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I. Introduction

The diagenetic evolution of sandstones is complex and controlled by several interrelated parameters, including the tectonic setting of the basin and provenance [START_REF] Morad | Spatial and temporal distribution ofdiagenetic alterations in siliciclastic rocks: implications for mass transfer in sedimentary basins[END_REF], which exert a profound impact on the composition of the extrabasinal sand grains [START_REF] Dickinson | Plate tectonics and sandstone compositions[END_REF][START_REF] Dickinson | Plate settings and provenance of sands in modern ocean basins[END_REF][START_REF] Dickinson | Provenance of North American sandstones in relation to tectonic setting[END_REF][START_REF] Dickinson | Interpreting provenance relations from detrital modes of sandstones[END_REF][START_REF] Lawton | Compositional trends within a clastic wedge adjacent to a foldthrust belt: Indianola Group, central[END_REF][START_REF] Schwab | Sedimentary ''signature'' of foreland basin assemblage: real or counterfeit[END_REF]. Although the impact of detrital composition on the mechanical and chemical stability and, hence, on burial diagenesis of sandstones is well documented [START_REF] Bloch | Effect of detrital mineral composition on reservoir quality[END_REF], comparative diagenetic and related reservoir-quality evolution pathways of forelandbasin hybrid arenites and of closely associated siliciclastic sandstones are relatively poorly explored. Furthermore, only rarely is the diagenesis of such arenites integrated with the depositional facies and tectonostratigraphic evolution of the basins (e.g., [START_REF] Scholle | Diagenesis of deep-water carbonate turbidites, Upper Cretaceous Monte Antola flysch, Northern Apennines, Italy[END_REF][START_REF] Spadafora | Diagenetic evolution of synorogenic hybrid and lithic arenites (Miocene), northern Apennines, Italy[END_REF].

To address these gaps, this study explores the Hecho Group (southcentral Pyrenees) of the Aínsa-Jaca foreland Basin, Spain. Although the group has been subjected to intensive sedimentological, sequence stratigraphic, and tectonostratigraphic studies [START_REF] Remacha | The Rapitán turbidite channel and its related eastern levee-ovebank deposits, Eocene Hecho group, south-central Pyrenees, Spain[END_REF][START_REF] Soto | Geometrıá y cinemática de las estructuras Norte-Sur de la Cuenca de Aínsa: Sociedad Geológica de España[END_REF][START_REF] Remacha | Sand-rich turbidite systems of the Hecho Group from slope to the basin plain: facies, stacking patterns, controlling factors and diagnostic features[END_REF][START_REF] Jones | Preliminary observations on the micropalaeontological characterization of submarine fan/channel sub-environments, Aínsa System, south-central Pyrenees, Spain[END_REF][START_REF] Remacha | The transition between sheetlike lobes and basin plain turbidites in the Hecho Group (South-central Pyrenees, Spain)[END_REF][START_REF] Falivene | Statistical grid-based facies reconstruction and modelling for sedimentary bodies. Alluvial-palustrine and turbiditic examples[END_REF][START_REF] Bakke | Compound seismic modelling of the Aínsa II turbidite system, Spain: application to deep-water channel systems offshore Angola[END_REF] because it is considered as world-class analogue for numerous deep-water turbidite reservoirs [START_REF] Labourdette | Characterisation of dynamic flow patterns in turbidite reservoirs using 3D outcrop analogues: Example of the Eocene Morillo turbidite system (South-central Pyrenees, Spain)[END_REF], less attention is given to diagenetic processes accounting for the pervasive porosity destruction of the turbiditic arenites [START_REF] Fontana | The interaction of eustacy and tectonism from provenance studies of the Eocene Hecho Group turbidite complex (South-Central Pyreneees, Spain)[END_REF][START_REF] Caja | Provenance and reservoir quality of carbonate-rich turbiditic arenites from the Hecho Group, South Central Pyrenees, Spain[END_REF][START_REF] Garcia | K-feldspar albitization in the Hecho Group turbidites (southcentral Pyrenean Basin, Spain) and fluid-rock exchange models: General Assembly of the European Geosciences Union (EGU)[END_REF]. Elucidation of the impact of diagenesis on reservoir quality of marine turbidites is important because these deposits represent some of the foremost poorly explored. Furthermore, only rarely is the diagenesis of such arenites integrated with the depositional facies and tectonostratigraphic evolution of the basins (e.g., [START_REF] Scholle | Diagenesis of deep-water carbonate turbidites, Upper Cretaceous Monte Antola flysch, Northern Apennines, Italy[END_REF][START_REF] Spadafora | Diagenetic evolution of synorogenic hybrid and lithic arenites (Miocene), northern Apennines, Italy[END_REF].

To address these gaps, this study explores the Hecho Group (southcentral Pyrenees) of the Aínsa-Jaca foreland Basin, Spain. Although thegroup has been subjected to intensive sedimentological, sequence stratigraphic, and tectonostratigraphic studies [START_REF] Remacha | The Rapitán turbidite channel and its related eastern levee-ovebank deposits, Eocene Hecho group, south-central Pyrenees, Spain[END_REF][START_REF] Soto | Geometrıá y cinemática de las estructuras Norte-Sur de la Cuenca de Aínsa: Sociedad Geológica de España[END_REF][START_REF] Remacha | Sand-rich turbidite systems of the Hecho Group from slope to the basin plain: facies, stacking patterns, controlling factors and diagnostic features[END_REF][START_REF] Jones | Preliminary observations on the micropalaeontological characterization of submarine fan/channel sub-environments, Aínsa System, south-central Pyrenees, Spain[END_REF][START_REF] Remacha | The transition between sheetlike lobes and basin plain turbidites in the Hecho Group (South-central Pyrenees, Spain)[END_REF][START_REF] Falivene | Statistical grid-based facies reconstruction and modelling for sedimentary bodies. Alluvial-palustrine and turbiditic examples[END_REF][START_REF] Bakke | Compound seismic modelling of the Aínsa II turbidite system, Spain: application to deep-water channel systems offshore Angola[END_REF] because it is considered as world-class analogue for numerous deep-water turbidite reservoirs [START_REF] Labourdette | Characterisation of dynamic flow patterns in turbidite reservoirs using 3D outcrop analogues: Example of the Eocene Morillo turbidite system (South-central Pyrenees, Spain)[END_REF], less attention is given to diagenetic processes accounting for the pervasive porosity destruction of the turbiditic arenites [START_REF] Fontana | The interaction of eustacy and tectonism from provenance studies of the Eocene Hecho Group turbidite complex (South-Central Pyreneees, Spain)[END_REF][START_REF] Caja | Provenance and reservoir quality of carbonate-rich turbiditic arenites from the Hecho Group, South Central Pyrenees, Spain[END_REF][START_REF] Garcia | K-feldspar albitization in the Hecho Group turbidites (southcentral Pyrenean Basin, Spain) and fluid-rock exchange models: General Assembly of the European Geosciences Union (EGU)[END_REF]. Elucidation of the impact of diagenesis on reservoir quality of marine turbidites is important because these deposits represent some of the foremost important frontiers for hydrocarbon exploration [START_REF] Spadafora | Diagenetic evolution of synorogenic hybrid and lithic arenites (Miocene), northern Apennines, Italy[END_REF]dos Anjos et al. 2000;[START_REF] Vilasi | Diagenesis and fracturing of Paleocene-Eocene carbonate turbidite systems in the Ionian Basin: The example of the Kelçyra area (Albania)[END_REF][START_REF] De | Reservoir petrofacies: a tool for quality characterization prediction[END_REF][START_REF] Dutton | Calcite cement in Permian deep-water sandstones, Delaware Basin, West Texas: Origin, distribution, and effect on reservoir properties[END_REF][START_REF] Mansurbeg | Diagenesis and reservoir-quality evolution of deep-water turbidites: links to basin setting, depositional facies, and sequence stratigraphy[END_REF][START_REF] Mansurbeg | Diagenesis and reservoir quality evolution of Palaeocene deepwater, marine sandstones, the Shetland-Faroes Basin, the British continental shelf[END_REF]. The results of this study illustrate the importance of tectonostratigraphy, depositional facies, and diagenetic evolution on the spatial and temporal distribution of reservoir quality, and hence aid hydrocarbon exploration in marine turbiditic arenite successions deposited in foreland basins.

II. Geological background

The Pyrenees Mountains are an Alpine chain formed as a fold and thrust belt during the Late Cretaceous to early Miocene at the collision front between the Iberian and the Eurasian plates as a result of roughly north-south crustal contraction (Figure 1). At lithospheric scale, there are two main features [START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross section[END_REF]Teixell 1998), including: (a) subducted Iberian lower crust beneath Eurasia, and (b) delaminated orogenic prism overlying the lower crust showing an asymmetric, fan-shaped body. Within the orogenic prism, south-vergent structures dominate in number and extension, and form the south-Pyrenean zone, including the study area (Figure 1). Bedrock in this zone includes: (i) a Hercynian basement with granitoids and low-grade metamorphic rocks, (ii) a Mesozoic preorogenic sedimentary succession up to late Santonian, (iii) a synorogenic assemblage of Upper Cretaceous to lower Miocene sedimentary rocks, and (iv) a post-tectonic sedimentary succession, which is developed mostly in the Ebro basin (Figure 1). The Eocene Hecho Group strata [START_REF] Mutti | Schema estratigrafico e lineamenti di facies del Paleogene marino della zona centrale sudpirenaica tra Tremp (Catalogna) e Pamplona[END_REF]) consist of a succession of turbidite systems filling a foredeep, here referred to as a turbidite wedge. The succession consists of five major unconformity-bounded tectonostratigraphic units, or TSUs [START_REF] Remacha | Sand-rich turbidite systems of the Hecho Group from slope to the basin plain: facies, stacking patterns, controlling factors and diagnostic features[END_REF][START_REF] Remacha | The transition between sheetlike lobes and basin plain turbidites in the Hecho Group (South-central Pyrenees, Spain)[END_REF], which reach a maximum thickness of about 4500 m (Figure 2). The boundaries between the TSUs record the main basin-modifying events and the greater stepwise depocentermigration onto the gently slopingmargin of the foreland basin (Figure 2). Consequently, the tectonic signature is expressed at the boundaries of the TSUs at southcentral Pyrenees scale, with these unconformities extending into adjacent basins. Thus, the stratigraphic succession of TSUs within the turbidite basin represents the more practical division that is linking major units. The TSUs can also be expressed in both the timeequivalent fluviodeltaic domain (Figure 3), developed to the east on a thrust-top basin (Ager-Tremp-Graus Basin), and the associated carbonate ramps of the southern margin of the foreland basin. The five turbidite wedges (TSUs) fill the basin floor of a series of successive narrow and elongated foredeeps that are strongly controlled by the tectonic evolution of the basin. Each wedge consists of two main growth stages (cf. Mutti et al. 1985a;Mutti et al. 1985b): a lower sandy stage (type I and II), transitionally evolving upward into a muddy stage (type III) (Figure 3). The sandy deposits have a single entry point to the southeast (submarine canyon head) with the inner segment of the foredeep trending north-south. In the youngest turbidite systems of TSU-5, the general sediment entry point is dominant yet there was a northern supply known as the Rapitán system [START_REF] Remacha | The Rapitán turbidite channel and its related eastern levee-ovebank deposits, Eocene Hecho group, south-central Pyrenees, Spain[END_REF], located North of Jaca.

