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			ABSTRACT: This paper presents the analysis of facies and paleoenvironments of two stratigraphic sections at the El Azogue locality the Plutarco Elías Calles dam (approximately 2 km to the east of San Pedro de la Cueva, Sonora, Mexico). The facies analysis consisted of the identification of allochemicals present in both sections describing the textural and compositional features in the analyzed samples. Both sections show a certain compositional homogeneity; however, systematic changes occur throughout the sections. The Cerro El Azogue section exhibits greater lithological variation toward its upper part. The Arroyo El Azogue section shows marked variations in the lower and middle strata, with progressive increases in the abundance of brachiopods, cortoids, and intraclasts. The facies correspond to supratidal, intertidal, and subtidal sedimentary environments.
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			RESUMEN: En este trabajo se presenta el análisis de facies y paleoambientes de dos secciones estratigráficas ubicadas en la localidad El Azogue, cercano a la presa Plutarco Elías Calles (aproximadamente a 2 km al este de San Pedro de la Cueva, Sonora, Mexico). El análisis de facies consistió en la identificación de aloquímicos presentes en ambas secciones describiendo las características texturales y composicionales en las muestras analizadas. Ambas secciones muestran cierta homogeneidad respecto a la composición que se tiene, sin embargo, existen cambios sistemáticos a lo largo de las secciones. En la sección “Cerro El Azogue” se encontró una mayor variación de componentes litológicos hacia la parte superior y, en la sección “Arroyo El Azogue” hubo variaciones acentuadas en los estratos inferiores y medios, con aumentos progresivos en la abundancia de braquiópodos, cortoides e intraclastos. Las facies corresponden a ambientes sedimentarios de tipo supramareal, intermareal y submareal.

			Palabras clave: facies, Paleozoico, paleoambientes; estratigrafía; biota.

			Introduction

			The Paleozoic sedimentary rocks of Sonora are conformed by limestone, shale, siltstone and sandstone, deposited in marine environments, with shallow and warm waters. These rocks are between 540 and 250 million years old and contain an abundant and diverse record of marine organisms (phylloid algae, fusulinid foraminifera, hypercalcified sponges, corals, bryozoans, brachiopods, mollusks and echinoderms).

			Particularly, there is research on the Paleozoic sedimentary and its fossil content in the state of Sonora, among them the publications of Gómez-Tagle (1967); Palafox et al. (1984); Palafox and Martínez (1985); González-León (1986, 1997); Pfeiffer (1987); Stewart et al., (1988, 1999), Ochoa-Granillo and Sosa-León (1993); Almazán-Vázquez et al., (2007), Gómez-Rosales (2008); Buitrón-Sánchez et al., (2007a, 2007b, 2012); Gómez-Espinosa (2010); Villanueva-Olea et al. (2016); Navas-Parejo (2018). These investigations include descriptions and characterizations of stratigraphic units, the analysis of sedimentary facies, paleontological studies, and paleoecological and paleogeographic analyses.

			The study by Peiffer (1987) describes the stratigraphy of the El Azogue hill outcrops and the facies variations in general terms. In addition, the author describes the faunal associations of several stratigraphic stages. The biota reported by Peiffer (1987) is represented by algae, fusulinids, corals, bryozoans, brachiopods, pelecypods, gastropods, and worm tubes, found in a dispersed manner. The paleoenvironments comprise marine regions with relative proximity to the coast and with sediments of the microconglomerate type to elements with a detrital matrix assigned to an age of the Lower and Middle Mississippian (upper Tournaisian-lower Visean).

			Study area

			The field work was carried out in two stratigraphic sections located 2 km east of the Plutarco Elías Calles Dam, which is reached by a road, between the towns of San Pedro de la Cueva and La Madera (Fig. 1).
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			Physiographically, the study area belongs to the northwestern portion of the Western Sierra Madre Province in its portion corresponding to the subprovince of Sierras and Valles del Norte. In this subprovince structures with almost N-S orientation and dominating acid volcanic rocks are presented. On the east flank of the range, the study area, there are some normal faults with NNW-SSW direction as well as Paleogene volcanic rocks corresponding to deposits of the Sierra Madre Occidental.

