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Sponge Takeover from End-Permian Mass Extinction to Early Induan Time: Records in Central Iran Microbial Buildups
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The end-Permian mass extinction was the most severe biotic crisis in Earth’s history. In its direct aftermath, microbial communities were abundant on shallow-marine shelves around the Tethys. They colonized the space left vacant after the dramatic decline of skeletal metazoans. The presence of sponges and sponge microbial bioherms has largely gone unnoticed due to the sponges’ size and the cryptic method of preservation. In addition to sponge dominated facies recently described in South Armenia and Northwestern Iran, we describe here sponge-microbial bioherms cropping out in two well-known Permian-Triassic boundary localities: the Kuh-e Hambast section, south-east of Abadeh city and the more distal Shahreza section, near Isfahan. In both sections, the extinction horizon is located at the top of an upper Changhsingian ammonoid-rich nodular limestone, called Paratirolites limestone. At Kuh-e Hambast, the overlying decimetric thick shale deposit called “boundary clay,” the latest Permian in age, is conformably overlain by well-dated transgressive basal Triassic platy limestone containing four successive levels of decimeter to meter scale, elongated to form cup-shaped mounds made of branching columnar stromatolites. Sponge fibers from possibly keratose demosponge, are widely present in the lime mudstone matrix. At the Shahreza section, above the extinction level, the boundary clay is much thicker (3 m), with thin platy limestone intervals, and contains two main levels of decimeter to meter scale mounds of digitate microbialite crossing the Permian-Triassic boundary with similar sponge fibers. Three levels rich in thrombolite domes can be seen in the overlying 20 m platy limestone of earliest Triassic age. Sponge fibers and rare spicules are present in their micritic matrix. These sponge fibers and spicules which are abundant in the latest Permian post-extinction boundary clay, followed microbial buildups during the Griesbachian time.
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INTRODUCTION

During the end-Permian mass extinction (EPME) and during the repercussion of its aftermath, the carbon cycle experienced large-scale perturbations over the course of millions of years (Atudorei, 1999; Payne et al., 2004; Corsetti et al., 2005; Richoz, 2006; Horacek et al., 2007a,b,c, 2009; Richoz et al., 2010; Korte and Kozur, 2010, amongst others). This period was marked by a major crisis in carbonate systems: the skeletal carbonate factory was replaced by a non-skeletal carbonate factory (Baud et al., 1997, 2002, 2007; Baud, 1998; Kershaw et al., 1999, 2007; Leda et al., 2014; Woods, 2014). Along the southern margin of the Cimmerian terrane (Figure 1A), well-developed highly fossiliferous Late Permian giant carbonate platforms can be found. This prolific inter-tropical Late Paleozoic skeletal carbonate factory ceased abruptly and was replaced first by low-carbonate deposit (boundary clay), then by a non-skeletal carbonate factory.
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FIGURE 1. (A) 250 Ma paleogeographic map (Stampfli and Borel, 2002, modified) showing the Cimmerian margin (red line). (B) Map of Central Iran showing the main relevant localities and the examined sections.


In Central Iran, from Kuh-e Hambast near Abadeh to Shahreza section close to Isfahan (Figure 1), “unusual” fabrics of the basal Triassic carbonate sediments were controversially described to date as stromatolites, algal limestone, thrombolite zone or synsedimentary abiotic carbonate cement layers or crusts.

The first detailed description of the earliest Induan limestone of the Abadeh sections was focused on about 1.6 m thick interval of stromatolites and thrombolites within the Hindeodus parvus conodont Zone (Taraz et al., 1981). Gallet et al. (2000) confirmed the finding of H. parvus at the base of the Abadeh stromatolite unit (Korte et al., 2004a,b) and Kozur (2005, his Figure 3) otherwise, reported their first H. parvus at 1.2 m above the top level of the Paratirolites limestone and by ignoring Gallet et al. (2000) shifted the Permian-Triassic boundary above their reduced 0.5-m-thick stromatolite unit. Finally, Richoz et al. (2010) illustrated H. parvus at the base of the 1.6-m-thick Abadeh branching stromatolite unit thus confirmed the original boundary position as we use here (Figure 2).
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FIGURE 2. The Permian-Triassic transition at the Kuh-e Hambast C section. (A) Field view with 1- base of the pre-extinction C. hauschkei zone near the top of the Paratirolites limestone; 2- EPME level at the top of the Paratirolites limestone; 3- the 30 cm-thick boundary clay with the H. meishanensis–praeparvus conodont Zone; 4- H. parvus FO (4*) according to Taraz et al. (1981), Gallet et al. (2000), and Richoz et al. (2010) with the adopted Permian-Triassic boundary (PTB), and base of the H. parvus zone; 5- Kozur’s H. parvus FO finding (*5), 120 cm above EPME, Kozur’s PTB and base Kozur’s H. parvus zone; (Korte et al., 2004a) 6- base of the I. isarciaca zone. (B) Detailed lithology and a δ13Ccarb isotope curve (Richoz, 2006) and the SMB levels, numbered a to c2. In the middle, sketch of the bowl or pancake-like structure showing the radiating texture of the microbial laminated columns, typical of digitate stromatolite. On the right-hand side is part of the above (A) fieldview. Caption: thick horizontal red line = Permian-Triassic boundary, C., Clarkina; H., Hindeodus; I., Isarcicella; B.C., boundary clay; F., Formation; m-p, meishanensis–praeparvus conodont Zone; a, b, c1, and c2 represents the SMB levels explained in the text. EPME, End of Permian Mass Extinction horizon.


This earliest Triassic unit has also been referred to as the “Thrombolite zone” (Baghbani, 1993). Working on the same sections, Heydari et al. (2003) and Heydari and Hassanzadeh (2003) claimed to have found shallow water carbonate seafloor precipitates. This was disputed by Zong-jie (2005) who argued for a deeper microbialites. Richoz (2006) and Baud et al. (2007) later confirmed the first view of a microbial buildup succession. However, Leda et al. (2014) while discussing biotic and abiotic processes, without carrying out detailed studies on Abadeh section, aligned with abiotic calcite fan. To resolve the debated research assertions, interpretations and age of these carbonates, we studied extensively the 1.6 m thick carbonate unit above the extinction event in Abadeh area (Kuh-e Hambast C section) and a 20 m thick carbonate unit at Shahreza section. Looking at the macro- and micro-structures from outcrop to thin section scale, we found a great amount of microbial buildups and sponges, some with visible sponge tissue in the lime mud matrix. According to Luo and Reitner (2014) who studied the convergence evolution of microbialite and sponge in the Phanerozoic, this type of calcified spongin tissue possibly belongs to keratose demosponge.

