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Introduction

Comprehensive assessment of Ra/U disequilibria is a key step towards the mastery of uranium resource estimation in roll-front deposits. Most of the current resource estimation strategies rely on estimations of orebody-scale average disequilibria to convert total gamma emissions into U contents. The approximate determination of average Ra/U ratios in rocks is however one of the most prominent causes of errors in U reserve estimation. Since complex Ra/U distributions may affect the quality of reserve estimates, the development of predictive models to locally adjust the mean disequilibrium to geological parameters would greatly enhance the accuracy of such estimations. However, the major processes responsible for the disruption of the radioactive equilibria and the U and Ra sinkholes in such complex natural systems remain poorly constrained. Several scales of research are necessary to fully understand the processes, in particular in roll-front deposits: a) at the deposit scale, the U and Ra distributions within the main zones of the roll, i.e., the oxidized zone, the redox front, and the reduced zone, b) at the sample scale, sands mostly consist of quartz and feldspar grains, and most of the metal enrichments are concentrated onto organic matter fragments [START_REF] Mathieu | Key mineralogical characteristics of the new South Tortkuduk uranium roll-front deposits, Kazakhstan[END_REF][START_REF] Rallakis | The Role of Organic Matter on Uranium Precipitation in Zoovch Ovoo, Mongolia[END_REF], pyrite [START_REF] Ingham | A combined chemical, isotopic and microstructural study of pyrite from roll-front uranium deposits, Lake Eyre Basin, South Australia[END_REF][START_REF] Lach | In-situ isotopic and chemical study of pyrite from Chu-Sarysu (Kazakhstan) roll-front uranium deposit[END_REF] or Fe-Ti oxides [START_REF] Boulesteix | Ilmenites and their alteration products, sinkholes for uranium and alkali earth in roll-front deposits after the example of South Tortkuduk (Kazakhstan)[END_REF][START_REF] Mathieu | Key mineralogical characteristics of the new South Tortkuduk uranium roll-front deposits, Kazakhstan[END_REF].

In the studied orebodies from Kazakhstan, the main hosts of U ores are unconsolidated sands, deposited during fluvial flooding events [START_REF] Munara | Formation des gisements d'uranium de type roll : approche minéralogique et géochimique du gisement uranifère de Muyunkum (Bassin de Chu-Sarysu, Kazakhstan[END_REF]. These sands contain heavy minerals such as Fe-Ti oxides, as placer accumulations [START_REF] Munara | Formation des gisements d'uranium de type roll : approche minéralogique et géochimique du gisement uranifère de Muyunkum (Bassin de Chu-Sarysu, Kazakhstan[END_REF][START_REF] Boulesteix | Ilmenites and their alteration products, sinkholes for uranium and alkali earth in roll-front deposits after the example of South Tortkuduk (Kazakhstan)[END_REF][START_REF] Mathieu | Key mineralogical characteristics of the new South Tortkuduk uranium roll-front deposits, Kazakhstan[END_REF]. Ilmenite is abundant in such facies, and when present its alteration products (pseudorutile, rutile, anatase) form the main nucleus for U and subsequently Ra trapping. At the sample scale, U distribution may be particularly complex, accompanying the formation of a series of pyrite types around altered ilmenite cores, with the same order of crystallization as in all the studied samples [START_REF] Lach | In-situ isotopic and chemical study of pyrite from Chu-Sarysu (Kazakhstan) roll-front uranium deposit[END_REF], over which U is deposited as P-coffinite, sometimes UO2 spherolites [START_REF] Lach | In-situ isotopic and chemical study of pyrite from Chu-Sarysu (Kazakhstan) roll-front uranium deposit[END_REF][START_REF] Mathieu | Key mineralogical characteristics of the new South Tortkuduk uranium roll-front deposits, Kazakhstan[END_REF]. Such Fe-Ti clusters may be considered a favorable microsite for the formation of uranium ores, although the roll-front affects the facies, which exhibit different amounts of these minerals. The presence of ilmenite is therefore a key factor in the nucleation of coffinite, but its distribution does not control the shape of the roll-fronts.

At the secular equilibrium, the Ra distribution must follow the U distribution. Roll-fronts are however dynamic natural systems, where the secular equilibrium is rarely approached for the whole decay chains. Moreover, 238 U and 226 Ra have contrasting chemical behavior and halflives, both intrinsically and with respect to the timescales of nuclide migration during the developmental history of active roll-fronts. The measured Ra/U disequilibria are then likely to arise from the uptake or lixiviation of both U and Ra, with very different implications for the roll-front evolution. The Ra/U ratio thus provides a snapshot of the local disequilibrium state but is of limited interest for the understanding of the geological processes underway. 230 Th is in an intermediate position in the 238 U decay chain between 234 U and its daughter nuclide 226 Ra, with an intermediate half-life of 75401 ± 300 yr (OECD/NEA Data Bank, 2009). 230 Th is considered only slightly soluble and almost immobile in natural waters [START_REF] Langmuir | The mobility of Th in natural waters at low temperatures[END_REF][START_REF] Chabaux | U-Th-Ra fractionation during weathering and river transport[END_REF]. Therefore, combined with its chemical behavior during weathering, it constitutes at best an inertial reference indicative of eventual past nuclide activities or equilibria. Pairs of 238 U/ 230 Th and 230 Th/ 226 Ra ratios are thus of special interest to identify the processes responsible for breaking the equilibrium of the 238 U decay chain. Uranium, radium and thorium are therefore good markers of the overall fractionation processes that affect the roll-front during its activity.

Since the main processes responsible for both the disruption of the radioactive equilibria and the U and Ra uptake in such complex natural systems remain poorly understood, the Ra/U anomalies were investigated using the example of a major roll-front in Kazakhstan (Fig. 1).

