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Abstract


This work shows the unpublished occurrence of a preliminary mineralization of Rare Earths, Platinum and Gold, in a sedimentary outcrop of Jurassic Lower Pliensbachian. The location of this deposit was achieved by applying an indirect method of exploration based in the identification and analysis of sedimentary transgressions of heterochronies ages and the identification of a Rift - type mega -structure. According with the used methodology, it was carried out a study of the discordant relationships between two types of sediments: continental and marine, which represent an unpublished methodology used in researches related to mining exploration in Mexico (and could be used in other countries) and thus, was found the deposit which was wholly characterized in this work. The most important results found according the characterization done, show the existence of light rare earths, principally Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Hm, Er, Tm and Yb, in values that show positive anomalies in comparison with the distribution of elements in upper continental crust according to the Clarke, reflecting so a felsic affinity of the mineral deposit. Also, positive anomalies of platinum, and Pd (observed by X-mapping), were determined with marginal contents of Au and Ag (determined by X-Ray mappings); and finally the base metals Zn, Pb and Cu were detected in low contents, which could be due to the presence of altered shale. According to the sedimentary lithology found, which was of siliciclastic type; to the exhalative roots observed during the fieldwork; the presence of quartz minerals such as biotite and muscovite; the presence of minerals of hydrothermal remobilization like chalcopyrite with some base metals of Zn, Cu, Pb, altered shale, as well as sulfur deficiency; this mineral reservoir could be defined as a SEDEX-Type.
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Introduction




Geological-mining exploration has been based on direct methods that include an orientation survey, stream sediment geochemistry, sampling gas and, where applicable, a series of drillings in sites previously located, based on the results obtained in the previous stages. All this, represents both a great economic investment as well as time.



Using the mentioned method, until the mid-90s had been located in western Mexico about 60 deposits of Volcanogenic Massive Sulfurs (VMS) [1] mostly, and others sedimentary exhalative (SEDEX), found in upper Jurassic- Cretaceous rocks and forming clusters. These deposits were located mainly in the "Terreno Guerrero" (GT) [2], and most of these deposits are of oceanic affinity with base metals such as Zn-Pb-Cu; of the KUKOKO type like the "Tizapa" [3], with about 100,000 Tons to 6 MT; in Guanajuato and Baja California with 1 MT having contents of base metals of Zn-Cu of the kind COPPER KING [1].


On the other hand, SEDEX deposits whit continental affinity lie in the complex Arteaga in Michoacan and in the metamorphic complex of Xolapa, [4], and are of Pb-type with reserves of 2 MT, and in Zacatecas which is the largest with 36 MT; also it is important to note that both Zacatecas and Guanajuato [1], have low contents of Ag with some enrichment of Au.


The main features of the VMS [3] and SEDEX deposits are scarcely known in Mexico, as well as other sedimentary deposits that have been studied recently and have been exploited in artisan way, because its main economic attractiveness is due to the contents of Cu and Ag that they could have. The fact that Mexico has traditionally been a silver producing country, led the search only in this metal rich deposits that were mainly epithermal and meso- thermal igneous type from Ternary; so marine and continental sedimentary deposits of low contents of Ag, have had little attention, and also these deposits could have base metals such as Cu, Pb, Zn, with contents of Au and Ag in small quantities [5]. Similarly, the techniques of extraction of ores igneous epi and meso-thermal having higher silver content, have been the most studied so far, and have had little or no effectiveness with the synergetic deposits sedimentary considered marginal by the low contents of Ag, without considering that it may contain other metals accessories that give added value to this type of deposits. However, advances in the study of new processes for extracting metal values has achieved effective results in the extraction of Au, Ag and Cu from reservoirs with low values of these metals [6], and considering the large volumes of sedimentary deposits, has become a profitable exploitation.



In eastern Mexico there is a giant syngenetic manganese deposit of marine affinity SEDEX-type [7] and it is considered as the largest deposit in north America of this kind [8] being a sample of the potential contents of minerals for this SEDEX-type deposits.



