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Abstract

:

The “Marrón Emperador” ornamental stone is known for its characteristic deep brown colour filled with white spots and veins. It consists of a brecciated dolostone with different generations of calcite/dolomite veins and veinlets that represent repeated episodes of fracture opening and partial or complete cementation, which likely corresponds to individual stages of fluid expulsion. Mineralogical, petrographic and geochemical studies point to the formation of these rocks through brecciation, dolomitization and rapid cementation processes in an active tectonic regimen. The composition and textural features of the stratiform dolomite geobody point to a structurally controlled dolomitization model. The overall breccia geometry, breccia texture and vein characteristics are all consistent with a brecciation origin driven by hydraulic fracturing, with subsequent calcite precipitation in open space and partial solution replacement of clasts. A paragenetic sequence includes: (1) marine sedimentation of original tidal carbonate sediments; (2) early lithification and marine cementation; (3) burial diagenesis with early fracturation of limestones; (4) entrance of dolomitizing fluids through fractures causing pervasive dolomitization (brown dolostones) and dolomite cements (fracture-lining and saddle dolomites); (5) fracturation by hydraulic overpressure under an active tectonic regime; (6) calcite cementation (white veins and veinlets); and (7) uplift and meteoric diagenesis producing dedolomitization, karstification and local brecciation.
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1. Introduction


Brecciated carbonate rocks, including dolostones, are relatively abundant in geological records and commonly host economic deposits, such as exhalative sedimentary (SEDEX) zinc-lead deposits or constitute important hydrocarbon reservoirs [1,2,3,4,5]. In addition, carbonate breccia constitutes a type of ornamental rock widely used for decorative and architectural purposes since historical times, given its particular and attractive visual appearance [6]. Dolomitic breccia usually are the result of a complex diagenetic history that is responsible not only for their nature, but also for their aesthetic quality properties [7].



Several models have been proposed to explain both dolomitizaction and brecciation processes in the genesis of dolostone breccia geobodies, such as solution collapse, compactional dewatering or burial and fault-controlled hydrothermalism [4,8,9,10,11,12,13,14,15]. Massive dolomites generally have important tectonic control, are commonly formed in extensional settings (structurally controlled dolomites, SCD) and usually involve hot fluids formed when the fluids have a temperature higher than the host rock [1,2,3,10,13,15,16,17,18,19]. Brecciation in SCD generally occurs proximal to faults [3,11] and is commonly attributed to hydrofracturing [20,21]. Dolostone geobodies resulting from fault-associated replacement processes commonly are irregular in geometry and are distributed in patches along the fault trace [12,17,22,23,24,25] or result in a stratabound distribution [17,24,26,27,28].



Marron Emperador (ME) ornamental stones are Mesozoic brown brecciated dolostones with high structural and textural complexities quarried in a wide area along the external Prebetic Domain (southeast Spain) [29,30]. Due to the attractive appearance of the dark dolostone clasts within the white sparry calcite, this breccia has been widely used as a dimension stone [29,31,32]. According to the MIA classification (Marble Institute of America) [14], these materials belong to Group C, which corresponds to commercial marbles with some variations in their physical properties. The technological properties of ME dolostone vary according to varieties or commercial categories [29,30,32,33,34,35] (Table 1). In previous works [7,36], the mineralogical, geochemical and petrological factors that affect or control the aesthetic quality parameters of ME ornamental stone were studied. Results showed that diagenetic processes are mainly responsible for the colour of ME dolostones, revealing that the Sr content is a key factor. Likewise, results also showed that other compositional or textural factors, such as dolomite stoichiometry or the type of dolospar mosaics, do not clearly control the main aesthetic quality properties of ME ornamental stone. This reflects that the formation of the ME dolostone geobody results from complex multiphase diagenetic processes. This paper presents new petrographic and geochemical data on the ME brecciated dolostones. The main objective of the study is to unravel the diagenetic evolution of the carbonate host rock with special emphasis on determining the main factors (composition and origin of the dolomitizing fluids, brecciation style, etc.) that control both the dolomitization and brecciation processes.




2. Geological Setting


Marron Emperador (ME) commercial marbles are Cretaceous brown brecciated dolostones with high structural complexity along the external Prebetic Domain, the northernmost part of the Eastern Zone of the Betic Cordillera (SE Spain) [29,30] (Figure 1A). ME dolostones stratigraphically correspond to the Sierra de Utiel Fm. (Upper Coniacian—Upper Santonian) [37,38] (Figure 1B,C). The Sierra de Utiel Fm. is mainly composed of shallow subtidal limestones (wackestone-packstone, with abundant benthic foraminifers) and calcareous breccia. This unit is locally dolomitized, showing a massive, highly brecciated appearance and a coloration that oscillates between brown, black and grey.