Sponge microbial buildups (SMB) of Abadeh and Shahreza sections were found after fieldwork in 2011 and our new results were presented at the 20th International Sedimentological Congress (Baud, 2018). Comparative study of the Central Iran basal Triassic mounds revealed that they match with the newly published sponge-microbial buildups (SMB) of South Armenia (Sahakyan et al., 2017; Friesenbichler et al., 2018).



GEOLOGICAL SETTING

Between Gondwana and Eurasia, the Cimmerian microcontinent separate two oceans; the newly opened Permo-Triassic Neo-Tethys facing Gondwana and the old Paleo-Tethys to the North (Figure 1A).


The Gondwana Margin

Along the Zagros mountain range (S. Iran) from the Gondwana part or southern margin of the Neo-Tethys, stromatolites and thrombolites are present as microbial-metazoan bioherms at the basal Kangan Formation (Baghbani, 1993) and have been recently described in detail (Wei et al., 2005; Insalaco et al., 2006; Wang et al., 2007, 2020; Heindel et al., 2015, 2018; Foster et al., 2019, supplementary materials).



The Cimmerian Margins

Along the northern Cimmerian margin, Paleo-Tethys, stromatolites and thrombolites are widespread in the lower part of the Elika Formation (Induan) of the northern Iran Alborz mountain range (Altiner et al., 1980; Horacek et al., 2007b; Gaetani et al., 2009; Maaleki-Moghadam et al., 2019).

Along the southern Cimmerian margin of Neo-Tethys, new types of sponge-microbial buildups are found in the lower Induan (Baud and Richoz, 2019) limestone of Southern Armenia and of Central Iran (Figure 1B). On the southern margin along the Cimmerian block, some localities close to the present-day NW Iran border have a well-developed highly fossiliferous upper Permian succession. In the past, Russian paleontologists created new stage names such as Dzhulfian and Dorashamian in these localities. Between Southern Armenia and Central Iran, we observed the following succession from the latest Permian to the earliest Triassic time:

1- A pre-extinction red ammonoid limestone called Paratirolites limestone;

2- A latest Permian post-extinction “boundary clay” (BC), rich in limy clay;

3- A basal Triassic platy limestone (PL) with or without sponge-microbial buildups (SMB).



Kuh-e Hambast C Section, Abadeh Area

The Abadeh area is located in central southern Iran, about 150 km southeast of Isfahan (Figure 1B) and the Kuh-e Hambast C section (Coord.: 30°54’53.65”N, 53°13’3.94”E, altitude 2,000 m) is situated 80 km SE of Abadeh town (Taraz, 1969, 1971, 1973, 1974). This author separated the Permian and Triassic parts into well-defined lithostratigraphic units, numbered 1–7 for the Permian part, with Unit 7 consisting of the end-Permian red ammonoid limestone, and sections of the Hambast Formation, with red shale at the top [boundary clay (BC)]. The Lower Triassic section is subdivided into Units A to E, with Unit A composed of the basal Triassic platy limestone (Taraz, 1974). In later publications which focused on Shahreza, the boundary clay (BC) was merged with the Lower Triassic Elika Formation (also called Elikah in Taraz et al., 1981).

A very detailed description of more than five Kuh-e Hambast Permian to Lower Triassic sections have been done by the Iranian Japanese Research Group (Bando, 1981; Taraz et al., 1981). The Abadeh PT transition with bioturbated Lower Triassic succession was later interpreted by Wignall and Twitchett (2002) as a dysaerobic facies.

The magnetostratigraphy of the Permian-Triassic Boundary Interval (PTBI) was studied by Gallet et al. (2000) following the biochronology done by L. Krysyn on conodont and ammonoides composed of Earliest Induan Hindeodus parvus conodont Zone at the base of the microbialite interval. A sedimentological description of this interval was published, with the first ever carbon isotope curve highlighted (Heydari et al., 2000, 2001, 2003). This was followed by further detailed carbon isotope studies (Korte et al., 2004a,b; Richoz, 2006; Horacek et al., 2007a; Richoz et al., 2010). Carbon and strontium isotopic chemostratigraphy was the subject of discussion in other papers (Korte et al., 2010; Liu et al., 2013). The 87Sr/86Sr seawater curve across the PTBI, which focused on conodonts analysis of Abadeh and South China has been revised (Dudás et al., 2017). These authors estimated a depositional rate of the platy limestone to Kuh-e Hambast at around 16 m/My.

The latest Permian earliest Triassic conodont zonation for Abadeh, which has been a subject of debate, is presented in section “Introduction,” illustrated in Figures 2A,B, discussed in section “Biochronology.” A detailed evaluation of this PTB debate can be found in Horacek et al. (2021). In this study, we used the Lower Triassic biochronology of Richoz et al. (2010).



The Shahreza Section

The Shahreza section (Coordinates: N32°07’18”; E51°57’33”, Altitude: 1,820 m) lies 14.5 km NNE of Shahreza town and 3.8 km ESE of Shahzadeh Ali Akbar village, which is about 180 km NW of Abadeh (Figure 1). The Triassic section of the locality is generally more shaly compared to Abadeh, and it is situated in a more distal and deeper environmental setting (Richoz et al., 2010).

The first mention of the section was during the presentation of its upper Permian magnetostratigraphy, which was demonstrated without a lithology scheme (Besse et al., 1998). A short description with well-illustrated figures showing some basal Triassic microbialite mounds was done by Heydari et al. (2000), this was followed by a carbon isotope study (Heydari et al., 2001). A detailed description of sections with localization of some microbialite levels was later documented (Mohtat-Aghai and Vachard, 2003, 2005, Kozur, 2007). A Changhsingian conodont zonation extending to the early Induan was presented by Kozur (2004). Baud et al. (2007) gave a short account of two microbialite levels that aligned with the SMB2 and SMB3 of this study (Figures 3A–C). A further carbon isotope curve based on Kozur’s zonation and lithology was presented by Korte et al. (2004b).
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FIGURE 3. The Shahreza section, profile and upper views. (A) View from the SE with the position of the five SMB horizons starting from the post extinction latest Permian (SMB1) and extending to the lower Dienerian (SMB5). Red line, PTB; white line–lithological boundary. (B) Google Earth view of the Shahreza section; upper part of photo shows white dirt road to Shahreza (toward the left), white arrow to the north and a 30 m black scale in the lower right corner. 1: EPME -extinction horizon on the Paratirolites limestone, base of the Elika Formation. 2: PTB, Permian-Triassic boundary (thick red line). 3: Base of the platy limestone, Elika Formation. 4: Basalt sill, SMB1 to 5 are the sponge-microbial levels. The Heydari 3a is the section with yellow color. Thin red lines show faults. (C) Panoramic view of the rectangle in (B) with the Permian-Triassic transition levels. Scale bar = 1 m. Numbers 1–4: same as in (B). SMB1 and SMB2 belong to the lower sponge-microbial levels.