III. Methods

A total of 241 very fine-to coarse-grained arenite samples were collected from fresh outcrops of four turbidite systems (TSU2-TSU5) of the Hecho Group (Figures 4,5). Samples include various depositional facies within the Hecho Group (i.e., channel, channel-to-lobe transition, overbank, and sheetlike lobes; Figure 4A). Double-polished thin sections from each sample were stained for carbonates (alizarin red-s and potassium ferricyanide). Modal analyses from 84 representative samples (TSU-2: n = 6, TSU-3: n = 29, TSU-4: n = 25, and TSU-5: n = 21) with medium-sand median grain size (0.25-0.5 mm) and moderate to poor sorting were used to minimize compositional differences due to grain-size variations. Quantification of framework grains, porosity, and diagenetic minerals were obtained by counting 300 points per thin section. Modal abundances of framework grains are reported normalized to 100%, whereas abundances of diagenetic components and porosity are relative to total rock volume (i.e., 300 counted points). Cathodoluminescence (CL) microscopy was carried out using a Technosyn 8200 MkII using 12-16 kV accelerating voltage, 300-350 µA beam current, and 0.2-0.1 Torr vacuum pressure. The chemical composition of carbonate cements was determined by electron microprobe analysis (EMP) using a JEOL JXA-8900 with four detectors. Double-polished samples were coated with carbon film. Microprobe operation conditions were 15 kV accelerating voltage, 20 nA beam current, and 10 µm beam size.
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Detection limits were approximately 250 ppm for Mn, 200 ppm for Fe, 100 ppm for Mg, 400 ppm for Ca, and 270 ppm for Sr. For comparison purposes, the results were normalized to 100 mole % of CaCO3, MgCO3, FeCO3, and MnCO3. Bulk-rock stable carbon and oxygen (δ 13 C and δ 18 O) isotope analyses were conducted on carbonate cement and detrital carbonate grains in 21 samples. Two steps of reaction with phosphoric acid were used to separate calcite (CO 2 extracted after three hours at 25°C) from dolomite (CO2 extracted after 24 hours at 50°C) in whole-rock powders [START_REF] Taylor | Stable isotope analysis of multiple carbonate samples using selective acid extraction[END_REF]. Isotopic ratios are reported in per mil relative to the V-PDB standard. Values were calibrated using NBS-19 as the primary standard, and analytical precision was better than 0.05‰. Thirty polished sections were studied for chemical composition of feldspars and were then examined in BSE images, using a JEOL JXA-8900 electron microprobe with four detectors (15 kV accelerating voltage, 21.5 nA beam current, and 5 µm beam size). Fluid-inclusion microthermometry was carried out on a Linkam THMSG 600 heating-cooling stage attached to an Olympus BH-2 microscope equipped with a longfocal-distance lens (80 X). The apparatus was calibrated at low temperature by inclusion of pure CO 2 in topaz (-56.6°C) and synthetic inclusions of pure water in quartz (0.015°C) and at high temperature by known standard melting temperature provided by Merck. Vitrinite reflectance analyses included the measure of up to 100 points per sample in the organic matter. Vitrinite fragments displaying evidence of recycled origin were not observed in the studied samples. 6A) reveal that TSU-3 (Torla, Broto, Gerbe, and Cotefablo turbitide systems), TSU-4 (Banastón turbitide system) and TSU-5 (Aínsa, Morillo, and Guaso turbitide systems) are made up of hybrid arenites (sensu [START_REF] Zuffa | Hybrid arenites: their composition and classification[END_REF]) and calclithites (sensu [START_REF] Pettijohn | Sand and Sandstone: Berlin[END_REF]. Calclithites are rich in CE grains, such as dolostones, dolomicrite, discrete rounded dolomite crystals with grain size similar to other grain types, grainstones, sparitic and micritic limestones, micritic fossiliferous limestones, and discrete sparitic crystals (Table 1). Hybrid arenites are characterized by the occurrence of CI grains, which include mainly Eocene foraminifera and skeletal fragments of shallow-water organisms (foramol facies), intraclasts, peloids, and phosphate fragments (Table 1). Below, ''hybrid arenites'' refers to both hybrid arenites (sensu stricto) and calclithites to simplify the comparison of diagenetic processes affecting carbonate-rich arenites and siliciclastic sandstones. Total feldspar content in the hybrid arenites is variable, from 1% to 18% (of total rock volume) but can reach up to 41% (Figure 6B). K-feldspar and plagioclase are partly replaced by clay minerals and carbonates. Kfeldspar content ranges from 1% up to 8%, (TSU-3, Torla), and plagioclase ranges from 1% to 16% (TSU-4, Banastón 1 and 2; Table 1). Monocrystalline quartz (16% to 28%) is more abundant than polycrystalline quartz grains (5% to 9%). Chert grains range in abundance from 1% to 3%, lithic rock fragments from 1% to 3%, and mica (dominantly muscovite) and heavy minerals are present in amounts less than 1%. Abundance of the lithic rock fragments and extrabasinal CE (Figure 6C) increases upwards, from 41% in TSU-3 to 46% in TSU-4 to 55% in TSU-5 (Table 1). Lithic grains include metamorphic (MRF), plutonic (PRF), and sedimentary (SRF) rock fragments. The TSU-3 arenites contain dominantly SRF (up to 1%), whereas the TSU-4 and TSU-5 contain greater amounts of SRF (2% and 3%, respectively) and MRF (3% and 1%, respectively) than PRF (1% in TSU-4 and TSU-5). The MRF are of high-, medium-, and low-grade origins (phyllites and metasandstones). Sedimentary rock fragments, which dominate in TSU-3, are mainly sandstones, mudrocks, and chert. Other lithic grains include minor amounts of volcanic rock fragments, subvolcanic alkaline (basalt), and acidic (andesite-rhyolite), which are most abundant in TSU-5 (Table 1). Total feldspar content increases upwards, from 10% in TSU-3, to 16% in TSU-4, to 16% in TSU-5, (Table 1). Abundance of monocrystalline and polycrystalline quartz grains decreases from TSU-3 to TSU-5 (79% in TSU-3, 64% in TSU-4, and 63% in TSU-5). I IV V. .2 2. . S Sa an nd ds st to on ne es s The sandstones occur only in the lowermost unit of TSU-2. Plotted on a QFL ternary diagram (Q, quartz; F, feldspars; L, lithic fragments, including chert of volcanic and sedimentary origin; [START_REF] Pettijohn | Sand and Sandstone: Berlin[END_REF], the sandstones are classified as quartzarenites (Figure 6B). Monocrystalline quartz is more abundant (up to 67%) than polycrystalline grains (up to 18%). Detrital feldspars (<6%) include equal proportions of plagioclase and K-feldspars. Lithic grains in the siliciclastic sandstones are scarce (<2%) and include metamorphic and sandstone rock fragments. Conversely, CE grains are abundant (up to 40%, average of 18%; Figure 6C), which include dominantly dolostone (up to 13%), micritic limestones (up to 10%), and bioclasts (up to 8%; Table 1). Muscovite occurs up to 3%, and heavy minerals, mainly tourmaline and zircon, are present in minor amounts, up to 2%.