			The studied sequences are composed of a limestone lithology, transitional, towards detrital rocks such as shales and siltstones. mostly marine-based platform with associated changes in local sea level. The lithology of this region is composed of light gray to reddish-brown limestone beds with fine texture mostly, with some strata presenting flint with nodular structure or forming elongated lenses. Some strata of shale and siltstone are interspersed with fractures filled with calcite. The fossiliferous material is scattered and includes bryozoans, brachiopods, pelecypods, ostracods, and crinoids. There are also layers of siltstone, calcareous siltstone, and dolomitized intercalated materials.

			Materials and methods

			In this work a geological survey was carried out which allowed the elaboration of two stratigraphic columns: “Cerro El Azogue” (EAZ), coordinates 29° 17’ 1.85” north latitude, 109°, 42’ 17.44” western longitude and “Arroyo El Azogue” (AAZ), coordinates 29° 17’ 03.77” north latitude, 109° 42’ 24.30” western longitude. Sixty-nine hand samples were collected at the different stratigraphic positions, of which 16 correspond to the first section (section EAZ) and 53 levels of the second section (section AAZ). Sedimentology, stratigraphy and paleontology were carried out from field observations and by the analysis of thin sections. The analysis of stratigraphic levels was included in which important variations were observed to recognize particular environmental conditions. The characteristics of the microfacies were determined following the Dunham’s (1962) system of classification that emphasizes the depositional facies. For the paleoenvironmental interpretation, the standard microfacies of Flügel (2004) and facies belts of Wilson (1986) were considered in order to define the paleoenvironments concerning to the different facies associations.

			Geological framework

			Paleozoic rocks (San José and Agua Verde groups) and Mesozoic rocks (Glance Conglomerate, Morita and Cintura, and Tarahumara Formations) as well as Cenozoic rocks corresponding to various clastic formations conformed by siltstone and conglomerate of the Tubutama and Báucarit Formations are found in the study area (Fig. 2). The Agua Verde group (Ordovician-Permian) occurs discordantly over the San José succession (lower and middle Cambrian) (Sociedad Geológica Mexicana, 2010). The San José group corresponds to mainly carbonated formations with medium to thick intercalations of shale, siltstone and quartz-feldspathic sandstone; in which there are contacts due to normal faults, as well as intrusions of crystalline Paleogene rocks. This feature is most conspicuous in the Glance Conglomerate (Lower Jurassic, lower Oxfordian-Cretaceous, Barremian) and Morita Formation (Lower Cretaceous, Aptian) whose units are overlain by Paleozoic rocks (SGM, 2010).
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			Stratigraphic considerations

			For the study area, the stratigraphic levels of the following sections were generally described:

			The stratigraphic section “Cerro El Azogue” (EAZ) comprises 20 m of limestone, dolomitic limestone with intercalated, siltstone and calcareous siltstone flint whose first six meters have gastropod shells and branchiopod and joined plates and columns of crinoids. In the middle part of the section 4.8 m undifferentiated are presented. The upper part is composed of strata of limestone, dolomitic limestone and calcareous siltstone with sponge spicules, brachiopods and fragments of crinoids, with indistinct orientations; occasionally remains of trilobites and mollusks are found. In addition, there are cortoids and intraclasts, in samples with a packstone and grainstone-rudstone texture.

			The stratigraphic section “Arroyo El Azogue” (AAZ) presents, approximately, 112 m of limestone, dolomitic limestone and calcareous siltstone with flint, whose textures vary from mudstone to packstone. Variations in the content of allochemical grains include presence of sponge spicules, benthic and planktonic (?) foraminifera; progressive decrease in the amount of non-skeletal allochemical grains (cortoides, intraclasts and pellets), and a progressive increase of brachiopods (?) and crinoids towards the top. Other skeletal elements correspond to bryozoans (Thamniscus sp.), corals (Amplexizaphrentis?), bivalves, gastropods, cephalopods, trilobites and filamentous algae. Figures 3, 4 and 5 show the lithology and stratigraphic characteristics of the stratigraphic columns analyzed.
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			Facies analysis