The Sierra de Utiel Fm. is always in gradual and rapid transit over the finely laminated limestones and marly limestones of the Alarcón Fm. [39,40]. In the study area, tabular calcareous marls predominantly constitute the Alarcón Fm. (Turonian-Coniacian). Campanian white limestones and marly-sandy limestones with a high fossiliferous content (Rambla de los Gavilanes Fm.) are found at the top of the ME brecciated dolostones. Locally, the Maastrichtian Molar Fm. (sandy limestones with orbitolinides, biomicritic limestones and calcareous sandstones) also overlies the brecciated dolostones. In both cases, the upper limit of the Sierra de Utiel Fm. constitutes a stratigraphic discontinuity between two depositional sequences that implies an important change in the geometry of the basin [40,41,42,43].
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Figure 1. (A) Distribution of the late Cretaceous outcrops in the study area where exploitations of the “Marrón Emperador” ornamental stones are concentrated. The Mesozoic tectosedimentary domains of the Betic Margin, the main tectonic accidents and the situation of the studied sections are indicated. (B) Chronostratigraphic chart of the upper Cretaceous lithostratigraphic units in the Jumilla-Yecla region (based on [38,44]). (C) Distribution scheme of upper Cretaceous materials in the study area where the nature of the materials associated with the brecciated dolostone geobody is indicated. Section/quarries/outcrops: FHI-Fuente la Higuera (Valencia); EN-La Encina (Alicante); SC-Sierra del Cuchillo (Albacete); SP- and SPS-Sierra del Príncipe (Murcia); Y-Sierra de la Magdalena Este (Yecla, Murcia); FU-Sierra de la Magdalena Oeste (Murcia); JIM-Sierra de la Cingla (Murcia); FUEN-Sierra de la Fuente (Murcia); JUM-Jumilla (Murcia). 
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2.1. Breccia Types and Spatial Distribution of Dolomitic Breccia Bodies


Crackle packbreccias (CB), mosaic packbreccias (M) and chaotic or ‘rubble’ floatbreccias (RB) are widely represented in all sectors of the study area (Table 2). Associated with them, other types of clast-supported breccia facies with a more local spatial distribution have been recognised: complex brecciated facies (Mv), in which several brecciation phases are recognised, and micritic mosaic packbreccia with incipient dolomitization (Mm).



Crystalline carbonate cements that constitute a network of white veins and venules of different development frequently surround dolostone clasts. These white networks occur mainly in the clast-supported breccia facies (crackle and mosaic packbreccias). Multiple phases of calcite cementation are recognised, mainly composed of micro- to mesocrystalline calcite crystals (50–800 μm) showing blocky or drusy textures. In some cases, calcite cements grow on previous idiotopic to subidiotopic mesocrystalline dolomite cements (50–250 μm). Reddish calcite veins enriched in clay are relatively abundant in some mosaic breccia types (Mv, Mm). Likewise, some small micritic-clay fill and/or ferruginous patina associated with the cements are observed. Fine-grained matrix has a lighter coloration than dolomite clasts and is mainly composed of dolosparite and dolomicrite grains, with a very scarce presence of siliciclastic grains (e.g., quartz). Locally, this matrix is relatively rich in clays and/or iron oxide-hydroxides.




2.2. Dolostone Petrography and Geochemistry


Table 3 shows the main characteristics of the dolostone fabrics recognised in breccia clasts. The predominant dolomite fabrics recognised in breccia clasts are: (1) medium- to coarsely-crystalline dolosparites composed of hypidiotopic (planar-s) mosaics with crystals rich in impurities (Figure 2); (2) idiotopic (planar-e) mosaics; (3) and microcrystalline types. In these fabrics, the dolomite crystals sometimes show rhombic and subrhombic zones (delimited by alignments of inclusions or impurities) (Figure 2A–C) or simply emphasised nuclei (more or less of rhombic morphology), being common in the existence of limpid borders, either in planar-s or planar-e dolosparites. Ghosts of allochems and venules are relatively frequent (Figure 2B), as well as textures of mimetic and nonmimetic dedolomitization. Another abundant and relevant textural characteristic in these materials is the existence of styloliths (Figure 2D,E).



The dolostone facies have different contents in carbonate mineral phases (calcite and dolomite) (Table 2 and Table S1) and generally show very low content in other types of minerals (<5% in quartz, feldspar of clays) [7,29,31]. The ‘crackle’ breccias show the highest percentages of dolomite (85–90%). Mosaic and chaotic (rubble) breccias also have high contents of dolomite, but it must be considered that both matrix and cements, at least partially, may have a dolomitic composition. The matrix-supported types (rubble breccia) are the richest in calcite, reaching 45%. Both the calcite crystals associated with dolosparites, as well as those that make up venules and speleothems are LMC (<4% molMgCO3). The analysed dolomites are not stoichiometric and show an enrichment in Ca, with % molCaCO3 values ranging from 50.3 to 56.1 (62% of samples between 53 and 55% molCaCO3). No relation between the stoichiometry of the dolomites, the dolomite textural types or the breccia fabric has been recognised. Regarding the degree of ordering of the dolomites, a direct relationship with their stoichiometry is not observed [7]. The main recognised breccia types show the same variability in the degree of ordering; it can only be noted that the dolosparitic mosaics associated with the ‘crackle’ breccias appear less ordered.