In the same way, the first intents to find rare earths in Mexico were related to the prospection of phosphorites located in eastern Mexico [9] mainly in Tamaulipas, reporting the presence of an intrusive of Ternary age of nefeline-foidolites and rare earths mineralization. On the other hand, some geochemical studies were carried out in precambric rocks from Mexico in the Grenvilliane basement of Huiznopala Gneiss [10], where were obtained positive anomalies of Eu and low concentrations of Y, Zr, Nb, Th and U, similarly to that reported in the Oaxaqueno Complex [11] located in the south east of Mexico.



As is known, the major occurrence of REE's is in Asia, being almost the 95 % of total production in China. In this region is located the principal source of REE, which is the Bayan Obo deposits with high grade and igneous type that corresponds near to 80 % of LREE's [12] but with low contents of HREE's.


It is important to note that actually the tendency is related to the production of HREE, due the corresponding deposits have more content of these elements, and mining and extractive processes are comparatively less expensive [13]. Another alternative for recovery of REE's are the marine nodules, which are located at a depth of 3 to 5Km [14] in the ocean.


According PGE's, its occurrence has been described in Yukon in Canada by [15], on the exploration of platinum from PGE in black slates where were explained deposits of different origins; the association of V-Cr-PGE's is known in exhalative deposits [16], and also chromium-spinels associated to Pd minerals have been described in Nairme, Australia [17] suggesting that PGE's anomalies have its origin in exhalative deposits related to volcanism in Rift zones, with some presence of organic matter.



The traditional methodology used in Mexico to locate mineral deposits such as igneous, epithermal, meso-thermal and sedimentary, has employed direct methods based in the primary delimitation of the area of study, through and exhaustive review of all sources of possible geological information. So, research can focus the study on the following main aspects: regional geology, the stratigraphy of the area, geochemistry to know principal alterations, tectonics to describe the structure and finally, the location of a zone to get drillings.



With the data obtained in the steps described above, the analysis of the deposits, after carrying out the study of geological, stratigraphic and structural data, supported by geophysical well logs, is performed. Indicating the formation (rock) of mining interest perforated thickness and upper and lower contacts, which is helpful to delineate the deposit, in time and space?



This method of exploration uses both direct and indirect dates that allow in many cases, to facilitate the work and reduce investment and time. However, this work introduces an innovation to those methods, which is the study and analysis of heterochronies transgressions, but in this case only was analyzed the proto Jurassic transgression of age Pleisbachiano [18], due to the nature of the sedimentary deposits that are exploited near to the area of study, but these belong to a Kinmerigiano age [8]. Finally, this work shows a novel methodology to find sedimentary deposits, and proposes an indirect method, which have given important results in previous works [19], where were considered the existence of anomalies for REE and precious metals such as Au Pt and Pd, in the east of Mexico, and the results were quite similar to those found in other deposits [20].




Methods




Indirect method of mining exploration


The methodology developed that innovate the traditional method of mining exploration to find in this case, sedimentary ore deposits, embraces some stage, which are: 1) A recompilation of all geological, geochemical and geophysical information available for the region of study, which will help to locate targets for the preliminary exploration. 2) To establish the different types of rocks and determine their relative ages, marking principally the transgressions and discordances, which is the basis of the proposed method, because this consists in the study of these transgressions, and suggests an evaluation of the discordant stratigraphic relationships of a marine transgression on rock of continental origin in a specific area. 3) To determine the main tectonic events in the area of study where is the transgression, for both compressive and extensive events, and then perform the tectonic analysis including erosion factors to locate the possible tectonic horst and graven, and this will link this tectonic event with the site of the transgressive event to find rocks with potential for the mining exploration. The favourable factors that transgressions offer to find the site of the mineralization are the following: Physiographic conditions of the graven, physicochemical conditions of the rock, conditions oxidation-reduction of the mineralized zone, and dissolution medium. 4) To define the primary and secondary environment of mineralization, using instrumental and geochemical analysis, in samples taken in the site located by the previous stages.