			Four microfacies of carbonate material were determined, as well as facies corresponding to calcareous siltstone with low content of skeletal allochemicals, sandstone with calcite into fractures and dolomite or calcareous dolomite with poikilotopic, idiotopic and hipidiotopic mosaics. The calcareous microfacies that were identified are described below. Representative microfacies characteristics are present in the Figures 6, 7 and 8.
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			Mudstone with brachiopods, crinoids, and sponge spicules (samples EAZ-3 - EAZ-5, EAZ-8.1 - EAZ-10, EAZ-12, EAZ-13, AAZ-1 - AAZ-2, AAZ-20, AAZ- 24). Light gray to reddish brown limestone, with veins of calcite and silica. Matrix with partial dissolution; Filled with micritic material or sparite, which obliterates secondary porosity. The most common allochemical grains consist of complete specimens, fragments of brachiopods and articular plates, isolated, from crinoids. This material is sometimes articulated and in a position of life or slightly inclined with respect to the plane of the strata. These facies are in a reservoir environment corresponding to a platform with a low to moderate energy level and sporadic affectation by higher energy currents, which is corroborated by the presence of scarce fossil fragments into the laminated materials, associated with periods of currents, during the deposit of these facies.

			Wackestone-packstone with gastropods, brachiopods, and crinoids (samples EAZ-0 - EAZ-2, EAZ-8, AAZ-3.2, AAZ-6, AAZ-7, AAZ-11 - AAZ11.2, AAZ-17 - AAZ-18). Light gray to reddish brown limestone, with yellowish colorations in which veins of calcite appear, with occasional laminations; allochemical grains can be present with different degrees of packaging, although they are mostly dispersed and have micritic contents inside; the matrix presents partial dissolution with micritic material or by sparitic material filling. The most common skeletal allochemicals grains correspond to brachiopods and crinoids with occasional gastropods in which there is terrigenous material consisting of quartz microcrystals and/or silty material; gastropods and other mollusks fragments are observed.

			Packstone with brachiopods-crinoids, occasional intraclasts and sponge spicules (samples EAZ-14, AAZ-4 - AAZ-5.2, AAZ-8 - AAZ-9.2, AAZ-14, AAZ-16, AAZ-16.1, AAZ-19, AAZ- 2. 3). Rock in gray tones, with alteration to reddish-yellowish brown. In these samples, variable amounts of intraclasts and orientation spicules with preferential orientations are presented, regularly concordant with the stratification The most common skeletal allochemical grains are brachiopods and crinoids with fractures obliterated by calcite, silica, or as replacement material. The fragments may be partially micritized, with micro-borings and/or with wear at the periphery.

			Grainstone-rudstone with brachiopods, crinoids, occasional intraclasts and sponge spicules (samples EAZ-5.1 - EAZ-7, EAZ-11, EAZ-15A, EAZ-15-B). Light yellow-brownish gray rock with partially recrystallized matrix, which forms pseudo-sparite; fractures obliterated by calcite and/or silica. The most representative allochemical grains are fragments of benthic foraminifera, mollusks (gastropods, pelecypods and cephalopods), brachiopods, crinoids, ostracods and calcareous algae. Most of the fragments have rounded edges and variations in the degree of micritization, with micro-borings. In the allochemical grains partial dissolution or total replacement by silica is observed. In some cases, differentiated geopetal structures with micrograded material within the allochemical grains. Syntaxial calcite growths is also presented selectively in fragments of crinoids. The diversity in the degree of conservation of the organisms is related to chemical changes during the sedimentation after the deposit, associated to conditions of compaction that are evidenced by the presence of parallel and sutured contacts or by the formation of heterogeneous dolomite mosaics in the manner of intercalations and even within the same stratigraphic level.

			Discussion

			Paleoecological considerations

			Through facies analysis it was possible to reconstruct the prevailing paleoenvironmental conditions in the El Azogue locality (Figure 9). It is important to mention that the relationships that organisms have with the environment and the factors that are currently observed were considered. In addition, it has been necessary to have information on the possible environments in which the identified communities were developed, while at the same time relating the physical, chemical and biological characteristics.
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			On the physical characteristics of the environment, the factors that influenced the distribution of organisms were: temperature, pressure, depth of water, luminosity, the level of energy of the environment and the constitution of the sea floor in which they were. Other factors that also have an important role correspond to the sedimentological characteristics, the distance to the coastline and the position with respect to Ecuador.