XRF analysis corroborates that the studied dolomites are Ca-rich (geochemical data from Table S1—Supplementary Materials, Muñoz-Cervera et al. [7]). Si and Al contents are also low, indicating the scarce presence of silicate phases in the studied materials. Both Fe and Mn content are relatively low (Fe2O3 between 0.1 and 0.42%; Mn below 100 ppm in most samples). Cl contents in dolosparites are relatively low (>250 ppm), although the dolomicrosparitic subtype shows a greater range of composition (100–450 ppm). On the contrary, Na concentration is relatively high (220–3100 ppm). Sr in the dolomitic phases varies between 132 and 268 ppm, presenting a good correlation with both Mg and Ca contents. However, no discrimination of the aforementioned groups (breccia types, dolomitic petrographic types) is observed in terms of Sr content. Calcite and dolomite cements show similar values in Fe content but significantly lower values in Si, Al, Na and K. As in dolomite clasts, the relatively high Sr values (175–610 ppm) also stand out.





3. Materials and Methods


Samples of Marrón Emperador geobody were selected from different quarries and outcrops located at the NNE-SSW (Altiplano Jumilla-Yecla) morphostructural alignment in the provinces of Alicante, Valencia and Murcia (SE Spain) (Figure 1). Morrow [45] and Mort et al. [46] classification schemes were used for the description of the breccia facies. Thus, the main breccia types have been discriminated between clast-supported breccia and matrix-supported breccia, as well as the degree of concentration/rotation of the clasts (from crackle, mosaic and rubble breccia types) and the existence and nature of matrix and/or cement in interfragmental position.



More than a hundred samples, representative of all textural types, were selected for thin section preparation and petrographic analysis. Thin sections were obtained by standard methods and observed under a Zeiss Axiscop microscope for the definition of compositional and textural features. Potassium ferricyanide and alizarin red S staining methods were used to distinguish carbonate minerals [47]. The classification and description of dolomitic textures were performed according to Gregg and Sibley [48] and Friedman [49] nomenclature schemes. Thirty-eight thin sections were analysed with cathodoluminescence (CL) microscopy with a Citl Cold Cathode Luminiscence 8.200 cold-cathode instrument (Geology Department, Salamanca University, Salamanca, Spain), mounted on a binocular petrographic microscope (Labophot 2-Pol, Salamanca University, Salamanca, Spain), equipped with 4× and 10×·objectives and a trinocular photohead with 10× oculars. Operating voltages were held at 15–20 kV and gun current levels at 200–400 mA.



An oxygen- and carbon-stable isotopic composition was analysed from 55 dolomite and calcite diagenetic phases. Sampling was performed with a microdrill equipped with 0.4e1-mm-diameter bits. Powdered calcite and dolomite preparations were reacted with phosphoric acid for 10 min, respectively, in vacuum at 90 °C. The evolved CO2 was analysed in a VG-Isotech SIRA IITM mass spectrometer at the Sciences Faculty laboratories (Salamanca University, Spain). Results were corrected and expressed in ‰ relative to standard Vienna Pee Dee Belemnite (V-PDB). The precision and reproducibility of both isotopic analyses were ±0.02‰ for δ13C (V-PDB) and of ±0.12‰ for δ180 (V-PDB).




4. Results


4.1. Petrography


Through the study of the cathodoluminescence of the samples, it has been possible to recognise various types and phases of replacement and cementation in the diagenetic history that have affected the ME breccia dolostones. The CL pattern of the dolomite crystals from breccia clasts reveals generations of their growth (Table 4 and Table 5).



Both in the dolosparite fabrics that show zoned (rhombic to subrhombic) or emphasized cores, as well as in those that have a lack of impurities, dolomite crystals show homogeneous or mottled dull red to red luminescence (DOL-1) (Figure 2 and Table 4). These crystals or cores usually show corroded borders. Growing syntaxially on these cores, the following defined dolomitic type (DOL-2) occurs (Figure 2 and Table 4). This type generally has subeuhedral shapes and a marked rhombic zoning formed by bands of different luminescence, as well as a smaller number of impurities (clear crystals in many cases). The type of luminescence of these zones and their sequence vary according to samples and zones, reflecting a complexity in the compositional evolution of the dolomitizing fluids. DOL-1 and DOL-2 crystals often coalesce embedded in another dolomitic phase (dolomite cement 1; CD-1) (Figure 2) with a variable concentric luminescence. These are rhombic overgrowths in optical continuity with the crystals they enclose, either totally or partially, but generally only developed in the parts of the crystals that border on pores (intercrystalline, moldic, etc.). These crystals, in addition to filling intercrystalline porosity, also outline fractures and venules (ghosts) (Figure 2D–G). These cements have euhedral terminations when there is space and typical flat limits (compromise boundaries) when they completely fill the pores. Locally, planar-s and nonplanar-s type dolomitic cements have been recognised, with a characteristic blue luminescence that has been attributed to “saddle” or baroque type cements (CD-2) (Figure 3A,B).



