1: Vis-NIR reflectance spectra of both pure coffin{d) andFontainebleau sand (B) samples.
The vertical lines show the wavelength positiorihef major absorption features and are discussed in
the text.

Quartz is a spectrally transparent mineral in th&e MR spectral range(Hunt and Salisbury

1970). However, spectra ofpure Fontainebleau seveited the presence of weak absorption
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bands at 1418 nm, 1912 nm and 2208 nm (Fig.1B)sélieatures are due to very small
amounts of phyllosilicates (< 0.1 wt%) within thaagtz grains (French and Worden 2013).
These bands are attributed to the combination moti&€H vibrations of water molecules at
1912 nm (Madejova et al., 2009) and to the firgrtane and the combination modes of OH
vibrationsof phyllosilicates near 1418 nm and 2208, respectively (Post and Crawford

2014).
4.2. Quantification of coffinitein sand mixtures

The diagnostic absorption features of coffinite.660 nm, 1135 nm, 1418 nm, 1511 nm,
1678 nm and 2130 nm absorption bands describedginllF are observed in the Vis-NIR

spectra of 8 sand mixtures in which the proportibthis mineral varies from 0.005 to 1 wt%

(Fig. 2).

0.000
0.005
10.030

- 10050
0.100
0.250

0.500

0.750

1.000

Coffinite
(Wt%)

Reflectance- Continuum (offset for clarity)

660 1135

1075 1220
Wavelength (nm)

350 485 640 785 930 1365 1510 1655 1800

Figure 2: Vis-NIR reflectance spectra of the sand mixtu@sntinuum removal has been applied to
enhance differences in shape between spectra. dffiite content is indicated in the side of each
sample spectrum. The vertical dash lines indidagewavelength range used to integrate the area of
the 1135 nm band.
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Coffinite can be detected in the reflectance spectof the sand mixturesfrom 0.005 wt%.
For low coffinite contents, two features can beesbsd in the spectra at 660 nm and 1135
nm. The continuum removed spectra enhance theifidation of these two spectral features

in Figure 2, in particular for coffinite contents@005 and 0.03 wt%.

Under TSG' software two specific spectral parameters (orasshiwere created to quantify

the amount of coffinite from the 1135 nm and th® @én absorption bands.

Parameters were defined by isolating thesebands tihe overall shape of the spectrum using
the standard "continuum removal" (Clark and Roud4), also referred as "hull quotient” in
TSG". Relative absorption areaswereintegrated fror®6f) nm to 1250 nmi.e. the center
wavelength was set to 1105 nm and the search r&alii45 nm) and ii) from 575 nm to 750

nm, for the 1135 nm and the 660 nm features respéct

Figure 3A and 3C shows positive linear correlatibletween the coffinite content and the
1135 nm and the 660 nm band area. The absorptaturéeat 1135 nm can be observed
unambiguously with coffinite contents of 0.05 wt% ligher insand mixtures(Fig.3B). A
positive linear correlation between the 660 nm #mel 1135 nm band areas is logically
deduced as the coffinite content increase in thd saixtures. Both bands could be used as a
spectral parameter to estimate the coffinite amélowever, for the same coffinite content,
the 1135 nm band absorbs more than the 660 nm Ibatdral sands usually contain a low
coffinite amount; therefore, it is imperative toeushe band that shows the highest
absorptionfor coffinite content estimations. Theerage 1135 nm area (arbitrary unit, a.u.)
and the standard deviation calculated for 6 indigidspectral readings per sample are

synthetized in Table 2.
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Figure 3: Linear regressions between the integrated arédaedf135 nm band, the 660 nm bandandthe
coffinite content of the sand mixtures.

The main factor of uncertainty for this method igedo the surface of the band,thatslightly
differs between the spectral readings conductethersame sample. However, their standard
deviation results showed an average area errof-@% arbitrary units. Such low variations
will not have a significant impact on its ability éstimate the coffinite content using Vis-NIR

spectra.

