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18 Abstract: Hydrothermal pyrite is an important source of thallium (T1) but this rare element can be
19 also detected in the secondary iron goethite-lepidocrocite and jarosite ores, associated to
20 hydrothermal kerogen, manganese oxides, accessorial potassium minerals and tiny Tl-bearing
21 clusters shielded in quartz masses. We studied Tl-bearing samples collected from Fe-Mn ores
22 hosted in dolostone rocks sited along ca. 15 km of fossil thermal springs following a geological fault
23 in the Lodares surroundings. Samples were analyzed by environmental scanning electron
24 microscopy and energy dispersive spectroscopy (ESEM-EDS), electron probe micro-analysis

25 (EPMA), inductively coupled plasma-mass spectroscopy (ICP-MS), X-ray diffraction analysis
26 (XRD), Tl Lm-edge X-ray absorption near-edge structure (XANES) spectroscopy, Micro-Raman and
27 Fourier transform infrared spectroscopy (FTIR). We found epithermal pyrite, sphalerite, galena
28 and baryte and secondary gypsum, jarosite, scorodite, anglesite, goethite, epsomite and elemental
29 sulfur produced by both hydroxylation and bacterial processes. The highest Tl contents were found
30 in hydrothermal pyrite (200 mg kg), kerogen (13 mg kg'), manganese ores (27 mg kg') and iron

31 sulfate-hydroxides (142 mg kg'). The aquatic kerogen was formed in a marine environment and
32 later heavily carbonized during the hydrothermal processes. The Lodares outcrops exhibit
33 interesting details on the geochemical cycle of Tl in a genetic frame of epithermal formation of

34 pyrite and kerogen.

35 Keywords: Epithermal; Kerogen; Pyrite; Pyro-Bitumen; Thallium; Volcanogenic sulfide
36 mineralization.

37

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.


http://dx.doi.org/10.20944/preprints201801.0155.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 January 2018 d0i:10.20944/preprints201801.0155.v1

38

39 1. Introduction

40 The formation of iron oxide ore bodies in low-temperature hydrothermal systems has occurred
41  in all geological periods frequently involving the formation of FeS: and FeAsS ores with Tl, Sb, Hg,
42  Mn, Pb and Ba. During the hydrothermal formation and further weathering, these deposits are
43  oxidized and the Fe hydrolyzed to form supergene iron and manganese ores, such as FeO(OH)
44 (goethite) and Fe(OH)s (lepidocrocite) and pyrolusite (MnO:) preserving variable amounts of the
45  accessorial metals and metalloids. The complex hydrothermal origin of the iron-manganese ore
46  bodies and the dual geochemical behavior of Tl, as lithophile and chalcophile element promoted
47  recent worldwide studies on these topics [1-7]. The high toxicity of Tl and its presence in coals and
48  carbonaceous sediments had prompted studies on its bioavailability and geochemical cycling in
49 smelting ashes, soils, coals, etc. [8-14]. The Lodares (Soria, Spain) area deposits and other similar
50  carbonate rock-hosted epithermal deposits could be interesting polymetallic sources, e.g., the Jas
51  Roux deposit (France) with Tl phases hosted in Triassic calcareous rocks [15], the Alshar Au-As-Sb—
52 TI deposit (Macedonia) developed as a mineralized breccia at the contact of volcanic rocks with
53  dolomites, jasperoid beds in the carbonate rocks, and vein-disseminated zones in dolomites and
54  Tertiary volcanic rocks [16], or the case of Agdarreh (Iran) [17] which includes: (1) pre-ore
55  decalcification with dolomite dissolution re-precipitation, (2) a first-stage silicification process
56  associated with pyrite, (3) a second-stage silicification linked with precipitation of galena and,
57  Hg-TI-Sb-As sulfides, (4) late-stages of cinnabar and baryte in pockets; (5) oxide ore stage and
58  carbonate alteration, e.g., complex Mn-Fe-rich oxy-hydroxides, arsenates, sulfates in residual
59  leached rock and infill of karstic cavities. A possible explanation for the frequent Fe and Mn
60  coupling and redox sensitive elements could be its hydrothermal origin associated to cap carbonates
61  [18]. The geochemistry of shallow epithermal ores usually includes different proportions of Au, Ag,
62 Te, Se, Hg, As, Sb and Tl pointing to geochemical cycles linked by their similar volatile behavior
63  through subduction, partial melting in the mantle and late magma degassing processes [19,20]. The
64  important epithermal TI deposit of Xiangquan (China) is also hosted in micritic limestone and the
65  oreis also composed by Tl-bearing pyrite including a low temperature association of Tl with As, Sb,
66  Hg, Pb, Zn and Au [21]. Notwithstanding its toxicity and rarity, thallium is an important element
67 employed in superconductive materials [22], medicine [23,24] electronics [25,26], chemical
68  industries [27,28] and radiation dosimetry [29,30]. Accordingly, Tl is increasingly analyzed in varied
69  environmental scenarios [31-34]. The Lodares outcrop exhibits organic kerogen deposited in the
70  pyrite-dolomite pockets associated with recent sulfur-bacterial traces. The existence of pyro-bitumen

71  inter-grown with polymetallic sulfides and baryte in epithermal ore deposits has been explained by
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the rapid thermal maturation of sedimentary organic matter by hydrothermal fluids [35]. This type
of hydrothermal petroleum provides energy and carbon sources for a subsurface microbial
community metabolizing hydrothermal sulfur minerals. The combination of hot water, carbon
compounds and transition metal sulfide minerals, e.g., pyrrhotite and pyrite, have potential to
facilitate essential catalytic chemistry for Earth’s earliest life [36-38]. The nowadays closed Lodares
quarry (41°12'04.8"N, 2°23'59.8"W) was exploited ca. 15 years ago to extract dolostone aggregates for
road pavements. The Lodares area hosts a fossilized intra-Miocene geothermal field placed along an
inferred geological fault oriented approximately WNW-ESE on the basis of the geographical
alignment of fossil thermal springs which were historically mined to extract goethite-lepidocrocite
Fe ores along ca. 15 km, i.e., Blocona, Lodares, Jubera, Velilla and Avenales quarries (Figure 1). The
Lodares quarry exposes a well preserved stockwork structure of pyrite-rich mineralized veins
hosted in sedimentary dolostones; i.e., an excellent natural scenario for TI studies to shed new light
on the formation on respective deposits by characterization of the so far undescribed Lodares case.
Other important gap in knowledge that needs to be filled is the Tl electronic speciation and its
related mineralogical phases. Accordingly, we collected both iron-manganese ores and host samples
from the aligned quarries to be analyzed by ESEM-EDS, EPMA, ICP-MS, XRD, XAS, Raman-PL and

FTIR to enquire on the primary and secondary geochemical distribution of TI.
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Figure 1.- Regional Geology of the studied area and location of iron-manganese mines
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2. Geological frame of the Fe-Mn ore deposits

The iron-manganese ores are mainly goethite, lepidocrocite, pyrolusite and jarosite hosted in the
whole stratigraphical column up to the Miocene and Pliocene carbonated conglomerates. The
obvious WNW-ESE alignment of the Fe-Mn ore outcrops must be associated with a hidden deep
fault in Paleozoic formations, i.e., a WNW-ESE striking fault with a right-lateral tectonics developed
during Late Paleozoic and Early Triassic events and reactivated during the Late Jurassic to Early
Cretaceous main rifting stage. During the Tertiary period up to present day, the deformation of this
fault operates as right-lateral with slightly transpressive elements forming a 120 km long and 15 km
wide overstep area [39] (Figure 1). The main studied quarry in Lodares (Soria, Spain) was open in a
carbonated dolostone sequence of horizontal strata. It is a carbonated formation of the Triassic facies
placed concordantly on the underneath Buntsandstein red sandstone strata which was only
observed in the quarry through core borehole remains. This carbonated sequence is regionally
placed in the upper dolomitic section of the Muschelkalk [40,41]. The front of the Lodares quarry
exhibits both regional main features of the Muschelkalk facies, i.e., a lower section of stratified
dolostones, and an upper section of grey and green marls with interspersed slab-shaped dolostone

strata (Figure 2).