Calcite cements are ubiquitous and generally have little or no luminescence. Texturally, the existence of multiple phases of calcite cementation has been recognised in many of the studied sections. These cements basically consist of: (i) simple syntaxial rhombic overgrowths that totally or partially embrace subhedral-euhedral dolomite crystals (with evidence of dissolution and/or fracturing) or (ii) overgrowths that encompass several crystals (cluster), forming isopaque type cements. Both types are associated with and/or delineate porosity. From their CL pattern, two types have been defined (Table 5): CC-1, with zero or practically zero luminescence (Figure 2), and CC-2, with the presence of fine bright yellow or dull red luminescent bands (Figure 3C,D).



Several phases of brecciation also have been detected, with doloesparitic, recrystallized breccia that are composed of clasts that, in turn, are chaotic or mosaic-type breccia, where elements of the previous paste (matrix, cement) can be distinguished (Figure 4).




4.2. Geochemistry


Most of the materials, both those of a calcitic nature and the dolomites, have a light composition in stable isotopes of carbon and oxygen, with values of δ13C between −1 and −11‰ and of δ18O between 1 and −9‰ (Figure 5 and Table S1). Brecciated dolomites have values of δ13C values ranging between −1.5 and −6.5 and δ18O values ranging between 0.5 and 2.5‰. No significant discrimination was observed based on the type of dolomite or breccia or on the spatial distribution of the samples, which probably indicates a common genesis, both in the dolomitization mechanism and in its age. The calcite crystals found in dolomitic mosaics, whether relicts or the result of dedolomitization products show an isotopic composition similar to that of dolomites as a whole, with values of δ13C ranging between −1 and −7‰ and of δ18O between 0 and −3‰. However, the isotopic composition of calcite venules and speleothems is markedly lighter, both for oxygen (δ18O: −4 to −8‰) and carbon (δ13C: −6 to −11‰).





5. Discussion


As shown in Figure 1, there is an almost exclusive distribution of brecciated dolostone facies in a narrow strip along the Jumilla-Yecla-Caudete-Fuente de la Higuera structural alignment. This tectonic alignment strongly controlled sedimentation in some upper Cretaceous intervals [40,42] but also played a major role in the dolomitization and brecciation processes [31,36,59]. Likewise, the distribution of the dolomitic bodies is consistent with the nonearly nature of the dolomitization. The spatial connection between dolostones and breccia may reflect a close relationship between the dolomitization and brecciation processes. However, at the outcrop scale, the limits of the dolomitic bodies are irregular, locally exceeding the limits of the Sierra de Utiel Fm. itself. The limestones that surround the dolomitic body locally are also brecciated, indicating that: (i) brecciation and dolomitization are not genetically related or, (ii) at least one phase of brecciation is subsequent to the dolomitization of the Sierra de Utiel Limestones Fm.



5.1. Dolomitization Process


The close spatial relationship of the dolomitic bodies with the main structural alignments of the basin in the Cretaceous led to a tectonically or structurally controlled circulation of fluids. The flow of fluids through tectonically active faults is episodic in nature [60,61,62], so extensive dolomitization requires many such flow episodes [20,63,64].



The main recognised dolomitic textural types (hypidiotopic planar-s, idiotopic planar-e) are consistent with a late nonmimetic dolomitization at low temperatures [48]. Likewise, the presence of limpid cortex indicates the existence of slow replacement phases without the incorporation of impurities from the original sediment or overgrowth phases (syntaxial cementation) on the dolomite cores [60,61]. The δ18O values of dolomites reflect the isotopic composition and temperature of dolomitizing fluids [58,65,66,67,68]. The δ18O composition of the ME dolomitic textures is very similar (−2.5–1.0‰ V-PDB), and these values differ from those that would be obtained in dolomites precipitated from Cretaceous marine water (0–3‰, [69]) (Figure 5), so that a primary or early origin for these dolomites can be ruled out. Using the diagrams elaborated by Gasparrini et al. [70], which are based on the fractionation equations of land [71] for dolomite and Friedman and O’Neil [72,73] for calcite, an approximation of the isotopic composition (oxygen) and formation temperatures of carbonate phases has been performed. The results indicate that the formation temperatures of the different dolomitic (replacement, cement) and calcitic (cementation, dedolomitization) textural types do not exceed 50–60 °C according to the paleotemperature equations used, whether the nature of the fluids has a meteoric or saline influence (derived from marine waters or basin geofluids). Even considering a heavier isotopic composition for marine waters in these equations, in the case of deep dolomitization, the resulting temperatures would not enter the typical range of hydrothermalism. The existence, although volumetrically scarce, of saddle dolomite in void-filling mode (CD-2) may indicate some episode of higher temperature (hydrothermal tectonic dolomitization) [48]. With these formation temperatures, without another source of heat (e.g., magmatic intrusions), and with normal geothermal gradients (25–40 °C/km), dolomitization would have occurred at relatively shallow burial depths (0.6–1 km). Stylolites in dolostones, which can act as conduits for dolomitization fluids, appear to require at least 400–500 m of burial [74,75,76]. The isotopic composition of the ME dolostones clearly differs from other Cretaceous dolostones that were generated by interaction with diagenetic fluids with lower salinity and/or higher temperatures (Figure 5).