In this contribution, we propose an innovative approach mixing orebody to sub-grain scale studies to unravel U and Ra distribution and the processes responsible for their concentration and uncoupling. To do so, we took advantage of a series of ten drill holes distributed along a profile crosscutting the Muyunkum ore front (Fig. 1). The mineralogy and geochemistry of microsites particularly active in trapping U and Ra were explored, using a multi-technique approach. In addition, high resolution portable γ-spectrometry (HRpGS) and SIMS were applied to establish the distribution of 238 U, 230 Th and 226 Ra.

At the deposit scale, the uranium is depleted in the oxidized zone, whereas it is particularly enriched along the redox front. The disequilibria may thus follow complex geometries, which should be fully understood to prevent major uranium reserve overestimates.

Geological background

This study was focused on an orebody representative of the South Tortkuduk uranium deposits, which belongs to the Muyunkum field, one of the world-class roll-front type deposits of the Southern Kazakhstan province (Fig. 1). The Muyunkum deposit is located in the Chu Sarysu basin lying north of the NW-SE Karatau mountain range, which split the Syr-Darya basin after the Oligocene [START_REF] Alexeiev | Structural evolution of the Ural-Tian Shan junction: A view from Karatau Ridge, South Kazakhstan[END_REF][START_REF] Dahlkamp | Kazakhstan[END_REF][START_REF] Bande | Exhumation history of the western Kyrgyz Tien Shan: Implications for intramontane basin formation[END_REF]. The sedimentary infill of the Chu-Sarysu basin, up to 2000 m thick at its center, is predominantly of continental origin with occasional shallow marine successions forming a number of clay barrier-bounded sandstone aquifers. Oxygenated groundwater fluxes, initiated by the Oligocene Tien Shan uplift, crossed the basin from the northern Kirgizian Range towards the NW and from the Aral Sea, imprinting the sediments with regional stacked epigenetic oxidation tongues (Fig. 2). Mainly consisting of pitchblende and coffinite [START_REF] Mathieu | Key mineralogical characteristics of the new South Tortkuduk uranium roll-front deposits, Kazakhstan[END_REF][START_REF] Hébert | Quantification of coffinite (USiO4) in roll-front uranium deposits using visible to near infrared (Vis-NIR) portable field spectroscopy[END_REF], mineralization occurs at the oxidation fronts, forming sinuous accumulations tens of meters wide and over hundreds of kilometers in length [START_REF] Jaireth | Association of large sandstone uranium deposits with hydrocarbons[END_REF][START_REF] Dahlkamp | Kazakhstan[END_REF][START_REF] Mathieu | Key mineralogical characteristics of the new South Tortkuduk uranium roll-front deposits, Kazakhstan[END_REF].

The Muyunkum field, located in the southern Chu-Sarysu basin (Fig. 1), was discovered and explored in the late 1970s and has been mined by Katco JV LLP since 2004 using the in-situ recovery technique. The world class Tortkuduk uranium deposit is hosted in two Eoceneaged, continental medium-to fine-grained arenitic-arkosic sand formations with a low clay content (typically 6-7 wt.%; Herbert et al., 2015), the Uyuk (lower) and Ikansk (upper) reservoirs [START_REF] Boulesteix | Ilmenites and their alteration products, sinkholes for uranium and alkali earth in roll-front deposits after the example of South Tortkuduk (Kazakhstan)[END_REF][START_REF] Mathieu | Key mineralogical characteristics of the new South Tortkuduk uranium roll-front deposits, Kazakhstan[END_REF]. The detailed mineralogy and petrography of these formations has been described in [START_REF] Munara | Formation des gisements d'uranium de type roll : approche minéralogique et géochimique du gisement uranifère de Muyunkum (Bassin de Chu-Sarysu, Kazakhstan[END_REF] and [START_REF] Mathieu | Key mineralogical characteristics of the new South Tortkuduk uranium roll-front deposits, Kazakhstan[END_REF]. The isotopic ages obtained for the mineralization [START_REF] Mikhailov | Age of exogene uranium deposits in south and south-east Kazakhstan according to the lead-isotope study[END_REF][START_REF] Mathieu | Key mineralogical characteristics of the new South Tortkuduk uranium roll-front deposits, Kazakhstan[END_REF] range up to the Late Miocene (2-20 Ma) and suggest a number of U remobilization episodes at the still currently active oxidation front.

Samples and methods a. Samples

Thirty-eight samples were taken along the "600-PA" reference profile across a typical oxidation front of the 17y deposit (Fig. 2) and selected to study the spatial distribution of the Ra/U disequilibrium. Most of them are more or less consolidated, reduced, medium-to finegrained gray sands, with an activity between 90 and 2500 c/s measured with a portable prospecting γ scintillometer (SPPγ) (Table 1). Two additional radiometric anomalies in oxidized sands (160 -170 c/s) and three samples from the lower clay boundary (160 -260 c/s) were recovered to further depict the Ra distribution in the roll-front cross-section. This selection of samples is representative of the various deposition and redox conditions (oxidized/reduced, nose/wings, lenses) along the roll-front (Table 1; Fig. 2). Five other samples with a severe level of Ra disequilibria, representative of the orebody sandstones, were specially collected from an exploration zone in the 13y deposit (Fig. 2) to determine the Ra-bearing mineral phases. These samples, with an SPPγ activity between 160 and 530 c/s, are from reduced fine-to medium-grained gray sands with variable micaceous and organic matter contents.

