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A B S T R A C T

The Alborz Mountains in northern Iran represent one of the few exceptions to the worldwide decline in Miao
lingian–Furongian (Cambrian) carbonate abundance and reefal volume, likely related to the arrival of north
eastern Gondwana to subtropical latitudes. This Gondwana margin recorded the stepwise nucleation of microbial 
and shelly carbonate factories, lithostratigraphically recognized as members of the Lalun and Mila formations. 
The late Cambrian Epoch 2 to Miaolingian interval displays the development of oncoid-pisoid accumulations and 
microbial build-ups, with laminated and clotted textures, in open-sea and protected (back-barrier) settings. In 
contrast, the late Miaolingian and Furongian interval recorded a generalized establishment of pelmatozoan- 
rhynchonelliformean meadows, locally affected by horst-and-graben topographies. Hanging-wall blocks 
offered some protection from high-energy, shallow-water conditions, which favoured the growth of 
anthaspidellid-microbial reef complexes. The primary porosity recorded in the pelmatozoan- 
rhynchonelliformean shell beds, and the associated microboring and micritization of skeletal walls, favoured 
the episodic development of carbonate and iron oxyhydroxide hardgrounds. Such a singularity leads to the 
development of a more comprehensive global model linked to Miaolingian–Furongian progressive declines in 
87Sr/86Sr ratios, estimated extent of carbonate platforms and reefal volume and atmospheric O2 (punctuated by a 
sharp increase related to the SPICE event), coeval with relative increases in seawater calcite saturation. In some 
subtropical areas, such as in the Alborz margin of Gondwana, the re-occurrence of metazoan frame-builders took 
place in late Miaolingian times, and their subsequent reefal success was primarily controlled by tectonic activity 
and the nucleation of hardgrounds in highly porous pelmatozoan-rhynchonelliformean shell beds.

1. Introduction

The decline and virtual extinction of archaeocyaths across the 
Cambrian Epoch 2–Miaolingian (former ‘lower–middle Cambrian’) 
boundary interval were recognized as a global extinction crisis in the 
early 1990s (e.g., Debrenne, 1991; Signor, 1992). Putative archae
ocyaths were subsequently reported from the Miaolingian Neptune 
Limestone (Wood et al., 1992) and the Furongian Minaret Formation 
(Debrenne et al., 1984; Debrenne and Kruse, 1989) from Antarctica, 
although the taxonomic affinity of the latter was subsequently reinter
preted as a potential anthaspidellid demosponge (Lee, 2024). The suc
ceeding Miaolingian–Furongian interval was depleted on metazoan 
reefs, which did not particularly re-establish globally until Early 

Ordovician times, when spiculate demosponges and primitive bryo
zoans, corals receptaculitaleans and stromatoporoids contributed to 
reefal framework (e.g., Webby, 2002; Adachi et al., 2011; Hong et al., 
2015, 2022; Li et al., 2015).

The apparent Miaolingian–Furongian scarcity in metazoan reefs 
coincided with a global persistent fall in the relative abundance of 
preserved carbonates and reefal volume, excluding purely microbial 
reefs, of three orders of magnitude, from about 107 to 104 m3 (Riding 
and Liang, 2005; Smith et al., 2021; Raja et al., 2023). However, this 
kind of statistical databases has not yet considered basins where car
bonate production and non-reefal and reefal volume increased 
throughout Miaolingian–Furongian times, as in the case study repre
sented by the Alborz margin of northeastern Gondwana.
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The aims of this paper are (i) to analyse and revise the sedimentary 
and palaeogeographic factors that controlled the nucleation, growth and 
demise of Cambrian Epoch 2 to Furongian microbial and microbial- 
shelly carbonate factories developed in the Alborz Basin; (ii) to inter
pret the microbial and early-diagenetic influence in the onset of firm
grounds and hardgrounds and the development of pelmatozoan- 
rhynchonelliformean meadows (the Rhynchonelliformea is a major 
subphylum and clade of brachiopods with hard calcium carbonate 
shells; Williams et al., 2002); (iii) to constrain the tectonic control on 
reefal vs. non-reefal growth; and (iv) to reassess the paradigm of the 
Miaolingian–Furongian paucity of metazoan reefs in this specific margin 
of Gondwana, which contradicts the coeval worldwide fall in carbonate 
production and reefal preservation.

2. Palaeogeographic and stratigraphic overview

The Cambrian counter-clockwise rotation of Gondwana controlled 
the poleward migration of its Moroccan-SW European margin, which led 
to the disappearance of their characteristic microbial-archaeocyathan 
carbonate factories across the Cambrian Epoch 2–Miaolingian transi
tion (Scotese and Barret, 1990; Mitchell et al., 2010; Álvaro et al., 
2013a, 2016). As long as this margin gradually left low-latitudes, the 
Alborz margin of northeastern Gondwana (Fig. 1A) arrived to subtrop
ical latitudes and recorded the transition from Terreneuvian mixed 

(carbonate-siliciclastic) depositional systems to late Cambrian Epoch 
2–Miaolingian microbial-dominant carbonate factories, and Furongian 
blanketing of pelmatozoan meadows locally punctuated by 
anthaspidellid-microbial patch reefs (Hamdi et al., 1995; Lasemi and 
Amin-Rasouli, 2007; Kruse and Zhuravlev, 2008; Popov et al., 2013; 
Bayet-Goll et al., 2015, 2021; Devaere et al., 2021; Spina et al., 2021; 
Sorci et al., 2023); the Anthaspidellidae is a family of lithistid sponges 
with dendrocline spicules formed by ladder-like trabs (Finks, 2003a, 
2003b). The final demise of carbonate productivity was marked by 
generalized drowning steps, probably related to tectonic episodes 
associated with rifting conditions, and poisoning of carbonate factories 
by the influence of cool waters and siliciclastic input during the Early 
Ordovician (Álvaro et al., 2022; Ghobadi Pour et al., 2022; Bayet-Goll 
et al., 2023; Daraei et al., 2023). Six distinct episodes of carbonate 
production, including different frame-building textures and fabrics, can 
be recognized in the upper Cambrian Series 2 to Furongian strata of the 
eastern Alborz Mountains (Fig. 2). They are lithostratigraphically 
assigned to the Lalun Formation and the Mila Formation or Group.

The Lalun Formation consists of sandstones and subsidiary shale 
interbeds, interpreted as a mosaic of fluvial and tidally influenced 
estuarine environments (Bayet-Goll et al., 2018, 2021). The formation 
can reach 532 m in thickness, but pinches out northward and north
westward (Azerbaijan Province of Iran), where it unconformably over
lies a Proterozoic basement (Stöcklin, 1972). Its age is based on the 

Fig. 1. A. Main tectonic units of Iran; Eocimmerian units are marked in green, Mesozoic ophiolites along the Main Zagros and other sutures in black, and Alborz 
Mountains in purple. B. Simplified geological map of the Alborz Ranges (boxed in A), northern Iran, with setting of stratigraphic sections mentioned in the text. 
Abbreviations: AF, Astaneh Fault; AMC, Anarak Metamorphic Complex; DM, Deh-Molla (GPS coordinates: N36◦21’19.66”, E54◦45’01.90”); DS, Deh-Sufiyan 
(N35◦47’36”, E53◦18’55”); MK, Mila-Kuh (N35◦58’54”, E53◦48’45”); KHF, Khazar Thrust Fault; MZT, Main Zagros Thrust; S, Shahmirzad (35◦47’29.07”N, 
53◦18’45.00”E); SF, Shahrud Fault; SK, Simeh-Kuh (36◦12′42.9″N, 54◦13′36.1″E); and TD, Tuyeh-Darvar (N36◦26’54.67”, E54◦10’36.87”).
Modified from Álvaro et al. (2022).
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presence of Cruziana and Rusophycus ichnospecies (Ruttner et al., 1968; 
Hamdi, 1995; Seilacher, 2007; Bayet-Goll et al., 2018). The most chro
nostratigraphically significant ones, C. cantabrica and C. nabataeica, 
would suggest a broad Cambrian Epoch 2 time (Buatois and Mángano, 
2011). An upper informal member, up to 35 m thick, has been reported 
in the eastern Alborz Ranges composed of variegated (reddish, purple 
and green) shales interbedded with sandstones and stromatolitic car
bonates. At the Tuyeh-Darvar section (Figs. 2–3), Lasemi and Amin- 
Rasouli (2007) reported the presence of archaeocyaths, but such asser
tion was subsequently discarded by Kruse and Zhuravlev (2008) and 
Geyer et al. (2014). This outcrop is revisited below.

The Fasham Formation (former ‘Top Quartzite’; Hamdi, 1995) un
conformably overlies the Lalun Formation, and comprises amalgamated 
sandstone sets and conglomerate channels interpreted as tidal shoal 
complexes infilling an inherited palaeorelief (Bayet-Goll et al., 2018, 
2021). The basal incision of the Fasham Formation (Fig. 2) has been 
traditionally linked to a global eustatic fall, known as the Hawke Bay, 
Toyonian or Daroca Regression (Palmer and James, 1980; Álvaro and 
Vennin, 1998; Nielsen and Schovsbo, 2015; Lasemi and Amin-Rasouli, 
2016).

The conformably overlying Mila Formation sensu Stöcklin et al. 
(1964) is a heterolithic succession of dolostone, limestone, marlstone 
and shale (Fig. 3), grading in its uppermost part into sandstone/shale 
alternations. Originally, the formation was subdivided into five mem
bers, although the original definition of its fifth member was somewhat 
ambiguous (for a recent revision, see Álvaro et al., 2022). The three 
lower members, dominated by carbonate strata, were numbered 1 to 3 
by Stöcklin et al. (1964). Geyer et al. (2014) modified the concept of the 
Mila Formation, subdividing the Mila Group into the Fasham, Deh- 
Sufiyan (former members 1 and 2) and Deh-Molla (member 3 and 4) 
formations, but its upper stratigraphic part was still unresolved. Finally, 
Álvaro et al. (2022) named Varzam, Sartangeh and Qol-Qol members to 
Members 1 to 3 sensu Stöcklin et al. (1964), on which this work is 
focused. The stratigraphic correlation of these lithostratigraphic 

frameworks is illustrated in Fig. 2. For the sake of simplicity, the three 
lower members of the Mila Formation defined by Stöcklin et al. (1964)
will be followed.

Member 1 of the Mila Formation is 100–190 m thick and consists of 
brownish to grey carbonates with chert bands and variegated marl
stone/shale interbeds. Regardless of widespread dolomitization, some 
limestone interbeds can be recognized. Despite the local presence of 
disarticulated trilobite sclerites, no biostratigraphically significant fos
sils have been so far reported.

Member 2, ca. 90 m thick, is composed of marly and sandy grey 
limestones alternating with green shales. In the vicinity of Shahmirzad 
town, a ribbon unit, characterized by millimetre- to centimetre-scale 
carbonate beds interlayered with carbonate conglomerates, has been 
interpreted as remains of episodically burrowed substrates developed in 
a wave- to storm-dominated environment (Bayet-Goll et al., 2015; 
Abbassi and Hadi, 2023). Also at Shahmirzad, the member has been 
subdivided into two Miaolingian, trilobite-based biostratigraphic units, 
named Iranoleesia and Chelidonocephalus zones (Kushan, 1973, 1978; 
Wittke, 1984; Peng et al., 1999), which display some distinct rhyncho
nelliform brachiopod shell beds rich in Diraphora? and Nisusia (Holmer 
et al., 2019).