CL examination evidences the multiphase character of dolomitization, such that several types (and phases) of replacement and cementation have been recognised within the dominant dolosparitic mosaics. The nuclei of the rhombic and subrhombic crystals (DOL-1) show a high content of impurities, and after a dissolution phase (corroded borders); they are syntaxially overgrown by a dolomite (DOL-2). These crystals are generally less rich in impurities. DOL-2 constitutes a series of more or less thick concentric bands or envelopes (1–10 μm to 300 μm) with different luminescence. This may reflect multiple stages of regrowth or microenvironmental changes. The next phase of dolomite formation (CD-1), such as DOL-2, occurs in the form of syntaxial overgrowths on the previous dolomitic crystals, in this case, DOL-2, but unlike the latter, it is distributed as cements, embedding and binding previous crystals (isolated or in groups) or simply filling porosity. In some studies (see Choquette and Hiatt [77] for a review), this type is not referred to as cement, but as a further replacement or recrystallization phase. The existence of dolomite cements has a great influence on the progress and effectiveness of dolomitization processes, since they can drastically reduce the porosity and permeability of the host rock by more than two orders of magnitude [77,78]. Some dolomite textural types show uniform luminescence (absence of zoning), especially in micritic-microsparitic fabrics and in the nuclei of dolosparitic crystals. This is indicative of a low variation in the composition of the fluids responsible for their formation, which translates into a homogeneous composition (Mg/Ca ratio and trace elements). This reflects that the replacement and cementation processes do not have a significant influence on the composition of the fluids; that is, the water/rock ratios are high, and it is an open system. However, the existence of different types of replacive dolomites and cements (ghosts under a petrographic microscope), both calcitic (lithification) and dolomitic (dolomitization/dolomitic cementation), is indicative of the existence of various phases of Mg-rich fluids going through a previous permeable material.



Considering the structural, textural and compositional characteristics of the ME dolostones geobody and taking into account the nature of the adjacent rocks (Figure 1 and Figure 6), the magnesium required for dolomitization may have derived from the different sources or fluids: (i) marine waters or waters derived from seawater, more or less concentrated or evolved; (ii) residual hypersaline brines, derived from those previously mentioned, which imbibe the sediments subject to diagenetic alteration; (iii) fluids derived from the mechanical compaction of the underlying Cretaceous carbonate and marly series; (iv) fluids that have calcitized underlying Cenomanian dolomites; (v) fluids derived from the alteration of overlying marl-clay materials (upper Maastrichtian); or (vi) Mg-rich brines derived from the dissolution of Triassic materials (Keuper facies). Halite dissolution by Mg-rich fluids would increase the salinity of mineralizing fluids [79,80]. Considering the volume of the dolomitized geobody, of all those mentioned, only marine waters or fluids derived from marine waters can constitute a sufficient source of magnesium to produce massive dolomitization. However, the compositional complexity of the studied materials may reflect the existence of various sources of dolomitizing fluids. The Sr content of the samples studied is consistent with dolomitization at depth related to more or less saline waters [81,82,83,84,85,86]. The relatively high Na content of the studied dolomites is in contrast to the relatively low Sr content, interpreted in terms of the nature of the dolomitizing fluid (hypersaline vs. mixing). In the case of ME dolostones, there is another source rich in Na that may be related to some diagenetic stage (dolomitization, dedolomitization, recrystallization, etc.), such as the Triassic diapiric bodies that are discontinuously arranged but adjacent to the SE of the brecciated geobodies.



The complexity of textures and compositions observed in ME dolostones reflects that the fault and fracture system that carried the dolomitizing fluids was heterogeneous, supporting variable flows, and leading to variable rates of fluid cooling and mixing and different degrees of water-rock interaction. A key aspect of these styles of dolomitization, which is very well observed in the case study, since it largely explains the textural complexity (replacements, dissolutions, cementations, dedolomitizations, brecciation, etc.), is that dolomitization occurs after burial and lithification (syndiagenesis, early diagenesis) of the original calcareous sediment. Moreover, the dolomites that make up the dolomitized body have precipitated directly as cement or replaced the original material. Of all the dolomitization models that can be considered for the case study, the one that best fits the characteristics of the materials studied is that of tectonic (structurally controlled) influence. In the scientific literature, there are abundant examples of stratiform dolomitization associated with faults that act as feeders of dolomitizing fluids [10,11,12,13,18,27,28,70,87]. The result is the formation of stratiform dolomite geobodies several tens of metres thick and kilometres long (SW-NE direction), that have probably encompassed and erased the fault network that acted as fluid feeding points. Precise estimates cannot be made with current data regarding the properties (length, hydraulic opening, connectivity, segmentation, etc.) of this network of faults and fractures, although the large volume of dolostones formed is evidence of the effectiveness of the system.