This was followed by new detailed carbon isotope curves and fine lithological surveys (Richoz, 2006; Heydari et al., 2008; Richoz et al., 2010; Shen et al., 2013). These studies all had results that were in consonance. Based on the feature of the PTBI at the Shahreza section and Sr content, Heydari et al. (2012, 2013) presented a new hypothesis on aragonite and calcite sea changes, as well as a new corrected carbon isotope curve based on Sr content, and in accordance with putative primary mineralogy (aragonite and calcite).

In comparison with the microbialites from Abadeh, which are restricted to the earliest Induan Hindeodus parvus conodont Zone, the Shahreza carbonate mounds are distributed over a longer period of time and consist of at least five sponge microbialite buildup horizons (SMB1 to SMB5, Figures 3A,B). Also, calcified sponge tissues and spicules were observed in the lime mud matrix.

It should be noted that the boundary clay unit (BC) have a greater thickness in Shahreza (about 3 m) than in Abadeh (0.3 m) and is subdivided into 3 parts, a lower BC that is correlated with the Abadeh BC (H. meishanenesis conodont Zone), a middle BC with papery limestone and an upper BC with platy limestone (Hindeodus parvus conodont Zone).



RESULTS: LITHOLOGY, FACIES, AND MICROFACIES DESCRIPTIONS

The results and illustrations presented below come from fieldwork and microscopic examination of collected samples.


The Kuh-e Hambast C Section of the Abadeh Area

The Permian-Triassic transition in the central Kuh-e Hambast mountain range of the Abadeh area shows a thin post-extinction interval of clayey marls (called boundary clay) capped by a 1.60 m thick layer of successive mounds with numerous arborescent structures.

This layer consists of decimetric buildups distributed within four successive levels (Figure 2B, level a, b. c1, and c2), and embedded in thin-bedded platy lime mudstone. They have been seen spread across the whole area, with a corresponding thickness of 1.6 m. The age of the earliest Induan Hindeodus parvus conodont Zone at their base is well recorded. The supposed Permian age is discussed and refuted in Horacek et al. (2021) and in section “Biochronology.”

The macrofacies consist of a decimeter to meter scale elongated to form a bowl or cup-shaped microbial buildups (Figures 4A,B) showing what we call here digitate stromatolite as published in Kershaw et al. (2007, their Figure 13A), or branching stromatolite in Baud et al. (2007, their Figures 3, 4) with clearly finely laminated branched columns producing smaller columns (Figure 4E). The term digitate stromatolite is discussed in detail in section “Crystal Fans, Carbonate Crust, Digitate Microbialite, or Digitate Stromatolites?”
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FIGURE 4. Outcrop views of the SMB levels a, b, c1, and c2 at the Kuh-e Hambast section. (A) Bowl-like structure with dark colored fan-shaped branches of columnar stromatolites (yellow field centimeter scale marked 20 cm). (B) Similar structure but more pancake-like. The vertical position of the dark colored columnar digitate stromatolites is showing finger-like structures with fine microfabric laminations. A closer field view of this type of laminations is shown in (E). (C) Levels a, b, and c1. The lower level a consists of branching columnar digitate stromatolite; the level b shows reworked clasts (white arrow, probably tempestite) cutting the level a, and is overlain by thicker thrombolite below the level c1. (D) Buildup made of microbial vertical columns (2) growing on a thrombolite core (1). Yellow field scale, 20 cm. (E) Detailed field view of dark laminated microbial branching columns in a light lime mud matrix. Yellow millimetric field scale, 20 cm. (F) Level b, c1, and c2. The level b shows a core structure (1), support of fine branching columnar stromatolite partly bent (2), or straight (3). Levels c1 and c2 are occupied by botryoidal fanning digitate stromatolite columns (4); some above the core structure (1). (B) Upper right yellow field centimetric scale, 20 cm.


As illustrated in the outcrop (Figure 4) and thin sections (Figure 5), these bioherms are composed of thinly laminated columns protruding from a common leiolitic base or core, and growing side by side as columnar stromatolite. From a distant view, they look like calcium carbonate crystal fans (CCFs) and were regarded as such by Heydari et al. (2003) and by Leda et al. (2014) with some reservations (“enigmatic calcite fan layers”). However, a close examination in the field and under microscope eliminates these doubts.
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FIGURE 5. Photomicrographs of thin sections from Abadeh, levels a to c. (A) Photomicrograph (sample Ha 6, level a) of digitate stromatolite columns (light) with local spray of calcite pseudomorph from aragonite crystal overgrowths in dark lime mudstone-fine packstone matrix with sponge fibers (arrow), scale bar–1 mm; (B) Enlarged view of the calcified keratose sponge fibers or spicules, scale bar = 200 μm (sample Ha 6, level a). (C) Enlarged rectangle from (A): part of laminated column of digitate stromatolite with dark lime mudstone-fine packstone matrix with sponge fibers) on the right, scale bar 200 μm (sample IKH 76, level c1). (D) Finely laminated stromatolite columns (light) with local spray on the side of the calcite pseudomorphs replacing aragonite needle crystal overgrowths in dark lime mudstone-fine packstone matrix with rare sponge fibers, scale bar = 1 mm (sample Ha8, level c2). (E) Stromatolite columns (light) with local spray on the side of the fine calcite pseudomorph from aragonite crystal overgrowths in dark lime mudstone-fine packstone matrix with sponge fibers, scale bar = 1 mm (sample Ha7, level b).


As shown by Figures 5A,D,E, crystals with fine acicular habit and square-tipped terminations, that are typical of early aragonite, grew on the side of the stromatolite columns. These last structures are probably abiotic in origin and should be the only structures referred to as CCFs. The lime mud matrix is usually rich in calcified sponge fibers or spicules (Figures 5A–C), which is similar to the sponge spike matrix described by Leda et al. (2014, Figures 9B–D). According to Luo and Reitner (2014), these types of spicules belong to putative calcified keratose demosponge tissue. Additionally, rare ostracods are also present. Asymmetric and bent digitate stromatolite branches are possible evidence of the occurrence of currents at the lower section (2 in Figure 4F). A unique tempestite deposit with reworking carbonate centimetric clasts has been observed, probably due to the occurrence of a distal storm event (lower b in Figure 4C). The growth of the bioherms were temporarily halted by this event but recovered soon after.