The base of Member 3 is marked by a distinct unconformity, which 
locally preserves up to 8 m of erosive incision (e.g., Deh-Mola section; 
Álvaro et al., 2022: figs. 7g, 8a). In some areas (e.g., Mila-Kuh strato
type, Shahmirzad and Deh-Sufian logs), both the base and significant 
parts of the member are affected by synsedimentary listric normal faults 
subsequently sealed by overlying strata (Álvaro et al., 2022: figs. 7h, 
8b–d). The member, ca. 80 m thick, consists of white to pinkish, partly 
glauconitic, thin- to medium-bedded limestones, dominated by alter
nations of echinoderm-brachiopod packstones and grainstones, and 
subsidiary shales. At Shahmirzad, the member has been subdivided, 
from bottom to top, into the Furongian, trilobite-based Palae
dotes–Torifera and Prochuangia zones (Peng et al., 1999; Geyer et al., 
2014). Some rhynchonelliform brachiopods (billingsellids Billingsella? 

Fig. 2. Updated Cambrian Series 2–Tremadocian stratigraphic chart of the eastern Alborz Ranges showing setting of major unconformities, gaps and location of the 
main reef complexes reported in the text. Abbreviations: Drumi., Drumian; Jiangsh., Jiangshanian; Paib., Paibian; Wuliu., Wuliuan.
Modified after Geyer et al. (2014) and Álvaro et al. (2022).
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and Hyrcanostrophia, and tetralobulid Palaeostrophia) are abundant in 
the bioaccumulations that episodically punctuate the member (Popov 
et al., 2011, 2013). At Simeh-Kuh, the upper part of the member 
commonly contains linguliformean (phosphate-walled) brachiopods, 
such as the genera Dactylotreta, Dictyonina?, Ottenbyella, Sadracarta, 
Siphonobolus and Tapuritreta (Popov et al., 2009). The only published 
record of conodonts includes the paraconodonts Rotundoconus and 
Westergaardodina, and the possible presence of the euconodont Proto
conodontus in the topmost part of the unit at Simeh-Kuh (Jahangir et al., 
2016). The base of the overlying Member 4 is marked by the occurrence 
of shale/sandstone alternations, which display the first occurrence of 
Proconodontus muelleri, the nominal taxon for the earlier (but not 
earliest) Furongian euconodont zone (Jahangir et al., 2016) (Fig. 3).

3. Material and methods

Stratigraphic study and rock sampling were carried out through six 
measured sections located in the vicinity of Shahmirzad, Deh-Sufiyan, 
Mila-Kuh (stratotype), Tuyeh-Darvar, Simeh-Kuh and Deh-Molla vil
lages (Figs. 1B, 3). All of them are located within the tectonostrati
graphic Damghan Domain (Álvaro et al., 2022; Ghobadi Pour et al., 
2022), on the southern foothills of the eastern Alborz Mountains.

One hundred and twenty sedimentary rock samples were selected for 
petrographic study. Carbonate thin-sections were stained with potas
sium ferricyanide and Alizarin Red S to recognize ferroan calcite, calcite 
and dolomite. Mineralogical identification was based on transmitted 
and reflected light microscopy and scanning electron microscopy (SEM) 

equipped with an energy-dispersive X-ray analyzer (EDX). The chemical 
composition of selected minerals was determined with a back-scattered 
electron (BSE) detector. SEM analysis was accomplished using a JEOL 
JSM-6400 fitted with an Oxford Instruments D6679 detector, with a 
high resolution of 3.5 nm at 25 kV, at Museo Nacional de Ciencias 
Naturales (MNCN), Madrid. Back-scattered (BSE) imaging and energy- 
dispersive X-ray spectrometry (EDS) analyses were obtained by SEM 
with the following measurement conditions: accelerating voltage 20 kV, 
beam current 1–2 nÅ and a counting interval of 50 s; analytical results 
display a relative error of ±5 to 7 %.

The Raman spectroscopy technique (confocal Raman microscopy, 
Thermo Fisher DXR spectrograph) of MNCN was used to characterize 
carbonaceous material on thin section. The light at 532 nm of a fre
quency doubled Nd: YVO4 DPSS solid laser (maximum power 30 mW) 
was used for excitation. Spectral data were evaluated with Thermo 
Scientific OMNIC Series Software. The Raman spectral signal of kerogen 
is recorded in a ‘first order’ region between 1000 and 2000 cm− 1 and a 
‘second order’ region between 2000 and 3500 cm− 1. Bands in the second 
order region are generally hidden by fluorescence for low mature sam
ples (Beyssac et al., 2002), and were not observed in this study. The 
interference due to high fluorescence caused by the diffuse presence of 
hydrogen and residual mineral matter was removed by a baseline sub
traction procedure to accurately identify peaks in broad and overlapping 
bands (e.g., Ou et al., 2025), where baseline points at 1100 and 2000 
cm− 1 were fixed for all the spectra. After removal of the background, the 
deconvolution of the averaged Raman spectra was performed by using 
computational software Peak Resolve (OMNIC Thermo Fischer). A 

Fig. 3. Stratigraphic correlation of study sections organized in a W to E arrangement.
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Lorentzian profile was employed for the band fitting, as it reduces the 
degree of freedom of the system, facilitating convergence (Lahfid et al., 
2010). The fitting was adjusted to a four bands model, as search for the 
D2 band proved fruitless due to the low diagenetic degree recorded in 
the studied carbonates.

4. Representative microbial and microbial-metazoan reef 
complexes and bioaccumulations

Six main up-building phases are distinguished below (Figs. 2–3). The 
term ‘reef’ is used when the frame-building fabrics are dominated by 
peloidal, clotted (thromboid) and laminated (stromatoid) textures, 
rather than homogeneous mud. The fabrics correspond to ‘Frame Reefs’ 
sensu Riding (2002), in which in place skeletons (including calcified 
microbes) are in contact and microbial clotted-peloidal fabrics are 

Fig. 4. Field aspect of characteristic facies associations from the Tuyeh-Darvar microbial reef complex. A. Landscape of a southern hillside to the east of Tuyeh- 
Darvar village with arrowed base (right) and top (left) of the upper member from the Lalun Formation. B–D. Vase-shaped domal stromatolites with cerebroid to 
knobby tops, separated by inter-reef oncoidal infills; B and C in level TD6, and D in TD9 (stratigraphic settings in Fig. 3). E. Top of a microbial reefal complex showing 
partial weathering and erosion of an uppermost columnar-shaped stromatolitic cap, underlain by a network of subparallel cracks (arrowed); TD9. F. Isolated 
stromatolitic patch-reef with vertical gradation (arrowed main contact) from planar crinkly to domal-cerebroid top; TD8. G. Core (co)-oncoidal (on) flank contact of a 
patch-reef; TD7. H. Field aspect of weathered pisoids and aggregates capping and flanking a stromatolite bioherm; TD2. I. Mud-cracked silty dolostone interlayers; 
TD3; scale bars = 2 cm (H) and 5 cm (I).
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considered as microframe structures, typical of Cambrian buildups. The 
term ‘patch-reef’ refers to isolated pillow-shaped masses ranging in size 
from 0.2 to 2 m across and 0.2 to 1 m high (e.g., Álvaro and Debrenne, 
2010). They can occur linked as clusters that coalesce vertically and 
laterally to form reef-complexes with composite geometries.

4.1. Microbial reef complex, late Cambrian Epoch 2

The upper member of the Lalun Formation exhibits, on a southern 
hillside to the east of Tuyeh-Darvar village (Figs. 1B, 3, 4A), microbial 
patch-reefs and bioherms interbedded with variegated marlstones and 
shales. The targeted member, 26 m thick, is sandwiched between two 
sandy shoal complexes, lithostratigrahically assigned to the lower 
member of the Lalun Formation and the Fasham Formation. The lower 
20 m of the upper member display isolated patch-reefs and compound 
reefal complexes (Fig. 4B–F). Each build-up, with broad domes 0.5 to 2 
m across, stands in stark relief due to the preferential weathering and 

erosion of the surrounding burrow-mottled marlstones and shales. The 
larger composite build-up is 8 m wide at the base and 2.2 m high. Most 
patch-reefs developed on a grainy base, composed of centimetre-thick 
oncoidal to intraclastic packstone and calcarenite layers. They are 
dominantly flanked and topped by packstone interbeds rich in oncoids 
(coated grains with microbial or algal growth, 0.5–2 mm in diameter; 
Fig. 4G), pisoids, (> 2 mm in diameter; Fig. 4H), radial and concentric 
ooids, aggregates and intraclasts. The core facies grades vertically from 
planar lamination to domal shapes and, locally, columns (Fig. 4F). Their 
texture is crinkly to wavy, locally interrupted by peloidal and intra
clastic interlayering. The stromatolitic banding, visible at the naked eye, 
largely reflects variations in fenestral porosity (Fig. 4F). Some stromat
olite caps, commonly separated from their lower reefal part by networks 
of cracks (Fig. 4E), show knobby to cerebroid surfaces occupying the 
uppermost band of the reef complex (Fig. 4B–C). Maximum topographic 
relief on the branching knobs is 2–6 cm. The reefal interbeds are 
punctuated by centimetre-thick low-angle sets rich in ooids and 

Fig. 5. Petrographic photomicrographs from the Tuyeh-Darvar microbial reef complex. A. Ooidal-peloidal-intraclastic packstone with interparticulate pores 
occluded with blocky calcite cements (st: stromatactis-like pore); level TD8 (stratigraphic setting in Fig. 3). B. Jigsaw-type breccia rich in intraclastone packstone 
clasts with distinct interparticulate pores infilled with blocky calcite cement; TD8. C. Subrectangular-shaped pseudomorphs after gypsum forming a single interlayer; 
TD9. D. Two fans of neomorphosed calcite crystals maintaining their original acicular morphologies; TD3. E. Subvertical fissuring infilled with silty calcite to 
dolomite, sourced from overlying siltstone layers; TD7. F. Wackestone rich in muddy intraclasts and trilobite sclerites, underlain by shelter pores progressively 
occluded with bladed and equant calcite crystals; TD10. Scale bars = 1 cm (A, C–F) and 500 μm (B).

J.J. Álvaro et al.                                                                                                                                                                                                                                Sedimentary Geology 489 (2025) 106959 

6 



intraclasts (Fig. 5A–B) and burrow-mottled, thin-bedded siltstone 
pervasively affected by desiccation cracks (Fig. 4I) with intraclastic lags, 
and locally interbedded with lozenge-shaped evaporitic pseudomorphs 
(Fig. 5C), synaeresis cracks and millimetre-thick laminites rich in 
microbially induced sedimentary structures (MISS; see Noffke et al., 
2022). Some carbonate interbeds, up to 20 cm thick, comprise 
millimetre-sized crystalline fans and hemispheres (Fig. 5D) that are 

laterally linked to stromatolitic crusts. They are made up of crystals of 
neomorphosed calcium carbonate that display acicular morphologies 
with blunt terminations. Crystal fans may occur as isolated patches but 
they may also coalesce laterally. All the reported carbonates are 
commonly contorted, slump-folded and crosscut by millimetre- to 
centimetre-wide, steeply dipping to subvertical fractures forming 
fissure-fill networks (Fig. 5E) encased in an extensively recrystallized 

Fig. 6. Field aspect of facies associations and petrographic photomicrographs from back-barrier thromboid patch reefs of Mila Member 1 at Deh-Mola. A. Southern 
hillside to the south of Deh-Molla village showing the characteristic green-orange-ochre bands, with arrowed lithostratigraphic contacts. B. Orange-stained cross- 
stratified set (st) overlain by an ochre thromboid biostrome (bi); level ML3 (stratigraphic setting in Fig. 3). C. Detail of the former thromboid biostrome top displaying 
centimetre-scale Renalcis bushes; ML4. D. Top of a small-scale cycle covered by halite casts; ML8. E. Detail of former surface with a hopper-faced cube of halite 
pseudomorph; ML8. F–H. Thin-section photomicrographs of a thromboid patch-reef with networks of Renalcis (R) and Epiphyton (E) bushes surrounded by a silty 
microsparitic matrix punctuated with interparticle porosity occluded with muddy matrix (m) and sparry cements (s), and intraparticle clotted pores with diffuse 
internal layering (arrowed); ML3. Scale bars = 10 cm (B), 2 cm (C–D), 0.8 mm (E), and 500 μm (F–H).
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host rock (Fig. 5E). Fracture porosity is filled with wall-rock angular 
clasts and brownish-stained silty grains rich in monocrystalline quartz 
and subsidiary feldspar. Some fracture walls are lined with crusts of 
sparry calcite. Their crystals vary significantly in size and morphology, 
from submillimetre-thick blocky to millimetre-thick coarse crystalline 
mosaics. Pockets of jigsaw-type breccia comprise clast fragments that 
are slightly displaced from their original wall position. Finally, the upper 
6 m of the upper member, composed of carbonate/shale bedded alter
nations, display saddle to sparry mosaics of dolomite that have deleted 
primary textures. Some undolomitized interbeds, however, consist of 
intraclastic to bioclastic wackstones to packstones rich in disarticulated 
trilobite sclerites (Fig. 5F).