The prospecting method also provides guidelines to define regions with mining potential, defining the following: The amount of mining horizons producers for each geological formation, and if is always the same lithological unit or there are more, identification of lateral and vertical changes in the horizons or formations of minerals found and their physical recognition, defining the depth 
and thickness of producing horizons by lithology, and if they are lenses of sand or sandstone, identifying if their geological-mining behaviour is different; and finally defining if stratigraphic and structural configuration of these horizons of minerals is of interest.


Characterization of mineral



The characterization performed in this work was carried out to obtain accurate data of the mineralogical phase's present, for which was done an analysis of overall phases by This Polished Sections and X - Ray Diffraction (XRD) to confirm the mineral phases present. Also, the characterization studies were complemented by Scanning Electron Microscopy (SEM) to evaluate the texture, particle size and morphology of the phases detected, in the same way the X-ray mapping and EDS analysis helped us to determine punctual semi
-	quantitative composition of some previous phases identified and their distribution in particular zones. Finally, was conducted an analysis by ICP-MS, which gave the composition of whole rock and the obtained results were compared with the distribution of elements according to the Clarke.


Results





Indirect method of mining exploration


The most important of applying the indirect method previously described, is that this was useful to locate outcrops of sedimentary origin. All the raised and described methodology generated satisfactory results, considering that all elements described in the method were determined and thus the necessary clues that allowed finding the site of interest were obtained. The basis of the method proposed for the location of minerals was focuses on determining geological ages, the depths and the upwelling areas. The prospecting method provided further guidance to define regions with mining potential, considering that in the area of study was found only a mining horizon producer, located near the top of the Huayacocotla formation having an age of Pleinsbachiano-Lower Jurassic.
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Figure 1:  Geological map showing the study area.

 






The mineral deposit found (Figure 1) with the above methodology, was located at the following coordinates; Longitude: -98.700334325 and Latitude: 20.765593 where were observed two main types of mineralization (Figure 2), which shows the study area found by the indirect method, where the main transgressions that delimit the location of the site were identified. In the upper unit, siltstone is observed, but there is a sudden change in the colour of the shale into green tones and with remnants of organic matter, which is indicative again of a continental affinity, and was also observed strata of sandstone and conglomerate with clasts of less than 3cm and outcrops of volcanic rock of intermediate to felsic composition; one located in a Philonian outcrop, having high solidification with finely disseminated pyrite throughout the matrix and exhalative roots.
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Figure 2:  Two types of production units.






The other outcrop is a sequence of sedimentary rocks, showing alteration of minerals with granoblastic texture, siliciclastic and deformed pyrite. In the first type of outcrop, a hole of 9 meters deep was made on the basis of the observed stock-work structure, in which were detected the exhalative roots of outcrop and near to the contact, on the top of the transgressive sequence, as seen in Figure 3.
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Figure 3:  Outcrop of the deposit showing the exhalative feeders, which resemble a stock work structure.






However, in the initial portion of transgressive cycle, were located some exhalative roots such as seen in Figure 3 that shows the two lithologies of the producer unit. Also the base metal deposits were located only in the intermediate unit of the lithology transgressive showing shale and sandstone at rhythmic intervals, which overlies the shale unit with organic matter from the Huayacocotla Formation. Possibly at the base of the intermediate unit, are the outcropping exhalative roots that have not yet been charted. In the Huayacocotla Formation also three lithological units were recognized; the oldest consists of conglomerate, sandstone, siltstone, and shale intervals gap with re-worked fossils, exo-clasts sandstone, volcanic rock fragments and smaller proportions of 
limestone rocks. The size of the measured clasts was 5 to 100cm in a sandy matrix and the size of the conglomerate clasts and clasts, suggest a continental affinity. The intermediate unit represents a marine transgression, because in the fieldwork was observed that this unit consists of sandstone and shale in a rhythmic sequence. In clusters, the size is not greater than 10cm and the main feature of this unit, is the presence of marine ammonites at the base of the same, mainly in the shale. Near the top, the roots of the outcrop exhalative were observed.