IV. Results detrital composition

V. Petrology and chemistry of diagenetic minerals

V V. .1 1. . C
Ca al lc ci it te e C Ce em me en nt t Intragranular, intergranular, and scarce fibrous circumgranular calcite cement occurs in the siliciclastic sandstones and the hybrid arenites but is most abundant in the hybrid arenites of TSU-5, in which they compose up to 31% of the rock (Table 1). Intragranular ferroan calcite cement displays reddish-brown luminescence and equant mosaic texture, and engulfs pyrite in the skeletal grains, particularly the foraminifera (Figures 7A-F). The chemical composition of this calcite is similar in all turbidite systems (Figure 8, Table 2). Blocky to poikilotopic, ferroan calcite crystals occur as grain-displacive, intergranular cement (150-1200µm; Table 1, Figures 9A,B). This cement displays various luminescence colors, including: (i) red circumgranular crystals engulfed by nonluminescent calcite (Figures 9C,D), and (ii) nonluminescent to dark-red calcite crystals (Figures 9E,F). Small amounts of calcite cement occur also as syntaxial overgrowths around echinoderms being engulfed by, and hence predating, intergranular poikilotopic calcite cement. Electron microprobe analyses revealed that the intergranular and intragranular carbonate cements are ferroan calcite (Table 2; Figure 8). Fe content ranges from 630 to 15981 ppm in all TSU, Mn is up to 1231 ppm, Ba is up to 2553 ppm, and Sr varies nonsystematically within the different TSU from below the detection limit up to 12143 ppm (Table 3). Intergranular calcite cement in arenites from TSU-4 (Banastón 5) contains primary fluid inclusions based on their occurrence along crystal growth lines. Homogenization temperatures (Th) range from 70°C to 120°C, with modal values of 80°C. Final melting of ice ranges between -14.2 and -17°C (mode -15.2°C), indicating salinities of 17.9-20.2 wt % eq. NaCl (mode = 18.8 wt % eq. NaCl). Eutectic temperatures lower than -40°C are characteristic of the H2O-NaCl-(CaCl2) system. Scarce, small (<5-40 µm), primary fluid inclusions in veinfilling calcite cement show higher Th values (145 to 162°C; mode =150°C) than those measured in the intergranular cement. Final melting of ice displays values from -0.8 to -2°C, indicating relatively low salinities (1.3 to 3.3 wt % eq. NaCl; mode of 2.3 wt % eq. NaCl). Intergranular calcite cement has δ 18 O V-PDB values that range from -10.0‰ to -5.8‰ and δ 13 C V-PDB from -2.7‰ to +0.4‰ (Table 4). The red luminescent, fibrous circumgranular calcite cement (40-60 µm wide) is most abundant in the sandstones of the TSU-2, i.e., in the lowermost and most deformed tectonostratigraphic unit (Figures 10A,B). This cement shows the highest Sr content among the carbonate cements (1640 to 5978 ppm), whereas Fe, Mn, and Ba contents are relatively low (2340 to 6179 ppm; up to 720 ppm; and up to 484 ppm, respectively) (Tables 2 and3, Figures 8). Ca al lc ci it te e Vein calcite, which is common in siliciclastic sandstones of TSU-2 and occasionally in the lowermost part of the hybrid arenite units (TSU-3), occurs as prismatic to coarse blocky crystals (>2 mm: Figure 10C,D) with curved faces and concavo-convex and sutured intercrystalline contacts. Barite crystals are scattered between the blocky calcite crystals. Some of the calcite crystals are saddle shaped with sweeping extinction, and curved crystal faces occur in the veins. Vein, blocky, and prismatic calcites have δ 18 O V-PDB values from -10.4‰ to -7.8‰ and δ 13 C V-PDB from -1.8‰ to -1.4‰ (Table 4, Figure 11). V V. .3 3. . D Do ol lo om mi it te e C Ce em me en nt t a an nd d O Ov ve er rg gr ro ow wt th hs s Dolomite cement occurs in small amounts in the siliciclastic sandstones and in the hybrid arenites but may reach amounts as high as 23% in sandstones from TSU-2 and up to 12% in the hybrid arenites of TSU-5 (Guaso unit; Table 1). Dolomite cement occurs as small (<20µm), scattered crystals, or as aggregates of few crystals in the intergranular pores or as rims around the framework grains (Figures 9A,B,11A,B). These scattered dolomite rhombs, which occur in small amounts (<2%) in all TSUs, are engulfed by, and hence predate, intergranular ferroan calcite cement (Figures 12A,B). No textural differences were observed between the dolomite cement in the siliciclastic sandstones and the hybrid arenites. Dolomite cement occurs also as syntaxial overgrowths (50-100 µm wide) around detrital monocrystalline dolomite grains present in the siliciclastic sandstones and the hybrid arenites (Table 1). The dolomite core is nonluminescent, whereas the overgrowths show bright orange luminescence (Figures 12C,D). Two zones of dolomite overgrowths were distinguished using backscattered electron imaging (Figures 12E,F). The early dolomite overgrowth is characterized by relatively low Mn and Fe contents (up to 1928 ppm and 84009 ppm, respectively), whereas the later overgrowths are richer in Mn and Fe (up to 1928 ppm and 84009 ppm, respectively; Table 2). The small amounts and small size of the overgrowths precluded obtaining separate isotopic analyses for the diagenetic and detrital dolomite. Bulk detrital dolomite and the overgrowths have δ 18 O V-PDB values that range from -8.5‰ to -6.1‰ and δ13CV-PDB from -1.2‰ to + 0.7‰ (Figure 11, Table 4) and are, thus, largely similar to stableisotope values for some of the intergranular calcite cements. Some of the samples contain trace amounts of siderite cement (<1%; occasionally up to 10% in calclithites of the Banastón 5 unit) composed of small (<20 µm) scattered crystals or groups of few crystals replacing carbonate bioclasts and lithic grains. V V. .4 4. . A Al lb bi it te e Feldspar grains in the sandstones and the hybrid arenites display petrographic features similar to albitized feldspars described by [START_REF] Morad | Albitization of K-feldspar grains in Proterozoic arkoses and greywackes from southern Sweden[END_REF], [START_REF] Morad | Albitization of detrital plagioclase in Triassic reservoir sandstones from the Snorre field[END_REF][START_REF] Saigal | Diagenetic albitization of detrital K-feldspar in Jurassic, Lower Cretaceous, and Tertiary clastic reservoir rocks from offshore Norway, I. Textures and origin[END_REF], such as the irregular and obliterated twinning planes, and the presence of untwinned, vacuolated feldspar grains that display patchy extinction patterns. Nonluminescent diagenetic albite occurs as overgrowths on primary green-to-blue luminescent plagioclase. Diagenetic albite overgrowths on plagioclase and albitized K-feldspar grains are engulfed by, and hence predate, ferroan calcite cement (Figures 13A,B). Most of the diagenetic albite has replaced K-feldspar and plagioclase (Figures 13C,D). In many cases, calcite cement has selectively replaced the non-albitized parts of the detrital feldspar while the albitized part remained unaffected (Figures 13E,F). Electron microprobe analysis of albite overgrowths shows nearly pure end-member composition (99.9 mol % Ab), whereas albite replacing plagioclase grains has more variable composition (nil to 2.6 mol % An; Table 5, Figure 14). Scarce, coarse barite crystals are closely associated with albitized K-feldspars. V V. .5 5. . Q Qu ua ar rt tz z a an nd d P Py yr ri it te e Quartz cement occurs as syntaxial overgrowths around the monocrystalline quartz grains (up to 4% in TSU-5, Morillo unit; Table 1). Pyrite occurs in trace amounts (<1%) as framboids within carbonate bioclasts in most of the studied samples. Pyrite is engulfed by, and thus predates, intergranular, coarsely crystalline, ferroan calcite cement (Figures 15A,B). Organic matter associated with pyrite is composed of vitrinite, inertinite, and bituminite. The mean 7 vitrinite reflectance (Ro) measured in TSU-3 is 0.9 (n = 25), TSU-4 is 0.39 (n = 34) and TSU-5 is 1.51 (n = 5) [START_REF] Barker | Calculation of vitrinite reflectance from thermal histories and peak temperatures[END_REF] indicates temperatures of 128°C, 62°C, and 169°C, respectively. V V. .6 6. . C Co om mp pa ac ct ti io on n F Fe ea at tu ur re es s a an nd d P Po or ro os si it ty y Primary intragranular porosity in bioclasts was completely occluded by ferroan calcite cement. Primary intergranular porosity has been nearly completely destroyed in the siliciclastic sandstones and the hybrid arenites. In both rock types, physical and chemical compaction are the dominant processes causing porosity loss. Mechanical compaction is indicated by bending of mica grains and plastic deformation of ductile sedimentary and metasedimentary (slates and phyllites) as well as carbonate grains (Figures 15C,D). In the siliciclastic sandstones, chemical compaction is evidenced by intergranular straight, concavoconvexand sutured contacts that occur along the quartz-quartz and carbonatecarbonate grain contacts (Figure 15E). Total intergranular volumes (i.e., the sum of intergranular pore space and intergranular cement) of hybrid arenites are relatively low (10-20%; Table 1). Siliciclastic sandstones in TSU-2, however, have total intergranular volumes up to 47%. Minor secondary porosity (1-2%) occurs in the hybrid arenites and in the sandstones, formed by dissolution of coarsely crystalline, intergranular calcite cement and carbonate grains. Open fracture porosity was not observed. Fractures in the siliciclastic sandstones from TSU-2 and TSU-3 are completely filled by carbonate cement.

VI. Discussion

V VI I. .1 1. . P Pa ar ra ag ge en ne et ti ic c S Se eq qu ue en nc ce e The petrographic data suggest that diagenetic alterations of the Hecho Group, which are interpreted to have been accomplished during eodiagenesis (<2 km depth) and mesodiagenesis (>2 km) (sensu [START_REF] Morad | Spatial and temporal distribution ofdiagenetic alterations in siliciclastic rocks: implications for mass transfer in sedimentary basins[END_REF], vary significantly among the turbiditic hybrid arenites and the sandstones. Due to the lack of a detailed knowledge of the burial history of the succession, it is difficult to interpret the exact timing and burial depths or temperatures for all of the diagenetic processes and products. Nevertheless, an overall paragenetic sequence was established based on superposition and textural relationships of various diagenetic alterations and on the fluid-inclusion analyses (Figure 16). Eogenetic alterations in the hybrid arenites include: (i) precipitation of minor amounts of framboidal pyrite from marine pore waters within carbonate bioclasts, reflecting local reducing conditions [START_REF] Raiswell | A geochemical framework for the application of stable sulphur isotopes to fossil pyritization[END_REF][START_REF] Schieber | Sedimentary pyrite: A window into the microbial past[END_REF], (ii) precipitation of ferroan calcite cement in intragranular pores of bioclasts, (iii) cementation by intergranular poikilotopic ferroan calcite, and (iv) intense mechanical compaction favored by the presence of abundant ductile framework grains (primarily sedimentary, shale and siltstones, vitreous volcanic rock fragments, lowgrade metamorphic rock fragments, and carbonate intraclasts). Mesogenetic alterations include: (i) pressure dissolution (i.e., chemical compaction) of the carbonate grains, (ii) cementation by intergranular blocky ferroan calcite, (iii) precipitation of dolomite overgrowths, and (iv) albitization of detrital feldspars and development of albite overgrowths. Eogenetic alterations in the siliciclastic sandstones include: (i) fibrous circumgranular calcite cement, (ii) minor amounts of framboidal pyrite from marine pore waters precipitating within the carbonate bioclasts, and (iii) cementation by intergranular poikilotopic ferroan calcite and dolomite cement. Mesogenetic alterations in the sandstones include: (i) intergranular pressure dissolution (i.e., chemical compaction) of detrital quartz grains and concomitant formation of quartz overgrowths, (ii) cementation by intergranular blocky ferroan calcite, (iii) precipitation of dolomite overgrowths, (iv) albitization of detrital feldspars with development of albite overgrowths, and (v) formation of vein-filling calcite and scarce barite crystals in TSU-2. Dissolution of coarsely crystalline, intergranular calcite cement and carbonate grains giving secondary porosity occurs in the hybrid arenites and the sandstones. There are no pronounced differences in diagenetic evolution of the siliciclastic sandstones and hybrid arenites among the studied TSUs and various depositional facies (e.g., channel, channel-to-lobe transition, overbank, and sheetlike lobes; Figure 4A). Thus, variations in the diagenetic evolution pathways can be attributed mainly to variation in the detrital compositions, particularly the proportion and types of extrabasinal noncarbonate grains (feldspar and lowgrade metamorphic rock fragments), extrabasinal carbonate grains, and intrabasinal carbonate grains (Figures 6,17), which do not show any systematic facies control.