			The organisms of the identified biotic association were conditioned to the ease of mobility, dispersion and colonization, which is reflected in the increase or decrease of their abundance and allows inferring environmental changes, although many factors could not be evidenced only by fossils (Ager, 1963).

			With respect to the fossil biotic composition, this corresponds to specimens of crinoids of the species Heterostelechus keithi, Lamprosterigma mirificum and Preptopremnum laeve, as well as algae of the genera Eugonophylum and Komia; hypercalcified sponges of the genus Chaetetes, colonial corals of the genus Syringopora and solitary of the species Amplexizaphrentis sp., and Homallophylites calceolus (White), bryozoans of the genus Thamniscus, as well as few brachiopods and gastropods. Another similar biotic association was described 20 km west of this town in Sierra Agua Verde (Almazán-Vázquez et al., 2007, Buitrón-Sánchez et al., 2007a, 2012, 2015, Gómez-Espinosa, 2010, Gómez-Espinosa et al., 2008, Jiménez-López et al., 2018). In the locality of El Azogue, foraminifera of the genus Earlandia were collected, which indicate an age of the Early Mississippian (Tournaisian) and occur in shale and siltstone interspersed with limestone and dolomite (Peiffer, 1987).

			Regarding the organisms that make up the analyzed biotic association, the hypercalcified sponges (Chaetetes) are dominant in areas of well-defined patches in the form of mounds or biostromes. These sponges can have tabular, columnar and branched forms that grow from an initial point, with very rare laminar growth styles and morphological development determined by parameters that occur during their growth, related to the type of substrate in which they occur and the sedimentation rate in the middle; It is important to mention that the frequency and magnitude with which variations in the sedimentation rate occur result in forms with laminar growth stacked with worn margins, while in areas with relative stability in the sedimentation rate they result in forms with columnar development with sides smoothed or with interruptions in their growth due to minimum fluctuations (Staton et al., 2016). The following sedimentary environments were recognized for the stratigraphic columns analyzed:

			Subtidal sedimentary environment. In this environment, skeletal mudstone, wackestone and packstone intercalations with thickness up to 50 cm are presented. The micritic material represents most of the deposits in this zone with common alterations by recrystallization or partial silicification. The wackestone and packstone levels are presented in the form of well-defined thin strata and are composed mainly of crinoids and brachiopods disarticulated. The alternation of mudstone and wackestone-packstone levels would indicate sea level fluctuations. Invertebrate allochemical grains are usually presented with micrite fillings, the matrix presents partial dissolution and the allochemical grains are occasionally dissolved, very damaged and recrystallized and without an observed fabric, although their dispersion is not very wide since they reach point, longitudinal and even with light contacts sutured by compaction; some of these elements are considered as reworked fragments of shallower areas. This environment corresponds to the marine zone that developed below the tidal level and extended to the edge of the continental shelf, underlying the neritic zone. The energy level of the medium was variable and is evidenced by the presence of material transported as fragments or as sandy or clayey terrigenous material. In the most superficial areas, it could have been affected by tidal currents (Flügel, 2004).

			Intertidal sedimentary environment. In this environment strata of siliciclastic wackestone with dolomite in the form of banks up to half a meter thick with intercalations of sandstone and grainstone; the most common components are micritic and siliciclastic materials poorly classified and with occasional well-defined imbricate arrangements; material with rework samples and partial recrystallization and sparite cement. The hand samples usually have veins filled with iron, calcite or silica minerals; the presence of oxidized material is associated with periods of subaerial exposure. The transport sites of the remobilized material were possibly positive zones relatively close to the deposit sites including exposed peritidal areas.

			This environment is considered to have developed in areas closed to the coast between normal tidal levels and transitional between marine and terrestrial conditions in which occasional saline ponds were formed with dissection by streams (Flügel, 2004). The most common allochemical grains in this sedimentary environment are foraminifera, fragments of pelecypods, scattered plates of crinoids, hypercalcified sponges, corals, bryozoans, brachiopods, pellets, cortoids, ooids and micritical intraclasts with well-defined and smoothed edges. Part of this material is in a position of life and with articulated skeletal elements, which correspond to areas of relative lower energy in the environment for its conservation, besides that fluctuations in its abundances are also associated with variations in the presence of nutrients and establishment of confined areas or with wave protection. Some herringbone structures occur sporadically, which are associated with periodic changes in the direction of the dominant currents.