b. HRpGS determinations of 226 Ra, 230 Th and 238 U Uranium contents and Ra/U disequilibria were measured using a Canberra Falcon 5000 gamma spectrometer, installed at the GeoRessources laboratory and optimized for the measurements of samples of constant sampling volume and well isolated from the environment. The spectrometer consisted of an electrically cooled broad energy high purity germanium (HPGe) detector, calibrated with standard radioactive sources by Canberra. A 50 mm thick lead brick shield was designed to lower the background radiation, and a 2-mm thick folded copper sheet was used to further shelter the sample and the detector from the Pb Xrays. The background dose rates were thus reduced by a factor >2 by our shielding device, with rates <0.15 µSv/h within the Pb enclosure. Background spectra were acquired for 62-113 hours over the measurement period (10/2013 -07/2014), with fairly constant levels. They were dominated by the 40 K (1460 keV) and 214 Bi photopeaks (609, 1764 keV), very weak peaks were detected for some of the daughter nuclides of the U decay chains: including 234m Pa (<200 counts per day) and 235 U-226 Ra (<1500 counts per day). The background photopeak areas were subtracted from the samples. Sample aliquots were placed directly in contact with the detector, protected by a polyethylene film in cylindrical supports, 95 mm in diameter, after eventual gross disaggregation of the cohesive samples. Acquisitions were performed for 3-138h, depending on the sample mass and U content. Laboratory γ spectrometry 238 U quantitative assays often rely on the low energy emissions (at 63.3, 92.4 and 92.8 keV) during β decay of the 234 Th [START_REF] Déjeant | Field analyses of 238 U and 226 Ra in two uranium mill tailings piles from Niger using portable HPGe detector[END_REF], which are however rapidly absorbed by the sample (within a few millimeters). Our approach favored the geologic representativity of assays, using the less probable but higher energy 1001 keV photopeak associated with 234m Pa, with a higher penetrative power. Such a strategy also benefits from the efficacy of detection being independent from sample mineralogy at such high energies. The U and Ra contents were thus derived from the net areas of the 186 and 1001 keV photopeaks and from the counting efficiency of the detector at these energies, provided by the ISOCS (In Situ Object Calibration Software) code [START_REF] Venkataraman | Validation of in situ object counting system (ISOCS) mathematical efficiency calibration software[END_REF]. The experimental settings were modeled with the "simple cylinder" template, which was set up with the geometry and characteristics of the samples (thickness, density, chemical composition).

Uranium activity was directly derived from the net area of the 1001 keV photopeak. The interferences and peak sum corrections were always less than 5‰, i.e., at least an order of magnitude lower than the error in the U activity determinations. The energy resolution of the Falcon 5000 at the 186.2 keV photopeak of 226 Ra is insufficient to directly resolve the interference with the 235 U photopeak (185.7 keV). We assessed the area of the interfering 235 U photopeak using the natural relative abundance of the U isotopes (ℛ = 238 U/ 235 U = 137.794 ± 0.027; [START_REF] Goldmann | The uranium isotopic composition of the Earth and the Solar System[END_REF], considering that the potential 238 U/ 235 U fractionation is much less than the error in the counting efficiency of the detector (usually > 6%), which usually contributes most to the error. This is supported in the recent studies by [START_REF] Uvarova | Variations in the uranium isotopic compositions of uranium ores from different types of uranium deposits[END_REF]Placzeck et al. (2016), in which the reported δ 238 U in U ores never exceeds 5‰. The 235 U activity is derived as:
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The 226 Ra activity is then obtained by correcting the Ra activity derived from the total 186 keV photopeak ( ) as:

= - × (eq. 2)
where !" is the branching ratio of 235 U at 185.7 keV and !" #$ , the branching ratio of 226 Ra at 186.2 keV. The activity of 230 Th is derived from the 67.67 keV photopeak area. The photopeak intensities, nuclide half-lives and branching ratios were extracted from the JEFF-3.1.1 library (OECD/NEA Data Bank, 2009). Eleven sample powders with U contents in the range 0-17000 ppm, analyzed by ICP-MS at Areva's SEPA laboratory, were measured using our system. The results are presented in Table 2 and Figure 3. Our U contents are perfectly correlated (R² = 0.99995) with the previous ICP-MS determinations, defining a linear trend computed using the linear regression tool in Isoplot [START_REF] Ludwig | ISOPLOT a plotting and regression program for radiogenic-isotope data, version 2.57[END_REF], as y = 0.97 (±0.03) x + 2.7 (±4.1). c. Characterization of the main U microsites Optical and scanning electron microscopy (SEM) in back-scattered electron mode (BSE) were used to characterize the textures and the mineralogical relationships between pyrite, Ubearing minerals and Fe-Ti-oxides. SEM images were obtained using BSE mode to reveal the elemental zoning and changes in the mean atomic number (Z), using a JEOL J7600F SEM equipped with a silicon drift detector type energy-dispersive spectrometer (EDS) and an Oxford Wave wavelength-dispersive spectrometer (WDS).

Electron microprobe analyses (EMPA) were performed at SCMEM-GeoRessources on a CAMECA SX100 instrument equipped with a wavelength dispersive spectrometer (WDS), calibrated using natural and synthetic oxides (albite (Si), Al2O3 (Al), andradite (Ca), BaSO4 (S, Ba), hematite (Fe), MnTiO3 (Mn, Ti), olivine (Mg), orthoclase (K), SrSO4 (Sr), UO2 (U)). Total Fe is presented as FeO. Structural formulas were calculated on the basis of 3 oxygens for ilmenite, 9 for pseudo-rutile and 2 for the TiO2 polymorphs.

Local Ra/U disequilibrium measurements have been conducted on very well studied ilmenite sections (previously investigated with SEM, EMPA, LA-ICP-MS and Raman). Uranium and Ra were determined using the secondary ion mass spectrometry (SIMS) microprobe CAMECA IMS-1270 at CRPG-CNRS (Vandoeuvre-lès-Nancy), according to the experimental protocol described by [START_REF] Deloule | In-situ U-Pb zircon ages for Early Ordovician magmatism in the eastern Pyrenees, France: the Canigou orthogneisses[END_REF]. The primary O -ion beam was accelerated at 13 kV, with a primary current intensity varying between 10 and 25 nA. The size of the analysis spot was 25 μm. The mass and energy calibrations were checked before each measurement, after a 2 min pre-sputtering. To define the relative sensitivity factor for Ra and U used for samples, the empirical linear relationship of [START_REF] Compston | U-Pb geochronology of zircons from lunar breccia 73217 using a sensitive high mass-resolution ion microprobe[END_REF] was defined on a Zambian uraninite as reference material.

Results

a. Distribution of 226 Ra and 238 U in the samples Mineral separations (granulometry and magnetic sorting) were performed on the five representative high Ra/U sandstones from the 13y deposit (Fig. 2), to measure and document the relative distribution of U and Ra within the samples. Each separated fraction was counted by HRpGS (Table 3).

