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Fluid inclusions host germanium in acicular sphalerite from the carbonate-hosted Zhulingou Pb-Zn deposit, South China

Sphalerite is frequently considered to host critical metal concentrations such as Ge, Ga and In. These elements are thought to be mainly incorporated via substitution mechanisms into the sphalerite lattice. However, the nanoscale distribution of Ge, Ga and In is still poorly understood, especially for evaluating if these elements are incorporated in the sphalerite lattice or in other specific mineral and/or fluid phases. Using a combination of microstructural, geochemical and nanoscale observations, a new type of Ge occurrences is recognized in stratabound sphalerite from the Zhulingou carbonate-hosted Zn(-Ge) deposit. The early stage of sphalerite is associated with acicular crystals and high Ge enrichment (up to ~2000 ppm), correlated with Pb, Fe, and Mn contents. These high Ge concentrations are mostly hosted in dark brown oscillatory color bands, genetically related with rapid precipitation of sphalerite. Preliminary nanoscale data, performed with atom probe tomography (APT), indicate that Ge and related elements are mainly found in nanoscale fluid inclusions, locally in nanoscale Ge-Pb rich phases. This study promotes the uses of nanoscale studies to better understand the concentration of critical metals in sulfides.

Introduction

Sphalerite frequently contains significant quantities of critical metals such as Ge, Ga and In. These concentrations are frequently considered to be hosted in sphalerite lattice based only on chemical data performed at microscopic scale [START_REF] Cook | Trace and minor elements in sphalerite: A LA-ICPMS study[END_REF][START_REF] Belissont | Distribution and oxidation state of Ge, Cu and Fe in sphalerite by µ-XRF and K-edge µ-XANES: Insights into Ge incorporation, partitioning and isotopic fractionation[END_REF][START_REF] Hu | Numerical modeling of formation of the Maoping Pb-Zn deposit within the Sichuan-Yunnan-Guizhou Metallogenic Province, Southwestern China: Implications for the spatial distribution of concealed Pb mineralization and its controlling factors[END_REF]. Chemical distribution of Ge, Ga and In may be complex and hosted in various microscale chemical zones such as sector zones, micrometric rhythmic bands or millimetric oscillatory color bands.

Acicular sphalerite frequently exhibits millimetric oscillatory color bands and can host significant amount of Ge [START_REF] Cook | Distribution and Substitution Mechanism of Ge in a Ge-(Fe)-Bearing Sphalerite[END_REF][START_REF] Luo | Germanium enrichment in sphalerite with acicular and euhedral textures: an example from the Zhulingou carbonate-hosted Zn(-Ge) deposit, South China[END_REF]. In this case, Ge is frequently correlated to Pb, Mn, Fe. However, in euhedral sphalerite, Ge is commonly correlated with Cu in sphalerite [START_REF] Belissont | Distribution and oxidation state of Ge, Cu and Fe in sphalerite by µ-XRF and K-edge µ-XANES: Insights into Ge incorporation, partitioning and isotopic fractionation[END_REF].

At nanoscale, very few studies exist and presently, they don't consider all the sphalerite types, especially acicular sphalerite. A recent study describes the nanoscale distribution of Ge in Cu-rich sphalerite, showing Ge mostly occurring in sphalerite lattice in euhedral sphalerite, or Ge hosted in Ge-Cu rich minerals (briartite) in deformed sphalerite [START_REF] Cugerone | Behavior of critical metals in metamorphosed Pb-Zn ore deposits : example from the Pyrenean Axial Zone[END_REF][START_REF] Fougerouse | Nanoscale distribution of Ge in Cu-rich sphalerite[END_REF]. At Zhulingou, a mix of acicular and euhedral sphalerite represent a perfect material to study the incorporation of Ge depending on the sphalerite texture and their related formation conditions. In this study, we performed textural and chemical measurements with multiple techniques, from the microscale with electron back-scattered diffraction (EBSD), laser ablation coupled plasma mass spectrometry (LA-ICPMS), and laser-induced breakdown spectroscopy (LIBS), to the nanoscale with high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and atom probe tomography (APT) measurements.