A description of the four successive levels a, b, c1, and c2 of the decimetric buildups (Figures 2, 4) is given below:

- Level a is about 40-cm-thick and holds bowl-shaped fanning “digitate stromatolite” bioherms up to 35-cm-high and 50 cm in diameter (Figure 4A), as well as single pancake-shaped bioherms composed of brush-like systems of branching vertical stromatolite columns, 10–20 cm high and 40 cm to 1 m in elongation (Figure 4B).

- Level b is characterized by more or less continuous sponge-microbialite distributing an in-stratal interval up to 30 m, with buildups thickness between 20 and 30 cm (Figures 2D, 4D,F). Interestingly, two parts are present in the second level b: the lower one showing reworked clasts (tempestite, Figure 4C) and the upper one, which is part of the sponge-microbial bioherm.

-Level c1 is discontinuous, about 35 cm thick and shows both elongated pancake-shaped bioherms up to 4 m in length of shrubby “stromatolite columns” and cup-shaped bioherms, about 50 cm in diameter (Figure 4F).

-The top level c2 is about 30 cm thick, and also holds pancake-shaped bioherms made of botryoidal fanning “digitate stromatolite” (4 in Figure 4F).

The calcium carbonate supersaturated seawater induced a very early diagenetic replacement of the former organic fragments of spongin tissue or sponge spicules within the lime-mudstone around to the sponge-microbial buildups, as shown in the microfacies of Figure 5. The surrounding platy limestone consists of a thinly bedded, partly bioturbated micritic lime-mudstone successions (in some parts, it was almost vermicular limestones) and peloidal packstone layers with intercalated marls.

Close to the base of the overlying unit, large oncoids (about 5 cm in diameter) have been found. Similar accumulation of small oncoids have also been reported in sediments of the same age (Isarcicella isarcica conodont Zone) from the Zal and Ali Bashi sections of Northwestern Iran (Richoz et al., 2010; Leda et al., 2014). This Griesbachian thin limestone succession (15–17 m) shows a low subsidence rate, which changes drastically during the Dienerian period to an about 500 m thick platy limestone succession (Horacek et al., 2007b).



The Shahreza Section: Sponge-Microbial Mounds and Aragonite Crystal Fan or Bundle Layers

The SMB succession of the Shahreza section is quite different from that of the Kuh-e Hambast sections. The mounds are not concentrated at the base but crop out over the first 20 m of the section within five main layers, SMB1 to SMB5 (Figures 3A,B, 6).
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FIGURE 6. Shahreza sections. (1) Composite section showing the position of the sponge-microbial buildup levels SMB1 to SMB5 and the samples Sh or Sha with thin sections illustrated in Figures 7–11; (2) Carbon isotope stratigraphy across the PTB (Richoz, 2006). The boundary clay (level A1, about 3 m thick) is subdivided into 3 parts (a = lower BC, b = middle, limy BC, c = upper BC), with the lower BC corresponding to the BC in Kuh-e Hambast. Ha. F.: Hambast Formation, Changhsing.: Changhsingian; C.: Carkina; H.: Hindeodus; m.p.- meishanensis-praeparvus; N.: Neospathodus (Kozur, 2005; Richoz et al., 2010).* :position of SMB4 and SMB5.


–The first one (SMB1, Figures 6.1, 7A) occurs in the lower boundary clay (level as in Figure 6A, Figure 7A-3), 0.6 m above his base, within the post-extinction interval of the upper Clarkina meishanensis conodont assemblage (latest Permian) and just below the earliest Induan Hindeodus parvus conodont Zone. Elongated crystal bundles (micro-calcite pseudomorphs of original aragonite crystals) were observed sprouting in a red, bioturbated mudstone matrix (Richoz et al., 2010). The microphotograph (Figure 7B) shows light gray microbial branching columns with aragonite crystal outgrowths replaced by calcite in a dark lime mudstone matrix containing spicules or sponge fibers. According to the microscopic views (Figure 7C), the finely recrystallized matrix of the surrounding lime mudstone is filled by a sponge fiber meshwork of possible keratose demosponge. This meshwork corresponds to the “sponge packstone” of Leda et al. (2014, their Figure 12B) at the same post-extinction level in Ali Bashi.
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FIGURE 7. Field view and photomicrographs, SMB 1 level at the Shahreza section. (A) Lower boundary clay field view (white field scale on SMB1 mound = 20 cm): 1- the top of the Paratirolites limestone corresponds to the end-Permian mass extinction (EPME); 2, Lower boundary clay, latest Permian in age (Figure 3C and level A1-a in Figure 6.1); 3, the first small mound (SMB1) within clay and marly limestone; the PTB is estimated chemostratigraphicaly to be at this level (see text); 4, papery limestone at the base of the upper boundary clay and close to the PTB (Figure 3C and level A1 -b in Figure 6.1). (B) Photomicrograph of the overgrown calcite pseudomorphs of aragonite crystal bundles in dark lime mudstone matrix with some sponge fibers (arrows; sample 11.4 in Figure 6.1). (C) Photomicrograph of a mesh of sponge fibers or spicules, possible keratose, with branching and fiber sections (sample ISH 50, laterally to SMB1 mound).


-The next higher sponge-microbialite layer SMB2 (Figures 6.1, 8A–C) occurs within the Hindeodus parvus conodont Zone and the next SMB3 level belongs to the Isarcicella isarcica conodont Zone (Richoz et al., 2010).
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FIGURE 8. Field view and photomicrographs, SMB 2 level at the Shahreza section. (A) General overview of the SMB2a within the upper boundary clay (level A1c in Figure 11) and the base of the platy limestone (2b is a loose block; yellow field centimeter scale: 1, 20 m). (B) Detailed view of the SMB2a with the fan-shaped digitate stromatolite columns. (C) Another detailed view of the basal part of a SMB showing the shrubby type of the light gray branching columnar stromatolite with visible fine laminae (white scale bar = 5 cm). These fine vertical growing stromatolites are very similar to those illustrated by Yang et al. (2019), Figures 4A–D. (D) Photomicrograph of light micro-laminated columns of digitate stromatolites above a leiolite type core in dark lime mudstone matrix with sponge fibers (white arrows, sample Sh 75 in Figure 6.1, white scale bar = 1 mm).