The finest mineral fractions separated (<63 µm) usually make up less than 5% of the total mass of the samples, except in sample 2871, where they reach almost 11%. These fractions reflect the overall mineral composition of the bulk samples. They are indeed quartz and feldspar dominated but in addition contain grains of ilmenite, monazite, zircon, and euhedral and framboidal pyrites. As confirmed by X-ray diffractograms and SEM observations, small amounts of smectite sometimes marginally cover detrital grains, typically supporting coffinite grains. The finest fractions are enriched throughout in U and Ra with respect to the bulk sample, both by factors ranging from 2-to 5-fold (Table 3, Fig. 4), implying contrasting Ra/U ratios. Two of these are less than 2 times larger than the bulk rock Ra/U ratio, while the others are as much as 5 times smaller.

The fractions of sample 3240 contribute crucial information about the relative distribution of U and Ra. Every paramagnetic fraction, whatever its granulometry, carries up to 1 order of magnitude more Ra than its amagnetic equivalent (Table 3, Fig. 5). The role of the magnetic mineral phases in carrying Ra is further highlighted by their relative weight with respect to the bulk sample, since magnetic fractions constituting only 5.5 % of the total weight contribute 21% of the total Ra activity in sample 3240 (Fig. 5). The smaller granulometric fractions (<160 µm) present the highest U and Ra activities, showing that the mineral phases carrying them are rather small and most probably contribute to the U-Ra concentrations in coarser (quartz-feldspar) fractions, as mixed grains. Within the small granulometric fraction (63 < Ø < 160 µm), the magnetic separate showed the highest U and Ra activities and has about a 4-5 times higher concentration of these elements than any other magnetic separate. The sole 63 < Ø < 160 µm magnetic separate, likely to be the purest concentrate of magnetic minerals, was less than 1 wt.% of the whole rock and accounts for 10% of the total Ra activity in the 3240 sample. This fraction is mostly constituted of ilmenite grains at various stages of alteration, covered by pyrite and carrying coffinite.

b. U and Ra (Ba) carriers At the secular equilibrium, the Ra contents are 3.4 x 10 -7 less than the U contents, which range from 500 to a few thousands of ppm. Such values are not measurable by most of the standard micro-analytical techniques (e.g., EMPA, LA-ICP-MS), and are only accessible to the high sensitivity of ion source mass spectrometry techniques. Chemically, Ra behaves similarly to other divalent alkaline earth elements, especially to Ba [START_REF] Langmuir | The thermodynamic properties of radium[END_REF]; it can be frequently incorporated at trace level in Ba-rich phases. Preliminary research to identify the potential Ra carriers has thus been focused on the typically ~10 7 times more abundant Ba [START_REF] Porcelli | The behavior of U-and Th-series nuclides in groundwater[END_REF], as a proxy for Ra presence. As Ra disequilibrium arises from either U lixiviation or Ra uptake, we especially targeted (1) newly formed Ba-carrying mineral phases and (2) altered U-carrying minerals.

To confidently identify the U and Ra carriers, minerals were characterized on bromoform separated subsets of the 63 < Ø < 160 µm and 160 < Ø < 400 µm granulometric fractions of a number of samples from the 600-PA profile and the 13y orebody.

i. Newly formed Ba-rich minerals: Rare subhedral barite sections ≥100 µm in size have been encountered in 2 out of the 15 analyzed samples of the 600-PA profile (A7 and N3, in the oxidized and reduced zones, respectively). These sections incorporate small amounts of Sr, Na and Al (see Supplementary Table S1), but U remained below the detection limit of EMPA (<4500 ppm) and was not detected in LA-ICP-MS experiments either. A few exploratory assays were conducted with the ion microprobe, but Ra also remained below detection limits.

A few of the detrital K-feldspars present in the samples were analyzed by EMPA to determine the potential of their alterations as a local Ba source for the neoformed phases. As in the case of U in barites, Ba content in K-feldspars remained under the detection limit of EMPA (<3600 ppm). However, three LA-ICP-MS analyses detected 106 ± 25 to 925 ± 278 ppm of Ba (see Supplementary Table S2).

ii. Altered minerals carrying U: The magnetic properties of the Ra carriers highlighted in the previous section led us to study the Fe-Ti mineral clusters. Their role as traps for U in low temperature diagenetic conditions has recently been proposed by [START_REF] Lach | In-situ isotopic and chemical study of pyrite from Chu-Sarysu (Kazakhstan) roll-front uranium deposit[END_REF] and [START_REF] Mathieu | Key mineralogical characteristics of the new South Tortkuduk uranium roll-front deposits, Kazakhstan[END_REF]. We present here major elements EMP analyses of the Fe-Ti oxides, including Ba measurements. To describe the ilmenite grains altered to a varied extent to pseudo-rutile and even rutile, we will later refer to ilmenite sensu lato (s.l.). On the other hand, the mineralogical species ilmenite or the as yet unaltered ilmenite sections will later be referred to as ilmenite sensu stricto (s.s.).

Two hundred forty-one Ba contents and 117 Sr contents (Supplementary Table 3) have been measured in ilmenite s.l. -TiO2 sections covering the whole spectrum of ilmenite s.s. degradation and replacement by TiO2, previously described in detail [START_REF] Pownceby | Alteration and associated impurity element enrichment in detrital ilmenites from the Murray Basin, southeast Australia: a product of multistage alteration[END_REF]. Ilmenites s.s. and slightly altered ilmenites (Ti/[Ti+Fe] < 0.65) generally do not incorporate significant amounts of Sr or Ba, the mean Ba content barely reaching the detection limit. On the other hand, the Ba content of pseudo-rutile ranges between 0.1 and 0.9%, with an average of 0.32% (σ=0.15). Strontium content reaches 0.26%, with an average of 0.06% (σ=0.05). The severe structural changes taking place in the ultimate stages of ilmenite s.l. alteration release the trace elements incorporated during the previous alteration phases [START_REF] Pownceby | Alteration and associated impurity element enrichment in detrital ilmenites from the Murray Basin, southeast Australia: a product of multistage alteration[END_REF].