The Zhulingou deposit

South China is known to host about one thousand Pb-Zn(-Ge) carbonate-hosted deposits. The Zhulingou Zn-Ge deposit (0.28 Mt Zn and >400 t Ge @ 97.9 g/t) is part of the eastern Guizhou-western Hunan (EGWH) metallogenic belt, South China (Figure 1A). This deposit is hosted in Devonian carbonate rocks and is lithologically and structurally controlled. The deposit is composed of stratabound orebodies hosted in carbonate-mudstone facies transition and late Paleozoic faults (Huangsi fault; Figure 1B).

At Zhulingou, two hydrothermal (< 200 °C) stages are recognized (Figure 1C; [START_REF] Luo | Germanium enrichment in sphalerite with acicular and euhedral textures: an example from the Zhulingou carbonate-hosted Zn(-Ge) deposit, South China[END_REF]): i) an early stage is composed of acicular sphalerite with oscillatory color bands and ii) a late stage is constituted of euhedral sphalerite with sector zones. From acicular to euhedral sphalerite, Ge concentrations decrease progressively with mean contents from 1009 to 490 ppm Ge, respectively [START_REF] Luo | Germanium enrichment in sphalerite with acicular and euhedral textures: an example from the Zhulingou carbonate-hosted Zn(-Ge) deposit, South China[END_REF].

Methods

In this study, we have analysed two representative samples where acicular and aciculareuhedral sphalerite are well preserved. These two samples were selected among sixty samples collected at Zhulingou.

EBSD analyses were carried out by the NordlysNano + AZtecHKL electron backscattered diffraction (EBSD) system from Oxford Instruments, on a FEI Quanta 450 FEG environmental scanning electron microscope at China University of Geosciences, Wuhan, China. Working conditions were as follows: 20 kV accelerating voltage, six spot size, 25 mm working distance, 70°sample tilt angle. The sample was uncoated and well-polished for better pattern quality in a low-vacuum mode of 30 Pa. A step size of 1 µm was chosen. The Channel 5+ software was used for processing the data and generates the maps.

Laser-Induced Breakdown Spectroscopy (LIBS) multi-elemental imaging was performed at the Institute Lumière Matière, University of Lyon 1 (France). The two samples were analysed using a nanosecond Nd:YAG laser with a pulse energy of 600 lJ operating at 100 Hz at the fundamental wavelength (1064 nm). A 15x magnification lens (LMM-15X-P01, Thorlabs, Germany) was used to focus the laser pulses on the sample surface. In this configuration, the size of the ablation craters for a single laser shot was in the range of 8 µm. In the shown images, the lateral resolution (step size) was 19 µm. All experiments were conducted at room temperature under ambient pressure conditions. In addition, the laser pulse energy and its focus onto the sample were strictly controlled. Two spectrometers were configured to detect intense lines of Ge, Pb and Fe. The general protocol used for the construction of the elemental images is described in Motto-Ros et al (2019). LA-ICP-MS mapping was performed on a sphalerite with a mix of acicular and euhedral textures to determine minor and trace element concentrations, using a NWR ablation system (λ = 193 nm) coupled to an iCAP RQ ICP-MS instrument at Guangzhou Tuoyan Analytical Technology Co., Ltd., Guangzhou, China. LA-ICP-MS elemental mapping was performed using the same laser ablation system with similar carrier gas settings as for spot analysis. The selected area (~1 mm * 5 mm) was mapped using laser energy of 3.5 J/cm 2 , a repetition rate of 20 Hz, 10 μm spot size, and stage translation speed of 40 μm/s. The following isotopes were selected: 23 Na, 29 Mg, 32 S, 55 Mn, 57 Fe, 65 Cu, 70 Zn, 71 Ga, 74 Ge, 75 As, 107 Ag, 111 Cd, and 208 Pb. Data were processed using an Excelbased software lolite 3.6 to perform off-line selection and integration of background and analyzed signals, time-drift correction, and quantitative calibration.