At 2.5 m above the base of the boundary clay, the SMB2a layer (Figure 8A) is about 10 cm thick and consists of open bowl-shaped fanning stromatolites columns. A detailed view is shown in Figures 8B,C. The microfacies of Figure 8D shows micro-laminated columns of digitate stromatolites lying above a leiolite type core (Sh 75 sample). This microfacies is similar to the lower SMB described and demonstrated in South Armenia (Sahakyan et al., 2017; Friesenbichler et al., 2018), and corresponds to the layer described by Baud et al. (2007, Figure 4A).

-Between 6.2 and 7.4 m above the base of the boundary clay, the SMB3 level (Figures 3B,C, 9, 10) consists of a string in the region of 12 mounds of various thickness and structures within a distance of 200 m (Figure 3B). The largest one (3a, in Figures 3C, 9A) that was illustrated earlier (Heydari et al., 2008) consists of well-preserved fans of elongated (10–15 cm) pseudomorphs of needle-like aragonite crystals, without visible laminations growing in free space and absence of surrounding sponge lime mud (Figures 9B,C). This abiotic mound type is unique (Baud et al., 2007, Figures 4D,E) and obviously does not exist in other central parts of Iran. A microphotograph of this lithoherm (Sha 10b, Figure 9D) shows only calcite microsparite of diagenetically altered fanning aragonite needle-like crystals.
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FIGURE 9. Three outcrop views and a photomicrograph of the lithoherm SMB3a within the SMB3 level at the Shahreza section. (A) General view of the crystal lithoherm mound (height-180 cm). (B,C) Outcrop surface details: decimetric long needle-like calcite crystal fans, possibly of aragonite origin (white scale bar = 1 cm). (D,E) Photomicrographs. (D) Is showing diagenetically altered micro-sparitic calcite crystals (sample Sha 10b, white scale bar = 1 mm) originally of fanning aragonite needle-like crystals. (E) Enlarged view of the micro-sparitic calcite crystals in polarized light (sample Sha 10b, white scale bar = 200 μm).
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FIGURE 10. Three outcrop views of a complex sponge-microbial buildup of the SMB3 level with photomicrographs in the Shahreza section. (A) Field view of the 50 cm thick complex layout of mounds within the platy limestone (white field, 80 cm scale). (B) Detailed view of mound fan-shaped digitate stromatolite columns (white field, 20 cm scale). (C) Photomicrograph of lath-shaped, finely laminated stromatolite columns, partly replaced by calcite mono-crystals in a dark lime mudstone to fine packstone matrix (sample Sh 77, white scale bar = 1 mm). (D) Outcrop view of the 1 m high (field scale) SMB3b mound, composed of five thrombolite plates (1–5, 40 cm in diameter at the top). (E) Photomicrograph of thrombolite mesoclots (light) in dark lime mudstone to fine packstone matrix with some sponge fibers (sample Sha 9, white scale bar = 1 mm).


This SMB was possibly a sponge microbial mound originally, as well as others in close proximity. The high, well-connected porosity, and hydrothermal fluids that occurred during the later basaltic intrusion could possibly have caused the observed special recrystallization in decametric long needle-like aragonite crystal fans, which is now regarded as calcite microsparite at photomicrograph scale. Further geochemical studies might provide a solution.

All other mounds of the SMB3 level originated from sponge-microbial with partly thrombolitic mesostructures exhibiting various shapes, as can be seen in Figures 10A,D. The largest one, 2.5 m in length and 0.8 m high, consists of about ten decimetric superposed mounds of partly thrombolite type, some with domal structure (Figure 10A). A detail view of one of these mounds shows a fanning structure of distinct lath shaped, finely laminated stromatolite columns (Figure 10B). Microfacies highlights the growth of encrusting calcite crystals directly on the laminated stromatolite columns (Figure 10C). Another, the SMB3b buildup of an inverted conical structure, is made of five vertically superposed thrombolite plates from 10 to 54 cm in diameter at the top and of 1 m total high (Figure 10D). The microfacies of the thrombolite shows mesoclots surrounded by a dark lime mud matrix with some sponge fibers as can be seen in Figure 10E.

-Between the range of 16 and 20 m above the boundary clay, there are at least two more microbial layers, SMB4 and SMB5. Similar to SMB5 the SMB4 is not illustrated here.

-A sponge-microbial mound of level SMB5 showing dark patches of spheroid clots on top of the outcrop domes is shown in Figure 11A. The microfacies consists of micro-sparitic patches of the leiolite type and coalescent spheroids in a dark lime mudstone matrix with sponge fibers (Figure 11B). Figure 11C shows an enlarged inverted gray view of a small part of a spheroid filament network (part underlined in red). This arrangement clearly looks like fibrous tissue of keratose demosponges, which is in consonance with Luo and Reitner findings Luo and Reitner (2014, Figure 4). Sponges and microbialite (leiolite) are both involved in the buildup growth.
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FIGURE 11. Outcrop view of the SMB5 level and photomicrographs in the Shahreza section. (A) Top of mound showing dark clots in light lime mud matrix (white field centimeter scale). (B) Photomicrograph showing light gray micro-sparitic patches of both thrombolite and coalescent spheroids (sponges?) within dark lime mudstone to fine packstone matrix with sponge fibers (arrows, sample Sha 37, white scale bar = 1 cm). (C) Enlarged inverted gray view (rectangle in B, upper left corner) showing a possibly calcified network of sponge fibers (underlined in red, sample Sha 37, black scale bar = 1 mm).




DISCUSSION

Three main debates are presented below, sponge takeover following EPME, biotic or abiotic carbonate mounds and biochronology of the Permian-Triassic boundary. Comparisons with the nearby Baghuk Mountain section and with the Ali Bashi and Zal sections (NW Iran) close this chapter.


A Sponge Takeover?

Shapiro and Awramik (2006) described Cambrian age sponge-microbial bioherms in New York State, United States and Coulson and Brand (2016) demonstrated Cambrian lithistid sponge-microbial reef-building communities in SW Utah, United States. For these authors, the sponge microbial bioherms have largely remained unnoticed due to the size of the sponges and the cryptic method of preservation.

Friesenbichler et al. (2018) described sponge microbial bioherms for the first time in South Armenia and differentiated four facies (Sponge Facies 1–4) based on the spicule isolate forms or the fibers forming network.