5.2. Brecciation Processes


The brecciated bodies are stratiform on a large scale, with irregular limits and a great spatial continuity. The main types of breccias identified (crackle- and mosaic-clast-supported breccias and chaotic or rubble matrix-supported breccias) are widely represented in all sectors of the study area. These types are generally spatially associated at different scales and, in most cases (when more than two of these types coexist in an outcrop), it has not been possible to delimit separate geometric distributions.



A main characteristic of these rocks, which even contributes to their aesthetic value as an ornamental rock, is that calcite crystalline cement surround the clasts. The formation of calcitic (and, to a lesser extent, dolomitic) fills in the form of venules reflects an extensive circulation of fluids through fractures that can occur in various phases of the genetic history of the materials, reflecting the origin and geochemical evolution of the materials and fluids during the thermotectonic evolution of the sedimentary basin [88,89]. The existence and predominance (in ‘crackle’ and mosaic-type brecciated facies) of calcitic venules and veins and the texture of their fillings (equidimensional or ‘blocky’ mosaics) provide data on the genesis of these materials:




	
In facies where cement dominate, regardless of the type of brecciation mechanism considered, a dilation process has occurred during fragmentation. In this sense, we could take into account the concept of dilation breccias [90].



	
Blocky textures imply a filling of a pre-existing hole, contrary to the fibrous textures in venules that are indicative of filling during the opening of the fractures [91].



	
Blocky textures also tend to indicate rapid brecciation [92]. The fibrous textures would be more indicative of a slow opening of holes or brecciation.



	
All textures are phreatic. Only textures that can be interpreted as vadose have been recognised in complex breccia types (e.g., Mv).



	
The predominant existence of a single cementation phase in all types of venules (different sizes and orientations, for example) favours the existence of a single and probably rapid fracturing phase (brecciation). However, by cathodoluminescence, it has been possible to observe some venules with more than one cementation phase.



	
Locally, transgranular fractures have been observed parallel to venules filled by one or more cement phases that could be related to crack-seal processes in which fluid overpressure plays a major role in their genesis [93,94]. However, other typical textures, such as fibrous cements, calcite bridges, etc., have not been observed [95,96,97,98].








Multiple phases of calcitic cementation are recognised, in some cases taking advantage of or leaning on previous dolomitic cements. Figure 2D–G illustrate smaller calcite venules arranged parallel to the main dolomitic-calcitic vein.



All types of breccias recognised in this study have been described in different contexts and attributed to various genetic mechanisms, from intraformational breccias by the dissolution of interbedded evaporites in the series, to fault breccias or breccias of hydrothermal origin [9,46]. In themselves, these typologies, based mainly on the degree of concentration of clasts and the degree of fit between them, do not indicate a specific origin for each one of them. However, the high degree of clast fit and gradation between types is a clear argument for a diagenetic origin [99]. The lack of evidence of evaporite dissolution, the nonstratiform geometry of the brecciated bodies or the compositional homogeneity of the matrix in the brecciated facies exclude a penecontemporaneous origin, by collapse (evaporite dissolution) or karstic dissolution, for the brecciated dolostones. The dominant crackle-mosaic breccia fabric, with angular-shaped clasts suggesting limited transport of the fragments, the geometry of breccia bodies and the widespread calcite cementation of large extensional veins and calcite breccia fill, are typical features of hydraulic expansion of a fractured host rock (hydraulic breccia) [9,20,46,100]. The formation of these breccias implies that the fracturing has occurred or has been promoted by differential stresses, even if they are low or intermittent: fluid pressure builds up to exceed the tensional strength of the rock and cause failure, after which flow can occur until the fracture permeability is sealed off again [101]. Repeated fracturing in the form of clasts and brecciated cement was observed in ME dolostone breccias (Figure 4). This abnormally high fluid pressure can be due to a number of reasons: rapid burial in basins with high sedimentation rates, tectonic deformations due to fluid migration, mineralogical transformations, etc. [9,14,20,21,90,91,92]. The increase in fluid pressure and opening of hydrofractures formed in extensional settings (structurally controlled dolomites, SCD) indicate an important tectonic control.




5.3. Diagenetic (Paragenetic) Sequence


Field and analytical data indicate that the diagenetic evolution of the ME brecciated dolostones involve alterations occurring at shallow burial (early calcite cementation, early dolomitization), intermediate to deep burial (compaction, dolomitization of the host limestones, hydraulic brecciation and carbonate cementation) and during uplift (dedolomitization, late calcite cementation, karst collapse brecciation) (Figure 7). The main phases of dolomitization and brecciation occurred during mesodiagenesis with the input through styloliths and fractures of dolomitizing fluids of diverse origin (evolved marine, dissolution of overlying and underlying dolomites, and alteration of marl-clay materials). The fluid flow model has a structural control (Figure 6), with the dolomitizing fluids reaching the host rock in fracture zones and normal faults and advancing through it, forming a stratiform dolomitic body with irregular geometry. Subsequently, different phases of hydraulic fracturing generate the brecciated body in the dolomitic materials.