4.1.1. Interpretation
The upper member of the Lalun Formation, underlain and overlain 

by sandy shoal complexes interpreted as tidally influenced estuarine 
environments (Bayet-Goll et al., 2018, 2021), would represent back- 
barrier deposits. The lagoon episodically recorded subaerial exposure 
and evaporitic conditions, recognized by the record of mudcracks and 
lozenge-shaped pseudomorphs after gypsum. The contorted and slum
ped preservation of some patch-reefs, as well as their generalized 
fissured aspect, reflect unstable substrates affecting both partly uncon
solidated and rigid build-ups. This controlled the growth of planar to 
domal and columnar microbial patch-reefs and bioherms, underlain, 
flanked and overlain by intraclastic, oncoidal and pisoidal lenses. 
Compound reefal complexes reaching metre-scale reliefs only developed 
over stabilized substrates. Polygonal cracking and MISS are common in 
microbial mats accumulating in semiarid climates (Noffke et al., 2001; 
Smith et al., 2021). Club-shaped and cerebroid stromatolites from Shark 
Bay, western Australia, are known to thrive in semi-restricted waters 
(Collins and Jahnert, 2014).

Semi-closed lagoon episodes recorded microbial activity under con
ditions ranging from high aridity to hypersalinity, episodically inter
rupted by incursions of marine water. The trilobite-rich packstone 
interbeds of the upper part would reflect sporadic shoal-backward 
storm-induced washovers. In contrast, the precipitation of crystalline 
carbonate fans reflects seafloor-encrusting marine cements, where the 
neomorphosed calcite crystals point to possible aragonite precursors. No 
archaeocyaths are recognized, and some undetermined remains 
assigned to these sponges by Lasemi and Amin-Rasouli (2007) may be 
reinterpreted as mud-coated intraclasts, single radial and concentric 
ooids, composite aggregates and pisoids, stromatoclasts, dendritic 
thromboids or cements and cracked stromatolites.

4.2. Back-barrier thromboid patch-reefs, Miaolingian

Despite the generalized dolomitization recorded in Member 1 
throughout the eastern Alborz Mountains, some limestone interbeds can 
be recognized south of Deh-Mola village (Figs. 2–3). There, the member 
comprises cycles of three repeated facies, 6 to 17 m thick. Their suc
cessive green, orange and ochre colours give the outcrop a distinctive 
banded appearance (Fig. 6A): (i) the green interbeds, up to 8 m thick, are 
structureless shales and marlstones with subordinate centimetre-scale, 
laminated and locally burrowed, clayey/silty couplets; (ii) the orange 
limestone and dolostone interbeds, up to 9 m thick, consist of amal
gamated low-angle to trough cross-bedded sets, with wave-ripple 
lamination and wave ripples on bed tops, broadly composed of sparry 
to ooidal packstone to grainstone (Fig. 6B); the lenticular sets are locally 
scoured and capped by mud-cracked shale laminae, with curled up edges 
and rich in crystal pseudomorphs recognized as simple cubes (Fig. 6D), 
hopper-faced cubes (Fig. 6E) and their intergrowths; and (iii) the ochre 
to brownish limestone interbeds show vertical gradation from lower 
amalgamated nodules to upper lenses of decimetre-scale thromboid 
patch-reefs and biostromes (Fig. 6C), in some cases, capped by dolo
mitized crust-like laminites, up to 4 cm thick and locally mudcracked.

The frame-building framework of the brownish limestone interbeds 

(iii) consists almost exclusively (~90 % in thin-section) of clotted tex
tures, locally encasing minor bioclast debris and large (up to 3 mm) 
pores that overall constitute up to 15 % of the whole framework. 
Porosity is irregularly distributed and infilled by either non-clotted 
micrite (currently recrystallized or dolomitized) or microsparite to 
sparite (Fig. 6F–G). Clots, 60 to 800 μm in size, are subrounded to 
irregular, elongate to equant patches of cryptocrystalline calcite encased 
in a more coarsely crystalline calcite mosaic (Fig. 6F–G). Some clots 
display irregular and diffuse internal layering, visible by differences in 
the dark/light intensities (arrowed in Fig. 6G), produced by modifica
tions in the micrite/peloid packing density (peloid refers here to gran
ular micritic aggregates of uncertain origin). They form loosely 
coalesced, botryoidal clusters, interconnecting branches and layered 
crusts, up to 2 cm across, locally surrounded by geopetal pockets. 
Microscopic voids between clots are filled with sparry calcite, small 
cement-filled fenestrae and pseudospar (Fig. 6F–H). Interconnected to 
amalgamated clotted bodies, with walls about 5–20 μm thick and 
micritic centres, resemble Renalcis forms (Fig. 6F–G). Bushy forms 
resembling Epiphyton calcimicrobes occur as scattered, grape-like and 
branching (with acute angles between branches), discontinuous to 
continuous rods (Fig. 6H). Other straight filaments form laminated 
networks of unbranching, subparallel bunches to somewhat radiating 
micritic fans, where individual filaments are 10–30 μm in diameter and 
up to 400 μm long (Fig. 7A). Amalgamated subparallel crusts (Fig. 7B) 
show crude interlayers of irregular meshworks and clotted pockets.

4.2.1. Interpretation
The three aforementioned facies (i to iii) are arranged as shallowing- 

upward small-scale cycles. Their bases are flooding surfaces and their 
tops discontinuities marked by the development of uneven scouring and 
hardground surfaces, in some cases emphasized by microbial crusts. 
From bottom to top, the cycles start with an initial phase of rapid 
deepening, marked by partly burrowed green shales deposited on 
offshore-dominant substrates, prograding ooidal to sparry shoals, and 
back-barrier (protected) thromboid patch-reefs finally capped by peri
tidal microbial laminites. Thromboid patches and biostromes consisted 
mainly of clotted structures, with calcite cements later filling 
centimetre-scale voids to lithify the framework. Microbial processes 
comprise calcification, trapping and binding of intraclasts. The throm
boid texture is emphasized by micritic (uniform, clotted and peloidal) 
meshworks with unusual or absent allochthonous silt-sized grains, 
pointing to almost exclusively autochthonous particles. Halite precipi
tation may be related to episodes of increasing salinity in an arid setting, 
where circulation was somewhat occasionally restricted.

4.3. Oncoidal-pisoidal accumulations punctuated by microbial crusts, 
Miaolingian

Oncoid-pisoid rudstone limestone and dolostone interbeds form a 
significant part of Member 1 in the Shahmirzad, Deh-Sufiyan and Tuyeh- 
Darvar sections (Fig. 3). Oncoidal-pisoidal lenses, up to 0.4 m thick, 
occur interbedded with low-angle cross-laminated sets punctuated by 
mud-cracks and microbial crusts, and subsidiary tepee structures and 
centimetre-thick, ooid-oncoid-intraclastic grainstone lenses (Fig. 7C). 
Oncoids and pisoids, both spherical and flattened (subparallel to 
bedding plane), commonly display lobate to elliptical shapes and sharp 
outlines (Fig. 7D), and commonly account for 20–60 % of sample vol
ume. The texture is mainly grain-supported, and the interstitial matrix 
consists of sand-sized carbonate grains mixed with siliciclastic debris. 
Several nuclei can be recognized, such as peloids, carbonaceous lumps, 
intraclasts and bioclasts (mainly trilobite sclerites and brachiopod 
valves), although some of them lack distinct nuclei (i.e., full cortex 
unlaminated oncoids sensu Han et al., 2015) (Fig. 7E–H). They exhibit a 
cortex composed of well-defined concentric laminae of variable thick
ness. Crinkly lamination is locally emphasized by microbial filaments 
mimicking Girvanella remains.
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4.3.1. Interpretation
The pisoid components reflect partly restricted conditions, poten

tially associated with shallow, warm and moderately agitated waters (e. 
g., Torromé et al., 2022) episodically submitted to subaerial exposure. 
Episodic marine influence is indicated by the oncoid-pisoid interlayering 
with shelly coquinas (e.g., Védrine et al., 2007). The virtual absence of 
micrite suggests a fairly high-energy setting linked to nearshore sub
strates recording oncoidal-dominant low-angle shoal systems. 

Development of the crinkly lamination in oncoids and pisoids was 
triggered by successive growth layers of the cortex, which suggest per
manent high-energy conditions and active microbial encrustation. The 
episodic flourishing of microbial communities may be related to 
increasing nutrient pulses, potentially highlighting the onset of strati
graphic diastems (Álvaro and Clausen, 2006).

Fig. 7. Field aspect of facies associations and petrographic photomicrographs. A. Thin-section photomicrograph of a thromboid texture of Mila Member 1 at Deh- 
Mola showing a superposition of radiating fans composed of tubular filaments mimicking Epiphyton networks; level ML3 (stratigraphic setting in Fig. 3). B. 
Petrographic photomicrograph of the top of a shallowing-upward cycle illustrating a lower ooidal-intraclastic grainstone crust (cr), encrusted by stromatolitic mats 
affected by solution seams, finally onlapped by a mudstone (m), which forms the beginning of the overlying cycle; SH8. C. Oncoid-pisoid dolomitized rudstone 
interbeds separated by erosive discontinuities (lined); Member 1 at Tuyeh-Darvar; TD22. D. Thin-section photomicrograph of an oncoidal-peloidal packstone; 
Member 1 at Deh-Sufiyan; SF3. E–H. Detail of some pisoids exhibiting different nuclei types: b- brachiopod valve, c- carbonaceous lump, n-lack of nuclei, p- peloid, 
and t- trilobite sclerite; SF6. Scale bars = 500 μm (A–B, D–E) and 2 mm (F–H).
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4.4. Open-sea stromatoid and thromboid patch-reefs, Miaolingian

In the absence of ribbon facies associations (see Bayet-Goll et al., 
2018, 2021), Member 2 at Deh-Mola and Sime-Kuh displays rhythmic or 
repetitive strata, 8–22 m thick, composed, from bottom to top, of (i) 
green structureless shales and marlstones, up to 3 m thick, locally 

interbedded with burrowed, clayey/silty couplets and chaotic clast- to 
matrix-supported, contorted interbeds; (ii) plano-convex patch-reefs, up 
to 0.9 m thick, composed of either laminated or clotted boundstones; 
and (iii) dolomitic laminites, less than 0.3 m thick, containing evaporitic 
pseudomorphs.