The bottom of the stratigraphical Muschelkalk sequence in Lodares is formed by mudstone
beds with intermixed dolomitic layers and ripple mark structures. Subsequently above dolostone
beds with ripple marks and cross stratification overlays. The column ends with more dolostone beds
exhibiting hummocky and swale cross-stratification [42,43] and bioturbation in the upper section.
During the deposition of the Muschelkalk dolostone unit the tidal plain included intertidal episodes

with development of algal tapestries.

From the paleo-geographical point of view, the studied zone represents the margin between the
Muschelkalk marine basin, with terrigenous facies, and the precipitation of carbonated facies
deposited on a vast carbonated tidal plain. This type of dolomitic sediments suggests a fast
transgression on the lower terrigenous materials of the Buntsandstein formation and a regressive
sequence with more shallow-marine deposits and later the hyper-saline conditions of the overlying

facies.
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Figure 2.- Lodares quarry details (a) sampling and front of quarry, (b) collecting weathered
pyrite, (c) and (d) details on pyrite, goethite and dolostone host rock, (e) labeling of different

lithology and features. LD1 to LD14 refer to collected and analyzed samples.

3. Materials and Methods

3.1. Samples

Host rocks, kerogen, polymetallic ores and weathered hydrated phases were sampled from the
Blocona, Lodares, Jubera, Velilla and Avenales quarries to be analyzed by ICP-MS, EPMA,
ESEM-EDS, XRD, FTIR and Raman techniques (Figure 3).

All these iron-manganese ore quarries, mainly composed by goethite, lepidocrocite and

pyrolusite are hosted in a NW-SE alignment depicted in Figure 1. The most detailed sampling was
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138  performed in the Lodares quarry (Figure 2) since it was worked recently, i.e., ca. 10 years ago,
139  exhibiting relatively unaltered epithermal veins of pyrite, arsenopyrite, sphalerite dolomite, alkali
140  feldspar, quartz, baryte and organic kerogen. Lodares offers unaltered polymetallic sulfides while
141  other quarries only exhibit large volumes of Fe-Mn oxy-hydroxides and sulfated minerals mainly
142 hosted in karstified tertiary limestones.

143 Samples labeled from LD1 to LD9 are weathered sediments mixed with altered dolostone host
144 rock; LD10 is limestone host rock, LD11 is iron oxide covering, LD12 is disaggregated powdered
145  pyrite of grey color, LD13 is salted efflorescence, LD14 is unaltered pyrite, LD15 is a polymetallic
146  powdered mudstone of grey color and KERO is a kerogen collected in dolomite-pyrite vein pockets
147  in the Lodares quarry. Concerning samples collected in other quarries, AVEN is Avenales; BLFE is
148  goethite-lepidocrocite and BLMN pyrolusite from Blocona quarry, JUB is goethite-lepidocrocite
149  from Jubera quarry and VEL is also goethite-lepidocrocite from the Velilla-Somaén open pit (Figure
150  3).

151

152
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Figure 3.- Iron-manganese mines from Lodares area and associated minerals observed under
the electron microscope: (a) Blocona (Hematite), (b) Velilla-Somaén (pyrolusite, goethite, quartz), (c)

Avenales (goethite, quartz).

3.2. Environmental Scanning Electron Microscopy with Energy Dispersive Spectroscopy

Mineral crystal morphologies, textures, micro-structures, elements distribution, bacterial traces,
corrosion pits and neo-formed phases were studied under an ESEM-EDS microscope (Philips FEI
INSPECT Hillsboro, Oregon, USA), operating at low vacuum conditions to analyze the samples
preserving their natural shapes and avoiding metallic coatings and dehydration processes. The
ESEM resolution working at low-vacuum was at 3.0 nm/30 kV (SE), 4.0 nm/30 kV (BSE) and <12
nm/3 kV (SE). The accelerating voltage was at 200 V - 30 kV and the probe current up to
continuously adjustable 2 pA. To achieve comparative analytical results, we operated in
low-vacuum mode with a backscattered electron detector (BSED) under vacuum conditions of 30 Pa,
a high voltage of 20 kV, an appropriate beam spot size for particular magnifications and to reach
good focus and astigmatism correction and a working distance of approximately 12 mm to the
detector. The EDS measurements were performed with an energy-dispersive X-ray spectrometer
(INCA Energy 200 energy dispersive system, Oxford Instruments). The software used for the

quantification was Microanalysis Suite, INCA suite version V 4.

3.3.- Electron Probe Micro-Analysis

The chemical features of Fe-oxide hydroxides and sulfides were determined on the basis of data
series of EPMA analyses (Jeol Superprobe JXA-9800M), bulk and channel-selected (TAP, PET]J, LIF,
PETH) X-ray spectra searches and identification routines. Galena (PbS) for S and pure metals for Ni,
Fe, and Cu were used as standards from a collection stored at the Servicio de Microscopia
Electrénica Luis Bru, Complutense University, Madrid. The accelerating voltage was 20 kV, the
beam current 50 nA and the beam diameter 1 to 5 um. For the Tl amount measurements, the EPMA
equipment was calibrated using an international standard of a quartz vein sample from Lookout
Pass, Tooele County, Utah, USA containing weissbergite (TISbS2), picotpaulite, (T1Fe2Ss) and pyrite
(FeSz).

3.4.- Inductively Coupled Plasma-Mass Spectroscopy

The ICP-MS analyses were performed after a four-acid digestion technique (sequential addition of

hydrofluoric acid, hydrochloric acid, nitric acid and perchloric acid) and measurement by

d0i:10.20944/preprints201801.0155.v1
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185  Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES; Agilent, model: 725-ES) to
186  identify major elements such as Na, Mg, Al, K, Ca, Fe and S elements and by Inductively Coupled
187  Plasma-Mass Spectroscopy ICP-MS (Perkin Elmer, model: NexION 300D) for minor and trace
188 elements such as Cd, V, Cr, Mn, Fe, Hf, Ni, Er, Be, Ho, Hg, Ag, Sr, Tl, Pb, U, Zr, Zn, Nb, Rb, La, Ta,
189  Sb, Y, Mo and Cs. All ICP-MS analyses were performed by MS Analytical laboratory (Langley,
190  British Columbia, Canada). In all cases duplicate samples were analyzed with appropriate standards

191  and blanks. Finally, corrections were made for the spectral inter-element interferences.

192 3.5.- X-Ray Diffraction analysis

193 Mineral identification and semi-quantification were performed by XRD analysis of the powdered
194  samples on a Philips PW-1710/00 diffractometer using the CuKa radiation with a Ni filter and a
195  setting of 40 kV and 40mA. The used XPowder software (J.D.Martin-Ramos, Univ. Granada, Spain)
196  permits also a full duplex control of the apparatus. The qualitative analyses were based on the
197  ICDD-PDF2 and DIFDATA databases. We utilize Boolean searching and chemical restraints to the
198  initial abundant elements (S-Fe-Mn-Mg-Ca) in the limestone Fe-Mn quarries. Additional calculations
199  on the unit-cell refinement, space group, systematic hkl extinctions, Ka2 stripping, Fourier and
200  functional filtering, FWHM and integrated width parameters could be calculated with the

201 XPowder software.

202 3.6.- Micro-Raman and Photoluminescence analysis

203  The Micro-Raman spectra of polymetallic samples and associated hydrated weathered phases were
204  recorded in a Thermo-Fischer DXR Raman-PL microscope. The system has a point-and-shoot Raman
205  ability spot of 1 pm spatial resolution. We used the 100x objective of the confocal microscope
206  together with a 532 nm laser source delivering 10 mW at 100 % of the laser power mode. The average
207  spectral resolution in the Raman shift ranging from 100 to 4000 cm™ was 4 cm™, with 900 lines/mm
208  grating and 2 um spot size in our measurements. The system was operated under OMNIC 1.0
209  software fitting working conditions such as pinhole aperture of 25 um, bleaching time 30 s; average

210  of four exposures timed 10 s each.