Transmission electron microscopy (TEM) on the acicular sphalerite was prepared by Ga-ion milling using a Focused Ion Beam device (FEI-FIB200) at the Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, with an acceleration voltage of 30 kV. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and high-resolution TEM (HRTEM) analyses were performed at the Electron Microscopy Center of the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou.

Five APT specimens adjacent to TEM targets were prepared from the investigated sphalerite to investigate the detailed chemical composition. A TESCAN Lyra3 Ga + focused ion beam scanning electron microscopy (FIB-SEM) was used to prepare atom probe needle-shaped specimens. The specimens were then analyzed by the CAMECA LEAP 4000X HR Geoscience Atom Probe in the John de Laeter Centre at Curtin University (Perth, Australia). During the ~ 5 h acquisitions, 15 million ions were collected from each of two specimens (specimen 1 and 2) at an evaporation rate of 0.01 ions/pulse, a UV laser (l = 355 nm) energy of 45-50 pJ per pulse, and a pulse rate of 125 kHz. The data was reconstructed in 3D using parameters suggested by [START_REF] Fougerouse | Standardizing Spatial Reconstruction Parameters for the Atom Probe Analysis of Common Minerals[END_REF].

Trace element distribution in acicular sphalerite

Acicular sphalerite is composed of pluricentimeter-size crystals (Figure 2A) with radial shapes which can be observed with light grey to brown colors in hand specimens (Figure 1C and2A). Oscillatory color bands from dark to light brown colors under plane polarized lights are perpendicular to the maximum length of acicular crystals (Figure 2 and 3). Important zoning in Ge and Pb (up to few thousands of ppm) are noticed, with general positively correlated concentrations, except in fractures where Pb-rich organic matter is noticed (Figure 2B-C). Manganese concentrations are also broadly correlated but less concentrated than Pb and Ge in sphalerite (up to ~ 100ppm Mn; Figure 2D).

In the Figure 3A-B, EBSD maps show higher amount of low-angle misorientation (1-5°) as well as twin boundaries (Figure 3C-E) in acicular sphalerite compared to euhedral sphalerite. LA-ICP-MS maps (Figure 3F-L) shows important zoning patterns. Dark brown bands are rich in Mn, Ge, Fe, and Pb. Zones with high Ge concentrations generally correspond to zones with high Na concentrations. Gallium and Cd are negatively correlated to Ge.

Nanoscale study in acicular sphalerite

At nanoscale, APT measurements were performed on acicular sphalerite to detect the distribution of Ge and related elements. Numerous up to ~ 60 nm-sized clusters are identified and contain Na, Fe, Ca, Ga, Ge, Cd, H3O + , and Pb (Figure 4). They are generally distributed homogeneously but locally depleted close to twin boundaries (low cluster density area in Figure 4A). Germanium and Ga reach up to 2516 ppm and 416 ppm in the clusters, and 285 ppm and 173 ppm in the lattice, respectively. The H concentrations of Na-Pb clusters are up to 4230 ppm, considerably higher than in the lattice (10 ppm) and suggest the presence of aqueous fluids in the clusters based on the geometrical outlines and relatively light contrast TEM/HAADF bright-field image. HAADF and TEM images show the occurrence of germanium particles associated with galena and void in acicular sphalerite (Fig. 4). 