			Supratidal sedimentary environment. This environment is represented by alternation of carbonated materials with fragments of dispersed bioclasts and terrigenous material, the strata in this zone have variable thicknesses of tens of centimeters with irregular surfaces in which micrite and weathered material with clay formation is found; the levels in which terrigenous material is presented, with some subrounded quartz grains and moderate to low selection. The cementing material is calcite with occasional dolomite formation; no general arrangement pattern is observed in the siliciclastic deposits; however occasionally moderate degrees of overlap occur in the sedimentary grains.

			The formation zone of this sedimentary environment is inferred close to the coastline, above the normal tide zone, flooded during storms and high tides. In this area it was possible to form coastal ponds in which salinity was variable and even evaporite zones were developed under arid and semi-arid conditions. The width of these areas depended on the relief and slope of the coasts (Flügel, 2004, p.25). Samples of sandstone and dolomite are included in this environment without being dominantly siliciclastic; These observations allow to define conditions of important decrease in sea level and influx of continental material. The common allochemicals are fragments of pelecypods and gastropods with some benthic foraminifera and remains of crinoids and brachiopods.

			Conclusions

			This paper presents the results of facies and paleoenvironmental analysis for two stratigraphic sections of the Upper Paleozoic (Mississippian) of the El Azogue hill, located in the center-east region of the state of Sonora; the descriptions of facies and the sedimentological and environmental interpretation were included. One of the sections presents relative homogeneity in the abundance of skeletal allochemicals, with some conspicuous changes in the abundance of spicules of sponges, pelecypods, brachiopods and crinoids. In the second section, the abundance of allochemical grains shows a trend towards a greater amount of cortoids, intraclasts and spicules of sponges.
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Fig. 4: Stratigraphic column of Arroyo El Azogue section.
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subparallel undulations with millimeter plates and medium stratification. with some bands of dark flint (sample AAZ-2
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Fig. 9: Paleoenvironmental interpretation. The relative position in which the analyzed stratigraphic sections are located is

shown. FWWB: fair weather wave base: SWB: storm wave base
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Fig. 7: Photomicrographs of the "Cerro El1 Azogue" geological section. a) Mosaic of equigranular hipidiotopic dolomi-

te crystals with part of the matrix recrystallized and dissolved (sample EAZ-1): b) packstone-rudstone with trilobite and

crinoid fragments (sample EAZ-6): ¢) cutting of ammonoids. crinoids and spicules fragments in a sparitic matrix (sample
EAZ-6). d) longitudinal cut of conodont in a microsparite matrix with very frequent dissolution (sample EAZ-7): e) crinoid
fragment (sample EAZ-7): f) Crinoid grainstone (sample EAZ-7): g) cephalon of a trilobite in a sparitic matrix with disso-

Iution (sample EAZ-7): h) transverse section of ostracod and dispersed sponge spicules within a sparitic matrix. and with
some micritical intraclasts (sample EAZ-7): 1) longitudinal cut of conodont (sample EAZ-7): ) crinoid cut and calcareous
algae fragment in a sparitic matrix with dispersed solution (sample EAZ-7): k) recrystallized mollusk fragment included in

a matrix with inequigranular hipidiotopic mosaic of dolomite crystals (sample EAZ-8): 1) Mollusk fragment in limestone
with microsparite matrix (sample EAZ-13
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Fig. 3: Stratigraphic column of Cerro El Azogue section.
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ABSTRACT: This paper presents the analysis of facies and paleoenvironments of two stratigraphic sections at the E1 Azogue
locality the Plutarco Elias Calles dam (approximately 2 km to the east of San Pedro de la Cueva. Sonora, Mexico). The facies
analysis consisted of the identification of allochemicals present in both sections describing the textural and compositional fea-
tures in the analyzed samples. Both sections show a certain compositional homogeneity: however, systematic changes occur
throughout the sections. The Cerro El Azogue section exhibits greater lithological variation toward its upper part. The Arroyo
El Azogue section shows marked variations in the lower and middle strata. with progressive increases in the abundance of
brachiopods, cortoids, and intraclasts. The facies correspond to supratidal, intertidal, and subtidal sedimentary environments.
Keywords: facies; Paleozoic; paleoenvironments; stratigraphy: biota.