211 3.7- XANES spectroscopy

212 Powdered samples were analyzed by Tl Lm-edge XANES spectroscopy at the Synchrotron
213 Radiation Source at the Karlsruhe Institute of Technology (Karlsruhe, Germany). The powdered
214  kerogen sample was pressed into a 13-mm pellet and was analyzed at the SUL beamline, the
215  powdered samples LD1, LD3, LD4 and LD5 were prepared in powder sample holders and analyzed

216  at the XAS beamline. All spectra were collected at room temperature in fluorescence mode, using a
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217  7-element Si(Li) solid state detector at the SUL beamline and a 5-element silicon drift detector at the
218  XAS beamline. To attenuate the very intense As Ka fluorescence line that interfered with the
219  detection of the Tl La fluorescence line, a Ga-filter (6 absorption lengths) was placed in front of the
220 fluorescence detectors (which, however, resulted in a much smaller but still disturbing background
221  signal form the Ga Kp fluorescence line). The reference spectra of T1:Os (avicennite), TI(I)-illite (T1*
222 adsorbed onto illite), and TIAsS: (lorandite) were available from previous work [45]. The spectrum
223 of TI(I)-jarosite from Dutrizac et al. (2005) [46] was kindly provided by Suzanne Beauchemin
224 (Natural Resources Canada). For data extraction, the software code Athena was used [47]. Owing to
225  the high noise level in the sample spectra, data interpretation was limited to visual comparison of

226  sample with reference spectra.

227 3.8.- Fourier Transform Infrared Spectroscopy in attenuated total reflection mode

228  The FTIR-ATR spectroscopy analyses of pulverized kerogen samples collected in the Lodares quarry
229  were obtained on an Agilent Cary 630 FTIR spectrophotometer using an Agilent diamond
230  attenuated total reflectance (ATR) accessory to avoid the characteristic water absorbance with the
231  KBr pellets producing undesirable overlapping in important spectral regions such as 3400 and 1620
232 cm. The spectral acquisition range was 4000 to 400 cm™'. Measurements of the intensity of different
233 bands corresponding to the major functional groups of the molecule were performed to facilitate the
234 pattern recognition from the spectra; a mathematical procedure was applied to increase its
235  resolution, based on the digital subtraction of the original spectrum of a positive multiple of its 2nd

236  derivative [44].

237 4. Results

238 4.1.- Ore deposits of iron-manganese minerals

239 The initial field exploration allowed the detection of epithermal chimneys along the working
240  zone between Medinaceli and Arcos de Jalon (ca. 15 km) and their relationships with the Triassic,
241  Jurassic and Tertiary facies (Figure 1). No Paleozoic metapelite outcrops were found but they are
242 deeply buried underneath and exposed in the surroundings exhibiting hydrothermal veins of quartz
243 with polymetallic sulfide phases. The location of the Fe-Mn quarries are roughly aligned and
244 oriented ca. WNW-ESE which could be associated with a buried deep fault occurring in the
245  Paleozoic metapelites rocks (Figure 1). This observation agrees with a right-lateral tectonics
246  developed initially through Late Paleozoic and Early Triassic events. Furthermore, the Fe-Mn
247 epithermal ores are hosted in the Tertiary karstified limestones, i.e., Avenales, Velilla, Jubera and

248  Blocona quarries (Figure 3).
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249 The fossilized epithermal chimneys of the Lodares area contain unaltered minerals coming
250  from lower stratigraphic levels dragged upwards by ascending hydrothermal fluids, as follows: (1)
251  quartz and feldspar grains from the Buntsandstein sandstone together with probable iron reduced to
252 pyrite by the epithermal SO: gases, (2) dolostone rock fragments with narrow beds of black color
253  with apparent relationships with former algae tapestries after the hydro-pyrolysis processes, (3)
254  neo-formed kerogen deposited in pockets together with dolomite and pyrite among other
255  accessorial epithermal phases, i.e., sphalerite, cinnabar, stibnite, thallium-bearing pyrite, etc.
256 However, the other quarries, viz., Blocona, Jubera, Velilla and Avenales minerals are more altered
257  showing large masses of Fe-Mn oxy-hydroxides and sulfates, but not sulfide and sulfosalt minerals
258  (Figures 2, 3).

259 Table 1 and Figure 3 display ESEM photomicrographs and EDS elemental analyses of samples
260  collected in the Fe-Mn quarries to perform an initial approach to the study of accessorial Tl in the
261  hydrothermal mineralization phases. The Fe-Mn masses exhibited minor differences among them, as
262  follows: (i) Blocona quarry exhibit the greatest volume of manganese ores, mainly pyrolusite, as
263  determined by XRD, and Fe hydrated sulfates, mainly melanterite and rozenite by XRD, together
264  with important amounts of hematite-goethite fibrous masses (Figure 3a). (ii) Velilla-Somaen quarry
265  shows mixed masses of reddish FeO(OH) goethite and yellowish Fe(OH)3 lepidocrocite, also
266  determined by XRD, together with variable amounts of quartz and pyrolusite (Figure 3b). (iii)