Here, the sponge fibers illustrated in Figures 5B,C, 7F,G, correspond to the “Sponge Facies” and “sponge spike” of Leda et al. (2014). Smaller spicules, as seen in the matrix of Figure 9E, can be compared to the Sponge Facies 2. The larger ones as seen in the dark matrix of Figure 10C, correspond to Sponge Facies 4. The texture of the coalescent spheroids illustrated in Figure 10C corresponds better to the young (Smithian) sponge facies described and illustrated by Brayard et al. (2011, supplementary information). Luo et al. (2014), Luo (2015), and Luo and Reitner (2016) identified these structures in tiny sections as potential remains of keratose sponge fibers. As shown by Lee and Hong (2019), the keratose-like sponges often/usually co-exist with microbialites and act as stabilizers of the reef framework.

Additionally, the presence of sponges in the basal Triassic has been identified outside the Cimmerian margin (South Armenia, Northwestern Iran, Central Iran) of the Neo-Tethys. On the Gondwana side of the Neo-Tethys, microbial-metazoan bioherms of the basal Triassic Kuh-e Surmeh section in the Zagros and the Cürück Dagh section in the Western Taurus (Turkey) showed significant contributions of possible keratose sponges (Heindel et al., 2018; Foster et al., 2019).

In the post-EPME successions of South China, sponge remains have been reported in only very few sections so far due to their cryptic preservation potential. One of these sections is the Langpai section (Guizou) where “sponge-like fabrics” were reported by Ezaki et al. (2008, Figure 8C), another is the Shanggan section (Guangxi) with stromatactis buildups that originated from sponge-microbial, as described by Baud et al. (2013).

In modern reef settings, it is not uncommon for sponges to initially colonize areas vacated by metazoans (Brunton and Dixon, 1994). According to Foster et al. (2019), the post-EPME keratose sponges recorded in South Armenia and Iran sections were interpreted as r-strategists. During “background times,” they also occur in association with microbialites and are limited to settings associated with less favorable environmental conditions.

Corsetti et al. (2015) also suggested a “sponge takeover” after the end-Triassic extinction period. We hypothesized here that the post-EPME “sponge takeover” resulted from the unique situation of environmental circumstances in the aftermath of the end-Permian mass-extinction and that the sponge event recorded along the Cimmerian margin and along the Gondwana margin of the Western Neo-Tethys appear to have been a response to both ecological and geochemical changes.

Sponge-rich bioherms, which developed first in the Western Neo-Tethys during early Induan time as shown here, became later widespread in the Western US Panthalassa margin during the Olenekian as demonstrated by Griffin et al. (2010) and by Marenco et al. (2012). Brayard et al. (2011) and Vennin et al. (2015) presented in Pahvent Range and Mineral Mountains (Utah) new evidence for large in situ early Smithian to middle Spathian metazoan bioaccumulations, and reefs formed by various sponges, as well as serpulids associated with different microbial carbonates and eukaryotic organisms with at least two different classes of sponges (Demospongiae and Calcarea) supporting a multi-species sponge community.

In Oman, lower Olenekian red microbial stromatactis limestone (Woods and Baud, 2008) that are rich in sponge spicules found around small cavities (Baud and Richoz, 2013) and a Smithian giant reef block with sponges is under investigation.

We also have to note that J. Szulc was the first to introduce the Lower Triassic sponge-microbial reef recovery concept (Szulc, 2003, 2007, 2010), even though he only presented short notes on shallow water carbonates from the Carpathian area.



Crystal Fans, Carbonate Crust, Digitate Microbialite, or Digitate Stromatolites?

Our illustrated sponge-microbial bioherms in Abadeh and/or Shahreza have been described in the past with a great variety of terminology such as laminated microbialite structures (Taraz et al., 1981; Figure 11 = algal biolithite), dendrolite (Richoz, 2006), digitate or branching stromatolites (Baud et al., 2007; Richoz et al., 2010), inorganic fan-shaped calcite crystals (Heydari et al., 2003; Horacek et al., 2007b) and carbonate crust (Mette, 2008).

Working on similar structures in the Chanakhchi section in South Armenia, Friesenbichler et al. (2018) clarified the microbial origin of the fine, regular and slightly wavy laminations. The origin was demonstrated by weak transmitted luminescence and UV light in Figures 6A,B of their research article. The cathodoluminescence study of Friesenbichler et al. (2016) shows a non-uniform bright orange and red luminescence illumination on the branches. Same observations were reported by Leda et al. (2014, p. 315) on laminated calcite “crystals” of Abadeh and Baghuk Mountain sections. This luminescence has its source in the organically formed, microbial part of the laminated branches. It is why the term of digitate stromatolite has been used by Friesenbichler et al. (2018).

On our side, we have identified in the field that the digitate structure predominantly shows a parallel (Figures 4B,E) or a fan-like arrangement (Figures 4A, 7B,C, 9B) and that branches or columns are showing a fine laminated texture (Figures 4B,E, 8C). A fine wavy stromatolitic fabric of the vertical branches is clear in the corresponding microphotographs (Figures 5A,D,E, 9C). Accordingly, we also use the descriptive digitate stromatolite term here.

The sprays of aragonite pseudomorph on the side of the stromatolitic branches did not show any fluorescence and were interpreted as abiotic overgrowth (Friesenbichler et al., 2018).

In this study, in agreement with Friesenbichler et al. (2018), we used the phrase “calcium carbonate crystal fans” in a descriptive sense to refer to the mesostructural scale and not as a genetic notion that implies an abiotic origin (e.g., Grotzinger and Knoll, 1995; Woods et al., 1999, 2007; Heydari et al., 2003; Pruss et al., 2006; Riding, 2008). The CCFs in Central Iran display mainly two components in a dark lime matrix:

(1) Elongated calcium carbonate aggregates mimicking a crystal shape with a high length-to-width ratio and almost straight but slightly wavy margins; referred to as digitate stromatolites in this study.

(2) A local spray of calcite pseudomorph from aragonite crystals growth on the side of the branches, confirmed as abiotic calcium carbonate crystal fans in this study.

But this phrase “calcium carbonate crystal fans” was used in a genetic and abiotic sense by Heydari et al. (2003) and Leda et al. (2014, p. 319). These last authors stated that “the internal lamination of the calcite fan branches is intriguing and cannot be explained easily by inorganic spontaneous calcite crystal growth on the sea floor.” It is important to note that what looks like pseudomorphs of elongated calcite crystals at first glance, and which was documented at the Baghuk Mountains (Leda et al., 2014; Figures 12E,F) corresponds exactly to our digitate stromatolites (Figures 5A,E) and the ones from the Chanakhchi section described by Baud et al. (2015) and Friesenbichler et al. (2018, Figures 5A,C), as well as the fanning structures, about 10 cm in height of the coalescent digitate stromatolites (Figure 12) from the Vedi sections (South Armenia, Sahakyan et al., 2017).
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FIGURE 12. The basal Triassic SMB of the Armenian Vedi section; thin section scan view. The vertical and the tilted structures of coalescent columnar stromatolites are replaced by a direct growth of encrusting calcite crystals with rare calcified acicular aragonite crystals at the side, in a dark lime mud matrix rich in calcified sponge fibers. Scale bar, 1 cm.