RESUMEN: En este trabajo se presenta el analisis de facies y paleoambientes de dos secciones estratigraficas ubicadas en la
localidad E] Azogue, cercano a la presa Plutarco Elias Calles (aproximadamente a 2 km al este de San Pedro de la Cueva, So-
nora, Mexico). El analisis de facies consistio en la identificacion de aloquimicos presentes en ambas secciones describiendo
las caracteristicas texturales y composicionales en las muestras analizadas. Ambas secciones muestran cierta homogeneidad
respecto a la composicion que se tiene, sin embargo, existen cambios sistematicos a lo largo de las secciones. En la seccion
“Cerro El Azogue” se encontr6 una mayor variacion de componentes litologicos hacia la parte superior y. en la seccion “Arro-
yo El Azogue™ hubo variaciones acentuadas en los estratos inferiores y medios, con aumentos progresivos en la abundancia
de braquiopodos, cortoides e intraclastos. Las facies corresponden a ambientes sedimentarios de tipo supramareal, interma-
real y submareal

Palabras clave: facies, Paleozoico, paleoambientes; estratigrafia; biota
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Fig. 2: Geologic Map of El Azogue Area.
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Fig. 8: Photomicrographs of the "Cerro E] Azogue" and "Arroyo El Azogue" geological sections. a) Dolomitic limestone
with abundant intraclasts: preferential arrangement is observed in the elongated elements (sample EAZ-7): b) dolomitic
limestone: the dolomite crystals form an equigranular hipidiotopic mosaic (sample AAZ-9.2): ¢) mudstone with sponge

spicules (sample AAZ-9.2): d) dolomitic limestone in which unequal and poikilotopic or hipidiotopic mosaics are present

(sample AAZ-19): e) intraclass fragment of dolomitic limestone, included in a wackestone-packstone limestone with gas-

tropods, spicules and crinoids (sample AAZ-25): f) rounded micritical intraclass included in a packstone of gastropods and

brachiopods (sample AAZ-25B): g). h) oblique cut of the brachiopod commissure replaced by silica (chalcedony) (sample
AAZ-26B): 1). j) mosaics of unequigranular poikilotopic and hipidiotopic dolomite with different levels of zonation (sam-

ples AAZ-27A and AAZ27B): k) quartzite with subparallel calcite veins: the quartz crystals show variations in their contacts

from planar to sutured, with some forming triple contacts (sample AAZ-29): 1) dolomite crystals in unequal-minded hipi-
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Fig. 6: Photomicrographs of the "Cerro El Azogue" geological section. a) Cross section of recrystallized sponge (sample
EAZ-1): b) wackestone with scattered dolomite crystals. a fragment of crinoid with partial dissolution (sample EAZ-1) is
shown in the lower right part: ¢) longitudinal section of gastropod with dissolution, recrystallization and partial silicification
(sample EAZ-6): d) wackestone-packstone with abundant sponge spicules and fragments of pelecypods (sample EAZ-6);
) mosaic of inequigranular hipidiotopic dolomite crystals (sample EAZ-11): f) calcareous dolomite. the dolomite crystals
form a poikilotopic mosaic (sample EAZ-11): g) Longitudinal section of brachiopod included in a sparite matrix with frag-
ments of crinoids and spicules (sample EAZ-11): h) crinoid wackestone (sample EAZ-10): i) cross section of brachiopod
(sample EAZ-13): j) wackestone-packstone with ostracods, brachiopods and scattered sponge spicules. without preferential
orientation (sample EAZ-13): k) crinoidal packstone with bryozoans. brachiopods. and inclusions of terrigenous material
(dispersed microcrystalline quartz) (sample EAZ-13): 1) cross-section of crinoid included in a calcareous siltstone with dis-
persed quartz crystals (sample EAZ-14).