Unlike the absorption bands near 1420 nm, the hih3%eature of coffinite does not interfere
with any other band of a mineral occurring in natusands €g.phyllosilicatesfeatures
observed in Fig.4) and is a reliable marker of ¢béinite content in the mineral mixtures.
According to the Beer-Lambert law, the absorbarfce chemical bond is linearly related to
its concentration in the structure of minerals cosipg a sample (Dahm and Dahm 2001).
The use of diffuse reflectance spectrometers, aadhe TerraSp&atStandard-Res, may give
rise to a non-linearity of the absorbance-conc¢iotrarelation due to scattering effects

(Gobrecht et al., 2015).

The 1135 nm integrated area values for the sandures containing 0.005 and 0.03 wt%

coffinite using the aforementioned method are $icgmtly higher than that measured for the
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pure Fontainebleau sand. However, the differentedsn the two values obtained for sand
mixtures containing 0.005 and 0.03 wt% coffinite aot significantly different (Table 2).
Such results suggestthat coffinite can be deteoteechot quantified with the TerraSpec® 4

Standard-Res spectrometer when its content inahe siixture is lower than 0.03 wt%.

AverageArea  ggndarg Coffinite  Uranium

Sample S
1135nm (au.) Deviation  yiop) (ppm)
Pure sand 0.07 0.03 0.000 0
SF-Co_0.0005 0.47 0.05 0.005 36

SF-Co_0.0: 0.52 0.07 0.03( 21¢€
SF-Co_0.05 1.53 0.20 0.050 360
SF-Co_0.10 4.38 0.08 0.100 720
SF-Co_0.25 13.45 1.13 0.250 1800
SF-Co_0.50 26.77 2.76 0.500 3600
SF-Co_0.75 46.38 1.19 0.750 5400
SF-Co_1.00 53.39 0.92 1.000 7200

Table 2: Integrated area of the 1135 nm band calculatéld tive TSG software and calculated
uranium content from stoichiometry for sand mixture

For higher coffinite contents.€.from 0.03 to 1wt%), the area of the 1135 nm baxid (
increases with the coffinite wt% following alineeggression equation (see Eq. 1) with a

correlation coefficient equal to 0.99 (Fig.3A).

Coffinite wt% = 0.0173x + 0.0214 (Eq. 1)

In summary, if such an empirical relationship iplagd to an arenitic sand analogue, coffinite
should be detected at concentrations as low as50.@%. Coffinite would be accurately
guantified between 0.03 and 1 wt% using the integrarea of the absorption band at 1135

nm.

4.3. Quantification of coffinitein natural sands: application to the Tortkuduk uranium

roll-front deposit



278  The uranium content of the 37 mineralized samplesfthe Tortkuduk deposit, that were
279 measured by XRF, vary in the same range thanfosdine mixturesthat were investigated in
280 the previous sectiori.€.from 200 to 6200 ppm and from 0 to 7200 ppm, repelg). The
281  Vis-NIR spectra of eightmineralized sand samplesdraracterized by several coffinite and
282  phyllosilicate overlapping absorption features. Tphyllosilicates consist of kaolinite,
283 muscovite and smectite (Robin et al., 2015a; Hebée#dl., 2015) and theirVis-NIR spectra
284  exhibit strong absorption bands near 1418 nm, I8fh2and 2208 nm and partially interfere

285  with the diagnostic bands of coffinite at 1418 rid11 nm and 2130nm.

286  Note that substantial amounts of alkali feldspaogtly microcline) can be encountered in
287  natural arkosic sands. Although these mineralsecdmibit a weak absorptionfeature at 1210
288 nm due to the presence of’Fén their structure(Anbalagan et al., 2009),thistfiee does not

289  overlap with the specificcoffinite absorption baatdl135nm.