In the area of study, thickness of 350meters were measured at 900meters from the Huayacocotla Formation and thickness of producer horizon surfaced 100meters, and the upper unit shale with organic matter outcrops 250meters from sedimentary rocks and increases in some areas with outcrops of volcanic rocks at 350meters, the intermediate portion is greater than 250meters thickness, while the basal portion was observed at about 450meters. Figure 4 shows the lithological correlation of transgression of the lower Jurassic.
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Figure 4:  Characterization of the lithology of the studied transgression.






On the other hand, sandstone lenses were observed in the units, and some of them are rich in organic matter, indicating also an environment of continental deposit. The mining geological behaviour is different in the Huayacocotla training, since the mineralization is attributed here to the lithology of the intermediate portion and, it infra-lies to the shale with the organic matter unit. According stratigraphic setting, this is arranged in the form of bands NWSE direction, while the intermediate unit is structurally associated with high basement and related to areas of the reverse faults.



So, according the obtained results, it was possible to find two geological events of methodological type that allowed locate this ore deposit, which is due to tectonic environment and principally by the proto Jurassic Transgression. In the first case and according to megascopic study, could be observed rests of an antique Rift Triassic
-	Jurassic in eastern Mexico op. cit [21], and also is fundamental for understanding the mineralization control related in this work. This tectonic background, leads among others the metal dissolution medium that can be saline water and the conduction channels due to the topography, resulting in a litho-logical change from reductive to oxidant nature [22-24].



In the manganese district of Molango, is located the zone containing stratigraphic and structural vestiges that allowed infer an hetero-chronic stage of proto and neo Jurassic transgression, according [25,26], and that is associated to a SEDEX mineralization located in Cuba [16], having similar characteristics to the ore deposit found in this work.



Furthermore, structurally are observed evidences of a Triassic- Jurassic Rift in the zone of study [24] and whose base is of age Grenvillian, showing tectonic features similar to those observed in the North Qaidam Orogen, Western China. Likewise, it follows that the origin of base metal mineralization and rare earths, perhaps is related to pluvial sediments associated to hydrothermal activity linked to the Rift that could be the origin of the Gulf of Mexico [24]. This is important, because was widely accepted that sedimentary deposits (SEDEX) and other sedimentary strati form deposits occurred in this type of environment [27,28].


Characterization of the ore deposit



The preliminary characterization of the deposit found, was based on the mineralogical description by Thin Polished sections, XRD, and morphological identification, some specific semi- quantitative analysis using SEM-EDS and X-ray mapping to identify the distribution of elements in samples taken throughout the depth of the blast-hole made from 0 to 9 meters. Finally, was conducted an analysis of whole rock by fire assay (ICP-MS).
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Figure 5:  Polished thin sections A) parallel light (PL), 4x; B) cross-polarized light (CPL) 4x (Filonian material); C) PL, 4x; D) CPL, 4x (Sedimentary material).





Thin polished sections: Figure 5 shows the results observed in the thin polished section done. Figures 5A & 5B correspond to a philonian material, which were examined with parallel light (5A) and cross nicols (5B); where from the matrix with angular to sub-angular clasts, was observed a replacement by quartz, possibly albite (Ab) and the quartz (Qz) showed in some fragments, undulating extinction which may be due to the fact that the material could be subjected to stress. In the images, also can be observed sulfur and some fragments of monazite (Moz) imbibed in a quartz matrix and the veins with dark minerals are parallel among them, but also are cut among themselves in the form of a stock-work.


The Figure 5C was obtained with polarized light and Figure 5D with cross nicols, and both show angular to sub-angular minerals with sedimentary matrix of clasts with an average size of 26mm, and also were observed quartz (Qz), albite (Ab) and pyroxene (Px), quartz veins with dark minerals that partially replace the fluidal- looking clasts. Also can be observed very fine fragments of monazite (Moz) near to the quartz veins.
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Figure 6:  Polished thin section showing the presence of pyrite in various forms.