267  Avenales shows more homogeneous goethite masses with corroded quartz grains (Figure 3c).

268
269 Table 1.- ESEM-EDS analyses of the Fe-Mn epithermal mineralizations
Avenales quarry Blocona quarry Jubera quarry Velilla-Somaén quarry
Element |Aven1 | Aven2 | Aven3 |Aven4 |BloFe1 |BloFe1 |BloFe2 [BloMn1 | BloMn2 |BloMn3 | Jub1 | Jub2 | Jub3 | Vell | Vel2 | Vel3 | Vel4 | Vels | Vel6
e Lo Lo lew e e o | e | ol el ol ol ol ol ol omwml o
CK| 1.05| 230| 000| 000/ 509 5.09 0.00 4.23 0.00 0.00| 0.00] 0.00/ 000| 9.16| 0.00| 0.00| 0.00| 2.33| 10.74
SK| 000/ 000| 0.00/ 000 0.00] 0.00 0.00 0.00 0.00 0.00| 0.00] 0.00/ 0.00| 0.50| 0.00| 0.0 0.21| 0.54| 0.00
PK 0.00/ 0.00|, 0.00] 0.00 0.00 0.00 0.00 0.00 0.00 0.00| 000| 000, 026| 043 0.00] 0.00] 000 0.00| 0.00
CaK 049 029| 0.24] 0.00 0.25 0.25 0.00 0.00 0.78 032| 088 000, 039| 073 046| 027 068| 047| 0.00
Na K 0.00/ 0.00| 0.00] 0.00 0.00 0.00 0.20 0.42 0.32 0.30| 055/ 0.00) 0.00/ 000, 0.36| 026 0.00| 0.00| 0.00
KK 0.00| 0.00/ 0.00| 0.00 0.00 0.00 0.00 0.00 219 0.52| 036 0.00, 0.00| 0.81 0.20| 026 055 1.12| 0.00
AIK| 062| 024| 036| 0.00] 0.29| 0.29 0.00 0.00 0.31 045| 037| 0.00| 077| 1.60| 082| 0.73| 1.94| 3.18| 042
SiK| 097 234| 056 3690 1.10| 1.10| 36.42 0.19 0.18 0.55| 062 66.16| 1.23| 3.17| 1.47| 3343 4.09| 549| 0.73
Fe K| 65.98| 56.24| 45.58 | 19.07| 42.86| 42.86 0.99 0.84 0.80 1.51| 20.70| 4.45)| 56.13| 41.86| 9.30| 7.26| 47.3| 14.11 5.47
Mn K 0.00/ 0.00, 0.00] 0.00 0.00 0.00 0.00| 42.28 50.39| 58.34| 32.54| 292| 265| 0.00| 4593| 0.00| 031| 0.00| 075
Bal 0.00/ 0.00) 0.00] 0.00 0.00 0.00 0.00 0.00 7.49 1.68| 209/ 000, 0.00/ 000, 0.00/ 000 0.00 | 0.00| 0.00
| MgK| 000| 028 000/ 000 043| 043 0.00 0.00 0.31 040| 0.86| 0.00| 040 039 000 012 0.62| 0.64| 0.00
TiK 0.00/ 0.00, 0.00] 0.00 0.21 0.21 0.00 0.00 0.00 0.00| 000| 0.00, 0.00/ 000, 0.00/ 000 000 0.00| 0.00
| HgMm 0.00/ 0.00) 0.00] 0.00 0.00 0.00 0.98 0.00 0.00 0.00| 000| 0.0, 0.00/ 000, 0.00f 000 000 0.00| 0.00
AglL 0.00| 0.00)| 23.70| 0.00 0.00 0.00 0.00 0.00 0.00 0.00| 0.00| 0.00, 0.00/ 0.0, 0.00/ 0.00| 0.0 0.00| 0.00
PbM| 0.00| 000| 000, 0.00f 0.00f 0.00 0.00 0.00 0.00 0.00| 0.00] 0.00/ 0.00| 0.00/ 000| 0.00] 0.00| 31.22| 62.26
TIM| 000/ 000| 0.00/ 0.00] 0.00/ 0.00 0.54 0.00 0.00 0.00| 0.00] 0.00/ 0.00/ 0.00/ 0.00| 0.86 0.00/ 0.00| 0.00
AsL| 060 0.00/ 000| 000/ 000 0.00 0.00 0.00 0.00 0.00| 0.00] 0.00/ 0.00| 0.00/ 000| 0.00] 0.00/ 0.00| 0.00
O] 30.29| 38.31| 29.56| 44.03| 49.76| 49.76| 60.87| 52.04| 37.23| 35.93| 41.03| 26.47 | 38.17| 41.35| 41.46| 56.80| 44.30 | 40.90| 19.63
270 Totals | 100.00 | 100.00 |100.00 |100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 |100.00 |100.00 |100.00 [100.00 | 100.00 [100.00 | 100.00 [100.00 | 100.00
271
272 This general overview of the Fe-Mn quarries demonstrates a general high hydration grade

273 which implies TI leaching in the Fe-Mn masses (Table 1). Unaltered pyrite specimens contain more

274 Tl by ICP-MS compared with those other more altered pyrite samples. This Table 1 only shows well
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275 known geochemical affinities in Fe-Mn ores, such as Ba-Mn, host rock contamination (C, Ca, Mg),
276 inherited grains of quartz and feldspar from the buried Buntsandstein sandstones (Si, Al, K, Na),
277  and the main mineralization (Fe, Mn) and epithermal polymetallic residual phases (Ag, Pb, Hg)
278  hosted in the Fe-Mn ores. An interesting feature in quartz grains inlaid in Blocona goethite masses
279  was observed in the initial ESEM-EDS analyses (Table 1).

280

281 Two different types of quartz grains were observed: one preserving up to 850 mg kg of Tl, as
282  measured by EDS, in spite of the general hydrothermal alteration processes and later weathering,
283  and other type, lacking of Tl. Further ESEM-EDS analyses focused on quartz grains of the Blocona
284  Fe-Mn mineralization (Figure 4) were performed to compare micro-morphological characteristics of

285  both type of quartz grains, i.e., with and without TL.

286
Blocona Mine:  Fresh Quartz Corroded Quartz
Element | Bloc1 Bloc2 Bloc3 Bloc4 Bloc5 Bloc6é Bloc9 Bloc10| Bloc7 Bloc8 Bloc11
) (%) (%) (R (%) (R (%) (R (%) (B) (%)
SK 000 000 000 000 000 000 000 000 030 045 043
CaK 000 000 000 000 000 000 000 000 034 025 020
CK 000 000 000 000 000 168 000 000/ 211 000 0.00
Na K 000 000 000 000 000 025 025 000 000 030 027
AlK 028 023 000 000 035 036 031 000 000 032 030
SiK 4210 4133 44.34 4355 4230 38.80 4133 43.01 3692 4324 4259
Fe K 565 610 208 323 427 530 59 419 843 188 327
Hg M 080 161 116 128 214 127 139 116/ 000 215 1.80
TIM 046 077 088 081 060 08 061 071 000 000 0.00
o 50.71 49.95 51.54 51.14 50.34 5149 50.15 50.92| 51.89 51.41 51.15
Totals [100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00|100.00 100.00 100.00
Si0,
FeO(OH)!
287 L_50 um ”
288
289 Figure 4.- ESEM-EDS analyses and photomicrographs of unaltered and altered quartz grains
290 from Blocona mine (BLOC). Note differences among thallium EDS analyses.
291
292 Figure 4a exhibits a representative unaltered quartz grain inlaid in goethite together with eight

293  EDS chemical-elemental analyses of these quartz types exhibiting different proportion of TI from

294 0.46% up to 0.85%. Conversely, Figure 4b displays an ESEM picture of a representative quartz grain
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295  with corrosion pits together in which Tl was not detected in three EDS analyses. It is difficult to
296  explain the high Tl and Hg contents in some quartz clusters, since both Tl and Hg are unlikely to fit
297  into the crystal structure of quartz; accordingly, we speculate that Tl and Hg are contained in an
298  admixed nanoparticulate mineral phase below the resolution limits of our EPMA and ESEM electron
299  microscopes. Additional experiments are planned to further resolve the Tl- and Hg-bearing phases

300  associated with quartz.

301
302 4.2.- Weathered hydrothermal pyrite-kerogen-thallium parageneses
303 Conversely to other Fe-Mn outcrops previously described, the Lodares quarry has been

304  operative till very recently exhibiting a relatively unaltered iron-sulfides mineralization including
305 Tl Hg and Sb together with kerogen pyro-bitumen and hydrated secondary minerals. Accordingly,
306  we collected additional samples in this new outcrop to study host rock, primary (hydrothermal) and

307  weathered phases using complementary analytical techniques.

308
309 Table 2.- Mineralogical analyses of the main phase collected in the Lodares quarry performed
310 by X-ray diffraction (powder method)
Table 2
LD1 | LD2 |LD3 | LD4 | LD5 | LD6 |LD7 | LD8 | LD9 |LD10 |LD11 [LD12 |LD13|LD14|LD15 BLMn|BLFe| JUB | VEL |AVEN
(6) | (%) | (6) | () | (%) | CR) [ (6) | CA) | () | () | (%) | (%) | () | (%) | (%) | (%) | (%) | CR) | (%) | (%)
Gypsum 40 | 4 |65 |66 [ 70 | 1 |~ | - | -~ | -~ [28 |5 | 3|8
Pyrite 30 [ - [~ 28]~~~ -]~-]~-]~-JTa]~-]m
Sphalerite 15 - - 3 6 - - - - - 1 - 15 -
Quartz 4 |42 [2 31428 |~[~-]2]1]-12
KFeldspar | 5 | 2 [~ | - [ - [ ~-[4 | ~-1]6 ]~ ]-1]- -
Jarosite 6 |~ |3 [~ [ ~-|~-|-[-1-]1-]T2a]~-71-
Dolomite - |90 [~ | - ] ~[97 ]9 [90 [69 [100 | 44 [ - [ 4
Anhydrite - - - 3 - - - - - - - -
Barite - - -1 -]-]-T-1T-1T-1-71T4a7-
Scorodite | ~ [ - [~ |~ [ 3 [ -]~ -]~ 1-1T1]7
Moscovite - - - - - 1 - - - - - - - - -
Calcite - -1 -1T-1-]T218[s5]~-]~-]-~]-]1-109s
Anglesite - - - - - - - - 2 - - - - - - - - e | - -
Goethite - - 1-1-1T-1-]-1T-1=-1=-16]~]-1-1-1]-1]62]66][68 | 5
Hematite -l - 1-1-1-1-1-T-1=-1-1-1T-1=-1=-1=1=1]2]2]271 ] &
Elem. sulfur | -- - - - - - - - - - - 3 - - e | - -
Epsomite - - - - - - - - - - - - 65
Hexahydrite | ~ | = [« | = | = [~ [ = | =~ [ = |~ [~ ]~ ]2 -
Pyrolusite - - - - - - - - - - - - - - - |96 | - | - | - -
Amorphous | - - - - - - - - - - - - - - - 4 701516 7
TOTALS 100 | 100 | 100 | 100 | 100 [ 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100
LD1..LD15 are Lodares samples, BLMn Blocona pyrolusite, BLFe Blocona goethite, JUB, VEL and AVEN are Jubera, Velilla and Avenales goethite samples
311
312
313 Both Figure 3 (outcrop) and Figure 5 (ESEM photos) display views of neo-formed hydrated