Planar domal and columnar, stromatolitic boundstones (Fig. 8A–B) 

Fig. 8. Field aspect of facies associations and petrographic photomicrographs of stromatolites from Member 2 at Deh-Molla. A. Amalgamation of domal stromatolitic 
limestones with distinct synoptic relief; level ML20 (stratigraphic setting in Fig. 3). B. Alternation of dolostone interbeds, two of them with columnar stromatolites; 
ML22. C. Thin-section photomicrograph of two laterally linked domal stromatolites separated by scouring infill (lined) rich in peloids and intraclasts; onlapping 
contacts of smooth thickening laminae, arrowed; ML22. D. Detail of fenestral pores and peloidal-intraclastic interlaminae; ML22. E. Detail of a V-shaped mudcrack 
infilled with peloids, intraclasts and composite (polyphase) clasts; ML22. F. Top of shallowing-upward cycle showing upsection dolomitization (white arrow marks 
the boundary of Alizarin Red S staining) and increase of crystal size, linked to the record of lozenge-shaped pseudomorphs after gypsum (black arrows); ML22. 
Abbreviations: ca- calcite, co- composite clasts, do- dolomite, in- intraclasts, p- peloids. Scale bars = 1 cm (B), 2 mm (C–D, F), 1 mm (E).
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comprise uniform to crinkly laminated micrite/microspar couplets. 
Centimetre-scale domes and columns are typically 2–12 cm in diameter, 
with circular to slightly ovate cross-sections, and up to 12 cm high. 
Carbonate allochems, such as peloids, intraclasts and composite clasts, 
form a substantial portion of the laminae (up to 35 % of volume), as 
either disseminated grains or distinct laminae. Domes and columns, with 

synoptic reliefs, comprise well-defined laminae, generally less than 5 
mm thick (Fig. 8C–E). In some cases, closely spaced adjacent domes and 
columns hardly coalesced to form single, larger and composite, domal 
structures. Sustained thickening of laminae between domes gradually 
resulted in a gradual upward reduction in synoptic relief. Laminar in
heritance is distinct, but scouring surfaces affect both laminar 

Fig. 9. Field aspect of facies associations and petrographic photomicrographs from the shell beds that characterize Member 3 of the Mila Formation. A. Typical 
pinkish echinoderm-rich packstone to grainstone layers bounded by reddish shale-rich solution seams and stylolites; level SH32 (stratigraphic setting in Fig. 3). B. 
Scouring contacts separating low-angle laminated, echinoderm-rich packstone and breccia interbeds; SH33. C. Digitate thromboid biostrome (bi) encrusting a 
packstone interbed (pa) and scoured by a brachiopod-rich rudstone (ru); SK32. D. Detail of former thromboid showing a network of digitate fans, encrusting each 
other; SK32. E. Ooidal-peloidal grainstone set; MK4. F. Calcarenite of unselected intraclasts, ooids, peloids and oncoids; ML26. G. Top of Member 3 showing sub
vertical cracks and fissures infilled by same facies than overlying siltstone (si); MK23. H. Rhynchonelliform-rich wackestone to rudstone with articulated and dis
articulated valves, locally encrusting a hematite-rich hardground (ht); MK44. Scale bars = 250 μm (D) and 500 μm (E–H).
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amalgamation and sharp horizontal changes in thickness and columnar 
width (Fig. 8C). Fenestrae range in size from 0.1 to 5 mm in diameter. 
They currently follow the orientation of underlying and overlying 
laminae, and exhibit subspherical morphologies. Inter-columnar space is 
filled with microsparite to pseudosparry carbonate, aggregate grains and 
rip-up stromatoclasts (Fig. 8D). Some laminae are mudcracked, include 
small folds and roll-up microstructures, and/or capped by centimetre- 
thick breccia interlaminae (Fig. 8E) with pores infilled with reddish 
siltstone. The uppermost part of the cycles displays dolomitic crinkly 
laminites, sparsely fenestral and with internal alternations of dolosparite 
and dolomicrosparite, locally linked to lozenge-shaped pseudomorphs 
(Fig. 8F). Thromboids display similar textures, fabrics and patch-reef 
geometries to those reported in Section 4.2, and will not be repeated 
here.

4.4.1. Interpretation
The three aforementioned facies (i to iii) reflect shallowing-upward 

small-scale cycles. The microbial patch-reefs flourished, not in pro
tected back-barrier settings (see Section 4.2), but under open-marine, 
subtidal conditions, where the influence of invertebrate grazers and 
burrowers, which widely developed on the distal marly-shaly substrate, 
was somewhat reduced. No intermixed laminated/clotted textures have 
been recognized. Development of spatially restricted patch-reefs, rather 
than laterally continuous biostromes, reflects recurrent environmental 
stress imposed by evaporitic conditions and substrate instability, evi
denced by mudcracks, halite and gypsum pseudomorphs, and rip-up 
clasts. Patch-reefs developed fringing peritidal environments, locally 
recording arid evaporitic precipitation representing the uppermost part 
of shallowing-upward cycles.

4.5. Shell beds generated by pelmatozoan-rhynchonelliformean meadows, 
Miaolingian and Furongian

This facies association occurs interbedded in the upper part of 
Member 2 at Sime-Kuh stratotype (Holmer et al., 2019) and forms the 
main part of Member 3 throughout the eastern Alborz Mountains 
(Fig. 3). It consists of light grey to pinkish, variably glauconitic, thin- to 
medium-bedded limestones alternating with subsidiary shales (Fig. 9A). 
Scouring surfaces capped by breccia lags are common (Fig. 9B). Shell 
beds are also locally punctuated by centimetre- to decimetre-thick 
thromboid crusts (Fig. 9C–D) and anthaspidellid-microbial reef com
plexes (Furongian in time, see Section 4.6). Limestone strata are domi
nated by cross-bed sets, up to 1 m thick, with horizontal to low-angle 
laminae and hummocky cross-stratification, locally emphasized by 
clayey interlaminae, solution seams and stylolite surfaces (Fig. 9A). 
Their texture consists of packstone to grainstone rich in ooids, grape
stones (or aggregates), oncoids and bioclasts (Fig. 9E–F). Subvertical 
fissures and cracks are abundant, and their fracture porosity is infilled 
with the same silty material (Fig. 9G). Echinoderm ossicles and 
brachiopod valves are volumetrically the most important skeletal con
stituents, reaching locally more than 80 % of the rock volume, whereas 
subsidiary components are mainly trilobites, hyoliths, linguliformean 
brachiopods, conodonts and palaeoscolecid sclerites (Peng et al., 1999; 
Wrona and Hamdi, 2001; Popov et al., 2011, 2013; Jahangir et al., 
2016). Compositional analysis shows lateral variations in the skeletal 
association, ranging from pelmatozoan- to brachiopod-dominant shell 
pavements and accumulations. Shell beds are sharp-based and display 
low-angle planar cross-lamination. Skeletons are disarticulated to frag
mented and commonly arranged as stacked, nested, imbricated and 
variably oriented shells. Some entirely preserved and partly articulated 
ossicle remains allowed the identification of vagile stylophorans 
(Member 2; Rozhnov and Parsley, 2017) and edrioasteroids (Member 2; 
Guensburg and Rozhnov, 2014). Reworked anthaspidellid debris is 
exceptional in Member 2 (see description in Section 4.6). Cementation 
occurs as sparry mosaics occluding intra- and interparticulate pores. 
Some allochems are enveloped by isopachous calcite cement, and the 

remaining porosity was occluded with both equant, medium, calcite 
sparry mosaics and geopetal peloidal and micritic sediment. The pel
matozoan fabric is locally punctuated by centimetre-thick pavements to 
decimetre-scale, poorly bedded to lenticular brachiopod rudstone in
terbeds (Fig. 9H). Brachiopods are preserved as both articulated and 
disarticulated valves, in some outcrops protruding from the weathered 
bedded surface as silicified brachiopod shells. Lenses display both poorly 
defined irregular morphologies and distinct sharp basal surfaces with 
abundant rhynchonelliform brachiopods preserved in life position. In 
Member 2, rudstone lenses of rhynchonelliform brachiopods are domi
nated by species of Nisusia, whereas those of Member 3 comprise species 
of Billingsella (endemic species) and Palaeostrophia, forming the so-called 
Billingsella Association (e.g., Tuyeh-Darvar; Popov et al., 2013). Matrix is 
a mixture of medium- to coarse-grained silt and sand grains, and frag
ments of valves and ossicles.

4.5.1. Interpretation
The thin- to thick, cross-bedded bioclastic-ooidal-oncoidal deposits 

described above represent migrating shoal packages. The record of 
trough cross-bedding sets suggests deposition in high-energy (shoreface- 
dominant) environments. The storm imprint is evidenced by normally 
graded interbeds and overturned brachiopods. The generalized flat- 
shaped aspect of most intraclasts points to erosion from thin sheets of 
formerly lithified sediment. The sharp-based nature of some bio
accumulations, preservation of fragmented and disarticulated bioclasts, 
and relative rounding of allochem edges support physical abrasion and 
hydraulic concentration. The principal constituents of the shell beds 
include dispersed, parautochthonous components punctuated by clayey 
interlaminae.

Hydrodynamic packages formed through the growth and destruction 
of pelmatozoan-rhynchonelliformean meadows by wave and storm ac
tion. The coarsest skeletal fraction was left in place, whereas the smaller 
ossicles, valves and sclerites were redistributed by currents. Sandwaves 
appear to have formed and migrated across the seafloor, as evidenced by 
large, high- to low-angle, tabular-planar cross-beds. The faunal record is 
a mixture of both vagile and sessile epifaunal organisms. This suggests 
the substrate was episodically stable enough to be colonized by pelma
tozoan eocrinoids (Rozhnov, 2015).

An interval of this facies association, 38 m thick, occurs interbedded 
in the upper part of Member 2 at Mila-Kuh section, and contains facies 
and sedimentary structures identical to those exhibited by Member 3. 
These interbedded pelmatozoan-rich shoals contain rhynchonelliform 
nisusioid brachiopods reflecting the episodic development of Miaolin
gian nisusioid thickets (Holmer et al., 2019), which were deposited 
above the wave base with moderate supply of siliciclastic material. The 
variably energetic substrate favoured the development of large thick- 
shelled rhynchonelliform brachiopods that were able to anchor 
strongly in the grainy substrate. Brachiopod rudstones reflect moderate- 
energy settings due to the low articulation ratio of valves, whereas 
echinoderm packstone to grainstone interbeds were deposited in more 
energetic substrates. The grainy substrate rich in brachiopod shells in 
turn offered hard substrates to pedicle-attached brachiopods, spiculate 
sponges, pelmatozoan echinoderms and microbial crusts, locally 
favouring thicket (and reefal, see Section 4.6) stability. Substrate played 
a major role in controlling brachiopod colonization as they selected 
early cemented (firmground, see Section 5) substrates with respect to 
grainy (packstone to grainstone) mobile substrates. The concept of 
‘taphonomic feedback’, linked to live-dead interactions between shelly 
organisms, and their role in the evolution of benthic ecological com
munities (Kidwell and Jablonski, 1983), can be applied to these shell 
beds. Although no patch-reefs have yet been recognized embedded in 
Member 2, the record of interbedded parautochthonous anthaspidellid 
debris point to their episodic growth attempts.
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4.6. Anthaspidellid-microbial reef complexes, Furongian

Reefal frameworks of Member 3 mainly lie along a N–S trending road 
cutting about 3 km of Shahmirzad village (Hamdi et al., 1995). The 
geometric relationships and outlines between individual and composite 
reefs and their surrounding pelmatozoan-rhynchonelliformean sets are 
visibly exposed along the road margin and creek (Fig. 10A). As illus
trated by Álvaro et al. (2022), Member 3 is here crosscut by synsedi
mentary normal faults (Fig. 10A–B). Although tilted blocks display 
uplifted footwall and lateral hanging-wall blocks with offsets close to 6 
m, scarps are not significantly fringed by slope-related debris. Frame- 
building fabrics occur dominantly as patches and larger bioherms, up 
to 2 m high and 6 m wide, on tilted hanging-wall blocks. They appear as 
single units interbedded with pelmatozoan-rhynchonelliformean lenses 
and reefal complexes of patches and bioherms stacked vertically 
(Figs. 10C–F, 11A). In plane section, individual patches are elliptical to 
asymmetric in shape. The individual reefs and complexes, as a whole, 
show no preferential orientation or elongation.