290

Reflectance (offset for clarity)
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Figure 4. Vis-NIR reflectance spectra of representativearafized samples from the Tortkuduk roll-
front uranium deposit. The vertical lines show tlavelength position of the major absorption
features and are discussed in the text.

The use of this methodology could be limited duthtopartial overlap of the 1135 nm feature
of coffinite with broader absorption bands (cerdebetween 350 and 1000 nm) related to
electronic transitions in ferric iron oxide and hgxide minerals such as hematite, or goethite
(Ramanaidou et al., 2015). However, the local d@aton of hematite or goethite with
coffinite is unexpected in natural sands due ta #tability at very different redox conditions
(U* being oxidized into & by F€"). Coffinite crystallizes in reducing conditionscadoes
not co-exist with hematite or goethite when oxidgziconditions prevail. In the Tortkuduk
uranium deposit coffinite is restricted to the reeld sectionof the roll-front, whereas hematite
or goethite are identified in the absence of ca#invithin the oxidized compartment, where
coffinite would dissolve and ¥ remobilized by the oxidizing solution (Szenknettag,

2016).

Such results demonstrate that the 1135 nm featseeodbd on natural mineralized sand

spectra appears to be the best candidate to quaaffinite using Vis-NIR spectroscopy.

The coffinite content on Tortkuduk samples was wheileed empirically using Eqg. 1

(established from the sand mixtures) andthe 1135 band area calculated from the
mineralized sand spectra. Figure 5 shows the casgmambetween the uranium content
calculated from the resulting coffinite content @hd bulk uranium content of natural sands
measured by XRF for each sample. Error bars repréke average standard deviation (4%)

of band area that was calculated from each of TheaBural sample Vis-NIR spectra.
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Figure 5. Comparison of the total uranium content measuwgdXRF to the estimated uranium
content contained in coffinite only.The dashed liepresents the theoretical regression line forckvhi
the total uranium content is incorporated 45ib coffinite (USIQ).

Three main observations can be made based on th@m@sented Figure 5:

1)For a majority of samples.€.24 over 37), the uranium content attributed to a¢béinite
using the quantitative method based on IR speaimsdoes not deviate significantly from
the total uranium content measured by XRF innatsaalds. This is particularly true for the

mineralized samples in which the total uranium eahtloes not exceed 2000 ppm.

2) According to the fact that the uncertaintiegha quantification methods are not strictly
controlled, there is no case in which the uraniemtent in coffinite exceeds significantly (i.e.
overestimate by more than 1000 ppm of uranium)tote uranium contentmeasured in the

natural samples.

3) Conversely, several samples exhibited a comtentanium in coffinite significantly lower
than the total uranium content onnatural samplag 3eems particularly the case for highest

uranium grade sampleisg(5000< uranium < 6200 ppm).
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The quantitative results obtainedin this study frigis-NIR spectroscopy are consistent with
the mineralogical characteristics of the minerdgiaraencountered in the Tortkuduk uranium
roll-front deposit (Boulesteix et al., 2015, Mathiet al., 2015).The good correlation that
existsbetween coffinite and the total uranium contef many natural sands agrees with the
identification ofcoffinite as being the most commaanium bearing mineral type within the

deposit(Mathieu et al., 2015).

For several samples and particularly forhigh-gradmeralization, the lowest uranium
contentfound in coffinite compared to the totalniwan contentof the sand could be explained
bythe presence of additional uranium bearing misegch asprimary titaniferous minerals
and/or uraninite (pitchblende)that have been ifiedtiat the core of the uranium mineralized
bodies(Mathieu et al., 2015). Unfortunately, ur@einpitchblende) only show broad, low
intensity featuresin the 350 to 2500 nm range itigated by Vis-NIR portable field

spectrometers(Klunder et al., 2013).