VI.2. Distribution and Conditions of Carbonate Cementation VI.2. Distribution and Conditions of Carbonate Cementation

Cementation of the turbiditic hybrid arenites by carbonate was enhanced by the presence of abundant carbonate grains, which can act as nuclei for the precipitation and growth of carbonate cement (cf. [START_REF] South | The sequence stratigraphic framework of carbonate diagenesis within transgressive fan-delta deposits: Sant Llorenc¸ del Munt fan-delta complex[END_REF][START_REF] Ketzer | Distribution of diagenetic alterations in fluvial, deltaic, and shallow marine sandstones within a sequence stratigraphic framework: evidence from the Mullaghmore Formation (Carboniferous)[END_REF][START_REF] Ketzer | Predictive diagenetic clay-mineral distribution in siliciclastic rocks within a sequence stratigraphic framework[END_REF][START_REF] El-Ghali | Distributions of diagenetic alterations in glaciogenic sandstones within depositional facies and sequence stratigraphic framework: evidence from Upper Ordovician of the Murzuq Basin[END_REF]. Pressure dissolution of the carbonate grains rendered them assources of carbonate cement [START_REF] Morad | Carbonate cementation in sandstones: distribution patterns and geochemical evolution[END_REF]). However, the common occurrence of fibrous circumgranular calcite (Figure 7A, B), which is commonly considered as typical marine cement [START_REF] Tucker | Carbonate sedimentology: London[END_REF], in arenites of TSU-2 and TSU-3 suggests that eogenetic calcite cement was also sourced by marine pore waters. Cementation by fibrous circumgranular calcite may have been promoted by diffusion of dissolved Ca 2+ and HCO 3 -from the overlying seawater [START_REF] Kantorowicz | Controls on the geometry of carbonate cements in Jurassic sandstones: Bridport Sands, southern England and Viking Group, Troll Field, Norway[END_REF][START_REF] Ketzer | Predictive diagenetic clay-mineral distribution in siliciclastic rocks within a sequence stratigraphic framework[END_REF]. Thus, cementation by fibrous calcite likely commenced near the seafloor [START_REF] Kendall | Radiaxial fibrous calcite: a reappraisal[END_REF][START_REF] Tobin | Fibrous calcite from the Ordovician of Tennessee: preservation of marine oxygen isotopic composition and its implications[END_REF]. Fibrous calcite in marine sediments has been interpreted to be derived from the neomorphism of aragonite and/or high-Mg calcite [START_REF] Tucker | Formerly aragonitic limestones associated with tillites in the Late Proterozoic of Death Valley, California[END_REF][START_REF] Moore | Carbonate diagenesis and porosity: Amsterdam[END_REF]). The high Sr content (up to 6000 ppm; Figure 8) of this calcite may support an aragonitic precursor [START_REF] Tucker | Formerly aragonitic limestones associated with tillites in the Late Proterozoic of Death Valley, California[END_REF][START_REF] Moore | Carbonate diagenesis and porosity: Amsterdam[END_REF][START_REF] Tucker | Carbonate sedimentology: London[END_REF], whereas the relatively high amounts of Fe in these calcites suggest precipitation from suboxic to anoxic pore waters [START_REF] Froelich | Early oxidation of organic matter in pelagic sediments of the eastern equatorial Atlantic: suboxic diagenesis[END_REF]. The reason behind limited amounts of fibrous calcite in TSU-4 and TSU-5 is unclear but could be caused by relatively short residence time of the sediments near the seafloor due to high sedimentation rates during deposition of these units (cf. [START_REF] Morad | Spatial and temporal distribution ofdiagenetic alterations in siliciclastic rocks: implications for mass transfer in sedimentary basins[END_REF][START_REF] Ketzer | Predictive diagenetic clay-mineral distribution in siliciclastic rocks within a sequence stratigraphic framework[END_REF].

The δ 13 C V-PDB values of fibrous calcite (+0.4‰ to +0.7‰) also suggest derivation of dissolved B carbon from seawater or from the dissolution of detrital marine carbonate grains. However, the low oxygen isotope values of the calcite cements ( OV-PDB ≈ -9.7‰) are indicative of δ 18 formation at elevated temperatures or from meteoric water [START_REF] Morad | Carbonate cementation in sandstones: distribution patterns and geochemical evolution[END_REF]. Assuming that these calcite cements, which commonly fill small pores in compacted sandstones, are derived from evolved basinal brines with O δ 18 v-smow value of +2‰, the OV-PDB values of calcite would δ 18

indicate precipitation temperatures of 55-90°C, whereas precipitation from meteoric waters with 8Ov-smow value of -6‰ results in near-surface, eogenetic temperatures of 15-35°C.

δ 18

Nevertheless, the rapid loss of porosity and permeability of the arenites, which are rich in ductile grains [START_REF] Nagtegaal | Sandstone framework instability as a function of burial diagenesis[END_REF][START_REF] Pittman | Compaction of lithic sands: experimental results and aplications[END_REF], particularly by mechanical compaction, probably precluded influx of considerable volumes of meteoric waters into the arenites. Hence, the fibrous calcite might have been recrystallized at elevated temperatures (Saigal and Bjorlykke 1987) and stretched by tectonic shear stresses. Cementation of the arenites by intragranular ferroan calcite (Figure 8) probably occurred in the Mn-Fe reduction geochemical zone below the seafloor [START_REF] Froelich | Early oxidation of organic matter in pelagic sediments of the eastern equatorial Atlantic: suboxic diagenesis[END_REF]. The intergranular patches of blocky to poikilotopic calcite cement are suggested to have been sourced by dissolution of carbonate grains and pressure dissolution of these components during progressive burial. The low and variable δ 18 OV-PDB values of the intergranular calcite cement (-10.0‰ to -6.0‰) suggest precipitation at temperatures of 35-50°C if a pre-Quaternary marine water δ 18 Ov-smow value of -1.2‰ [START_REF] Shackleton | Paleotemperature history of the Cenozoic and initiation of Antarctic glaciation: oxygen and carbon isotope analyses in DSDP sites 277, 279 and 289[END_REF] is assumed.

Higher temperatures (ca. 50-75°C) are obtained if precipitation is assumed to have occurred from evolved formation waters with δ 18 Ov-smow value of +2‰ [START_REF] Morad | Carbonate cementation in sandstones: distribution patterns and geochemical evolution[END_REF]. The δ 13 CV-PDB values (-1.4‰ to +0.4‰) are consistent with derivation of dissolved carbon from the dissolution of detrital marine carbonate grains. 9

Calculated precipitation temperatures for intergranular blocky calcite cement from fluidinclusion analyses (≈80°C; Figure 17) and the high salinity (ranging from 17.9 to 20.2 wt % eq. NaCl) support an interpretation of precipitation from hot basinal fluids, probably sourced from the underlying Upper Triassic evaporitic deposits [START_REF] Díaz Merino | The Serrablo field, a commercial gas discovery in the Jaca basin (southern Pyrenees, Spain)[END_REF]. Low oxygen isotope values (δ 18 OvPDB =-10.4‰ -7.9‰), high measured Th (≈ 150°C), and low salinities of vein calcite that crosscuts all other diagenetic carbonates suggest formation from hot meteoric waters [START_REF] Bitzer | Fluid flow processes at basin scale[END_REF][START_REF] Ferket | Vein formation in Cretaceous carbonates in the Laramide foreland fold and thrust belt of eastern Mexico[END_REF]). Meteoric-water infiltration into these tight arenites is expected to have influenced only host rock in the vicinity of fractures, which were formed during uplift and deformation of the foreland basin [START_REF] Spadafora | Diagenetic evolution of synorogenic hybrid and lithic arenites (Miocene), northern Apennines, Italy[END_REF]. The orientation of the calcite crystal growth perpendicular to the vein walls (Figure 7C) indicates that meteoric-water flux and cementation occurred during extensional deformation of the sandstones [START_REF] Travé | Sediment dewatering and pore fluid migration along thrust faults in a foreland basin inferred from isotopic and elemental geochemical analyses (Eocene southern Pyrenees, Spain)[END_REF][START_REF] Bodego | Albian sediment-filled fissures on an Urgonian carbonate platform as kinematic indicators of extension[END_REF]. The occurrence of saddle-like calcite crystals may indicate a dolomite precursor, which is typical high-temperature carbonate cement formed at temperatures greater than 70°C (Spötl and Pitman 1998). The replacement of fracture-filling saddle dolomite is attributed to flux of hot meteoric waters [START_REF] Zeeh | Dedolomitization by meteoric fluids: the Korbach fissure of the Hessian Zechstein basin[END_REF][START_REF] Marfil | Carbonate-cemented stylolites and fractures in the Eastern Iberian Range, Spain: A record of palaeofluids composition and thermal history[END_REF].

Petrographic evidence suggests the presence of two generations of dolomite cement, including early scattered dolomite crystals that precipitated around the framework grains (particularly around extrabasinal dolostone grains), followed by chemically zoned, syntaxial dolomite overgrowths. The grain-coating dolomite cement is interpreted to have been precipitated at or near to the seafloor from marine pore waters, and could have been sourced by the dissolution of high-Mg bioclasts and by the alteration of volcanic rock fragments [START_REF] Morad | Carbonate cementation in sandstones: distribution patterns and geochemical evolution[END_REF].

Formation of microcrystalline calcite and dolomite cements around the carbonate grains at shallow depths below the seafloor may be sourced bydiffusion of Mg 2+ , Ca 2+ , and HCO 3 -from the overlying seawater [START_REF] Wilkinson | Discussion: evidence for surface reaction-controlled growth of carbonate concretions in shales[END_REF]). The chemical zonation in dolomite overgrowths (Figure 8) presumably mimics variations in the concentrations of dissolved Fe and Mn in the pore waters, which might reflect changes in pore-water chemistry owing to mixing zones, Eh fluctuations in the reactant fluid, or variations in the supply of Fe and Mn ions, possibly from terrestrial input [START_REF] Hendry | Disseminated ''jigsaw piece'' dolomite in Upper Jurassic shelf sandstones, Central North Sea: an example of cement growth during bioturbation?[END_REF].

The δ 13 C V-PDB values of bulk dolomite (-1.2‰ to +0.7‰) suggest derivation of dissolved carbon from marine pore waters and/or from dissolution of marine carbonate grains.