314  sulfated minerals of white and pale colors such as gypsum, epsomite or jarosite. ESEM microscope
315  observations of these samples shows: (1) newly-formed crystals of dolomite (Figures 5a&b); (2)

316  hydrothermal baryte and neo-formed gypsum (Figures 5a&f); (3) hydrothermal pyrite with bacterial
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317  traces similar to those observed in experimental cultures of Acidithiobacillus ferrooxidans [48] and
318  secondary scorodite (Figures 5a,e&d) and (4) kerogen masses filling in fissures in neo-formed pyrite
319  and dolomite (Figures 5a&c). Table 2 summarizes semi-quantitative XRD analyses of fifteen
320  samples collected in various parts of the Lodares quarry (Figure 2).

321

322
323

324  Figure 5.- Lodares hydrothermal rock, mainly composed by dolomite, pyrite and kerogen, under the
325 ESEM microscope: (a) hand specimen, (b) dolomite rhombohedral crystals, (c) kerogen, (d) pyrite
326  crystal exhibiting characteristic bacterial corrosion pits, (e) scorodite in fissures and corrosion pits of

327 pyrite crystal,(f) hydrothermal baryte hosted in gypsum masses.
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328  Taking into account that TI is primarily held in pyrite; the sediments included in the brown spill
329  downstream contain decreasing Tl concentrations with distance from the sulfide sources (Figure 2).
330 We analyzed more Tl amounts, by ESEM, EPMA and IC'P-MS techniques, in unaltered pyrite
331 masses compared to the weathered pyrite masses which always show minor Tl contents. Other

332 characteristic paragenetic Tl bearing elements such as Sb, Hg and As display similar behavior.

333
@ Goethite Hematite @
]
%/ o
T EPMA 100 spots °
Quartz %0478 \\ on pyrite grains —
- o/ . MRV W 1
Dolomite Sb oo 0,25 0,50 0,75 100 TI
@ \ Pyrite
\ / )
Quartz Dolom Scorod Pyrite K-Feld Goeth Hemat Barite
Elem. (%)wt  (%)wt  (%)wt (%)wt (%)wt  ()wt  (%)wt (%) wt
o 55.11 45.95 27.46 0.00 46.83 42.73 33.99 25,52
Tl 0.01 0.02 0 0.10 0.09 0.00 0.02 0.1
S 0.01 0.01 274 53.58 0.01 8.47 1.91 14.42
Mn 0.01 0.03 0.01 0.00 0.01 0.01 0.03 0.02
Na 0.00 0.02 0.04 0.00 0.63 0.09 0.01 0.14
As 0.00 0.00 253 0.12 0.00 1.1 2.98 0.02
Hg 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00
Pb 0.00 0.00 0.04 0.15 0.01 0.02 0.03 0.07
Fe 0.39 0.26 25.75 45.84 0.07 42.03 49.97 1.34
Al 0.00 0.13 0.06 0.02 10.03 1.47 1.57 0.31
Si 44.08 0.07 0.47 0.00 31.01 1.67 224 0.00
Ba 0.03 0.00 0.04 0.00 0.03 0.00 0.03 57.17
K 0.01 0.11 0.04 0.00 10.17 0.61 0.74 0.00
Mg 0.00 14.53 0.079 0.02 0.00 0.65 0.94 0.03
Sb 0.02 0.09 0.05 0.02 0.65 0.05 0.07 0.02
Zn 0.00 0.02 0.00 0.02 0.07 0.06 0.10 0.01
Ca 0.01 26.34 0.017 0.01 0.09 0.14 0.34 0.03
334 Total 99.68 87.64 82.10 99.88 99.70 99.11 94.97 99.21
335
336 Figure 6.- Lodares hydrothermal rock under the EPMA microscope: (a) polished hand specimen

337 (b) EPMA spot average analyses of the observed phases (c) Ternary As-Sb-Tl compositions of one
338 hundred EPMA spot analyses performed on pyrite grains.
339


http://dx.doi.org/10.20944/preprints201801.0155.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 January 2018 d0i:10.20944/preprints201801.0155.v1

340 3.3.- EPMA and ICP-MS analyses of thallium-bearing samples
341
342 The mining activities in the Lodares quarry resulted in the environmental exposure of

343  epithermal veins of pyrite, arsenopyrite, sphalerite dolomite, alkali feldspar, quartz, baryte and

344  organic kerogen.

345

346 To gain further insight into the Tl mineralization and the release of Tl from weathering
347  hydrothermal outcrops, the elemental composition of twenty-one samples of thallium-bearing pyrite
348  ores and related weathering products was determined using ICP-MS (Table 3 and Figure 7). In
349  addition, the mineral distribution and element associations of Tl were examined by EPMA (Figure
350  6). We analyze such mineral paraganeses including both primary and secondary phases, by EPMA
351  to perform chemical analyses of mineral phases, but mainly, to determine Tl element in more than
352 100 spots of unaltered pyrite grains (Figure 6).

353

354 We plotted the EPMA chemical data for As, Sb and Tl elements as a ternary diagram (Figure 6)
355  to observe geochemical affinities among Hg-TI-Sb epithermal elements and their hydrothermal
356  origin associated to pyrite masses, which frequently contain 200 mg kg-1 Tl. ICP-MS analyses
357  returns lower Tl and Hg concentrations than local analyses by SEM-EDX or EPMA. It is clear that T1

358  and Hg may be concentrated in localized mineral phases

359
360 Table 3.- ICP-MS analyses of the iron-manganese samples and associated parageneses.
Labels for samples from the different quarries refer to t he Material and Methods section
;Jnit I:_etg: D1 [ L2 [ LD3 [ LD4 [ LD5 [ LD6 [ LD7 [ LD8 [ LD9 [ LD10[ LD11] LD12] LD13| LD14[ LD15] KERO [ BLFE [ BLMN[JUB [ VEL | AVEN
ym imi