Reefal cores consist of mottled lithistid-bearing limestones 
(Figs. 11B–E, 12A–B) with skeletal walls and substrates mainly encrus
ted by intergrowths of Girvanella crusts (Kruse and Zhuravlev, 2008) 
(Fig. 12C) and subsidiary clotted textures that locally exhibit recogniz
able Epiphyton and Renalcis morphs (Fig. 12D–E). Sponges mostly 
display conical, thin-walled skeletons due to longitudinal subdivision 
form branching modules that compose the reefal framework (Figs. 11D, 
G, 12F–I). In some cases, the sponge individuals occupy about 50 % of 
the overall volume, with individual calyx diameter up to 1.2 cm, and 
heights up to 2 cm. Individual patches rest on centimetre-thick intervals 

of intraclastic packstone to oncoidal-pisoidal rudstone (Figs. 11A, F, 
12J), and interfinger with adjacent inter-reef, limestone/shale alterna
tions that, in turn, grade laterally into echinoderm- and brachiopod-rich 
accumulations (Fig. 11H) (see Section 4.5).

Micrite fills some irregular pores separating filaments and sub
rounded clots, somewhat preserving the original texture. Local modifi
cations in the volume and shape of pores are probably linked to an 
inherited fenestral texture (Fig. 12C), which was subsequently modified 
during recrystallization. The growth of microbial clots and filaments 
resulted in a framework texture with the original porosity partly 
occluded with fibrous to bladed, calcite cement (up to 300 μm in size; 
Figs. 11G, 12E). Subsidiary shelly debris comprises echinoderm ossicles, 
fragments of brachiopod valves and trilobite sclerites. The inter-reef 
facies consists of reddish to greenish limestone interbeds, 5–15 cm 
thick, with shale interlayers. Inter-reef strata consist of wavy to nodular 
oncoidal rudstone alternating and grading laterally into packstone to 
grainstone rich in disarticulated and partly broken, calcite-walled bra
chiopods and echinoderm ossicles (Fig. 11E–H).

4.6.1. Interpretation
The nucleation, growth and demise of anthaspidellid-microbial reef 

complexes in the vicinity of Shahmirzad was directly controlled by 
synsedimentary faulting. Aerial photographs and mapping, as well as 
drastic changes in lithofacies, reflect differential subsidence of fault- 
bounded blocks, with shell beds generated by pelmatozoan- 
rhynchonelliformean meadows and thickets mainly developed on shal
lower water, uplifted footwall blocks. In contrast, anthaspidellid- 
microbial isolated patch-reefs and reef complexes embedded in 

Fig. 10. Field aspect of Mila 3 Member strata in the vicinity of Shahmirzad displaying anthaspidellid-microbial reef complexes. A. Geological sketch on Google Earth 
image highlighting the unconformities and synsedimentary faulting (arrowed faults are sealed by overlying strata), north of Shahmirzad village. B. Western margin of 
the creek with arrowed foot-wall and hanging-wall blocks. C–D. Field image and sketch of Member 3 in a E–W transect with setting of isolated and amalgamated 
anthaspidellid-microbial patch-reefs. E–F. Similar arrangement in a transverse, N–S transect.
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pelmatozoan echinoderm-brachiopod shell beds (Section 4.5) domi
nantly established on deeper water, hanging-wall blocks. Reef com
plexes comprise stacked patches developed by their nucleation in close 
proximity. Development of microbial crusts and early-diagenetic 
cementation resulted in the development of build-ups with a positive 
synoptic relief, as well as distinct contacts between reef and inter-reef 

facies. Limestone flanks onlap the patch-reefs and are inclined off 
them, also supporting a primary positive topographic relief between the 
reef and inter-reef facies. Reefal growth took place episodically where 
and when bottom currents and/or waves were relatively weak. Build- 
ups were finally blanketed by current- and/or wave-winnowed bio
accumulations. Reefal bases consist of oncoidal debris and stromatolitic 

Fig. 11. Field aspect of the anthaspidellid-microbial patch-reefs. A. Single patch-reef (core, co) with oncoidal packstone (pa) base and flanks (fl). B–C. Upper surface 
of a biostrome displaying selective weathering of partly silicified Rankenella cups preserved in their original, upright growth orientation. D. Cross-section of a patch- 
reef flank rich in parautochthonous Rankenella cups, dominantly preserved parallel to stratification. E. Fresh cross-section of a core displaying Rankenella cups 
preserved in life position encrusted by grey zoned thromboids. F. Oncoidal-pisoidal-peloidal packstone forming the base of a single patch-reef. G. Polished slab of a 
reefal core sample showing transverse section of Rankenella cups, preserved in life position, with reddish silty microsparite infilling the space among cups and final 
occlusion of interparticulate porosity by calcite cement. H. Mixture of Rankenella cups (with dominated ellipsoidal section) and rhynchonelliformean valves forming a 
floatstone flank. Scale bars = 1 cm (B–F) and 2 cm (G–H).
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Fig. 12. Petrographic photomicrographs from the Shahmirzad anthaspidellid-microbial reef complexes and Rankenella debris from pelmatozoan- 
rhynchonelliformean accumulations. A. Transverse section of a Rankenella cup preserved in life position; level SH36 (stratigraphic setting in Fig. 3). B. Oblique 
section of Rankenella cup preserving a geopetal structure in the inner cavity; SH37. C. Subparallel filaments of Girvanella successively encrusting the muddy substrate 
in a section transverse to stratification; SH33. D. Epiphyton bush in a section parallel to stratification; SH33. E. Renalcis network with intraparticle pores infilled with 
mosaics of sparry calcite in a section parallel to stratification; SH32. F. Reworked debris of Rankenella cups with complete transverse section showing a geopetal 
structure with hematite cement, and fragmented (left) skeleton; Miaolingian pelmatozoan-rhynchonelliformean accumulation at Mila-Kuh stratotype; MK43. G. 
Detail showing infill of primary cavity by silty micrite (dermal surface on top-left); SH39. H. Outer wall of Rankenella encrusted by successive generations of 
laminated (l) and clotted (c) microbial textures displaying onlapping geometries; SH40. I. Longitudinal section of a Rankenella wall with ladder-like spiculate 
network; SH36. J. Irregular oncoids and pisoids of a patch-reef flank with cores composed of uncertain conical shell and rhynchonelliform valve; SH38. Scale bars =
2 cm (A–C, E–F, H) and 500 μm (D, G).
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crusts, which episodically stabilized the shelly substrate, favouring 
development of thromboids and the cementation of their porous clots 
and interparticle pores. After development of such a complex inter
growth of thromboidal textures, anthaspidellid cones colonized the 
substrate, in some cases reaching 50 % in volume. Some sponges are 
simple cones, others are branching conical colonies, and some also 
display outgrowths fixed on other cones. Reef onlapping covers and 
flanks, composed of oncoidal rudstones and shelly packstones, thin away 
laterally, passing, over a distance of 1 to 2 m, into the typical shell beds 
generated by pelmatozoan-rhynchonelliformean meadows.

5. Firmground vs. hardground substrates

‘Hard (carbonate) substrate’ is a broad term that includes, among 
others, fossil and living, aragonite- and calcite-walled shells, beach- 
rocks, rock-grounds (lithified substrates that have been exhumed) and 

partly to wholly, carbonate-cemented seafloor sediments (firmgrounds 
vs. hardgrounds; Rozhnov, 2001). By far, the most abundant biogenic 
hard substrates are provided by shell beds (Taylor and Wilson, 2003). In 
contrast, hardgrounds are ‘synsedimentarily lithified carbonate sea
floors that became hardened in situ by the precipitation of a carbonate 
cement in the primary pore spaces […] contemporaneously with or soon 
after deposition’ (Wilson and Palmer, 1992: p. 3). Hardgrounds refer, 
therefore, to abiotic precipitation of calcite and would represent in
tervals of time ‘soon after deposition’ during which sedimentation did 
not take place and cement precipitated. Hardground development is not 
related to microbial growth. Firmgrounds, stiff but uncemented car
bonate substrates, may be precursors of hardgrounds, and display in
termediate consistency patterns that can be colonizable by both boring 
(hardground) and burrowing (softground) organisms. The problem is 
the distinction of the firmground/hardground boundary.

Although phosphate hardgrounds were relatively common since 

Fig. 13. Petrographic photomicrographs of hardgrounds, microboring textures and micritized skeletons from Members 2 and 3 of Mila Formation. A. Erosive contact 
of a lithified encrinitic packstone, behaving as a hardground, overlain by a siltstone; level MK23 (stratigraphic setting in Fig. 3) of Member 3. B. Lumachella with a 
mixture of agnostoid and trilobite cranidia, and bowl-shaped holdfast and columnal ossicles, whitened with ammonium chloride; ML26 in Member 2. C. Two 
subparallel porous interlaminae (arrowed) encrusted with iron oxyhydroxide; MK42 in Member 3. D. Packstone of monocrystalline and columnal (co) ossicles capped 
by a disarticulated rhynchonelliform valve (va) with shelter pore occluded with iron oxyhydroxide (arrowed); SH42 in Member 3. E. Trilobite sclerite showing 
straight and J-shaped (arrowed) microborings transverse to skeletal wall; SH42 in Member 3. F. Micritized walls of Rankenella cups displaying a broad muddy aspect, 
subsequently encrusted by several generations of thromboid crusts; SH38 in Member 3. Scale bars = 1 cm (A, C–D, F), 2 cm (B) and 500 μm (E).
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Proterozoic times (e.g., Papineau, 2010), the earliest Phanerozoic car
bonate hardgrounds are currently recognized from Miaolingian 
microbial-free carbonate strata of Argentine, Laurentia, Newfoundland 
and North China (Chow and James, 1992; Cowan and James, 1993; 
Srinivasan and Walker, 1993; Rankey et al., 1994; Oslager and Mon
tañez, 1996; Brett et al., 2009; Gómez and Astini, 2015; Lee et al., 2015a; 
Peel, 2017) to Furongian strata of Iran (Rozhnov, 2001; Kruse and 
Zhuravlev, 2008), Laurentia (Brett et al., 1983; Chow and James, 1992; 
Cowan and James, 1993; Srinivasan and Walker, 1993; Sumrall et al., 
1997) and North China (Chen et al., 2011; Lee et al., 2015b).