Assuming precipitation from marine pore waters, the narrow range of low oxygen isotope values in dolomite cement (δ18O from -8‰ to -6‰) would indicate precipitation at elevated temperatures. Using the fractionation equation of [START_REF] Land | The application of stable isotopes to studies of the origin of dolomite and to problems of diagenesis of clastic sediments[END_REF], precipitation temperatures of 60-75°C are obtained with a pre-Quaternary marine water δ 18 Ov-smow value of -1.2‰ [START_REF] Shackleton | Paleotemperature history of the Cenozoic and initiation of Antarctic glaciation: oxygen and carbon isotope analyses in DSDP sites 277, 279 and 289[END_REF]. However, higher temperatures (ca. 75-100°C) are obtained if precipitation occurred from evolved marine pore waters with δ 18 Ov-smow value of +2‰. The lack of correlation between δ 18 O and δ 13 C values (Figure 11) may be the result of derivation of dissolved carbon from dissolution of detrital carbonate grains in the host sediments, independently of the variation in temperature, and hence in δ 18 O values.

Variation in the amount of cementation was controlled not only by the amounts of detrital carbonate grains but also by the residence time of the sediments near the seafloor (i.e., sedimentation rates; [START_REF] Wilkinson | Discussion: evidence for surface reaction-controlled growth of carbonate concretions in shales[END_REF][START_REF] Morad | Spatial and temporal distribution ofdiagenetic alterations in siliciclastic rocks: implications for mass transfer in sedimentary basins[END_REF]. Dolomite cement similar to that in the arenites is present in the condensed sections within the lowstand wedges of depositional sequences in the Eocene Hecho Group (Marfil et al. in press). Textural relationships and chemical composition suggest an early diagenetic origin for microcrystalline dolomite, which could be similar to the grain-coating dolomite reported in this paper. In the condensed episodes (dolomite in yellow beds, Figure 11), the dolomite overgrowths show δ 18 O values comparable to detrital dolomites and overgrowths of the turbidite arenites (from -8.5 to -6.3‰ δ 18 O, Table 4), which could indicate that cementation 10 by dolomite continued during deeper burial [START_REF] Hendry | Disseminated ''jigsaw piece'' dolomite in Upper Jurassic shelf sandstones, Central North Sea: an example of cement growth during bioturbation?[END_REF][START_REF] Aqrawi | The origin of dolomite in the Asmari Formation (Oligocene-lower Miocene), Dezful embayment, SW Iran[END_REF][START_REF] Machent | Patterns of early post-depositional and burial cementation in distal shallow-marine sandstones: Upper Cretaceous Kenilworth Member[END_REF]). V VI I. .3 3. . O Or ri ig gi in n a an nd d C Co on nd di it ti io on ns s o of f A Al lb bi it ti iz za at ti io on n Albite can be of detrital or diagenetic origin. The petrographic evidence from this succession suggests that albite in the sandstones and the hybrid arenites was formed by the replacement (i.e., albitization) of detrital plagioclase and K-feldspars. Diagenetic albitization in sandstones is controlled by temperature, chemistry of formation water, and reaction kinetics [START_REF] Boles | Active albitization of plagioclase[END_REF][START_REF] Aagaard | Diagenetic albitization of detrital K-feldspars in Jurassic, Lower Cretaceous, and Tertiary clastic reservoir rocks from offshore Norway, II. Formation water chemistry and kinetic considerations[END_REF][START_REF] Morad | Albitization of detrital plagioclase in Triassic reservoir sandstones from the Snorre field[END_REF]. Albitization is also a common feature of hydrothermally altered granitic source rocks [START_REF] Varlamoff | Central and West African rare-metal granitic pegmatites, related aplites, quartz veins and mineral deposits[END_REF]. Evidence of diagenetic albitization in these sandstones include: (i) absence of sericite and epidote, which typically occur in hydrothermally albitized feldspars [START_REF] Zurcher | Preliminary analysis of relative abundances of hydrothermal alteration products in the C1-N10, C1-N10, Y6-N19, AND YAX-1_863.51 impact melt samples[END_REF], (ii) occurrence of both of grain-replacive albite and euhedral albite overgrowths (Figures 13A,B), indicating that the overall geochemical conditions were suitable for albite formation in the arenites, (iii) nearly pure chemical composition of the replacive albite and of albite overgrowths [START_REF] Morad | Albitization of K-feldspar grains in Proterozoic arkoses and greywackes from southern Sweden[END_REF][START_REF] Saigal | Diagenetic albitization of detrital K-feldspar in Jurassic, Lower Cretaceous, and Tertiary clastic reservoir rocks from offshore Norway, I. Textures and origin[END_REF], and (iv) lack of luminescence of the albite overgrowths and albitized grains (Figure 13C-F; [START_REF] Kastner | Low temperature feldspars in sedimentary rocks[END_REF][START_REF] Saigal | Diagenetic albitization of detrital K-feldspar in Jurassic, Lower Cretaceous, and Tertiary clastic reservoir rocks from offshore Norway, I. Textures and origin[END_REF][START_REF] Morad | Albitization of detrital plagioclase in Triassic reservoir sandstones from the Snorre field[END_REF]). The presence of barite within altered feldspars (e.g., in TSU-3) may be the result of derivation of barium from albitization of Kfeldspar [START_REF] Ali | Authigenic K-feldspar in the Bromsgrove Sandstone Formation (Triassic) of Central England[END_REF][START_REF] Long | Origin of K-feldspar megacrystals in granitic rocks:Implications of a partitioning model for barium[END_REF][START_REF] Kastner | Low temperature feldspars in sedimentary rocks[END_REF]. Al 3+ and Ca 2+ , by-products of plagioclase albitization, may be precipitated in carbonates relatively easily under the pCO 2 levels present in most basins [START_REF] Boles | Active albitization of plagioclase[END_REF][START_REF] Morad | Albitization of detrital plagioclase in Triassic reservoir sandstones from the Snorre field[END_REF], consistent with the presence of abundant calcite cement in the siliciclastic sandstones and in the hybrid arenites. V VI I. .4 4. . E Ev vo ol lu ut ti io on n o of f R Re es se er rv vo oi ir r Q Qu ua al li it ty y Scarce early diagenetic calcite and dolomite cements rendered the hybrid arenites and sandstones sensitive to mechanical compaction, which resulted in significant porosity destruction during eogenesis (cf. [START_REF] De Souza | Dolomite diagenesis and porosity preservation in lithic reservoirs: Carmópolis Member, Sergipe-Alagoas Basin, northeastern Brazil[END_REF]. The relatively low intergranular volume data (Table 1) reflect that the arenites suffered from significant compaction prior to cementation (cf. [START_REF] Paxton | Construction of an intergranular volume compaction curve for evaluating and predicting compaction and porosity loss in rigid-grain sandstone reservoirs[END_REF]. The higher amounts of mechanically stable quartz grains in the sandstones resulted in less pervasive mechanical compaction, and thus preserved higher intergranular volume compared to the hybrid arenites (cf. [START_REF] Bloch | Anomalously high porosity and permeability in deeply buried sandstone reservoirs: origin and predictability[END_REF]. Porosity loss in the sandstones is interpreted to have occurred mainly by chemical compaction, i.e., intergranular pressure dissolution along quartz-quartz grain boundaries, and by concomitant cementation by syntaxial quartz overgrowths (cf. [START_REF] Fontana | The interaction of eustacy and tectonism from provenance studies of the Eocene Hecho Group turbidite complex (South-Central Pyreneees, Spain)[END_REF]. The presence of dominantly point contacts between grains engulfed by poikilotopic ferroan calcite cement suggests relatively early precipitation of this cement. The presence of various types of grain contacts (point, straight, and sutured) and various intergranular volumes within intergranular ferroan calcite cement suggest precipitation during progressive burial and concomitant mechanical and chemical compaction [START_REF] Machent | Patterns of early post-depositional and burial cementation in distal shallow-marine sandstones: Upper Cretaceous Kenilworth Member[END_REF]). Several authors have concluded that pressure dissolution of quartz grains is enhanced by a considerable increase in burial depth (i.e., increase in effective stress), temperature, and time (>3 km, >90°C; [START_REF] Oelkers | A petrographic and computational investigation of quartz cementation and porosity reduction in North Sea sandstones[END_REF][START_REF] Sheldon | Analysis of the roles of stress, temperature, and pH in chemical compaction of sandstones[END_REF], whereas the onset of pressure dissolution of carbonate grains has been suggested to occur at burial depths less than ca. 1500 m [START_REF] Buxton | Pressure solution features in a shallow buried limestone[END_REF][START_REF] Saller | Petrologic and geochemical constraints on the origin of subsurface dolomite, Enewetok Atoll: An example of dolomitization by normal seawater[END_REF]. Carbonate pressure dissolution has acted as a source of burial carbonate cements in the studied rocks. Secondary porosity is rare in the siliciclastic and hybrid arenites and has resulted mainly from the dissolution of coarsely crystalline, intergranular calcite cement and carbonate grains. Dissolution of calcite cement and pressure dissolution of carbonate grains indicate that the diagenetic evolution of these deposits has involved considerable cement redistribution [START_REF] Dutton | Diagenesis and reservoir quality of turbidite andstones in the Bell Canyon Formation[END_REF]. The extremely low porosity and permeability of sandstones and hybrid arenites from this foreland basin [START_REF] Ketzer | Predictive distribution of shallow marine, lowporosity (pseudomatrix-rich) sandstones in a sequence stratigraphic frameworkexample from the Ferron sandstone, Upper Cretaceous[END_REF]) make them suitable only for gas rather than oil reservoirs. However, porosity and permeability in such reservoirs can be generated by tectonic fracturing [START_REF] Camara | Serrablo gas field: An example of trap in syntectonic brecciated reservoir, Pyrenees (Spain)[END_REF][START_REF] Díaz Merino | The Serrablo field, a commercial gas discovery in the Jaca basin (southern Pyrenees, Spain)[END_REF].