Finally, Figure 6 shows another polished section where was observed a collo-form texture that is in the center of metamorphic, porfiroblastic and cataclastic zones, found in a fault zone. In addition, in this sample the reduction of size by mechanical stresses of the pyrite in grains and the disintegration in the form of clusters of pyrite grains in the lower part of image.
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Figure 7:  XDR spectrums, showing high and medium temperature minerals



X-Ray diffraction: The XRD results are mainly shown in Figure 7,  where the presence of minerals of high and medium temperature such as monazite, quartz type mogonite, muscovite and albite are observed for mineral taken at 500cm depth. For high temperature minerals, it was noted the presence of illmenite that could be associated with the rare earths contents. Also, as depth increases the amount of quartz decreases and is remarket the presence of minerals like monazite and muscovite that are associated to rare earths, platinum, palladium and gold.
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Figure 8:  Distribution of minerals phases (by XRD) along the length of the drill core.



As a resume, Figure 8 shows the distribution of minerals by XRD from extracted core drilling. It can notice that there are minerals of high, medium and low temperature distributed through the lithological column, confirming the existence of thermal pulses.
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Figure 9:  X - ray mapping (by SEM) of a characteristic particle showing some LREE content
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Figure 10:  SEM image showing where EDS analysis was performed, the results of which are reported in Table 1.





Scanning electron microscopy: The characterization performed by scanning electron microscopy in conjunction with EDS and X-Ray mappings analysis allowed us to establish the 
presence of REE, Pt, Pd, Au and Ag in the most representative particles of the samples analyzed.


Figures 9 &10 show a semi-detailed images of two particles of mineral, which were observed by mapping the overall distribution
of the La, Ce, Dy, Cs, Nd, Eu, Gd, S and Fe. In Figure 10, can be observed that rare earths elements could be trapped during reduction of pyrite by adsorption due to possible production of vacancies in the pyrite botryoidal, and Table 1 shows the punctual analysis done by EDS of each site showed in Figure 10.



Table 1: General EDS results for each point noted in figure 10.
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Figure 11:  X - ray mapping of Pt, Pd, Au and Ag contained in a mineral particle (SEM).





Likewise, Figure 11 shows the mappings made in the same particle of Figure 9, to locate the presence and distribution of Pt, Pd, Au and Ag; which could be due to the formation of faults that generated channels where occurred a reduction process and then these elements flowed until were caught by the shale. The foregoing, together with the results of ICP-MS (whole rock) confirm the presence of these strategic elements in the type of deposit described here, which is the potential basis for considering this preliminary study, to find an economically attractive deposit near to this location or in the same site.



Table 2: Average distribution of elements in the Earth's crust according to Clarke [29].
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Table 3: Elements in samples that are above the average values according to Clarke [29].
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Analysis by ICP-MS: The results obtained by ICP-MS were compared with the distribution of elements in the upper earth crust described by Clarke [29], which could be observed in Table 2. According to the obtained results, can be seen that the principal elements detected by ICP-MS have a positive anomalies with respect to the Clarke. Tables 3 show the chemical composition of the sample (whole rock) and can be seen that contents of rare earth 
elements and minor values of Pt, Pd and Au are above the average contents according to the Clarke, which may represent an economic potential of this ore deposit found using a method of Indirect Mining Exploration, once mineral reserves can be determined.


Discussion





Indirect method of mining exploration:


The method of mining exploration here raised, is focused on prospecting mineralization in sedimentary rocks whose minerals preferably are housed in strata or related to these by stratigraphic relationships of marine transgressions, on rocks of continental origin and thus find and display susceptible traces that could contain mineralization in a given area. Although its application is related here only to sedimentary rocks, also it could indirectly be used to define other lithologies such as in igneous and metamorphic rocks, which may contain mineralization. In addition, it is noteworthy that the sedimentary deposits are widespread and they occur in all geological eras, from the Proterozoic to the present, and at different depths.


On the other hand, the secular variations in the abundance of sedimentary deposits, for example in the study area, are presented during the Lower Jurassic, but the abundance of occurrences also could be determined correlating with other mineral deposits of importance already in exploitation.