Fe | % | 001 |278[5.51[149]227] 206/ 6.46]3.49] 2.71[ 2.22] 0.64 | 23.5[ 19.4] 5.49 | 34.4] 0.60] 1000 | 35.00[ 31.00 [ 22.00] 21.00] 37.00
Al % | 001019 254]131]0.28]0.22( 266 2.06] 1.68[ 2.18| 1.00 | 1.00| 0.15] 1.00 | 1.00 0.22| 0.00 | 1.00 | 3.00 | 1.00 | 1.00 | 5.00
Na | % | 001 [ 0.00| 003 002] 100100 0.04]0.03|0.03[0.04]0.010.01[0.00[0.00[0.00{400[138 |200 [43.00 300 |2.00 |200
Mg | % [ 001012564 |0.36]6.00{ 11.0[583 | 718 | 648 | 637 [ 102 | 119 | 1.00( 511 [ 0.02] 0.65| 0.00 | 12.00( 3.00 [ 9.00 | 9.00 [ 18.00
K % | 001|013 1.19]0.71]0.24] 017 1.42] 0.94] 1.07 | 117 0.03 [ 0.02] 0.11] 0.01 | 0.01 0.57 0.00 | 6.00 | 11.00 | 12.00( 3.70 | 7.30
Ca | % | 001]198][960]|538]269]341|929][11.713.1] 124177 [6.503.47| 0.88| 0.32| 22.8| 10.0 | 43.83| 10.76 | 71.18 | 54.9 | 68.75
Ag | Pem | 001 [ 442 188]1.39] 442|380 1.66]1.18] 0.78] 0.60 | 0.25 [ 0.69| 5.04| 1.24 | 0.81] 0.44] 14.40( 314.0| 1508 | 768.0 312.0] 628.0
As | pem [ 015 [ >10° | 3160| 6100| >10°| >10°| 2860 1180| 835 | 602 | 35.50| >10*| >10°| 2030| >10| 149 | 2759 | 4383 | 107.6 | 7118 | 5487 | 6875
Ccd | ppm | 0.02 | 0.40 | 0.90 | 0.40{ 0.40| 2.00 1.40 | 0.70] 0.60 | 0.40 | 1.00 | 2.60 | 1.00| 0.40 | 0.40| 1.00 0.00 | 30.00 | 6673 | 54.00| 23.0 | 76.00
cr [pem | 1 [105]215]17.8]12.1] 116 21.7[ 17.7] 13.8 | 20.1 4.20 [ 4.00| 5.90| 5.90 | 8.40 4.70| 690 | 13.00 1.00 | 2.00 | 2.00 | 5.00
Hg | peb [ 001 | 15.1 | 250 | 660 | 16.5] 22.2] 70.0 | 20.0{ 20.0 | 10.0| 10.0 | 180 | 10.7 40.0 [ 21.4] 20.0 0.00 | 48.90| 0.01 | 50.00 | 50.00 50.00
Mn | ppm [ 5 [39.0[429 | 82.0] 25.0( 49.0( 459 | 837 | 562 | 516 | 817 [ 471 | 37.0| 143 | 19.0{ 4710| 37.60| 337.0| >10° | 871.0| 477.0 1429
Mo | ppm | 0.05 | 11.8 | 4.03| 7.28] 4.48| 7.63| 4.55 | 8.47| 4.83 | 3.96 | 1.26 | 8.03 | 11.3| 0.62 | 9.78| 0.54| 146.0| 170.2| 115.31] 60.84 | 103.0| 7687
Ni |pem | 02 [ 162 26.1 16.0] 17.0[ 15.7( 28.9| 26.1| 20.7 | 21.7 | 2.60 | 76.6 | 33.7| 17.4 | 21.7| 21.8| 320.0| 68.70 | 51.35 | 22.60| 11.40 60.70
pPb | pem | 05 [311 [ 133 | 120 | 59.8| 147 | 127 [ 207 | 126 | 93.3| 10.0 | 59.6 | 196 | 3.10 | 129 | 4.40| 449.0{ 3823 | 8.00 | 88.00 557.0| 1094
Rb | pem | 01 [ 480324226 7.00( 490 33.6]25.5|26.2(29.2{0.40 [ 0.70( 3.30( 2.00 | 2.00{ 5.20| 98.00| 99.00 | 14.00 | 9.00 | 36.00| 125.0
sb |ppm | 05 | 411|870 18.2{ 12.5] 70.7 | 8.00 | 7.40] 3.80 | 3.00 | 0.40 | 34.4| 61.8] 2.30 | 70.7| 0.90 | 26.00| 72.00 | 6.00 | 70.00 | 102.0{ 191.0
sr |pem | 02 | 542134 [826(53.1] 144132 [ 126 [ 98.3| 110 | 35.1 [ 26.2| 31.1| 2.50 | 2.60( 170 | 8.24 | 232.0| 141.56| 301.0 | 284.0{ 292.0
TI |[eem [ 002 [ 126 | 20.7[ 55.0( 77.2 130 | 22.9 6.59( 3.49 | 3.34 [ 0.23 | 61.1| 102 | 0.23 | 188 | 3.01[ 13.20( 7.00 | 24.60 | 142.0| 9.00 | 273.0
U |pem | 01 [0.80|3.20| 160 0.60[ 1.10{ 3.50 | 5.80 3.90 | 3.60 | 2.50 | 4.70 | 1.20| 0.60 | 0.20| 0.30| 161.0| 25.00 | 148.00| 19.00 | 17.00] 26.00
v [em| 1 |a00][43.0]24.0{3.00]5.00][46.0][46.0]32.0[380](700][9.00]400[200[100]160]315 7700100 |423.0[2040]293.0
Zn |pem | 01 | 194 | 504 | 565 | 487 | 897 | 655 | 350 [ 294 | 209 | 25.0 | 3280 1480| 161 | 331 | 9.90 | 78.60| 488.0 | 309.00| 206.0 | 203.0{ 422.0
zr |[pem | 05 [ 100 37.0] 27.0{ 30.0] 35.0( 36.0| 29.0] 22.0[ 27.0 1.00 | 17.0] 32.0] 3.00 | 29.0( 5.00 48.00| 167.0| 83.00 | 45.00 | 79.00{ 147.0

36 1 Analytical Method: IMS-230 Multi-Element, 0.2g, 4-Acid, ICP-AES/MS, Ultra Trace Level. From: MS Analytical Langley. British Columbia. Canada.

362
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Additional interesting data observed in Table 3 are the Pb concentrations in LD14, LD12 and
LD11, i.e., 203, 98 and 61 mg kg-1 of Pb which demonstrates the presence of epithermal Pb in
weathered samples which was also observed for Ag, e.g., LD12 sample, and Pb in the EDS analyses

of the other Fe-Mn ores.

Similar behavior can be observed for Zn element showing LD14 with 300 mg kg of Zn, LD12
with 1490 mg kg of Zn and LD11 with 3 240 mg kg of Zn. Conversely the group Hg-Sb-T1 reduces
their proportions in sample when weathering increases (Figure 7). Finally, Figure 7 shows a
representative plot of the geochemical behaviors of Hg, Tl and Sb in unaltered and weathered pyrite,

goethite created from former pyrite masses and dolostone host rock.

250 (@
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200 N

150
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Figure 7.- ICP-MS analyses of samples from the Lodares quarry: (a) Variations in the chemical
contents of T1, Hg and Sb between unaltered pyrite, weathered pyrite, goethite-jarosite masses and
dolostone host rock. (b) Note the clear differences among these materials and the strong corrosion

textures.
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4.4.- Tl Lur-edge XANES spectroscopy

In Figure 8, the Tl Lu-edge XANES spectra of the samples LD1, LD3, LD4, LD5 and the kerogen are
compared to selected reference spectra: T120s and TI(I)-jarosite are known secondary minerals from
the weathering of Tl-containing metal sulfides, and TI* adsorbed onto illite (or other micaceous clay
minerals) has been identified as important pedogenic Tl species [45-47]. The spectrum of TIAsS:
(lorandite) serves to represent TI' in metal sulfides in general. Owing to the very high As contents
and the low Tl contents in the studied samples (Table 3), the quality of the sample spectra was
limited. Nevertheless, comparison with the reference spectra suggested that neither Tl:Os nor
TI(I)-illite were the dominant species in any of the studied samples. The spectra of the samples LD1
and kerogen exhibited a close similarity to the spectrum of TlAsS2, suggesting that Tl was
predominantly associated with metal sulfides. The spectra of the samples LD3 and LD5, on the other
hand, (relatively) closely matched the characteristic spectrum of TI(I)-jarosite, suggesting that most
TI was contained in a mineral of the jarosite-dorallcharite series. The spectrum of the sample LD4
matched fairly to any of the references, suggesting that several Tl species contributed to the average