This study thus reveals that the diagenetic evolution of turbiditic arenites of foreland basins follow various diagenetic evolution pathways, which can induce considerable variation in the spatial and temporal distribution of reservoir quality and heterogeneity. Sandstones rich in mechanically stable quartz grains have been subjected to slower rates of porosity loss than arenites rich in ductile extrabasinal and intrabasinal carbonate grains [START_REF] Bloch | Anomalously high porosity and permeability in deeply buried sandstone reservoirs: origin and predictability[END_REF][START_REF] Paxton | Construction of an intergranular volume compaction curve for evaluating and predicting compaction and porosity loss in rigid-grain sandstone reservoirs[END_REF]. Moreover, these carbonate grains act as sites for nucleation and growth of carbonate cement, and hence contribution to the greater rates of porosity loss than the quartz-rich sandstones [START_REF] Buxton | Pressure solution features in a shallow buried limestone[END_REF][START_REF] Saller | Petrologic and geochemical constraints on the origin of subsurface dolomite, Enewetok Atoll: An example of dolomitization by normal seawater[END_REF].

VII. Conclusions

Petrological and geochemical study of marine foreland basin turbiditic hybrid arenites and sandstones of the Hecho Group (Eocene), southcentral Pyrenees, Spain, reveals that diagenetic evolution pathways are closely linked to the variation in detrital composition, particularly the proportions and types of extrabasinal noncarbonates, extrabasinal carbonates, and intrabasinal carbonate grains. Important results include:

Marine turbiditic hybrid arenites are subjected to more rapid and extensive porosity loss owing to more compaction and cementation in these than in siliciclastic sandstones in the same succession. Total elimination of reservoirs quality makes the hybrid arenites and sandstones suitable only as tight gas reservoirs dominated by microporosity.

Hybrid arenites are cemented extensively by mesogenetic carbonates (calcite, dolomite, and trace amounts of siderite). The low δ 18 O values of the intergranular calcite cement (-10.0‰ to -5.8‰) coupled with the high salinity (mode = 18.8 wt % eq. NaCl) and Th (mode = 80°C) of fluid inclusions suggest involvement of basinal saline fluids sourced from the underlying Upper Triassic evaporitic deposits. The low δ 18 OV-PDB values of the Fe-dolomite (δ 18 O = -8.5‰ to -6.3‰) suggest continuous precipitation during progressive burial and increasing temperatures, sourced mainly from pressure dissolution of intrabasinal and extrabasinal carbonate grains.

The siliciclastic sandstones in the deepest tectonostratigraphic unit are characterized by the dominance of quartz grains, which prevented substantial porosity loss by mechanical compaction. Mesogenetic processes affecting the reservoir quality included quartz cementation, calcite and dolomite cementation, and chemical compaction (i.e., intergranular pressure dissolution of quartz grains). The well-lithified sandstones were brittle, favoring the development of fracture porosity and permeability during tectonic deformation.

Diagenetic alterations common to hybrid arenites and siliciclastic sandstones, such as pyrite precipitation, intragranular calcite cementation, and albitization, which are not extensive, had no effect on reservoir quality.

The formation of vein saddle calcite with δ 18 OV-PDB values from -10.4‰ to -7.8‰ and δ 13 CV-PDB from -1.8‰ to -1.4‰, with Th temperatures of ≈ 150°C, is attributed to deep circulation of hot meteoric waters during fracturing associated with the extensional stage of tectonism in the foreland basin.

These results illustrate that proper understanding of the spatial and temporal distribution of reservoir-quality evolution in marine turbiditic arenite successions should be based on an integrated approach that links, primarily, diagenesis to variations in composition of primary framework grains. The diagenetic evolution pathways likely are not unique to this succession, and may thus provide insights into patterns of diagenesis in other foreland-basin successions. 
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F Fi ig gu ur re e 5 5: : E Ex xa am mp pl le es s a an nd d f fi ie el ld d a ap pp pe ea ar ra an nc ce e o of f s sa am mp pl le ed d o ou ut tc cr ro op ps s o of f t th he e H He ec ch ho o G Gr ro ou up p. . A A) ) T TS SU U--2 2, , a an nd d B B) ) l lo ow we er r T TS SU U--3 3 o or r T To or rl la a t tu ur rb bi id di it te e s sy ys st te em ms s. . B Bo ot th h o ou ut tc cr ro op ps s a ar re e l lo oc ca at te ed d i in n t th he e B Ba ar rr ra an nc co o d de el l S So or rr ro os sa al l ( (w we es st t o of f t th he e B Bo ol lt ta añ ña a a an nt ti ic cl li in ne e) ) a an nd d s sh ho ow w s st tr ro on ng gl ly y f fo ol ld de ed d c co om mp po os si it te e d de ep po os si it ti io on na al l s se eq qu ue en nc ce es s ( (t th hi ir rd d--o or rd de er r s sc ca al le e) ) w wi it th h f fa ac ci ie es s a as ss so oc ci ia at ti io on ns s o of f s sh he ee et tl li ik ke e s sa an nd ds st to on ne e l lo ob be es s ( (s sa an nd dy y s st ta ag ge es s o of f g gr ro ow wt th h) ), , t tr ra an ns si it ti io on na al ll ly y o ov ve er rl la ai in n ( (t to o t th he e l le ef ft t) ) b by y f fi in ne e--g gr ra ai in ne ed d a an nd d t th hi in n b be ed dd de ed d m mu ud ds st to on ne es s ( (m mu ud dd dy y s st ta ag ge es s o of f g gr ro ow wt th h o or r s sl lo op pe ed de el lt ta a w we ed dg ge es s) ). . C C) ) O Ov ve er rt tu ur rn ne ed d ( (t to op p t to o t th he e l le ef ft t) ) f fi in ni in ng g-u up pw wa ar rd d h hi ig gh h--f fr re eq qu ue en nc cy y f fa ac ci ie es s c cy yc cl le e ( (f fo ou ur rt th h--o or rd de er r s sc ca al le e) ) o of f t th he e B Br ro ot to o s sh he ee et t s sa an nd ds st to on ne e l lo ob be es s, , w wi it th hi in n T TS SU U--3 3, , e ex xp po os se ed d a al lo on ng g t th he e r ro oa ad d t tr re en nc ch he es s b be et tw we ee en n B Br ro ot to o a an nd d t th he e C Co ot te ef fa ab bl lo o p pa as ss s ( (N NW W o of f t th he e s st tu ud dy y z zo on ne e) ). . D D) ) S Sh he ee et t s sa an nd ds s o of f t th he e c ch ha an nn ne el l--l lo ob be e t tr ra an ns si it ti io on n f fa ac ci ie es s o of f T TS SU U--4 4 ( (B Ba an na as st tó ón n t tu ur rb bi id di it te e s sy ys st te em ms s) ) i in n t th he e S Sa an n V Vi ic ce en nt te e z zo on ne e, , n no or rt th h o of f t th he e H He ec ch ho o G Gr ro ou up p o ou ut tc cr ro op p b be el lt t, , l lo oc ca at te ed d e ea as st t o of f t th he e B Bo ol lt ta añ ña a a an nt ti ic cl li in ne e ( (A Aí ín ns sa a B Ba as si in n) ). . E E) ) O Ou ut tc cr ro op ps s o of f t th he e B Ba ar rr ra an nc co o F Fo or rc ca az z, , n no or rt th h o of f A Aí ín ns sa a, , s sh ho ow wi in ng g t th he e A Aí ín ns sa a--2 2 t tu ur rb bi id di it te e s sy ys st te em ms s, , w wh hi ic ch h a ar re e l lo oc ca at te ed d i in n t th he e l lo ow we er r p pa ar rt t o of f t th he e T TS SU U--5 5, , a an nd d s sh ho ow wi in ng g c ch ha an nn ne el l--l lo ob be e t tr ra an ns si it ti io on n f fa ac ci ie es s a as ss so oc ci ia at ti io on n. . F F) ) S Sa an nd d--r ri ic ch h h hi ig gh h--s si in nu uo os si it ty y c ch ha an nn ne el ls s o of f t th he e M Mo or ri il ll lo o t tu ur rb bi id di it te e s sy ys st te em ms s, , w wi it th hi in n T TS SU U--5 5, , i in n t th he e B Ba ar rr ra an nc co o S

Si ie es st te e. . 

F Fi ig gu ur re e 6 6: : C Co om mp po os si it ti io on na al l p pl lo ot ts s o of f t th he e H He ec ch ho o G Gr ro ou up p c ca ar rb bo on na at te e--r ri ic ch h a ar re en ni it te es s. . F Fi ir rs st to or rd de er r N NC CE E--C CE E--C CI I c cl la as ss si if fi ic ca at ti io on n ( (a af ft te er r Z Zu uf ff fa a 1 19 98 85 5) ), , s se ec co on nd d--o or rd de er r, , Q Q--F F--L L c cl la as ss si if fi ic ca at ti io on n ( (a af ft te er r P Pe et tt ti ij jo oh hn n e et t a al l. . 1 19 97 72 2) ) a an nd d Q Q--F F--L L + + C CE E c cl la as ss si if fi ic ca at ti io on n. . N No ot te e t th he e i in nc cr re ea as se e i in n L L + + C CE E t to ow wa ar rd d t th he e T TS SU U--5 5. . T Th he e m mo os st t c ch ha ar ra ac ct te er ri is st ti ic c f fa ac ci ie es s o of f t th he e s st tu ud di ie ed d u un ni it ts s a ar re e: : T TS SU U--2 2, , c ch ha an nn ne el l--l lo ob be e t tr ra an ns si it ti io on n t tu ur rb bi id di it ti ic c a ar re en ni it te es s ( (F Fí íg go ol ls s) ); ; T TS SU U--3 3, , c ch ha an nn ne el ls s ( (T To or rl la a, , A Ar rr ro o, , a an nd d G Ge er rb be e) ), , c ch ha an nn ne el l--l lo ob be e t tr ra an ns si it ti io on n ( (T To

  Fibrous calcite cement has δ 18 O V-PDB values close to -9.7‰ and δ

  in ng g. . F Fi ig gu ur re e 3 3: : S Sc ch he em ma at ti ic c c cr ro os ss s s se ec ct ti io on n o of f t th he e e ea as st te er rn n a an nd d c ce en nt tr ra al l p pa ar rt t o of f t th he e E Eo oc ce en ne e f fo or re el la an nd d b ba as si in n o of f t th he e s so ou ut th h-c ce en nt tr ra al l P Py yr re en ne ee es s, , S Sp pa ai in n. . S Se ee e F Fi ig gu ur re e 1 1 f fo or r l lo oc ca at ti io on n o of f B Bo ol lt ta añ ña a a an nd d T Tr re em mp p--A Ag ge er r r re eg gi io on ns s. . T Th he e s st tr ra at ti ig gr ra ap ph hi ic c s se ec ct ti io on n c co on ns si is st ts s o of f f fi iv ve e m ma aj jo or r u un nc co on nf fo or rm mi it ty y--b bo ou un nd de ed d u un ni it ts s ( (T TS SU Us s; ; r re ed dr ra aw wn n f fr ro om m M Mu ut tt ti i e et t a al l. . 1 19 98 85 5, , M Mu ut tt ti i e et t a al l. . 1 19 98 88 8) ). .