Characterization of the ore deposit:



In the geochemical analysis of trace elements such as Cr and Th, due their low mobility, these are considered suitable for determining provenance and tectonic setting [30]. As seen from the results, there is an enrichment of elements large ion such as Cr=80ppm and Th=25ppm; all are higher than the average contents of a Huayacocotla shale barren. On the other hand, the contents (in ppm) of transition trace elements V=89, Co=15.8, Cu=331 and Ni=41.5, are low due to that affinity of the deposit could be felsic or acid. Indeed, while the content of Cr and Ni is low, the content of V could be associated to the occurrence of metals such as platinum, palladium and gold.



Also this deposit has higher concentration of light rare earths (LREE) than the Clarke, because values (in ppm) for heavy rare earths (HREE) are low for Y=32.3 and Ga=21. For this reason, it could be inferred the presence of associated minerals of REE of the monazite-type (Ce, La, Nd, Th, (PO4)) and bastnaesite minerals.



It is important to note that negative anomaly of HREE for Eu and Hf with respect to Clarke, confirms the impoverishment of HREE and reaffirms the felsic affinity of the deposit, and the possibility that its origin is from a Gneissic protolithic, because mineralization has higher concentrations of LREE. In the same way, a negative anomaly of Ta shows a sedimentary affinity of the ore deposit. On the other hand, the negative anomaly of sulfur can be due to the presence of pyrite formed by sulfate reduction in marine environment of lower Jurassic age [31]. Also, the possible contents of organic carbon, the presence of pyrite in botryoidal aggregates, sulfur clasts, and low contents of base metals, low ratios of Ag/Au, and minor contents of arsenopyrite and pyrrhotite, could be to the silisticlastic nature that is typical of the Rift environments [27].



Likewise, the study area according to the obtained results could be classified as a Rift, such as was described by Jowet [22], showing besides a bimodal volcanism, fault-controlled guidelines, positive gravity, and rapid sedimentation rates over short periods of time that change at slow rates over long periods. In the same way, it is known [32,33] that a Rift environment is conductive to the location of SEDEX deposits of base metals, such as described here.



Finally, the Huayacocotla Formation in which this deposit lies, have a great similarity in litho-logical, stratigraphic and chronological aspects with another deposit found in the San Cayetano Formation [20], which also was classified as a SEDEX and located in the Matahambres area of Cuba.






Conclusion



i.	An innovative method of Mining Exploration was developed and evaluated through fieldwork, and with which a sedimentary deposit was found in the eastern of the Hidalgo state, in Mexico. This method, based in the study of transgressions has been called "Indirect Method of Mining Exploration".


ii.	Mineralization found is strongly linked to a sedimentary control; besides is close related with a marine transgression of lower Jurassic age.


iii.	The mineral outcrop found, consist of two types of mineralization. The first of the Philonian type, where exhalative roots of the stock-work type were observed at the base. And the second, of stratiform type formed by a sequence of sandstones and shale mutually concordant and of marine origin. This lithology, preliminary is the typical one found in several formations of type SEDEX.


iv.	According to the characterization carried out by Thin Polished Sections, metamorphism and cataclastic fragments of mechanically deformed pyrite and quartz were found, which is indicative of the existence of old tectonism and the movement of transgressions. Likewise, minerals of reducing environment such as the pyrite that in this case was found in a botryoidal form, indicating so its marine origin. In the same way, it was possible to identify micro - veins filled with quartz and disseminated pyrite, remobilization minerals such as chalcopyrite and finally, monazite; all of them possibly originated in a stock-work.


v.	From the analysis performed by ICP, as well as the complementary characterization carried out by XRD, SEM-EDS; it is concluded that the mineral found contains adequate values of precious metals such as Au, Ag, Pt and Pd, as well as some rare earths elements, since their values are above the average classification made by the Clarke.


vi.	All of the above contributes to establish that depending on the results obtained; this outcrop is a SEDEX type deposit with possibilities to have mining potential. Also, these results validate the
Indirect Method of Mining Exploration to find sedimentary deposits through the study of transgressions, but could be modified to find any type of deposit, based on its main lithological characteristics.
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