Our new measurements thus support the progressive sorption of Ba (and Sr) in the pseudorutile (Fig. 6) during the alteration process of ilmenite s.s. to pseudo-rutile. Such an incorporation of trace elements has previously been described in various alteration environments [START_REF] Frost | The dependence of alumina and silica contents on the extend of alteration of weathered ilmenites from Western Australia[END_REF][START_REF] Pownceby | Alteration and associated impurity element enrichment in detrital ilmenites from the Murray Basin, southeast Australia: a product of multistage alteration[END_REF]) and for various metals. This is however, to our knowledge, the first description of the incorporation of heavy alkaline earth elements.

Considering the similarity in chemical behavior between Ba and Ra, the significant incorporation of Ba is a strong clue to the possible role of pseudo-rutile as an Ra carrier.

Ra/U in-situ measurement by SIMS

To conclusively demonstrate the uptake of Ra by ilmenite and its alteration products, ilmenite s.l. grains representative of the whole range of ilmenite s.s. alteration processes were targeted with the SIMS instrument IMS 1270 at the CRPG laboratory (Vandoeuvre-lès-Nancy, France), together with a number of associated U mineral sections in samples of the 600-PA profile and the TSU-27 block. The results are presented in Tables 4 and5. The Ra/U disequilibria measured in ilmenite s.l. grains range between 0.4 ± 0.03 and 40.5 ± 2.5. The lowest Ra/U values (<1) for ilmenite s.l. are from measurements in the vicinity of a UO2 section precipitated in the pores of altered ilmenite (Fig. 7). An unaltered ilmenite s.s. section was targeted and yielded an Ra/U of 1.4 ± 0.9. Higher grades of ilmenite s.l. alteration result in higher Ra/U values (Supplementary Figure S1). The latter strongly contrast with the very low values measured in U minerals, which range between 0.14 ± 0.02 and 0.70 ± 0.02 (average: 0.54 ± 0.13, 1σ). Such low Ra/U values were reported in the case of uraninites from the Imouraren uranium deposit [START_REF] Deloule | Effect of Radium mobility on the U-Pb systematic and age determination of uraninite[END_REF], and were interpreted in terms of Ra leaching by protracted fluid-rock interaction.

Complementary isotopic data were collected on the ilmenites from sample 9628-H8 (Table 5), consisting in isotopes 234 U and 238 U, and 230 Th. The 234 U/ 230 Th, 238 U/ 230 Th and 226 Ra/ 230 Th ratios exceed the secular equilibrium, with average ratios of 10.3 (σ = 11), 3.1 (σ = 1.8) and 15.6 (σ = 7.7), respectively. Since Th is considered an immobile element, this is further strong evidence for U and Ra uptake by ilmenites s.l.

c. Distribution of the Ra/U disequilibrium in roll-front deposits

The Ra/U ratio and the Ra and U contents of forty bulk samples distributed along the 600-PA profile were measured using HRpGS. The counting times ranged between 3 and 138 h, depending on the sample mass (18 to 340 g) and U content (10 to 14020 ppm).

The results are presented in Table 6 and Figure 8, where the Ra/U ratio is shown as a function of the U content. This figure shows that high disequilibria mainly affect barren samples, while the mineralized samples present low Ra/U ratios. This is consistent with the SIMS measurements of the Ra/U disequilibrium in mineralization sections (Table 4), which reach a maximum of 0.7. It also suggests that the roll-front nose and limbs are more likely to be in slight Ra-favorable Ra/U disequilibrium compared to the mineralization at the redox front. The highest Ra/U ratios corresponded to oxidized upstream samples, but most of the other high Ra/U ratios are from downstream reduced samples in the close vicinity of the mineralization (Fig. 9). Four unaltered reduced sandstone samples have been analyzed and present U contents between 10 and 30 ppm and Ra/U ratios in equilibrium within the error bars.

d. Control of Ra disequilibrium by the distribution of ilmenite s.l.

We report the qualitative abundance of ilmenites in samples on the 600-PA profile (Fig. 9), together with U abundances, the Ra/U disequilibrium and chemical gradient responsible for disequilibrium, when identifiable using 230 Th data. In this profile, most of the high Ra/U ratios appear closely associated with ilmenite-rich samples, the rest appearing near the oxidized zones in contact with the clay caps of the aquifer (U leaching).

The samples from boreholes H and I are especially good examples of the role of ilmenites s.l. in the development of Ra disequilibria. These drill holes cross-cut the reduction front, and seven mineralized samples (U content >100 ppm, ≤4900 ppm) have been extracted from ten core samples. However, unless the U-minerals exhibit strong U-favorable disequilibria, five of these mineralized samples carry whole-rock excess Ra instead, with Ra/U up to 2.0 ± 0.3. In particular, sample H8 exhibits an Ra/U = 1.4 ± 0.1 for a uranium content over 1000 ppm. At the sample scale, the latter is characterized by dark beds of heavy minerals (Supplementary Figure S2) which mainly consist of ilmenites s.l., some of which presented SIMS Ra/U up to 19.9 ± 0.5 (Table 5). Interestingly, located about 9 m deeper into the borehole and also containing ilmenite beds, sample H9 presents one of the highest U contents (4867 ppm) but an Ra/U ratio of 1, contrasting with the U excesses of the mineralization. We interpret this as resulting from the mixing of U excess in the U minerals and Ra excess components in the ilmenites s.l.

e. Mixing model

For these calculations, the U mineralization is considered homogeneous, with an Ra/U ratio of 0.5 (average of 15 SIMS measurements, Table 4). The variables used in this simple calculation consist of the whole-rock U content, ilmenite abundance in the sample, and composition (in U and Ra/U). From these, the U fraction of the mineralization is calculated by subtracting the U load of the ilmenites population (ilmenites abundance x U content) from the whole-rock U content. The "equivalent U" Ra content of the mineralization is then calculated using the Ra/U ratio of the mineralization. The total Ra (equivalent U) load of the sample includes the mineralization load plus the Ra carried by the ilmenite population (U content x Ra/U x ilmenite abundance). Uranium contents of 1 to 20000 ppm were used as entry parameters for each model and the calculated Ra/U are plotted in Figure 9.