Shell pavements and shoals rich in echinoderm-brachiopod pack
stones-grainstones and rudstones, which characterize some distinct in
terbeds of Member 2 and the entire Member 3 of the Mila Formation, 
were irregularly subject to synsedimentary to earliest diagenetic pre
cipitation of calcite and ferruginous cements on the seafloor to form 
hardground surfaces (see also Rozhnov, 2001; Kruse and Zhuravlev, 
2008). They developed on truncated ooidal, oncoidal and peloidal 
wackestone-packestone (Fig. 13A) to grainstone, and flat pebble 
conglomerate. In some cases, the hardgrounds were subsequently 
encrusted by stromatolites and thrombolites and/or coated by iron 
oxyhydroxides (Fig. 13C–D), reflecting intervals of long exposure 
favouring calcite and iron oxyhydroxide precipitation. Their lithified 
character is supported by some scouring (erosive) tops separating them 
from overlying high-energy, sandy to silty shoals, as well as the record of 
encrusting holdfasts (Fig. 13B).

One of the oldest firmground to hardground transitions, based on the 
lateral gradation from mottled (burrowed) wackestone to packstone 
interbeds, encrusted by pelmatozoan holdfasts and cemented by early- 
diagenetic syntaxial overgrowths and occlusion of intraparticle skel
etal and shelter porosity by mosaics of calcite, was reported from 
Miaolingian shelly carbonates of northern Spain and Morocco, western 
Gondwana (Zamora et al., 2010). Amphora- to bowl-like ossicles with 
proximally pierced holdfasts and longitudinally perforated nodal col
umnals, prolonged into a lobate to stellate crown of proximal append
ages (diagnostic character of different parataxonomic species), are 
conspicuous skeletal elements of Furongian shelly debris in NE Spain 
(Álvaro and Colchen, 2002; Zamora et al., 2009), SW Sardinia (Loi et al., 
1995), Norway (Erdtmann et al., 1984; Berg-Madsen, 1986) and the 
Alborz Mountains (Rozhnov, 2001: fig. 11.2) (see Fig. 13B). They 
developed anchoring strategies on clayey substrates and encrusting ones 
on carbonate substrates (Seilacher and MacClintock, 2005; Álvaro and 
Colchen, 2002). Similar late Miaolingian holomeric columnals encrust
ing hardgrounds have also been reported from Greenland (Peel, 2017). 
All these findings would support the distinct contribution of pelmato
zoan ossicles to the occurrence and evolution of these early carbonate 
hardgrounds (Rozhnov, 2001), somewhat controlled by the stereom 
porosity network of these ossicles that certainly favoured the earliest 
diagenetic occlusion of intra- and interparticulate pores.

Early-diagenetic calcite cementation of mudstone and wackestone 
substrates, with their lower permeabilities, may be expected to take 
place much more slowly than those of highly permeable packstone and 
rudstone textures. In addition, aragonite tends to precipitate at higher 
supersaturation levels than calcite (calcite seas link to low-Mg calcite 
cements, < 4 mol% MgCO3; Zhuravlev and Wood, 2008; Balthasar and 
Cusack, 2015) growing syntaxially on calcite hard substrates, such as 
those composed of echinoderm ossicles and rhynchonelliform valves. As 
a result, hardgrounds seem more common and faster growing in calcite 
than aragonite seas.

In the pelmatozoan-rhynchonelliformean shell beds and 
anthaspidellid-microbial reef complexes, surface-sediment micritization 
and subsequent degradation of carbonate allochems is represented by 
endolithic microboring (e.g., on trilobite sclerites, Fig. 13E). Micritic 
enveloping of echinoderm stereom pores and walls of Rankenella 
(Fig. 13F) is pervasive and related to synsedimentary microbial growth. 
Surface-sediment micritization was produced by microbial consortia, 
potentially dominated by (cyano-)bacteria with possible involvement of 

heterotrophic fungae, which persisted during sedimentary and early 
diagenetic timing. This contrasts with the microbial activity related to 
the photosynthetic (cyano-)bacterial activity linked to the formation of 
oncoids and mats.

6. Raman spectroscopic features of microbial textures

The ability of Raman spectroscopy to identify organic compounds 
and mineralogy at the microscale makes it particularly suitable for the 
study of microbial carbonates. Microbes can leave distinct structural and 
chemical signatures in carbonate minerals (organic remnants and 
mineralized microbial cells) that can thus be detected and mapped by 
Raman spectroscopy (e.g., Bower et al., 2013; Schito et al., 2019).

Two microbial textures from Member 3 of the Mila Formation were 
selected for Raman spectral analysis: micritized walls of Rankenella 
sponges (sample MK43 from Mila-Kuh) and oncoids (ML3 from Deh- 
Mola). The most prominent Raman signals in the lower wave-number 
region (Fig. 14A) are typical of amorphous carbon with peaks at ca. 
1600 cm− 1 (graphite or G-band) and 1350 cm− 1 (disorder or D-band) 
(Quirico et al., 2009; Schito et al., 2022). Peak intensities of both bands 
can vary in a small range due to thermal alteration, carbon crystallinity 
(both parameters similar for all the analyzed material) and the original 
carbonaceous material (Marshall et al., 2010). The D-band is related to 
the presence of in-plane defects and heteroatoms (Beny-Bassez and 
Rouzaud, 1985), whereas the G-band is indicative of an increase in 
graphitic crystalline order (Bower et al., 2013). In the Alborz samples, 
the D-band is split into the D1-band (~1350 cm− 1), D4-band (~1250 
cm− 1) and D3-band (~1500 cm− 1) (Fig. 14B), which suggest structural 
defects (Beny-Bassez and Rouzaud, 1985), and are visible after the 
Lorentzian deconvolution of the former peaks. The D2-band, which 
usually appears around 1620 cm− 1, has not been identified due to the 
low diagenetic grade of the samples, as a result of which, the separation 
of the G and D2 bands is unavailable, resulting in a single band located 
around 1600 cm− 1 (Beyssac et al., 2002). Both samples show a 
morphology characteristic of poorly organized organic matter, remi
niscent of the low-grade samples of the Glaurus Alps studied by Lahfid 
et al. (2010). The D-band is wide and less intense than the G-band, with a 
noticeable shoulder caused by the D4 band in the MK_43 sample. The 
intensity and position of the D4-band increases in an inverse relationship 
with the metamorphic grade, disappearing once perfect graphitic order 
is reached (Lahfid et al., 2010). The G-band is narrow and, as previously 
mentioned, probably contains both the G-band and the D2-band 
(Beyssac et al., 2002).

Following Bower et al. (2013) and Luo et al. (2014), among others, 
two parameters were selected for taphonomic comparison of carbona
ceous material, with compositionally different precursor material, and 
low diagenetic thermal affection: ΓD (full width at half height of D-band) 
and R1 (intensity ratio of D- and the G-band). The calculations of the 
intensity ratio R1 values (Wopenka and Pasteris, 1993) below 1, for both 
samples, suggest a low diagenetic/metamorphic grade, with MK_43 
having a lower R1 (0.53 ± 0.029) than ML_3 (0.69 ± 0.014). ΓD values 
range from 160.67 ± 4.37 cm− 1 in MK_43 to 170 ± 4.78 cm− 1 in ML_3. 
When plotting the average ΓD vs R1 values, both carbon signals are 
clearly different. As both signals are preserved under similar burial and 
thermal diagenetic conditions, both clusters support different precursor 
(microbial) material (Luo et al., 2014).

The distinct association of organic material in laminated oncoids/ 
pisoids and bioerosive textures affecting micritized walls of Rankenella 
sponges suggests different microbial consortia in the record of frame- 
building (constructive activity) microbial laminae and microboring 
(bioerosive or destructive factor) textures.

7. Tectonic control on carbonate productivity and reefal 
development

The early Palaeozoic infill of the Alborz basin fringing northeastern 
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Gondwana recorded the progradation of quartz-rich siliciclastic blan
kets, which derived from widespread denudation of the Arabian- 
northeastern African basement (Horton et al., 2008; Zoleikhaei et al., 
2021, and references therein). However, the sandy shoal complexes 
were episodically interrupted, during Cambrian Epoch 2 to Furongian 
times, by nucleation of microbial and shelly carbonate factories. As 
documented by synsedimentary extensional tectonics laterally linked to 
both major scouring surfaces (interpreted as unconformities) and olis
tostrome and slope-related aprons, selected for subdividing lithostrati
graphically the Mila Formation, the Gondwana margin locally recorded 
sharp modifications in accommodation space controlled by extensional 

pulses (Álvaro et al., 2022), which regulated reefal growth.
The Cambrian Series 2 to Lower Ordovician lithostratigraphic units 

of the eastern Alborz Mountains are commonly bounded by un
conformities: (i) the Lalun/Fasham contact represents a palaeorelief 
inherited from the incision of tidal shoal complexes (Bayet-Goll et al., 
2018, 2021) (Fig. 15A); (ii) the Fasham/Member 1 contact is marked by 
an ironstone crust rich in hematite and hematitic clayey matrix, which 
has been interpreted by Lasemi and Amin-Rasouli (2016) as a paleosol; 
(iii) the Mila 1/Mila 2 contact is characterized at the Mila-Kuh strato
type by a distinct erosive scar capped by mass transport events (e.g., 
olistoliths and olistostromes, about 20 m thick, involving dolostone 

Fig. 14. Representative Raman spectra of organic matter remains from Member 3 of Mila Formation, at room temperature. A. Spectra from micritized Rankenella 
walls (level MK43 in Mila-Kuh). B. Spectra from an oncoid cortex (level ML3 in Deh-Mola). C. Deconvolution framework by fitting to a four-band Lorentzian profile, 
performed by Peak Resolve (OMNIC from Termo Fischer Software), of former Rankenella wall, marked by individual local vibrational modes; deconvoluted peak 
positions at 1250.704 cm− 1 (D4), 1349.580 cm− 1 (D1), 1506.426 cm− 1 (D3), and 1602.911 cm− 1 (G).

Fig. 15. Tentative palaeogeographic reconstruction of the Alborz Basin fringing the northeastern Gondwana margin, during Cambrian Epoch 2 to Furongian times. 
A. Late Cambrian Epoch 2 barrier-lagoon system with development of microbial (stromatolitic) reef complexes; upper member of the Lalun Formation. B. Miaolingian 
back-barrier/shoal environments with setting of protected oncoidal-pisoidal accumulations and thromboid patch-reefs, and lateral open-sea microbial (thromboid 
and stromatoid) patch-reefs; Members 1 and 2 of Mila Formation. C. Early Furongian horst-and-graben palaeotopography with setting of pelmatozoan- 
rhynchonelliformean meadows and thickets, and anthaspidellid-microbial reef complexes; Member 3 of Mila Formation. Not to scale.
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packages sourced from Member 1; Álvaro et al., 2022: fig. 7c–d) 
(Fig. 15B); (iv) the Mila 2/Mila 3 contact exhibits a distinct erosive 
surface, with incisions up to 8 m deep at Deh-Molla, associated with 
penecontemporaneous normal faults (Shahmirzad and Deh-Sufian logs; 
Álvaro et al., 2022: figs. 7g–h, 8c–d) and the apparent gap of a trilobite 
zone (Peng et al., 1999) (Fig. 15C); and (v) the strata of the Mila 3, 4 or 5 
members can be unconformably overlain by the Sime-Kuh Formation, 
implying the whole denudation of Furongian strata; at Mila-Kuh log, the 

unconformity follows a palaeorelief, mimicking synsedimentary grabens 
affecting Members 3 to 5, and subsequently sealed by the Simeh-Kuh 
shales (Álvaro et al., 2022: fig. 8b). Another striking control of tec
tonic activity is emphasized by the record of the above-reported 
anthaspidellid-microbial reef complexes at Shahmirzad, so far re
ported from hanging-wall blocks.