6. Conclusions


The petrological and geochemical data indicate that the ME brecciated dolostones exhibit a diagenetic paragenesis consisting of dolomitization of the host limestone (Sierra de Utiel Fm.), brecciation and carbonate cementation. The bulk of the dolostone is formed by coarsely crystalline dolosparites composed of hypidiotopic (planar-s) and (planar-e) mosaics. Intergranular and fracture (stylolitization) porosity strongly controlled the dolomitization processes. Dolomitization and later processes (neomorphic recrystallization, cementation) occurred in relation to successive fluid flows along the higher permeability zones. Petrographic and geochemistry data suggest that the dolomitization took place in relatively low-temperature fluids, likely at temperatures not exceeding 60 °C, and in shallow burial (0.6–1 km). Dolostone distribution indicates that the replacement of the Sierra de Utiel Fm. limestones were structurally controlled by basement faults that operated as feeding points for the dolomitizing brines. Likewise, the spatial distribution of breccia geobodies and their textural and compositional features (with a predominance of packbreccia types) indicate that brecciation was structurally controlled. Successive phases of hydraulic fracturing generate the brecciated geobody in the dolomitic materials and also in the limestones that surround the dolostone geobody. Multiple phases of calcitic (and, to a lesser extent, dolomitic) cementation reflect an extensive circulation of fluids through fractures that can occur in various phases of the paragenetic evolution of brecciated dolostone geobodies.
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Figure 2. (A,B) Hypidiotopic dolosparite mosaic. Replacive dolomite crystals show subrhombic cores (DOL-1) and rhombic-zoned cortex (DOL-2). (C) Detail of (B) micrograph. (D,E) Several phases of carbonate cements delineating fractures. Two generations of cements: dolomite cement (DC-1) and calcite cement (CC-1). Stylolite (blue arrows) and thinner calcite venules (black arrows) arranged parallel to the main carbonate vein can be observed. (F,G) Detail of (E) micrograph. (A,D) view in transmitted light. (B,C,E,F) view under cathodoluminescence. 
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Figure 3. Transmitted light images (on the left) placed against cathodoluminescence properties (on the right) of different cement phases in dolostone facies. (A,B) Dolomite saddle type cement (CD-2) showing multiple zones of bright blue to dull luminescence. (C,D) Calcite cement (CC-2) showing fine bright orange, yellow or dull red luminescent bands. 






Figure 3. Transmitted light images (on the left) placed against cathodoluminescence properties (on the right) of different cement phases in dolostone facies. (A,B) Dolomite saddle type cement (CD-2) showing multiple zones of bright blue to dull luminescence. (C,D) Calcite cement (CC-2) showing fine bright orange, yellow or dull red luminescent bands.



[image: Applsci 13 05470 g003]







[image: Applsci 13 05470 g004 550] 





Figure 4. Transmitted light images (on the left) placed against cathodoluminescence properties (on the right) of different brecciation phases in dolostone facies. (A,B) Mosaic breccia clast composed of dolosparite (DOL-2) mosaic. CL patterns show the existence of “ghosts”: venule-type cement (CC-1) that delineate and traverse the dolosparite clast, areas with micritic matrix and dolosparitic grains. (C,D) Detail of rubble breccia clast composed of dolosparitic fragments (DOL-1, DOL-2) in a micritic matrix. In CL, we can see calcite cement (CC-1) and a fragment of a dolosparitic breccia composed, in turn, of dolosparite clasts with different CL patterns: rounded clasts with dull red-brown luminescence and bright mottles (DOL-1) and fragments of rhombic crystals with luminescent zoning (DOL-2). 
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Figure 5. Cross plot of stable δ13C(V-PDB) versus δ18O(V-PDB) values of samples from the ME brecciated dolostone geobody. δ18O ranges for high and low temperature marine dolomites are based on a compilation from Allan and Wiggins [50]. The compositional ranges of other examples of Cretaceous dolomitic bodies are included: Catalan Coastal Range, Spain [51]; Maestrat Basin, Spain [13,52]; Iberian Chain, Spain [53,54], Basque Cantabrian Basin, Spain [17]; Cupido Fm., Mexico [55]; Habshan Fm., Oman [56]; Zagros Basin, Irak [57]; Eastern Pontides, Turkey [58]. 
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Figure 6. Conceptual integrative model for the formation of the ME breccioid dolostones. See the distribution of upper Cretaceous lithostratigraphic formations in Figure 1C. 
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Figure 7. Paragenetic sequence of the ME brecciated dolostones showing the relative timing of most important diagenetic phases. 
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Table 1. Technological properties of Marrón Emperador commercial marble.
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	Property
	Values