Such simple calculations show that our whole dataset for the 600-PA profile is framed by models involving ilmenites s.l. with average U contents less than 1% and average Ra/U of 5 -15, which are intrinsically consistent with the range of our measurements. The abundance of ilmenites required in these models is rather modest (less than 2%) but perfectly consistent with the qualitative estimates (less than 5%).

Discussion

Ra scavenging by ilmenites s.l.

The mineral data as well as the whole-rock and mineral-fraction U/Ra analyses show that the ilmenite alteration products are traps for the incorporation of alkaline earth elements in the pseudo-rutile, in the same way as described for other metal traces in a number of previous studies of rocks devoid of U and Ra [START_REF] Pownceby | Alteration and associated impurity element enrichment in detrital ilmenites from the Murray Basin, southeast Australia: a product of multistage alteration[END_REF]. Ti oxide surfaces apparently present noticeable affinity for alkaline earth elements, especially for the heaviest of them, Ba and Ra. The latter is often incorporated at an order of magnitude in excess of the U equilibrium, with U contents higher than the percent level. The measured Ra contents spread over 3 orders of magnitude, depending on the extent of ilmenite alteration.

The incorporation mechanism of such traces could not be determined precisely. Similar adsorption of Ba, Sr, and Ra has already been observed for illites [START_REF] Hidaka | Transport and selective uptake of radium into natural clay minerals[END_REF]. However, the surface of the ilmenite s.l. grains inspected using SEM is perfectly homogeneous down to the hundreds of nanometers scale. This indicates that either such elements substitute for Fe and Ti in the lattice, as previously proposed for Mn, Mg or Cr [START_REF] Pownceby | Alteration and associated impurity element enrichment in detrital ilmenites from the Murray Basin, southeast Australia: a product of multistage alteration[END_REF], or are directly absorbed or precipitated in the nano-porosity (e.g., [START_REF] Frost | The dependence of alumina and silica contents on the extend of alteration of weathered ilmenites from Western Australia[END_REF]. Such phases were not detected using bi-variate discriminant diagrams of trace elements or by Raman spectroscopy.

As previously described (Pownceby, 2010 and references therein), the progressive alteration of ilmenites in pseudo-rutile and leucoxene involves progressive oxidation of ferrous iron and hydrolysis of the ilmenite, leading to its transformation into an Fe-Ti oxyhydroxide solid solution.

The surfaces of ferric hydroxide grains act as complexants for a number of ions in aquifers [START_REF] Ames | Uranium and Radium sorption on amourphous ferric oxyhydroxyde[END_REF][START_REF] Jambor | Occurrence and Constitution of Natural and Synthetic Ferrihydrite, a Widespread Iron Oxyhydroxide[END_REF][START_REF] Antelo | Arsenate and phosphate adsorption on ferrihydrite nanoparticles. Synergetic interaction with calcium ions[END_REF][START_REF] Zhu | Structure of Sulfate Adsorption Complexes on Ferrihydrite[END_REF] and Ra enrichment in Fe and Mn oxides has been reported [START_REF] Ames | Uranium and Radium sorption on amourphous ferric oxyhydroxyde[END_REF][START_REF] Kronfeld | Radium precipitation and extreme 238 U-series disequilibrium along the Dead Sea coast, Israel[END_REF][START_REF] Thiry | Evolution of pH, organic matter and 226 radium/calcium partitioning in U-mining debris following revegetation with pine trees[END_REF]. The sorption of Ra in the environment has even been proposed to be dominat by iron phases [START_REF] Soyer | Geochemistry of uranium in the hydrographic network[END_REF][START_REF] Gundersen | The geology of Radon in the United States[END_REF][START_REF] Jambor | Occurrence and Constitution of Natural and Synthetic Ferrihydrite, a Widespread Iron Oxyhydroxide[END_REF][START_REF] Gonneea | New perspectives on radium behavior within a subterranean estuary[END_REF][START_REF] Sajih | Adsorption of radium and barium on goethite and ferrihydrite: A kinetic and surface complexation modelling study[END_REF]. Furthermore, the sorption reactions of alkaline earth elements on the surface of hydrous ferric oxides have been proved to be endothermic (Mishra and Tiwary, 1999), which is interpreted in favor of a spontaneous surface complexation process. The extent of such complexation is further favored by concentration and pH of the solution (Mishra and Tiwary, 1999), and has been described as an inhibitor of the conversion of ferrihydrite to goethite or hematite [START_REF] Jambor | Occurrence and Constitution of Natural and Synthetic Ferrihydrite, a Widespread Iron Oxyhydroxide[END_REF]. The typical size of ferrihydrite nanoparticles is in the range 1-10 nm [START_REF] Hochella | Nanominerals, mineral nanoparticles, and Earth systems[END_REF], which is far below the spatial resolution of our SEM images.

Furthermore, the affinity and sorption potential of Ti-hydroxides for a number of cations have been known and even considered for U recovery from seawater for decades (e.g., [START_REF] Davies | Extraction of uranium from Sea Water[END_REF]Kelmers, 1980). [START_REF] Sasaki | Ion-exchange properties of hydrous titanium dioxide with a fibrous form obtained from potassium dititanate[END_REF] described exceptional ion-exchange properties of a synthetic hydrous Ti-dioxide with alkaline earth elements, among others. Later studies allowed the sorption sites to be identified [START_REF] Venkataramani | Characterization of sorption sites on hydrous titanium and thorium oxides by water sorption[END_REF] and ultimately found applications in the nuclear industry and research, where specific implementations include radium separation from aqueous solutions [START_REF] Andersen | A radium assay technique using hydrous titanium oxide adsorbent for the Sudbury neutrino observatory[END_REF][START_REF] Song | Rapid determination of radium-224/226 in seawater by alpha spectrometry[END_REF].