In the Shahreza section, we noted that Heydari et al. (2003) focused on the study of only one mound (indicated as 3a in Figures 3C, 8A) and apparently overlooked the microbial structure of other mounds in this section. The interpretation of this structure (Mound 3a) as carbonate seafloor precipitates made Heydari et al. (2003) to claim that they were formed from CaCO3 oversaturated seawater due to sea level fall in oxic environment. This interpretation was challenged by Wignall et al. (2005), who disproved the oxic environment interpretation, and Zong-jie (2005) who interpreted these structures as microbialite crusts produced in anoxic environment without evidence for a sea level change. Our results are at variance with Heydari et al. (2003) model and their contradictors as well as Foster et al. (2019), indicating, due to pyrite framboid arguments, that both Shahreza and Abadeh were deposited in an oxic environment. Even though abiotic precipitation of carbonate did occur, most of the carbonate precipitation was however microbial-mediated. Certainly, there was carbonate oversaturation at that time but not up to the amount proposed by Heydari et al. (2003). As stated before, further geochemical studies might provide a solution for the Mound 3a perhaps/probably due to a proximal basalt sill influence.

The fabric of digitate structures (Figures 4A,D, 7B,C, 9B,C), or mounds made of typical thrombolite plates (Figure 9D) and domes covered by microbial dark patches of spheroid clots as shown in Figure 10A have been previously ignored or misinterpreted. In all the corresponding microfacies, a lime mud matrix (lime-mudstone or fine wackestone) exposed calcified sponge fibers or spicules (Figures 5, 7E–G, 9C,E, 10B,C); all of which are typical of SMBs.

Looking in other areas, similar digitate structures of the same age and containing fine columnar laminations are described from Tieshikou in South China (Yang et al., 2019). The authors use the terms of digitate microbialites, of laminated columns and of microstromatolite grew. But in the Chongyang sections (South China) Wang et al. (2019) use the term of columnar stromatolite in their Figure 6 of laminated columns and wrote about digitate structure. Both sections belong to shallower depositional environment with smaller columnar sizes and apparently lack associated sponges.



Biochronology

An introduction to the biochronologic debate on the Permian-Triassic boundary is presented in section “Introduction.” (Korte et al., 2004a,b) and Kozur (2005, Figure 3), in contrary to previous work by Taraz et al. (1981) and Gallet et al. (2000), reported only 0.5 m of microbialite and the first occurrence of H. parvus 1.2 m above the Paratirolites limestone. This 1.2 m position is above the datum proposed earlier by Taraz et al. (1981) and Gallet et al. (2000) at 0.3 m above the Paratirolites limestone. The lower datum was confirmed later by Richoz et al. (2010, plate 2).

Successive studies by Shen and Mei (2010) and Chen et al. (2020) use the PTB-finding of Kozur (2005), whereas Shen et al. (2013) and Dudás et al. (2017) followed the scheme proposed by Taraz et al. (1981), Gallet et al. (2000), and Richoz et al. (2010). Here we also use the Permian-Triassic boundary defined by the latter group at the base of the microbialite in the Kuh e Hambast sections of Abadeh. For a full discussion of the PTB-problem at Abadeh please refer to Horacek et al., 2021.

At the Shahreza section, the boundary clay interval is thicker, about 4 m in the composite section (Figure 6.1), and 3 m in the sampled section (Figure 6.2), which is further subdivided into three parts, with papery limestone beds and small sponge-microbial mounds in between (Figures 6.1, 7A). Kozur (2005) demonstrated that the basal Triassic conodont assemblage starts from the lower part of the upper boundary clay, about 1.6 m above the base of the boundary clay. However, Richoz (2006) and Richoz et al. (2010) proposed moving the PTB, which was 0.6 m lower, to 1 m above the base of the boundary clay, based on chemostratigraphic evidence (δ13Ccarb curve). The boundary clay in Kuh-e Hambast correspond thus to the lower part of the boundary clay in Shahreza.

At the Kuh-e Hambast section, the first Dienerian conodont zone starts at the 17 m mark above the extinction level (Taraz et al., 1981, p. 91). Considering similar depositional rates in Baghuk, Shahreza and Abadeh sections, the upper SMB5 would likely occur around the early Dienerian time. In the Abadeh sections the microbialites are restricted to the early Griesbachian, whereas in Shahreza the SMBs are composed of some irregularly spaced sponge-microbial buildups with different sizes and various external morphologies and internal structures up to the early Dienerian. The Shahreza SMBs are very similar to the South Armenia SMBs succession published by Friesenbichler (2016); Friesenbichler et al. (2018).



Depositional Environment

According to Leda et al. (2014), the Changhsingian Paratirolites limestone and the overlying Induan platy limestone (Elika Formation) of Ali Bashi section were deposited in the open sea dysphotic zone below the storm wave base at a depth of about 100–200 m. The NW Iran sections (Zal, Ali Bashi) were estimated to have been deposited at distal ramp, about 250–500 m in depth for Paratirolites beds (Aghai et al., 2009). However, in Central Iran we saw evidence of a shallower depth, about 60 m, in a ramp environment close to storm wave base, due to the presence of distal tempestites in the SMBs of Abadeh (Figure 4C, level b).

The marly boundary clay still contains carbonate but greatly reduced with respect to the underlying and overlying limestone successions (Joachimski et al., 2020). This implies that the production of carbonate was drastically disrupted due to the EPME and massive fluctuations between carbonate undersaturation and supersaturation, as elucidated by Leda et al. (2014).



Comparison With the Close Baghuk Mountain Section

Situated 77 km SE of Shahreza section (Figure 1), section C of the Baghuk Mountains (Coord.: 31° 34’ 4.73” N, 52° 26’ 37.69” E) was recently described by Leda et al. (2014), Foster et al. (2019), and Heuer et al. (2017, Submitted). The first publication gave details mainly on the end-Permian Paratirolites limestone and the boundary clay units. The second article gave a short description of basal Triassic platy limestone and the discovered microbialite units. It is interesting to note that the microbial levels in the Baghuk section are found in the same position as the SMB in the Shahreza section (Figure 13). This is buttressed by the presence of a 1.6 m thick basalt sill level in this section.
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FIGURE 13. Correlation between the Shahreza and the Baghuk Mountain section based on thickness and SMB occurrences. (1) Stratigraphy of the Shahreza section showing the position of the sponge-microbial buildup levels SMB1 to SMB5 (see caption of Figure 6 for abbreviations and references). (2) A sketch of the Baghuk Mountain section showing the position of the four main mounds levels modified from Heuer et al. (2017).