As a result, the Cambrian Series 3 to Lower Ordovician strata crop
ping out throughout the central and eastern Alborz Mountains do not 

Fig. 16. Global palaeogeographic occurrence of Cambrian metazoan-microbial reef complexes based on references cited in the text; reconstruction modified from 
Álvaro et al. (2013b). A. Terreneuvian–Cambrian Epoch 2. B. Miaolingian. C. Furongian. Abbreviations: AA Arctic Alaska-Chukotks, AF Afghanistan, Am Amazonia, 
AN Antarctica, ANN Annamia, AR Arabia, ATA Armorican Terrane, AU Australia, BA Baltica, ENZ Eastern New Zealand, KA Kara Terrane, LA Laurentia, MO 
Mongolia, Mo Morocco, NC North China (Sino-Korean Block), Pt Pontides-Taurides, SA South America, SC South China (Yangtze Block), SI Sibumasu, SP Siberian 
Platform, WNZ West New Zealand.

J.J. Álvaro et al.                                                                                                                                                                                                                                Sedimentary Geology 489 (2025) 106959 

19 



represent a stable ramp, but a fault-block carbonate platform with (i) a 
land area to the (present-day) south linked to the northern Turkish- 
Iranian-Afghan margin of Gondwana; and (ii) a narrow seaway sepa
rating the margin from South China and allowing close biogeographic 
connections (Álvaro et al., 2013b; Ghobadi Pour et al., 2022). This 
Gondwana margin recorded stepwise sharp modifications in accom
modation space controlled by extensional pulses that have been linked 
to rifting conditions (Álvaro et al., 2022).

Finally, drowning of such a framework of tilted platform-blocks at 
the Mila 3/Mila 4 transition required a change in the environmental 
regime, such as (i) a rapid short-term transgression across the Furo
ngian–Tremadocian transition; (ii) a significant increase in terrigenous 
input, dramatically affecting carbonate factories, as a combination of 
eutrophication (from nutrient influx) and physical burial by high sedi
mentation rates (see Li et al., 2021); (iii) a major pulse of tectonic 
subsidence, or (iv) a combination of these processes (see similar mech
anisms in Masse and Fenerci-Masse, 2013; Brandano et al., 2015; Betzler 
et al., 2023).

8. Global evolution of Miaolingian–Furongian reef complexes

8.1. Extinction crisis across the Cambrian Epoch 2–Miaolingian transition

Debrenne (1991), Kruse et al. (1995) and Rowland and Shapiro 
(2002), among others, had proposed the Siberian Platform as the late 
Cambrian Age 2 biogeographic origin of archaeocyaths, from where 
they migrated worldwide. However, Wang et al. (2025) have recently 
reported the record of Fortunian microscopic archaeocyaths in South 
China, supporting their biomineralization in the beginning of the 
Cambrian explosion. This taxon represents the leading metazoan 
participant of the Cambrian Epoch 2 microbial-dominant reefs. 
Archaeocyaths were aspiculate hypercalcified sponges which colonized 
both soft muds and substrates formerly encrusted by microbial com
munities, mainly related to the calcimicrobes Epiphyton, Girvanella and 
Renalcis. They locally occur associated with other subsidiary frame- 
building metazoans, such as coralomorphs, cribicyaths and radio
cyaths (Kruse et al., 1996; Wood, 1999; Pratt et al., 2001; Hicks, 2006). 
Archaeocyathan-microbial reefs also incorporated calcarean (with 
calcareous spicules) and silicean (demosponge and hexactinellid) spic
ules (Debrenne and Reitner, 2001), e.g. hexactinellid (siliceous) spicules 
occur in reefal cores and flanks in Siberia (Dzik, 1994; Kruse et al., 1995) 
and the Australian Flinders Ranges (James and Gravestock, 1990; 
Brunton and Dixon, 1994; Reitner and Mehl, 1995).

The Fortunian occurrence of archaeocyaths pre-dated that of tri
lobites, and reached their diversity peak across the Age 3–4 boundary 
interval (Cambrian Epoch 2; Zhuravlev and Naimark, 2005) (Fig. 16A). 
A two-phase extinction event took place in the end of Cambrian Epoch 2 
triggering the virtual demise of the archaeocyaths and the related 
collapse of metazoan-bearing reefs. In the Siberian Platform, Zhuravlev 
(1996) reported a mid–Botoman generalized anoxia owing to eutro
phication, and an early–Toyonian worldwide regression (Hawke Bay 
event and lateral equivalents). Zhuravlev et al. (2022) correlated an oxic 
pulse at about 521–519 Ma with reefal expansion associated with a 
gradual increase in average reef size and complexity. The interval of 
expanded marine anoxia (about 519–516.5 Ma) led to reefal and 
archaeocyathan body size reduction and coeval increased rates of 
extinction. A succeeding oxic pulse at ca. 515 Ma led to renewed 
expansion of reefal communities, and increased archaeocyathan body 
size and diversity, but linked to weaker community-wide environmental 
responses (Zhuravlev et al., 2023).

After these anoxic episodes, late-Age 4 archaeocyaths persisted as a 
‘dead clade walking’ (sensu Pruss et al., 2024) in Mid–Toyonian as
semblages of South China (Archaeocyathus yanjiaoensis; Yang et al., 
2016), Australia (A. abacus; Kruse, 1991), and northern Spain 
(A. laqueus, Pycnoidocyathus erbiensis, Okulitchicyathus valdorensis and 
Polythalamia sp., probably in need of taxonomic revision; Perejón and 

Moreno-Eiris, 2003). These last archaeocyaths displayed a dramatically 
low diversity (Debrenne et al., 2015). Finally, putative archaeocyaths 
have been reported from the Miaolingian of Antarctica (Wood et al., 
1992).

Although archaeocyaths commonly played a subordinate role in reef 
building, and took advantage of the stabilization of soft substrates 
induced by microbially induced encrustation (Wood et al., 1992; Debr
enne and Reitner, 2001), some pioneer archaeocyaths were able to 
colonize clayey (soft) substrates becoming the first settlers providing the 
substrate for calcimicrobes (Wood et al., 1993; Kruse et al., 1995; Riding 
and Zhuravlev, 1995). Thromboid textures and synsedimentary to 
earliest diagenetic cementation fulfilled the main frame-building role 
(Pratt et al., 2001; Álvaro et al., 2006). Their adaptability was somewhat 
constrained: in the morphological disparity analysis of Laurentian 
archaeocyaths carried out by Cordie and Dornbos (2019), two major 
constraints were recognized: (i) an average cup/individual (body) 
diameter of 10.6 mm, significantly smaller than any modern demo
sponge (including lithistids), and (iii) their reduction to a few simple 
morphologies. Archaeocyaths were, therefore, restricted in their 
morphological complexity, representing a dramatic limitation to adap
tation and potentially representing an increased risk of extinction under 
sharp environmental modifications.

8.2. Miaolingian–Furongian recovery

The collapse of archaeocyathan communities broadly coincided with 
new evolutionary adaptations of spiculate sponges and pelmatozoan 
echinoderms, which progressively became primary metazoan contribu
tors to Miaolingian non-reefal and Furongian reefal communities 
(Fig. 16B). The structure of Terreneuvian–Cambrian Epoch 2 spiculate 
sponges was relatively simple: monaxonids and hexactinellids devel
oped thin-walled conical morphs with single layers supported by spi
culate networks (Carrera and Botting, 2008). Elongated, cup to palmate- 
shaped forms mainly occupied passive suspension-feeding niches in 
quiet-water substrates (Finks, 2003a, 2003b). However, complex skel
etons occurred across the Cambrian Epoch 2–Miaolingian transition. 
They exhibited intricate channels and cavities that favoured the passage 
of water and minimized the damaging effects of agitated waters and 
strong currents. As a result, some spiculate sponges increased their 
active pumping capabilities, refining their own currents through 
choanocyte-flagellar movement (Leys et al., 2011; Botting and Muir, 
2018) and developing an active control over the volume of water they 
processed (Ludeman et al., 2017). This adaptation allowed them to 
exploit more dispersed food resources as efficient filter feeders in 
shallow-water environments. This strategy was shared by brachiopods, 
which were able to generate their own current through their lophophore 
structure (Williams et al., 2002), and pelmatozoans (Zamora et al., 
2010). A microbial mat/pelmatozoan antagonistic relationship has been 
claimed based on the non-overlapping palaeogeographic distributions of 
Cambrian Epoch 2 pelmatozoans versus microbial reefs and mats (Álvaro 
et al., 2013a).

Mid-latitude settings, dominated by mixed (siliciclastic-carbonate) 
substrates, recorded the widespread development of chancelloriid- 
echinoderm-spiculate sponge (CES) meadows (Álvaro and Vennin, 
1997; Álvaro et al., 2013a). Their skeletal debris globally covered the 
seafloor leading to the occurrence of porous shelly substrates that, 
submitted to earliest diagenetic calcite cementation, locally became 
firmgrounds to hardgrounds (Zamora et al., 2010; Álvaro and Mills, 
2024).

The occurrence of thicker-walled and more robust spiculate sponges 
is highlighted by the record of the first (wholly articulated) lithistid 
sponges. They constitute a long-ranging polyphyletic group of demo
sponges (Morrow and Cárdenas, 2015; Schuster et al., 2015) that persist 
at present (Maldonado et al., 2015). Externally, anthaspidellids broadly 
resemble archaeocyath non-spiculate sponges, with which they also 
share their reef-building role (Hong et al., 2016; Lee et al., 2016a). All 
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Cambrian lithistid sponges so far belong to the Family Anthaspidellidae, 
which share a conical morphology and a distinctive ladder-like spiculate 
structure. The earliest known lithistid is Rankenella, which occurred 
near the Age 4/5 boundary (Kruse, 1996). Their first complete skeletons 
appeared in the Miaolingian of Australia, Laurentia and North China 
(Dattilo et al., 2004; Mrozek et al., 2003; Shapiro and Rigby, 2004; Kruse 
and Reitner, 2014; Lee et al., 2016b), but the taxon became abundant in 
the Furongian, mainly due to their 3D preservation in reefal cores 
(Fig. 16B). Orchocladine demosponges, in particular the anthaspidellids, 
developed thicker walls, which led to the occurrence of interlocking 
spicules in sturdy, ladder-like, desma-based, triangulated nets (Finks, 
2003a). Cemented attachments, allowed them to occupy shallower en
vironments, including reef settings under agitated waters (Kruse and 
Reitner, 2014).

Furongian frame-building anthaspidellid sponges include Rankenella 
mors (late Drumian, Australia; Kruse and Reitner, 2014), R. hamdii (early 
Paibian, Iran; Hamdi et al., 1995; Kruse and Zhuravlev, 2008), 
R. zhangxianensis (latest Age 5 to early Guzhangian, North China; Lee 
et al., 2016a), Gallatinospongia conica (early Paibian, Nevada and Cali
fornia; Shapiro and Rigby, 2004), Wilbernicyathus donegani (Jiang
shanian–Stage 10, Texas and Colorado; Johns et al., 2007), and an 
unidentified anthaspidellid sponge (Jiangshanian–Stage 10, Nevada, 
Mrozek et al., 2003; Dattilo et al., 2004) (Fig. 16C). These sponge- 
bearing reefs were encrusted by microbial consortia (e.g., Epiphyton, 
Girvanella, Renalcis, and Tarthinia). Hexactinellids and some non- 
lithistid demosponges also began to colonize shallow-water non-reefal 
environments (Botting and Muir, 2018). Throughout the Miaolingian 
and Furongian, a time span of ca. 25 m.y., metazoan reefs mainly con
sisted of microbial carbonates associated with conical lithistid sponges. 
Other minor Miaolingian to Furongian reefal metazoans include cor
alomorphs (e.g., Cothonian and Lipopora in Age 4, and Tretocylichne in 
Age 5; Park et al., 2016), a possible cnidarian from late Age 5/early 
Drumian (Cambroctoconus; Park et al., 2011), and a possible recumbent 
ceroid to phaceloid coral (Cambrotrypa in the Miaolingian; Scrutton, 
1997).