The precise sorption mechanism operating for the alteration products of ilmenites remains elusive to date. However, both Ti and Fe hydroxides occurring as degradation products on the surface of ilmenite s.s. are likely to scavenge Ra from solutions.

Processes involved in the rupture of equilibrium U and Ra have strongly contrasting chemical behavior. The mobility of U mostly depends on its oxidation state; in contrast, Ra is intrinsically insensitive to redox (e.g., [START_REF] Szabo | Occurrence and geochemistry of radium in water from principal drinking-water aquifer systems of the United States[END_REF][START_REF] Brown | Isotopic Evidence for Reductive Immobilization of Uranium Across a Roll-Front Mineral Deposit[END_REF]. As its parent nuclide ( 230 Th) is also immobile in fluids, Ra release into groundwater mainly depends on the dissolution/leaching of "old" (i.e., Ra bearing) U minerals [START_REF] Deloule | Effect of Radium mobility on the U-Pb systematic and age determination of uraninite[END_REF], marginally assisted by radiation damage or alpha-recoil effect of 230 Th decay. The ultimate breakdown of Ra-rich Fe-Ti oxides during their final stages of alteration is also likely to contribute locally to the redistribution of Ra. Such contrasting behavior of U and both 230 Th and 226 Ra in groundwater results in a primary fractionation point in the decay chain of 238 U.

In the upstream oxidized zone, U is thus oxidized to the soluble U(VI) [START_REF] Chabaux | U-Th-Ra fractionation during weathering and river transport[END_REF] and transported downstream, while 230 Th and 226 Ra remain rather immobile in oxidizing conditions [START_REF] Soyer | Geochemistry of uranium in the hydrographic network[END_REF], thus producing high whole-rock Ra/U ratios [START_REF] Ryan | Uranium occurrences in the Horton Group of the Windsor area, Nova Scotia and the environmental implications for the Maritimes Basin[END_REF]. This is exemplified by our sample 9628-B8, close to the redox front of the 600-PA profile, which presented a low U content (within the margins of error, equivalent to those of unaffected downstream reduced sandstones), a low 238 U/ 230 Th, and a 230 Th/ 226 Ra ratio in secular equilibrium. Without any further perturbation, the 230 Th (and 226 Ra) disequilibrium with respect to U isotopes should persist for a few tens of thousands of years (< 5 τ230Th).

The soluble U(VI) lixiviated out of the oxidized ore is immobilized at the redox front, where the U ore presents strong Ra/U disequilibria in favor of U, as seen in the samples 9628-A6 or 9628-J12 that present high U contents, low 234 U/ 230 Th, and 230 Th/ 226 Ra in equilibrium.

The Ra immobilization can proceed (1) either from its co-precipitation with Ba or Sr sulfates or carbonates [START_REF] Ballini | U and 226 Ra mobility in the uranium mill tailings of Bellezane (France)[END_REF], providing they exceed the solubility limit, or (2) from its adsorption on clay minerals in low pH conditions [START_REF] Robin | Experimental data and assessment of predictive modeling for radium ion-exchange on beidellite, a swelling clay mineral with a tetrahedral charge[END_REF] or on Fe-Ti oxyhydroxides.

The almost systematic slightly Ra-favorable disequilibrium envelope identified downstream of the mineralized nose of the roll-front conflicts with the lixiviation process. Indeed, U is only mobile in oxidizing conditions. The samples affected by such Ra disequilibria present wholerock Ra excesses with respect to 230 Th, indicating significant Ra uptake at the sample scale (e.g., 600-PA samples 9628-F9; 9628-H8; 9628-I7 -9628-I11). At the grain scale, as exemplified by the SIMS results acquired on the ilmenites s.l. of sample 9628-H8 (Table 5), the degradation products of ilmenites bear significant U and Ra disequilibria with respect to 230 Th (activity ratios often >10), indicating U and Ra uptake. The extremely variable 234 U/ 238 U ratios (between 0.3 and 6, on average 1.8 ± 1.0) determined in situ in these ilmenite s.l. sections further indicate multiple episodes of U sorption [START_REF] Denton | A record of uranium-series transport at Nopal I, Sierra Peña Blanca, Mexico: Implications for natural uranium deposits and radioactive waste repositories[END_REF]) from 234 U enriched groundwater, spreading over a protracted time range.

Conclusion

The in-situ alteration of detritic Fe-Ti oxides during the downstream progression of the rollfront lead to the incorporation of a number of trace elements, especially the heaviest elements of the alkaline earth group. This has fundamental consequences on the radioactive decay chains of U and their state with respect to the secular equilibrium. It additionally provides considerable insight into the geological processes underway during roll-front progression and evolution.

A general concept of the depletion/enrichment of Ra vs. U follows this model: 1) in the oxidized upstream portion of the orebody, the U depletion produces an Ra-favorable disequilibrium, 2) U is transported towards the mineralized front and precipitates together with Ra in uraninite with a U-favorable disequilibrium, 3) a further dissolution of the uraninite already deposited occurs as a function of the roll-front progression, leading to a remobilization of U and Ra, 4) the redox provokes the immobilization of the U at the roll-front, 5) downstream, the Ra which is insensitive to redox is taken up by the altered Fe-Ti oxides in the nose and limbs of the roll-front, forming an Ra-favorable radioactive disequilibrium aureole or halo.

As shown by our calculations, such an uptake is likely to be achieved by very small amounts of ilmenites (less than 2%), which is consistent with the proportions of ilmenite detected within the samples from the 600-PA profile.

This overall distribution is important to consider in any reserve estimation, with strong implications for exploration, mining operations, and post-operation remediation. The methodology used in this work indicates that systematic measurements in standardized conditions may be optimized with portable spectrometers. Such methods are suitable to be implemented at mining operation sites and may therefore be used to test or confirm the validity of assumptions involved in reserve calculations.