Tl speciation

TI,0,

TI(1)- illite
TI(I)- jarosite

TIAsS,

7

LD1

LD3

LD4

normalized absorbance

LDS

kerogen

——1— I
12640 12660 12680 12700 12720 12740

energy (eV)
Figure 8.- Tl Lu-edge XANES spectra of samples LD1, LD3, LD4, LD5 and kerogen compared to

reference spectra of T2Os (avicennite), TI(I)-illite, TI(I)-jarosite (from ref. [46]) and T1AsS: (lorandite).
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400 4.5.- Molecular characteristics of the hydrothermal kerogen
401
402 Figures 5a and 5c exhibit kerogen masses, as a hand-sample and a back-scattering image in the

403  ESEM-EDS electron microscope. The available amount of sample was very scarce in the quarry front
404  (Figure 2a) but enough to extract powder for FTIR and Raman-PL analyses and to prepare polished
405  sections to be observed in the EPMA and ESEM microscopes. Figure 9a displays a representative
406  Raman-PL spectrum of the Lodares kerogen with the characteristic peaks at ca. 1589 cm! (G-band)
407  and 1358 cm! (D-Band) of carbon materials.

408
4000 3500 3000 2500 2000 1500 1000 500
. 4
Raman shift (cm ) G-band
5 1589 @
L3 S
- D-band
X
2 3
L
2
L1 S
& Kerogen Raman
o =
Dolomite FTIR 10
» 2920
CH2 )CC‘:
0.8~ cH, | | 2%%° Hy0 CH @
a 2920 quinones|1440 CH;,
o 1630 1455
3 2950 1910 1360
CH
04 {) 1010
1710 1375
O 1700 1065
Lo.2 O 720
3430 /
FO m
Kerogen FTIR
Wavenumber (cm'1) (Durand, 1980, Kerogen book)
4000 3500 3000 2500 2000 1500 1000 500
409 s 1 L 1 L 1 L 1 L 1 s 1 L 1 s 1 L
410 Figure 9.- Raman-PL and FTIR spectra of kerogen sample from Lodares (Soria, Spain).
411
412 Figure 9b displays the FTIR spectrum of the black kerogen with the following bands together

413  with the associated spectral features following a classic review on kerogen [49] as follows: 3430
414  cm? (O-H stretching), 2920 cm (aliphatic C-H stretching), 1710 cm? (C=O stretching in carboxyls),
415 1630 cm? “puzzle band” (aromatic C=C and olefinic groups, quinones, conjugated C=O groups,

416  Hx0), 1455 cm”  (aliphatic CH, CHs bending), 1375 cm™ (CHz), etc.; however some contribution of
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417  peaks attributable to dolomite carbonate cannot be disregarded, e.g., 1440 cm™! and small peaks at ca.
418 880 and 720 cm (COs)z. This section may be divided by subheadings. It should provide a concise
419  and precise description of the experimental results, their interpretation as well as the experimental
420  conclusions that can be drawn.

421

422

423 5.- Discussion

424

425 5.1.- Ore deposits of iron-manganese minerals

426

427 The Lodares area hosts a fossilized intra-Miocene geothermal field placed along an inferred

428  geological fault. This deposit as well as other carbonate rock-hosted epithermal deposits could be
429  interesting polymetallic sources. From a genetic point of view, in the Lodares area using EPMA,
430  ESEM-EDS, ICPMS and XRD results is possible to infer the following processes: (1) pre-ore
431  decalcification with dolostone removal and re-precipitation, (2) a silicification process associated
432  with pyrite, (3) precipitation of galena and Hg-TIl-Sb-As sulfides, (4) late-stages of cinnabar and
433  baryte in pockets; (5) oxide ore stage and carbonate alteration, e.g., complex Mn-Fe-rich
434  oxy-hydroxides, arsenates, sulfates in residual leached rock and infill of karstic cavities. From a
435  geochemical viewpoint, shallow epithermal ores often include different proportions of Au Ag, Te,
436  Se, Hg, As, Sb and Tl suggesting geochemical cycles linked by their similar volatile behavior through
437  subduction, partial melting in the mantle and late magma degassing processes [17]. Figure 3
438  suggests that the hydrous dissolution which created the quartz pits could also remove former TI
439  clusters in quartz. Accordingly, Tl has occasionally been found locked in quartz masses in severely

440  altered hydrothermal iron ores, mainly composed by goethite-lepidocrocite phases.

441

442 5.2.- Weathered hydrothermal paraganeses of pyrite-kerogen-thallium associations

443

444 The Lodares quarry outcrops a stockwork structure of pyrite-rich mineralized veins hosted in

445  sedimentary dolostones. The close association among masses of sulfides (acid environment) hosted
446  in dolostone (alkaline environment) facilitates chemical neutralization reactions leading to the
447  formation of new hydrated phases such as gypsum, jarosite, scorodite, anglesite, epsomite,
448  hexahydrite, melanterite, goethite and lepidocrocite. Basically, the host rock provides Ca and Mg
449  after dissolution of dolostone and the hydro-oxidation of the iron sulfide veins (FeSz) leaks out iron
450  hydroxides and sulfate groups (SO4*) to the environment. The XRD analyses show different mineral

451  phases which can be interpreted as follows: (i) neo-formed epithermal phases such as pyrite,
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sphalerite, galena, baryte, (ii) inherited xenolithic grains removed from lower strata, such as quartz,
muscovite and feldspars, (iii) host rock fragments, i.e., dolostone and finally (iv) secondary phases
activated by hydration processes and redox reactions linked with epithermal fluids, atmospheric
weathering, bacterial activity, producing, for instance, gypsum, jarosite, scorodite, anglesite,
goethite, elemental sulfur, epsomite, etc., In the redox mechanisms we can infer oxidation of As from
As'" to As®, oxidation of S from S* in sulfides to S° in native sulfur, etc. Some weathering processes
were accelerated by bacterial activity, since we identified bacterial textures by ESEM such as
corrosion pits and micro-deposits of elemental sulfur. Lodares quarry also displays spill
downstream paths of brown color sediments, starting from the pyrite masses obviously with a

decreasing Tl concentration depending mainly on the pyrite weathering.

5.3.- EPMA and ICP-MS analyses of thallium-bearing samples

The ternary representation of Sb-As-Tl concentrations obtained from more than 100 EPMA
spots in Lodares pyrite masses (Fig. 6) shows greater density near the As triangle end which is
compatible with second-stage epithermal mineralization linked with precipitation of
Pb-Hg-TI1-Sb-As sulfides hosted in dolostone rocks, similar to those of Agdarreh (Iran) [15] or
Allchar (Macedonia) [50-53]. The observation of the ICP-MS analyses (Table 3) of samples from
Lodares quarry (16 samples), Blocona (2 samples) quarry and other three Fe-Mn ore samples
collected from Jubera, Velilla and Avenales quarries suggests the following comments on each
element: Minor amounts of Na are reasonable in limestone and sulfide environments, however
sample KERO (kerogen) contains 138 mg kg, in addition to its strong polyalkyl structure, which
supports the hypothesis of a hydrothermal kerogen formed from marine algal films.
Magnesium-rich samples numbered from LD6 to LD10 retain partial amounts of the dolostone
source. Minor amounts of aluminum probably associated to Buntsandstein sandstone silicates could
be moved by ascent hydrothermal fluids. Minor amounts of potassium probably included in
K-feldspar and muscovite are coming from the inward Buntsandstein sandstone grains transported
by rising hydrothermal fluids. Calcium is abundant in all samples since host rocks are dolostones.
Cadmium appears accessorily in all samples coupled to the abundant amount of Zn, furthermore,
BLMN sample, i.e., pure MnO:2 from the Blocona quarry exhibits 6673 mg kg of Cd which can be
explained by geochemical affinity with Zn element during the hydrothermal processes, e.g., the
isotypics pairs wurtzite-greenockite and sphalerite-hawleyite. Vanadium element is clearly coupled
to the iron oxy-hydroxide masses. Chromium amount is low with the exception the kerogen (690 mg
kg1). Manganese is very abundant in all iron ores as it was detected in the ICP-MS analyses. Iron (Fe)