As in the Shahreza section, the mesh of algal filaments in the matrix of the Baghuk section boundary shale has been interpreted as a remainder of sponge spicules by Leda et al. (2014, their Figure 12B), and by Heuer et al. (2017, Submitted). These authors also identified in Ali Bashi a sponge packstone called “sponge spike” at the top of the end-Permian Paratirolites limestone with predominant triaxon-like morphologies. However, due to the poor preservation of the sponge remains, detailed description could not be given. According to Luo and Reitner (2014), the so-called “mesh of filaments” consists of possible calcified keratose sponge organic fibers or tissues (spongin). Furthermore, similar pseudomorphs of elongated calcite crystals growing along branches in the Baghuk Mountain section (Leda et al., 2014, their Figures 12E,F) have been discussed in section “The Kuh-e Hambast C Section of the Abadeh Area.” The dome-shaped structures described by Leda et al. (2014 p. 315) have been interpreted as microbialites by Heuer et al. (2017, Submitted). In Figure 13, we correlated it with our Shahreza sponge-microbial buildups (SMB).



The NW Iran PTB Sections Near Julfa

The NW Iran Ali Bashi and Aras Valley sections have been described in great detail by Leda et al. (2014) and Gliwa et al. (2020) and compared with Abadeh and Bahguk Mountain sections. It is interesting to note the apparent absence of carbonate mounds and buildups in NW Iran platy limestone (called Claraia beds). Also, oncoidal facies have been identified in the Ali Bashi section, 2 m above the base of the Claraia beds (Leda et al., 2014), having the same age (Isarcicella isarcica conodont Zone) as the oncoids found in Abadeh.



The NW Iran PTB Zal Section

The Zal section is located about 23 km SSW of Julfa and in close proximity to the village of Zal (38° 43′ 59″ N, 45° 34′ 48″ E). Sedimentology and microfacies of the lower part of the section have been described in detail by Leda et al. (2014). Basal Triassic large oncoid bearing limestone was highlighted by Baud et al. (2007) and the litho-, bio- and chemostratigraphy of the entire Lower Triassic succession having a thickness of 750 m was published by Horacek et al. (2007a) with detailed information on the Sr isotope record described by Sedlacek et al. (2014), and the U isotope changes described by Zhang et al. (2018). A detailed description of the PTB interval relating to chemo- and biostratigraphy was published by Richoz (2006), Richoz et al. (2010), Schobben et al. (2014, 2015, 2016, 2017), and Wardlaw and Davydov (2005).

Unlike the mound or bioherm facies at the Shahreza and Abadeh sections, the Zal section (Figure 14) contains tens of decimetric thick bedded limestone (yellow colored portion in Figure 14A) and dark coalescent spheroids between oncoids (Figure 14B) located between 3 and 11 m above the boundary clay. The oncoids were well described by Leda et al. (2014, p. 313) in their study, where they described two varieties, R and C.
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FIGURE 14. The Zal section, modified from Richoz (2006). PTB = Permian-Triassic Boundary; MFS = Main Flooding Surface; decimeter thick bedded biostromes (yellow) and wrinkled stromatolite (blue color). (A) View of the boundary clay, 60 cm thick (white field, scale 40 cm). (B) Bed surface with 1–2 cm large spheroid sponges (white scale bar 40 cm). (C) Laminated gray limestone with “wrinkle”-structure (yellow field scale 1.5 cm).


The dark coalescent spheroids (Figure 14B) are very similar to the spheroid sponges (Figures 15A,B) from the Smithian of Mineral Mountains (Utah, United States) described by Brayard et al. (2011, Figure 5) and the possible spheroid sponges from the Griesbachian of the Zal section described in our study (Figures 15C,D). Arnaud Brayard (written communication) was convinced by our comparative study highlighted in Figure 15. In this study, we interpreted the dark coalescent spheroids of Zal as possible sponges and the deposit as biostrome due to the observed presence of sponge fibers around the spheroids. They are overlain by thick bedded wrinkled lime laminated mats (Figure 14C). This will be described in another article (Brandner et al., in prep.).
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FIGURE 15. Comparison between macroscopic view of spheroid sponges. (A,B) Smithian unit of Mineral Mountains (Utah, United States) illustrated by Brayard et al. (2011), in their Supplementary Figure 5. (C,D) Potential spheroid sponges from the Griesbachian of the Zal section. (A,C) Upper surface. (B,D) Transverse section, yellow field scale in upper right corner ca 1.5 cm.




CONCLUSION

A sponge takeover that started during the EPME in South Armenia and NW Iran has been confirmed in Central Iran sections and found to extend to the lower Griesbachian in the Kuh-e Hambast C sections and possibly up to Dienerian time in the Shahreza and Baghuk sections.

We argued that these permineralized remnants of keratose demosponges belong to a wide range of microbial mounds built in part by digitate stromatolite columns. With the same age, types and microfacies, these buildups correspond to those recently described in South Armenia (Sahakyan et al., 2017; Friesenbichler et al., 2018).

In the Kuh-e Hambast C section of the Abadeh area, these SMB are restricted to the 1.60 m thick interval of successive mounds showing numerous arborescent structures with decimeter-scale branching columnar stromatolites surrounded by lime mud rich in fibers of keratose-like sponges, and early Griesbachian in age (Hindeodus parvus conodont Zone). As asserted in the South Armenia studies, the calcium carbonate oversaturated seawater induced a very early diagenetic replacement of the previous digitate microbial organic tissue as of the demosponge fibers.

The Shahreza section showed five successively spaced SMB cropping out over the first 20 m of the section starting from the post-extinction latest Permian and ending at the early Dienerian thus spanning about 700-ky. The surrounding sediment and the thinly bedded platy lime mudstone characterizes an open marine distal ramp environment close to or below the storm wave base.

In this distal ramp environment, which is about 60 m deep, the SMB grew successfully with topographic reliefs above the seafloor. Therefore, an in-depth description of the post-EPME microbial-metazoan bioherms with branching and columnar stromatolite can be related to sponges cropping out along the Cimmerian margin of the Neo-Tethys in South Armenia and Central Iran.
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