Lithistid-microbial reefs also shared their frame-building niches with 
maceriate sponge-microbial reefs. The latter consist of centimetre-scale 
maceria structures, which developed branching, domal, columnar and 
digitate shapes in longitudinal section (Shapiro and Awramik, 2006; Lee 
et al., 2010). According to the macerial composition and the inter- 
macerial sediment, these reefs are subdivided into muddy, grainy and 
dolomitized maceriate reefs. Muddy and grainy maceriate reefs contain 
siliceous sponge spicule networks and thromboid components, such as 
Girvanella and rare Tarthinia (Lee et al., 2014). The maceria structures 
would reflect, as a result, symbiotic-like frame-building frameworks 
composed of siliceous sponges, microstromatolites and thromboid tex
tures. The broad lack of detrital carbonate within maceriae textures 
indicates that binding and trapping processes by microbes and sponges 
were subsidiary controls (Chen et al., 2014).

It is remarkable how the strong biogeographic similarities displayed 
by the Miaolingian to Ordovician trilobite, brachiopod and conodont 
assemblages of the Alborz Mountains and the neighbouring South China 
Block (Peng et al., 1999; Álvaro et al., 2013b, 2022; Popov et al., 2013; 
Geyer et al., 2014; Jahangir et al., 2016; Holmer et al., 2019) are not 
shared by their frame-building structures. Maceriate sponge-microbial 
reefs, with maceria structures of siliceous spiculate networks, are 
abundant in the Sino-Korean microcontinent (South China), Laurentia, 
Siberia and Australia (Shapiro and Rigby, 2004; Hong et al., 2012, 2016; 
Chen et al., 2014; Lee et al., 2014, 2015b, 2016a, 2019, 2021; Adachi 
et al., 2015; Xiao et al., 2018), whereas lithistid (anthaspidellid)-mi
crobial reefs, similar to those reported in the Alborz Mountains (Hamdi 
et al., 1995; Kruse and Zhuravlev, 2008), have been so far exclusively 
reported in SW Laurentia (Mrozek et al., 2003; Dattilo et al., 2004; 
Shapiro and Rigby, 2004; Johns et al., 2007; Lee et al., 2016b), Australia 
(Kruse and Reitner, 2014) and North China (Lee et al., 2016a).

8.3. Abiotic factors

In the absence of direct competitors for reef-building and reef- 
dwelling niches, which appeared in the Furongian (Lee et al., 2019; 
Cordie, 2023), abiotic factors seem to be more significant drivers for the 
extinction of archaeocyaths. Debrenne (1991) invoked drift into cooler 
latitudes for many palaeocontinents and the consequent foundering of 
carbonate platforms. However, based on the Cambrian counter- 
clockwise rotation of Gondwana, this argument may be only applied 
to its western margin (e.g., Morocco and SW Europe), where carbonate 
production was residual during the Miaolingian and Furongian.

Several databases related to carbonate and reefal preservation 
throughout Cambrian times provide further information, although their 
quality depends on the range of their analyzed chronological intervals. A 
database of the estimated extent in km2 of Phanerozoic carbonate 
platforms (Smith et al., 2021) shows a distinct fall from Cambrian Epoch 
2 to Miaolingian–Furongian times. This trend contrasts with the pro
gressive increase in the carbonate relative abundance across the same 
time span preserved in sedimentary rocks from Laurentia (Wang et al., 
2023). These opposing trends reflect a drastic fall in Miao
lingian–Furongian carbonates in continents other than Laurentia, which 
is also reflected by the coeval fall in the preservation of worldwide reef 
volume (Raja et al., 2023). The lack of Furongian strata was, for 
instance, one of the consequences related to the record of the break-up 
(or rift-drift) unconformity throughout the Atlas – Ossa-Morena – 
Northarmorican Rift along West Gondwana, which led to generalized 
subaerial exposure, erosion and denudation of its Miaolingian basement 
(Álvaro et al., 2024).

The widespread development of hardgrounds by the late Miaolingian 
may be considered as controlled by the interplay of, at least, three fac
tors: (i) the increase in abundance, thickness and size of available low- 
Mg calcite skeletons promoting the appearance of relatively resistant 
calcareous grainy substrates (Droser and Li, 2001); (ii) an increase in the 
global wealth of pelmatozoan meadows that favoured substrate stability 
by earliest diagenetic cementation, like in the case of the Mila 3 Mem
ber, rich in centimetre- to decimetre-thick shell beds composed of large 
low-Mg calcite rhynchonelliformean brachiopod valves; and (iii) 
greenhouse conditions linked to rapid marine cementation, and 
replacement of aragonite marine cements by calcite.

Several hypotheses have been proposed to explain the Miao
lingian–Furongian scarcity of metazoan reefs, which led to a relative 
increase in the abundance of microbial reefs (Kiessling et al., 2002; 
Riding and Liang, 2005). A drastic change in CO2 and nutrient avail
ability would have been worldwide triggered by the eruption of the 
Kalkarindji flood basalts on northern Australia (eastern Gondwana; 
Glass and Phillips, 2006; Hough et al., 2006; Myrow et al., 2024). 
Rowland and Shapiro (2002) invoked a combination of nutrient 
shortage, high levels of atmospheric CO2 (potentially linked to oceanic 
acidification; Kiessling and Simpson, 2011), seawater Mg/Ca chemistry, 
and global warming. The latest Cambrian Epoch 2 Hawke Bay–Toyonian 
Regression necessarily affected the availability of shallow epeiric seas 
(the main target for archaeocyathan-microbial nucleation). Global 
regressive conditions broadly persisted during the Miaolingian and 
Furongian (van der Meer et al., 2022, 2025), which coincided with 
relative low values in O2 percentage (Berner, 2006). The Cambrian 
Epoch 2–Miaolingian transition also coincided with a significant turn
over in skeletal biomineralization, replacing dominant high-Mg calcite 
and aragonite shells (aragonite seas with mMg/Ca > 2 and low pCO2) to 
low-Mg calcite skeletons (calcite seas with mMg/Ca < 2 and high pCO2; 
Zhuravlev and Wood, 2008; Wood and Zhuravlev, 2012). Low-Mg 
calcite skeletons appear to become advantageous in Miaolingian 
times, severely affecting the survival of massive poriferan skeletons of 
aragonite or high-Mg calcite minerals. In contrast, evidence for primary 
aragonite/high-Mg calcite persisting in the Furongian has been locally 
suggested by Neilson et al. (2016).

In summary, the trend to reduced diversity patterns of archaeocyaths 
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toward the late Cambrian Epoch 2, and disappearance thereafter, seems 
compatible with the coeval aragonite to calcite turnover in skeletal 
mineralization. This trend broadly coincided with a progressive 
lowering of the oceanic Mg/Ca ratio (probably related to the interplay of 
mid-ocean ridge volume and seafloor spreading rates of mid-ocean 
ridges; e.g., Sandberg, 1983; Stanley and Hardie, 1998; Rowland and 
Shapiro, 2002; McKenzie et al., 2014), dramatically punctuated by a 
global (Toyonian) regression. The Miaolingian–Furongian represents a 
prolonged interval of ‘greenhouse’ conditions, characterized by (i) a 
distinct Furongian fall in 87Sr/86Sr ratios and εtoc (isotopic fractionation 
between total organic carbon and sedimentary carbonates), from 493 to 
444 Ma, linked to a distinct increase in atmospheric and oceanic pCO2 
(Rothman, 2002; Berner, 2009; Peters and Gaines, 2012; McKenzie 
et al., 2014; Chen et al., 2022; Bednarick et al., 2024); punctuated by (ii) 
the SPICE, taking place at ca. 497 Ma and lasting about 2 m.y., which has 
been linked to a rise in atmospheric O2 that increased nutrient abun
dance, plankton diversity and development of localized oceanic anoxic 
conditions (Gill et al., 2011; Saltzman et al., 2011, 2015). The potential 
role of flourishing photosynthetic microbial factories in oxygenating 
shallow waters, even if broader abiotic conditions were less favourable, 
should also be taken into consideration (Li et al., 2024). Lee and Riding 
(2018) proposed that these elevated temperatures would have favoured 
lowered oxygen solubility, promoting extensive thermal stratification 
supporting marine disoxia and hypoxia, limiting the development of 
many metazoan reef-builders. The same authors proposed that lithistid 
sponges were somewhat predisposed to tolerate low oxygen levels, 
which would represent a key factor in their Miaolingian–Furongian 
success as reefal frame-builders. However, the first anthaspidellid debris 
of the Alborz Mountains occur reworked within the late Miaolingian 
pelmatozoan-rhynchonelliformean, low-angle shoal accumulations, 
induced by wave and storm currents and deposited under well- 
oxygenated conditions (Fig. 12C), which comprise the Nisusia Bio
facies (Holmer et al., 2019). The same anthaspidellid taxa, associated 
with thromboid textures, developed frame-building fabrics in similar 
Furongian shallow-water bioaccumulations (Billingsellid Biofacies; 
Popov et al., 2011, 2013), directly controlled by tectonic activity, due to 
their exclusive nucleation and growth on tilted hanging-wall blocks in 
the vicinity of Shahmirzad town.

9. Conclusions

Despite the traditional paradigm that considers the growth of 
metazoan-bearing reefs was inhibited during the Miaolingian–Furon
gian interval, this overall decline should be seen in a global perspective 
taking into account the fall in the global volume of preserved carbonates 
and reefs. The Alborz margin that fringed Northeast Gondwana during 
the same time span displays a significant contrast, due to its pene
contemporaneous increase in microbial and shelly carbonate produc
tivity, mainly controlled by a diverse and abundant shelly fauna 
(pelmatozoans and rhynchonelliformean brachiopods) which played a 
key role in the modification of grainy substrates. These evolved to highly 
porous shelly accumulations, which favoured the development of 
hardgrounds and, in hanging-wall blocks episodically protected from 
persistent wave and storm action, led to the nucleation and growth of 
anthaspidellid-microbial reef complexes. The first anthaspidellid debris 
of Rankenella occurred in similar late Miaolingian substrates (the first 
occurrence of the genus is indeed from near the Age 4/5 boundary in 
Australia), but the first frame-building skills of this genus were 
controlled in the Alborz margin by tectonic activity and substrate (firm- 
to hardground) properties.

Despite the worldwide occurrence of potential frame-building taxa in 
the Miaolingian, their capacity for participating in reefal fabrics does not 
seem to be controlled by a single factor but a combination of several 
interplaying ones, such as the modification in the oceanic Mg/Ca ratio 
controlling biomineralization, and the gradual increase in atmospheric 
and oceanic pCO2, linked to nutrient abundance and development of 

localized oceanic anoxic conditions. However, disoxia and hypoxia 
conditions are seemingly absent in the Alborz margin of northeastern 
Gondwana, where the Miaolingian immigration of the anthaspidellid 
Rankenella from the Australian eastern margin of Gondwana favoured 
their subsequent Furongian success as a metazoan reefal key player.
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Álvaro, J.J., Zamora, S., Clausen, S., Vizcaïno, D., Smith, A.B., 2013a. The role of abiotic 
factors in the Cambrian Substrate Revolution: a review from the benthic community 
replacements of West Gondwana. Earth-Science Reviews 118, 69–82.
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trilobite palaeobiogeography assessed using parsimony analysis of endemicity. In: 
Harper, D.A.T., Servais, T. (Eds.), Early Palaeozoic Biogeography and 
Palaeogeography, Geological Society Memoir, vol. 38, pp. 269–292.
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