is the main element in pyrite and weathered minerals such as goethite and lepidocrocite. The
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487 elements Hf, Ni, Er, Be, Ho, Ag, are concentrated in Fe-Mn ores however Hg is most abundant in
488  pyrite since it is easily leached during weathering processes. Thallium is a chalcophile element and
489  primary associated to hydrothermal pyrite, as it is plainly observed in Table 3 (TI/LD14 = 188 mg kg
490  and weathered pyritic sediments). The amount of T1 substituting K atoms in K-feldspar and K-micas
491  islow since such minerals are accessorial in our iron ores. The hydrothermal kerogen exhibits 13 mg
492 kg of Tl, the Mn ore 27 mg kg and the weathered hydrothermal goethite-lepidocrocite complexes
493  shows 142 mg kg (Jubera) and 273 mg kg (Avenales). The amount of Tl in the Mn ores could be
494  related to its geochemical behavior similar to those shown by K; it is well-known that the so-called
495  “tunnel Mn oxides” are able to host K (and then TI) in their tunnels (e.g., cryptomelane,
496  KMn*7Mn*Ois). In the weathered iron oxy-hydroxides masses, Tl is hosted in secondary sulfates
497  (e.g., injarosite).

498 Pb, Zn and Sb are abundant elements associated to the sulfide phases, e.g., pyrite remaining in
499  the Fe ores and kerogen but not in the manganese oxides. Our analyses show also as uranium
500 molybdenum, yttrium, and thallium are mainly coupled to kerogen masses in good agreement with

501  the published classic geochemistry of black shale deposits [54].

502

503 5.4.- Molecular characteristics of the hydrothermal kerogen

504

505 The Raman-PL spectrum of the Lodares pyro-bitumen shows the typical peaks at 1589 cm!

506  (G-band) and 1358 cm? (D-band) of carbonaceous materials. In resonance Raman spectra such
507  D-modes are produced by disorder in sp>-hybridized carbon systems. The peak at ca. of 1589 cm-!
508  (G-band) arises from stretching of C—C bonds in graphitic materials and they are shared to all sp2
509  carbon materials. In the Lodares kerogen case, the Raman spectrum also exhibits a broad band in the
510 range 2500-2800 cm™. This so-called 2D(G*)-band is second-order two-phonon process associated
511  with the G-band in sp? carbonaceous materials. Raman spectroscopy is a sensitive technique
512 analyzing disorder grades in sp? carbon compounds. The general shape of the Raman spectrum from
513  Lodares kerogen roughly fits on previously analyzed lignite international specimens of UK,
514  Germany, USA, etc. [55]. In accordance with the FTIR spectrum (Figure 8b) the black kerogen
515  sample collected in the Lodares quarry is strongly paraffinic in nature, with a low oxidation grade.
516  Nevertheless, the spectrum suggests some aromatic structures at 1510 and 1620 cm™ and carboxyl
517  groups at 1720 cm”, but no hydroxyl groups at 3400 cm'. The whole spectrum does not look like
518  common bitumen from peat or soil, which is oxidized. It probably was formed in aquatic or reducing
519  environment: the overall aromatic content is low and no typical lignin signature was evident in the
520  FTIR spectrum. There is also appreciated a diagnostic paraffinic band at ca. 720 cm™ (polymethylene,

521 >C4 chains) and other small bands between 400-800 cm™ which could be due to organic, e.g.,
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522  polycyclic aromatic or mineral constituents. Taking into account the dolostone host rock of the
523  kerogen masses, we also included a dolomite FTIR spectrum with a maximum peak at 1440 cm”,
524  accordingly, the large band at 1400 cm? and two sharp bands below 800 cm™ of the kerogen

525  spectrum could also be attributed to dolomite.

526

527 6.- A genetic model suggested for the thallium ore deposits of Lodares (Soria, Spain)

528

529 Both geological field exploration and samples analyses suggest a simplified genetic model

530  outlined in Figure 10. The inward Paleozoic metapelite facies including sulfide mineralization was
531  observed in neighboring areas surrounding the iron outcrops. It is important to explain a suitable
532  origin of S. Secondly, a conceptual model of hydrothermal reservoir [56-58] could be applicable for
533  meteoric water percolating through fissures deep into the whole formation coming in contact with
534  heated rocks. Hot mineralized fluids containing H20 and H:S gases climb up across the Fe sandstone
535  masses of the Buntsandstein formation facilitating the formation of polymetallic sulfides, mainly
536  pyrite.

537

LEGEND

TERTIARY &
QUATERNARY

Jalon River

Geothermal Anomaly

538
539 Figure 10.-Simplified sketch on the genetic model suggested for the thallium ore deposits of
540 Lodares (Soria, Spain)

541
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The Muschelkalk dolostone unit has intertidal episodes and development of algal tapestries
which was surely remobilized by these hydrothermal hot waters forming the pyro-bitumen collected
in the Lodares quarry veins together with neo-formed dolomite crystals and pyrite. The molecular
analyses of the analyzed kerogen support such model. These Fe-Mn mineralizations were found
hosted in Jurassic and Tertiary limestone facies which must be interpreted as formed in Tertiary or
post-Tertiary times. Concerning the present day status of the mineral assemblages, they offer varied
alteration grades from quite unaltered pyrite (Lodares quarry) up to large goethite-lepidocrocite
masses in which the weathering ways of atmospheric waters are easily observed in the quarry front

(Somaén-Velilla mine).

7.- Conclusions

The iron-manganese ores here studied are hosted in dolostone rocks sited along ca. 15 km of
fossil thermal springs following a geological fault in the Lodares surroundings (Soria, Central
Spain). The Tl-bearing samples were analyzed by environmental scanning electron microscopy and
energy dispersive spectroscopy (ESEM-EDS), electron probe micro-analysis (EPMA), inductively
coupled plasma-mass spectroscopy (ICP-MS), X-ray diffraction analysis (XRD), Tl LIll-edge X-ray
absorption near-edge structure (XANES) spectroscopy, micro-Raman and photoluminescence
analysis (Raman-PL), Fourier transform infrared spectroscopy (FTIR) to explore the Tl behavior in
both epithermal and weathered phases.

Hydrothermal pyrite is an important source of thallium but this element was also detected in
secondary iron goethite, lepidocrocite pyrolusite and jarosite ores, associated hydrothermal kerogen,
accessorial potassium minerals (orthoclase, muscovite) and tiny Tl-bearing clusters shielded in
quartz masses. We also detected accessorial Tl, Sb, Hg, Pb, As and Ba elements in the weathered iron
ores since they are characteristic parageneses in massive iron sulfide phases formed in the same
volcano hydrothermal processes.

Epithermal phases found in the Lodares quarry are pyrite, sphalerite, galena and baryte while
secondary phases are gypsum, jarosite, scorodite, anglesite, goethite, epsomite and elemental sulfur
produced by both hydroxylation and bacterial processes. Thallium contents are associated to
hydrothermal pyrite (200 mg kg'), kerogen (13 mg kg'), manganese ores (27 mg kg') and iron
hydroxides and sulphates (142 mg kg™).

The Tl-bearing Fe-Mn ores formation follow a conceptual model of hydrothermal reservoir in
which meteoric water percolates deep through fissures into the whole formation coming in contact
with heated rocks. Hot mineralized fluids with H20O and H:S gases climb up across underneath

iron-sandstone masses promoting nucleation of polymetallic sulfides, mainly pyrite. The Lodares
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577  outcrops exhibit interesting details on Tl geochemical cycle bound to a frame of epithermal
578  formation of pyrite and remobilized kerogen.
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