Figure captions

Figure 1: Maps localizing the Muyunkum uranium deposit in Kazakhstan (inset) and in the local geologic context. The black rectangle in the inset stands for the extent of the main map. The brownish overload on the main map corresponds to the Pre-Mesozoic basement. The green and orange lines correspond to the regional scale redox fronts in the Upper Cretaceous (dark green: middle; light green: upper) and Paleogene sands, respectively, as drawn in [START_REF] Jaireth | Association of large sandstone uranium deposits with hydrocarbons[END_REF]. 5. Orange abbreviations correspond to: P-R: pseudo-rutile; Pyr: pyrite; Ur: uraninite.

Figure 8: Ra/U ratio as a function of U content in samples from the 600-PA profile. The colored lines stand for the impact of modeled abundance and composition of ilmenites s.l. on the whole-rock Ra/U disequilibrium. The brown one corresponds to the model mixing 2% of ilmenites with a U content of 1 wt.% and a Ra/U ratio of 15; the blue one corresponds to the model mixing 0.5% of ilmenites with a U content of 1000 ppm and a Ra/U ratio of 5.

Figure 9: U content and Ra/U disequilibrium profile of the "600-PA" profile. Green zones correspond to the clay caps that frame the sandy aquifer. White and yellow colors respectively stand for the reduced and oxidized zones within the "Uyuk Fm." [START_REF] Dahlkamp | Kazakhstan[END_REF] and the red pattern represents the mineralization. The "ilm" bubbles stand next to the samples in which ilmenites have been observed in thin sections; the yellow and orange colors are gradations for their qualitative abundance.

Table captions

Table 1: Overview of the samples recovered along the 600-PA profile, including their position within the roll-front and their redox state. The U and Ra contents measured using various methods are indicated, as well as the parameters for our gamma counting experiments. 

Supplementary data:

Table S1: EMP analyses of baryte sections of the 600-PA profile. The numbers in italics correspond to contents below the detection limit.

Table S2: Micro-analyses of K-feldspar sections. The Ba LA-ICP-MS measurements were performed following the protocol described in [START_REF] Mercadier | Origin of uranium deposits revealed by their rare earth element signature[END_REF].

Table S3: EMP analyses of ilmenites, pseudo-rutiles and TiO2 sections, sorted by ascending Ti/(Ti+Fe). 

Figure 2 :

 2 Figure2: Map of the Tortkuduk mining licence in Southern Kazakhstan, displaying the location of both sampling locations: the 13y and 17y orebodies. A detailed map of the 17y orebody where the 600-PA profile (red line) has been cored is presented in the upper right frame. The 600-PA geologic profile and the lithology of all the studied samples are presented in the lower frame. The black vertical lines correspond to the drilling traces. Fm stands for formation.

Figure 3 :

 3 Figure 3: Correlation between the U concentrations measured by HRpGS and ICP-MS for a selection of samples from Gabon, illustrating the accuracy of our γ-spectrometry approach. The solid red line represents the weighted linear regression (see the end of section b in Samples and Methods).

Figure 4 :

 4 Figure4: Relative U content and Ra/U between the bulk (filled symbols) and < 63 µm fractions in the samples, illustrating the enrichment of the finest fractions in U and Ra with respects to the bulk samples.

Figure 5 :

 5 Figure 5: Global Ra repartition between the various mineral fractions within sample 3240.

Figure 6 :

 6 Figure6: Box and whiskers diagrams of the contents in alkaline earth elements (EMPA; Ca: N = 394; Ba: N = 241; Sr: N = 117), illustrating their sorption during the alteration process of ilmenite s.s. towards pseudo-rutile and its replacement by TiO2. Red dashed lines correspond to the theoretical Ti/(Ti+Fe) threshold between ilmenite s.s., pseudo-rutile and the TiO2 polymorphs. Dots represent the alkaline earth content averages of the Ti/(Ti+Fe) subsets. Boxes correspond to the interquartile range. Black dashed lines reveal the range between the lower and the higher fences. Red crosses represent the outliers to the content population.

Figure 7 :

 7 Figure7: Section C17 across Fe-Ti clusters in the 600-PA profile 9628-H8 sample investigated with the IMS1270 SIMS. Thin black circles represent the width of the ion beam, the color code for their filling represents the intensity of Ra/U disequilibrium (lower part of the figure). The red frames associated contain the U content and Ra/U value measured for each targeted site (see the sketch in the lower part of the figure). White bold numbers correspond to the analysis number in Table5. Orange abbreviations correspond to: P-R: pseudo-rutile; Pyr: pyrite; Ur: uraninite.

Figure S1 :

 S1 FigureS1: SEM image of a pyrite-ilmenite s.l. cluster from the 13y orebody, examined with the IMS 1270 ion probe. The ablation craters are marked by black dashed ellipses, within which the measured Ra/U ratio is indicated in bold characters. Electron microprobe spots are represented by colored dots, indexed on the Ti/(Ti+Fe) ratio in the structural formula. The associated frames present the measured U and Ba contents (in percent).

Figure S2 :

 S2 Figure S2: Photographs and micro-photographs of the sample 9646-AF-5 particularly rich in rather altered ilmenites (several percent), and other heavy minerals found in beds.

  

  

  

  

  

  

  

Table 2 :

 2 Results for the gamma countings of the selection of Gabon samples measured by ICP-MS. un. stands for uncertainty, D.L. stands for Detection Limit.

Table 3 :

 3 U and Ra contents and Ra/U disequilibria measured by HRpGS on the bulk samples and mineral separates prepared from the high Ra/U disequilibrated samples.

Table 4 :

 4 Results of the SIMS measurements of the Ra content and the Ra/U disequilibrium for both uraninite sections and their associated ilmenites s.l.

Table 5 :

 5 Results of SIMS measurements on ilmenite s.l. sections of sample H8. The U content was retrieved by EMPA. Un. stands for uncertainty.

Table 6 :

 6 Results of the gamma spectrometry measurements performed along the 600-PA profile. The ratios presented in the table are activity ratios. un. stands for uncertainty; n.d. for not determined.
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