Discussion and implications

One of the most common sulfides with observed oscillatory banded textures is sphalerite [START_REF] Ramdohr | The ore minerals and their intergrowths[END_REF][START_REF] Barrie | On the growth of colloform textures: a case study of sphalerite from the Galmoy ore body, Ireland[END_REF]). These textures can be associated with acicular crystals [START_REF] Ramdohr | The ore minerals and their intergrowths[END_REF][START_REF] Beaudoin | Acicular sphalerite enriched in Ag, Sb, and Cu embedded within color-banded sphalerite from the Kokanee Range, British Columbia, Canada[END_REF] typically formed by supercooling (< 150 °C) and/or supersaturation conditions, inducing rapid crystal growth. Based on our observation at Zhulingou, we suggest that these conditions of quick precipitation of zinc sulphide are optimal for the preservation of significant concentrations of critical metals (Ge, Ga). Paradoxically, these conditions may not be ideal for the incorporation of trace metals in the sphalerite lattice. Most of the Ge and other elements like Na, K, Pb, Mn are observed in nanoscale clusters. These clusters are interpreted as nanoscale fluid inclusions because of their concentrations in light elements (Na, Ca, K, H) and their characteristic rounded to elongated shapes. These nanoscale fluid inclusions are primary and not associated to late structures such as fractures or low angle misorientation (1-5°).

Local nanoscale mineral phases are also inferred but directly associated with nanoscale fluid inclusions.

Nanoscale studies are key to understand the precise incorporation mechanism of critical metals in sphalerite. Although previous studies interpreted from geochemical analyses that Ge was mostly incorporated in sphalerite lattice [START_REF] Cook | Trace and minor elements in sphalerite: A LA-ICPMS study[END_REF][START_REF] Belissont | Distribution and oxidation state of Ge, Cu and Fe in sphalerite by µ-XRF and K-edge µ-XANES: Insights into Ge incorporation, partitioning and isotopic fractionation[END_REF], our results could indicate that Ge and associated elements such as Pb, Ca, K are generally associated with nanoscale fluid inclusions in acicular sphalerite. This study shows that Ge enrichment is higher in acicular sphalerite, and we interpret this relationship to be caused by the quick precipitation of acicular sphalerite. These conditions are not favorable to the incorporation of Ge in sphalerite lattice but then preserves considerable amounts of Ge (up to 2000 ppm Ge) in nanoscale particles associated with the primary fluid phase. 
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 1 Figure 1. A. Location of the Zhulingou deposit in the eastern Guizhou-western Hunan (EGWH) metallogenic belt, South China. B. Simplified structural map showing the location of Zhulingou and E-W Huangsi fault. C. Outcrop photo of a typical stratabound Pb-Zn ore body from Zhulingou. Note the presence of euhedral sphalerite generally more developed at the center of the stratabound bodies.
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 2 Figure 2. A. Reflected light microphotograph of acicular sphalerite from Zhulingou. B-D. LIBS Ge, Pb and Mn maps of the area in (A). Note the positive correlation in Ge and Pb in acicular sphalerite. In oscillatory bands, Ge does not show a homogeneous distribution in the Ge-rich oscillatory bands. Very high Pb concentrations are observed in fractures associated with organic matter.
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 3 Figure 3. Micro-texture and LA-ICP-MS maps of aciculareuhedral sphalerite. A. Plane polarized transmitted light scan. B. Phase map acquired with EBSD. C. EBSD map showing low angle misorientation (1-5°). C. EBSD map showing high angle misorientation boundaries such as twins (60°) and grain boundaries (15°). D. EBSD inverse pole figure according to the Z-axis map. F-L. LA-ICP-MS maps of Mn, Na, Ge, Ga, Fe, Cd and Pb.

Figure 4 .

 4 Figure 4. Nanoscale distribution of Ge and related elements in clusters/fluid inclusions hosted in acicular sphalerite. A. Atom probe map showing the distribution of Pb, Na, K, H3O+, Ge, Ag and Mn. B-C. B-C. HAADF images showing random distribution of the clusters at nanoscale. In these clusters, two phases (presumably liquid+vapor) are frequently observed, indicating occurrence of fluid inclusions. Brighter spots represent Pb(-Ge) solids.
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