Beside of the impact of additional uranium bearmgeral phases on the bulk uranium
content present in sands, it cannot be excludddotira of the coffinite, previously formed in
the mineralized zones, is now too amorphized tofldly identified by the Vis-NIR
spectroscopy. Self-irradiation related to uraniuecay in radioactive minerals (emission of
alpha particles and their recoil effect) is knoven damage the structure up to reach an
amorphous state (metamict state) with increasimg t{Ewing 1994; Nasdala et al., 2005).
Infrared studies on the reverse process of reamtstg zircon from an initial amorphous
state showed an increase of intensity and complexithe IR spectrum (Geisler et al., 2003).
Consequently, naturally occurring coffinite may @éareduced number of configurations that
can absorb in the Vis-NIR domain, lowering the levkavailable spectral information.The

potential impact of metamictisation on the quacdifionof coffinite is supported by the
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2Pp ages of 2 to 20 My,which have been obtained f@ mineralization of the

Tortkuduk uranium roll-front deposits(Mathieu et £015).

The above considerations supportin the robustne®anethod to quantify coffinite inroll-

front uranium deposits,which usethe 1135 nm featieerelevant spectral parameter.

5. Conclusions

The present study proposed a new methodology tatidyaoffinite (USiQ;) abundancein
arenitic to arkosic sands or sandstones assoamthadoll-front uranium deposit using Vis-

NIR portable field spectroscopy.

Previous works identified a diagnostic featureha Vis-NIR spectra of coffinite at 1135 nm
allowing a fast and convenient method to identtiys tmineral in complex mineralogical
mixtures of altered granite (Baron et al., 2014)isTreature presents several advantages: i) it
does not interfere with any other Vis-NIR featumdsubiquitous silicate minerals such as
phyllosilicates (clay minerals particularly), anyl iesults from electronic transitions of the

U** cations in minerals with a zircon-type structuraBeet al., 2014).

The coffinite content was determined usingthe 118% feature measured from spectra
acquired on a series of sandmixtures of areniticl gand purified synthetic coffinite. The high
correlation established between 1135 nm integrated and the amount of coffinite in the
sand mixtures shows that this mineral can be atalyrquantified for concentrations between
0.03 and 1.0 wt%. The detection limit is 0.005 w#ad it is consistent with the

concentrations encountered in the Torkuduk uraniofihfront deposit. Note that such a

threshold is significantly lower than the one detieed by Andrews et al. (2017) from Vis-
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NIR spectra of complex mineral mixtures prepareditoulate a metasomatic albitite uranium

deposit of Australia.

The present methodology was then tested on nasaraples from the Tortkuduk uranium
roll-front deposit. The results confirm that coftenis the main uranium-bearing mineral in
most of the bulk samples uranium except in the dnigijtade mineralization where uraninite
or uranium-bearing titaniferous minerals have beentified by previous mineralogical

investigations (Mathieu et al., 2015).This studyndestrates the efficiency and the high
sensitivity of the Vis-NIR spectroscopy for the etgtton and the quantification of coffinite in
uranium bearing sand or sandstone deposits. Howkwrdrer works is required to: i) improve
the accuracy of the coffinite quantification at thlelyunkum mining district scale, and ii)

apply the proposed methodology to other worldwiedsor sandstone uranium deposits.

First, the uncertainty of the quantitative reswltgained for the samples of Tortkuduk could
be improved by taking into account the grain sifect of other minerals (in particular quartz
and alkali feldspars) on the absorbency of co#inAn additional linear regression equation
between at the 1135 nm integrated area and theniteftoncentrations in sandy sediments

for grain sizes ranging from fine to coarse is el

As the detection limits varies with the mineral mbes (Hauff 2008), the quantification of
coffinite in other worldwide sand or sandstone dafsorequires the definition of specific
linear regression equations built from mineral migs representative as much as possible of

the mineralogy of the studied deposit.

Finally, even if the Vis-NIR spectroscopy is knoas a suitable method to identify poorly
organized crystalline structures (Hauff 2008), eWpental works would be necessary to
determine the effects of metamictisation on the51ii3 band area of coffinite encountered in

natural uranium deposits.
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