	Density
	2.65–2.79 g/cm3



	Absorption coefficient
	0.25–0.40%



	Porosity
	1.20–1.60%



	Compressive strength
	82.4–159.0 Mpa



	Compressive strength after frosting
	79.1–152.6 Mpa



	Flexural strength
	4.60–21.10 Mpa



	Resistance to impact
	25–35 cm



	Resistance to wear
	0.50–0.55 mm



	Microhardness Knoop
	157 Kg/mm2



	Slip resistance (USRV 1) wet
	7–9.8



	Slip resistance (USRV 1) dry
	45.5–47.5



	Abrasion resistance
	21.5 mm







1 USRV: unpolished slip/skid resistance value.
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Table 2. Characteristics of breccia facies in the study area. Modified from Muñoz-Cervera et al. [7].
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BRECCIA TYPES




	
Clast-Supported

	
Matrix-Supported




	
CRACKLE

	
MOSAIC

	
RUBBLE




	
CB

	
M

	
Mv

	
Mm

	
RB
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Clast concentration (%)

	
70–95

	
55–70

	
50–70

	
60–75

	
40–55




	
Clast rotation (°)

	
0–10

	
10–25

	
15–25

	
10–20

	
>25




	
Clast size (mm)

	
5–400

	
2–200

	
2–150

	
2–250

	
2–250




	
% matrix and/or cement

	
<5

	
15–35

	
15–40

	
10–25

	
40–75




	
Matrix/cement ratio

	
0–5/95–100

	
25–40/60–75

	
20–30/70–80

	
15–25/75–85

	
45–75/25–55




	
CLASTS

	
% dolomite

	
85–98

	
65–90

	
65–80

	
60–90

	
55–95




	
%molCaCO3 (dolomite)

	
50–56

	
50–55.5

	
52–55

	
54–56

	
50–54




	
% calcite

	
2–15

	
10–35

	
20–35

	
10–40

	
5–45




	
%molMgCO3 (calcite)

	
1–3.5

	
1–4.5

	
1.5–2.5

	
1–4

	
<2




	
MATRIX

	
Dolomite

	

	
●

	
●

	
●

	
●




	
Calcite

	

	

	
●

	
●

	




	
Clays

	

	
●

	
●

	
●

	




	
CEMENTS

	
Dolomite

	
●

	
●

	
●

	
●

	
●




	
White calcite

	
●

	
●

	
●

	
●

	
●




	
Reddish calcite

	

	

	
●

	
●
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Table 3. Main features of dolostone petrofabrics (modified from Muñoz-Cervera et al. [7]).
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Hypidiotopic

Dolosparites

	
Idiotopic (Rhombic)

Dolosparites

	
Dolo-Microsparites

	
Dolomicrites
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Crystal form

	
Idiotopic

	

	
●

	

	




	
Hypidiotopic

	
●

	

	
●

	
●




	
Crystal size (μm)

	
200–400

	
175–400

	
60–200

	
10–60




	
Ghosts

	
Allochems

	
●

	

	

	
●




	
Veinlets

	
●

	
●

	
●

	




	
Impurities

	
Rich

	
+

	
●

	

	

	




	
↑

	
●

	
●

	
●

	




	
Poor

	

	
●

	
●

	
●

	
●




	
−

	

	

	
●

	
●




	
Emphasized nuclei

	
●

	
●

	
●

	




	
Dedolomitization

	
Mimetic

	
●

	
●

	

	




	
Nonmimetic

	
●

	
●

	
●
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Table 4. Petrography and CL pattern of replacing dolomites in the ME brecciated dolostone geobody.
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Dolomite Texture

	
CL Pattern




	
DOLOSPARITE

Medium- to coarsely-crystalline dolosparites composed of hypidiotopic (planar-S) and/or idiotopic (planar-e) mosaics with crystals rich in impurities.

The dolomite crystals sometimes show rhombic and subrhombic zones (delimited by alignments of inclusions or impurities) or emphasised nuclei (more or less rhombic morphology), being common in the existence of limpid cortex.
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DOL-1. Anhedral to sub-rhombic cores displaying homogeneous or mottled (red to dull red) luminescence.

DOL-2. Successive generations of dolomite in the form of dull, red bands or thin, orange rims.




	
Dolomite Texture

	
CL Pattern




	
DOLOMICRO-SPARITE

	
[image: Applsci 13 05470 i018]

	
[image: Applsci 13 05470 i019]

	
Subrhombic crystals with emphasized cores (DOL-1) and red to dull red rim (DOL-2).




	
DOLOMICRITE
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Micrite crystals with dull red luminescence. Rhombic crystals with concentric zonation; dull red or mottled dull red to bright orange.
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Table 5. Petrography and CL pattern of dolomite and calcite cements in ME dolostone geobody.
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Cement Type

	
CL Pattern






	
DOLOMITE
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Euhedral to subeuhedral crystals filling intercrystalline (DOL-1 and DOL-2) pores, fractures and moulds (veinlets, bioclasts). Banded luminescence alternating bright orange and dull red.
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Saddle type cement. Multiple zones of bright blue to dull luminescence.




	
CALCITE
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Nonluminiscent.

Cristales NL con grietas de luminiscencia D roja.
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Banded zonation. Nonluminescence, dull blue or red, with thin bright orange or red rims.
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