  or rl la a, , B Br ro ot to o) ), , a an nd d l lo ob be es s ( (C Co ot te ef fa ab bl lo o) ); ; T TS SU U--4 4, , c ca an ny yo on n--c ch ha an nn ne el l t tr ra an ns si it ti io on n, , o ov ve er rb ba an nk k d de ep po os si it ts s, , a an nd d c ch ha an nn ne el l--l lo ob be e t tr ra an ns si it ti io on n ( (B Ba an na as st tó ón n nn ne el l a an nd d c ch ha an nn ne el l--l lo ob be e t tr ra an ns si it ti io on n ( (A Aí ín ns sa a hs si in nu uo os si it ty y c ch ha an nn ne el l s sy ys st te em ms s ( (M Mo or ri il ll lo o) ), , a an nd d c ch ha an nn ne el l--o ov ve er rb ba an nk k c co om mp pl le ex xe es s ( (G Gu ua as so o)). . F Fi ig gu ur re e 7 7: : O Op pt ti ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph hs s ( (c cr ro os ss s--p po ol la ar ri iz ze ed d l li ig gh ht t) ), , c ca at th ho od do ol lu um mi in ne es sc ce en nc ce e i im ma ag ge es s a an nd d B BS SE E i im ma ag ge es s s sh ho ow wi in ng g: : A, B A, B) ) r re ed d l lu um mi in ne es sc ce en nt t i in nt tr ra ag gr ra an nu ul la ar r c ca al lc ci it te e c ce em me en nt t ( (T TS SU U--5 5) ); ; t th he e b br ri ig gh ht te er r l lu um mi in ne es sc ce en nc ce e o ob bs se er rv ve ed d i is s d du ue e t to o t th he e p pr re es se en nc ce e o of f e el le ev va at te ed d M Mn n/ /F Fe e r ra at ti io o. . C, D C, D) ) D Da ar rk k--r re ed d l lu um mi in ne es sc ce en nt t i in nt tr ra ag gr ra an nu ul la ar r c ca al lc ci it te e c ce em me en nt t ( (T TS SU U--5 5) ). . E, F E, F) ) I In nt tr ra ag gr ra an nu ul la ar r a an nd d i in nt te er rg gr ra an nu ul la ar r c ca al lc ci it te e c ce em me en nt t e en ng gu ul lf fi in ng g s sm ma al ll l c cr ry ys st ta al ls s o of f p py yr ri it te e. .N No ot te e i in n P Pa ar rt t E E t th he e p pr re es se en nc ce e o of f p pa ar rt ti ia al ll ly y b br ro ok ke en n s sk ke el le et ta al l f fo os ss si il ls s b by y m me ec ch ha an ni ic ca al l c co om mp pa ac ct ti io on n, , w wh hi ic ch h p pr re ed da at te es s t th he e i in nt te er rg gr ra an nu ul la ar r c ca al lc ci it te e c ce em me en nt t. . om mi it te e c ce em me en nt ts s s sh ho ow wi in ng g t th he e h hi ig gh h S Sr r c co on nt te en nt ts s i in n f fi ib br ro ou us s c ca al lc ci it te e c ce em me en nt t te en nt ts s i in n t th he e o ou ut te er r d do ol lo om mi it te e o ov ve er rg gr ro ow wt th h c co om mp pa ar re ed d t to o i in nn ne er r o ov ve er rg gr ro owwt th h. . F Fi ig gu ur re e 9 9: : O Op pt ti ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph hs s ( (c cr ro os ss s--p po ol la ar ri iz ze ed d l li ig gh ht t) ) a an nd d c ca at th ho od do ol lu um mi in ne es sc ce en nc ce e i im ma ag ge es s s sh ho ow wi in ng g: : A, B A, B) ) s sm ma al ll l d do ol lo om mi it te e c cr ry ys st ta al ls s a ar ro ou un nd d t th he e f fr ra am me ew wo or rk k g gr ra ai in ns s e en ng gu ul lf fe ed d b by y t th he e c co oa ar rs se e m mo os sa ai ic cs s o of f i in nt te er rg gr ra an nu ul la ar r c ca al lc ci it te e c ce em me en nt t. . C, D C, D) ) D Da ar rk k--r re ed d t to o n no on nl lu um mi in ne es sc ce en nt t d dr ru us sy y c cr ry ys st ta al ls s f fo ol ll lo ow we ed d b by y r re ed d l lu um mi in ne es sc ce en nt t m mo os sa ai ic c c ca al lc ci it te e c cr ry ys st ta al ls s ( (T TS SU U--5 5) ).. E, F E, F) ) n no on nl lu um mi in ne es sc ce en nt t t to o d da ar rk k r re ed d l lu um mi in ne es sc ce en nt t c ca al lc ci it te e c ce em me en nt t e en nc cl lo os si in ng g w we el ll l r ro ou un nd de ed d d de et tr ri it ta al l c ca ar rb bo on na at te e g gr ra ai in ns s ( (C CE E a an nd d C CI I) ), , g gr re ee en n a an nd d b bl lu ue e d de et tr ri it ta al l p pl la ag gi io oc cl la as se e, , a an nd d v vo ol lc ca an ni ic c r ro oc ck k f fr ra ag gm me en nt t i in n T TS SU U--5 5 t tu ur rb bi id di it te es s. . ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph hs s ( (c cr ro os ss s--p po ol la ar ri iz ze ed d l li ig gh ht t) ) a an nd d c ca at th ho od do ol lu um mi in ne es sc ce en nc ce e i im ma ag ge es s s sh ho ow wi in ng g: : A, B A, B) ) d da ar rk k r re ed d l lu um mi in ne es sc ce en nt t f fi ib br ro ou us s t to o b bl la ad de ed d c ca al lc ci it te e c ce em me en nt t e en ng gu ul lf fe ed d i in n a a r re ed d l lu um mi in ne es sc ce en nt t i in nt te er rg gr ra an nu ul la ar r c ca al lc ci it te e c ce em me en nt t ( (T TS SU U--2 2 q qu ua ar rt tz za ar re en ni it te es s) ). . C, D C, D) ) P Pa ar rt ti ia al l v vi ie ew w o of f r re ed d l lu um mi in ne es sc ce en nt t v ve ei in n--f fi il ll li in ng g c ca al lc ci it te e c ce em me en nt t i in n aa s su ub ba ar rk ko os se e f fr ro om m T TS SU U--2 2. . F Fi ig gu ur re e 1 11 1: : C Cr ro os ss s p pl lo ot t o of f δ δ1 13 3C CV V--P PD DB B v ve er rs su us s δ δ1 18 8O OV V--P PD DB B o of f c ca al lc ci it te e c ce em me en nt ts s a an nd d d de et tr ri it ta al l d do ol lo om mi it te e g gr ra ai in ns s a an nd d t th he ei ir r o ov ve er rg gr ro ow wt th hs s i in n t th he e s st tu ud di ie ed d t tu ur rb bi id di it te e a ar re en ni it te es s. . A Au ut th hi ig ge en ni ic c d do ol lo om mi it te e i in n t th he e ' '' 'y ye el ll lo ow w b be ed ds s' '' ' c co or rr re es sp po on nd ds s t to o d do ol lo om mi it te e o oc cc cu ur rr ri in ng g i in n c co on nd de en ns se ed d s su uc cc ce es ss si io on n o of f t th he e t tu ur rb bi id di it te e a ar re en ni it te es s o of f t th he e H He ec ch ho o G Gr ro ou up p ( (M Ma ar rf fi il l ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph h ( (p pl la an ne e p po ol la ar ri iz ze ed d) ) s sh ho ow wi in ng g e ea ar rl ly y d do ol lo om mi it te e ( (b bl lu ue e s st ta ai in ne ed d c co ol lo or r) ) p po os st td da at te ed d b by y i in nt te er rg gr ra an nu ul la ar r f fe er rr ro oa an n c ca al lc ci it te e c ce em me en nt t ( (p pu ur rp pl le e s st ta ai in ne ed d c co ol lo or r) ). . B B) ) C Ca at th ho od do ol lu um mi in ne es sc ce en nc ce e i im ma ag ge e s sh ho ow wi in ng g n no on nl lu um mi in ne es sc ce en nt t e ea ar rl ly y d do ol lo om mi it te e c ce em me en nt t ( (T TS SU U--4 4) ). . C C, , D D) ) O Op pt ti ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph h ( (p pl la an ne e--p po ol la ar ri iz ze ed d a an nd d c ca at th ho od do ol lu um mi in ne es sc ce en nc ce e i im ma ag ge es s, , r re es sp pe ec ct ti iv ve el ly y) ) o of f d do ol lo om mi it te e d de et tr ri it ta al l g gr ra ai in ns s s sh ho ow wi in ng g t th he e b br ri ig gh ht te er r l lu um mi in ne es sc ce en nc ce e o of f t th he e o ov ve er rg gr ro ow wt th hs s. . mi ic ca al l z zo on ne es s o of f d do ol lo om mi it te e o ov ve er rg gr ro ow wt th hs s w wi it th h d di if ff fe er re en nt t F Fe e a an nd d M Mn n c co on nt te en nt ts s ( (T TS SU U--4 4) ). .

F

  ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph h ( (c cr ro os ss s--p po ol la ar ri iz ze ed d l li ig gh ht t) ) s sh ho ow wi in ng g p pa ar rt tl ly y a al lb bi it ti iz ze ed d K K--f fe el ld ds sp pa ar r ( (A Ab b) ). . C Ca al lc ci it te e c ce em me en nt t ( (C Ca a) ) i is s s se el le ec ct ti iv ve el ly y r re ep pl la ac ci in ng g t th he e n no on n--a al lb bi it ti iz ze ed d p pa ar rt ts s o of f t th he e d de et tr ri it ta al l f fe el ld ds sp pa ar r w wh hi il le e t th he e a al lb bi it ti iz ze ed d p pa ar rt t r re em ma ai in ne ed d u un na af ff fe ec ct te ed d. . B B) ) O Op pt ti ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph h ( (c cr ro os ss s--p po ol la ar ri iz ze ed d l li ig gh ht t) ) s sh ho ow wi in ng g a al lb bi it te e o ov ve er rg gr ro ow wt th h o on n K K-f fe el ld ds sp pa ar r. . C C) ) O Op pt ti ic ca al l m mi ic cr ro og gr ra ap ph h ( (p pl la an ne e--p po ol la ar ri iz ze ed d l li ig gh ht t) ) s sh ho ow wi in ng g t tu ur rb bi id d, , v va ac cu uo ol la at te ed d a ap pp pe ea ar ra an nc ce e, , w wh hi ic ch h i is s t ty yp pi ic ca al l o of f a al lb bi it ti iz ze ed d f fe el ld ds sp pa ar rs s. . wi in ng g d di ia ag ge en ne et ti ic c a al lb bi it te e ( (d da ar rk k l lu um mi in ne es sc ce en nt t) ) r re ep pl la ac ci in ng g K K--f fe el ld ds sp pa ar r a an nd d c co oe exxi is st ti in ng g w wi it th h i in nh he er ri it te ed d p pl la ag gi io oc cl la as se e ( (g gr re ee en n a an nd d b bl lu ue e l lu um mi in ne es sc ce en nt t) ). . E E) ) O Op pt ti ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph h ( (p pl la an ne e-p po ol la ar ri iz ze ed d l li ig gh ht t) ) s sh ho ow wi in ng g a al lb bi it te e o ov ve er rg gr ro ow wt th hs s o on n p pl la ag gi io oc cl la as se e. . F F) ) C CL L i im ma ag ge e o of f P Pa ar rt t E E s sh ho ow wi in ng g t th ha at t t th he e o ov ve er rg gr ro ow wt th hs s a ar re e c ch ha ar ra ac ct te er ri iz ze ed d b by y d da ar rk k l lu um mi in ne es sc ce en nc ce e, , w wh hi ic ch h i is s t ty yp pi ic ca al l o of f d di ia ag ge en ne et ti ic c a al lb bi it te e.. T Th he e d di ia ag ge en ne et ti ic c a al lb bi it te e o ov ve er rg gr ro ow wt th hs s o on n p pl la ag gi io oc cl la as se e g gr ra ai in ns s a ar re e e en ng gu ul lf fe ed d b by y, , a an nd d h he en nc ce e p pr re ed da at te e, , f fe er rr ro oa an n c ca al lc ci it te e c ce em me en nt t ( (C Ca a) ). . F Fi ig gu ur re e 1 14 4: : T Te er rn na ar ry y d di ia ag gr ra am ms s s sh ho ow wi in ng g t th he e e el le ec ct tr ro on n--m mi ic cr ro op pr ro ob be e c ch he em mi ic ca al l c co om mp po os si it ti io on n o of f d de et tr ri it ta al l f fe el ld ds sp pa ar rs s a an nd d d di ia ag ge en ne et ti ic c a al lb bi it te e. . I In n c co on nt tr ra as st t t to o d de et tr ri it ta al l f fe el ld ds sp pa ar r, , a al lb bi it te e o ov ve er rg gr ro ow wt th hs s s sh ho ow w p pu ur re e e en nd d--m me em mb be er r c co om mp po os si it ti io on n. . F Fi ig gu ur re e 1 15 5: : A A) ) O Op pt ti ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph h ( (c cr ro os ss s--p po ol la ar ri iz ze ed d l li ig gh ht t) ) s sh ho ow wi in ng g e ea ar rl ly y p py yr ri it te e c cr ry ys st ta al ls s e en ng gu ul lf fe ed d i in n i in nt tr ra ag gr ra an nu ul la ar r c ca al lc ci it te e c ce em me en nt t. . B B) ) S SE EM M v vi ie ew w o of f e ea ar rl ly y d di ia ag ge en ne et ti ic c p py yr ri it te e f fr ra am mb bo oi id ds s w wi it th hi in n c ca ar rb bo on na at te e b bi io oc cl la as st ts s. . C C) ) O Op pt ti ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph h ( (c cr ro os ss s--p po ol la ar ri iz ze ed d l li ig gh ht t) ) s sh ho ow wi in ng g g gr ra ai in n--t to o--g gr ra ai in n c co on nt ta ac ct ts s ( (T TS SU U--4 4) ). . D D) ) O Op pt ti ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph h ( (p pl la an ne e--p po ol la ar ri iz ze ed d l li ig gh ht t) ) s sh ho ow wi in ng g c co on nc ca av vo o--c co on nv ve ex x c co on nt ta ac ct ts s b be et tw we ee en n d de et tr ri it ta al l c ca ar rb bo on na at te e g gr ra ai in ns s ( (C CE E) ) a an nd d f fo or ra am mi in ni if fe er ra a f fo os ss si il ls s ( (C CI I; ; T TS SU U--4 4) ). . E E) ) O Op pt ti ic ca al l p ph ho ot to om mi ic cr ro og gr ra ap ph h ( (p pl la an ne e--p po ol la ar ri iz ze ed d l li ig gh ht t) ) s sh ho ow wi in ng g s su ut tu ur re ed d c co on nt ta ac ct ts s b be et tw we ee en n q qu ua ar rt tz z g gr ra ai in ns s ( (T TS SU U--2 2) ). . F F) ) C Ca al lc ci it te e c ce em me en nt t i in n f fr ra ac ct tu ur re ed d q qu ua ar rt tz z g gr ra ai in ns s. . er ra al l p pa ar ra ag ge en ne et ti ic c s se eq qu ue en nc ce e o of f d di ia ag ge en ne et ti ic c e ev ve en nt ts s i in n t th he e H He ec ch ho o G Gr ro ou up p t tu ur rb bi id di it te e s sa an nd ds st to on ne es s c co on ns st tr ru uc ct te ed d o on n t th he e b ba as si is s o of f t th he e t te ex xt tu ur ra al l r re el la at ti io on ns sh hi ip ps s a am mo on ng g d di ia ag ge en ne et ti ic c e ev ve en nt ts s. . F Fi ig gu ur re e 1 17 7: : M Mi ic cr ro ot th he er rm mo om me et tr ry y o of f a aq qu ue eo ou us s f fl lu ui id d i in nc cl lu us si io on ns s i in n i in nt te er rg gr ra an nu ul la ar r b bl lo oc ck ky y f fe er rr ro oa an n c ca al lc ci it te e c ce em me en nt t a an nd d i in n v ve ei in n--f fi il ll li in ng g p pr ri is sm ma at ti ic c c ca al lc ci it te es s s sh ho ow wi in ng g t th he e h hi ig gh he er r t te em mp pe er ra at tu ur re es s o of f t th he e v ve ei in n--f fi il ll li in ng g p pr ri is sm ma at ti ic c c ca al lc ci it te es s a an nd d t th he e w wi id de e r ra an ng ge e o of f p pr re ec ci ip pi it ta at ti io on n t te em mp pe er ra at tu ur re es s o of f t th he e i in nt te er rg gr ra an nu ul la ar r c ca al lc ci it te e c ce em me en nt t. . al l a an na al ly ys se es s o of f t th he e s st tu ud di ie ed d a ar re en ni it te es s o of f t th he e H He ec ch ho o G Gr ro ou up p ' '' 't te ec ct to on no os se ed di im me en nt ta ar ry y u un ni it ts s' '' ' ( (T TS SU U) )..International Journal of Chemical Reactor Engineering, 2009, 7, A39 doi: 10.2202/1542-6580.1881 34 T Ta ab bl le e 2 2: : S Su um mm ma ar ry y o of f e el le em me en nt ta al l c co om mp po os si it ti io on n o of f d di ia ag ge en ne et ti ic c c ca ar rb bo on na at te e c ce em me en nt ts s o ob bt ta ai in ne ed d b by y e el le ec ct tr ro on n m mi ic cr ro op pr ro ob be e a an na al ly ys si is s s sh ho ow wi in ng g t th he e c ch he em mi ic ca al l d di if ff fe er re en nc ce es s b be et tw we ee en n t th he e d di ia ag ge en ne et ti ic c c ca ar rb bo on na at te es s i in n t th he e H He ec ch ho o G Gr ro ou up p ' '' 't te ec ct to on no os se ed di im me en nt ta ar ry y u un ni it ts s' '' ' ( (T TS SU U) ). . T Ta ab bl le e 3 3: : S Su um mm ma ar ry y o of f e el le em me en nt ta al l c co om mp po os si it ti io on n o of f d di ia ag ge en ne et ti ic c c ca ar rb bo on na at te e c ce em me en nt ts s o ob bt ta ai in ne ed d b by y e el le ec ct tr ro on n m mi ic cr ro op pr ro ob be e a an na al ly ys si is s s sh ho ow wi in ng g t th he e c ch he em mi ic ca al l d di if ff fe er re en nc ce es s b be et tw we ee en n t th he e d di ia ag ge en ne et ti ic c c ca ar rb bo on na at te es s i in n t th he e H He ec ch ho o G Gr ro ou up p ' '' 't te ec ct to on no os se ed di im me en nt ta ar ry y u un ni it ts s' '' ' ( (T TS SU U) ). . T Ta ab bl le e 4 4: : S Su um mm ma ar ry y o of f s st ta ab bl le e c ca ar rb bo on n a an nd d o ox xy yg ge en n i is so ot to op pe e a an na al ly ys se es s o of f c ca al lc ci it te e c ce em me en nt ts s, , d de et tr ri it ta al l d do ol lo om mi it te e, , a an nd d t th he ei ir r o ov ve er rg gr ro ow wt th h o of f t th he e H He ec ch ho o G Gr ro ou up p ' '' 't te ec ct to on no os se ed di im me en nt ta ar ry y u un ni it ts s' '' ' ( (T TS SU U) ) T Ta ab bl le e 5 5: : S Su um mm ma ar ry y o of f e el le ec ct tr ro on n m mi ic cr ro op pr ro ob be e c ch he em mi ic ca al l a an na al ly ys se es s o on n a al lb bi it te e a an nd d d de et tr ri it ta al l f fe el ld ds sp pa ar rs s s sh ho ow wi in ng g a a p pu ur re e e en nd d m me em mb be er r c co om mp po os si it ti io on n o of f t th he e a al lb bi it te e o ov ve er rg gr ro ow wt th h. .
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