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ABSTRACT 

In this work we report for the first time eventite beds generated by turbulence events 

triggered by breaking internal waves in Jurassic pelagic muds, which deposited in a 

graben area located between the Arabian and Bisotoun carbonate platforms at the 

Kermanshah basin (West Iran). The 43 m-thick studied Pliensbachian–Aalenian 

succession at Kermanshah includes sponge spicule-radiolarian limestones and cherts 

with cm- to dm-thick intercalations of pyroclastic beds and coarse-grained deposits 

formed by neritic-derived grains and reworked pelagic material. Breaking of internal 

waves in localized areas reworked the avaliable sediment on sea floor, including the 

erosion of cohesive pelagic carbonate muds and the resuspension of neritic-derived 

grains, which were resedimented form the Bisotoun platform most probably by storms 
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or turbidity currents. The generated internal wave deposits include: flat- and round 

pebble limestone conglomerates, formed by rapid deposition of pelagic clasts and 

neritic-derived grains near the breaker zone; laminated packstone-grainstones deposited 

by high-energy, upslope (swash) and downslope (backswash) flows; and 3) cm-thick 

packstone-grainstones with asymmetrical starved ripples and hummocy cross 

stratification, generated downdip by waning of backwash flows and internal wave 

oscillatory flows, respectively. These internal wave deposits predominate in the 

Pliensbachian-early Toarcian, and probably were related to internal waves developed 

along a thermocline linked to climate warming and excited by submarine volcanic 

eruptions, storms or tectonic shaking. 

 

Keywords: Turbulence events, Breaking internal waves, Pelagic muds, Pliensbachian–

Aalenian, Kermanshah basin 

 

1. Introduction 

Radiolarite-accumulating basins coexisted with carbonate platforms and pelagic highs 

that were controlled by fault blocks along the rifted margins of the Western Tethys 

during most of Mesozoic time (Baumgartner, 2013). This was the case for Jurassic to 

the Upper Cretaceous Kermanshah radiolarites in Iran (Braud, 1970; Agard et al., 2005). 

This ca. 500 m-thick succession forms part of a Mesozoic biosiliceous complex, which 

accumulated in a >3000 km long and 200–300 km wide basin extending from the 

Hawasina basin in Oman, over the Pichakun and Kermanshah basins in South and West 

Iran and the Antalya and Koçali basins in Turkey, to the Pindos basin in Greece 
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(Kazmin et al., 1986; Braud, 1987; Mohajjel et al., 2003; Bernoulli and Jenkyns, 2009; 

Gharib and De Wever, 2010).  

Radiolarites commonly are associated with terrigenous mudstone, biogenic 

pelagic carbonate, clastic and/or authigenic rocks, reflecting a wide spectrum of 

sedimentary processes involved in their deposition (e.g., O´Dogherty et al., 2001). Most 

sedimentological work on Mesozoic radiolarites from the basin complex of Oman, Iran, 

Turkey, and Greece has focused on processes controlling pelagic biosiliceous, carbonate 

and shale deposition. Less attention has been paid to the origin of intercalated coarse-

grained eventite beds, i.e., sediment reflecting the effects of turbulence events 

(Seilacher, 1982, 1991). Turbidite, debris flow and tsunamite deposits formed from 

submarine mass flows have been characterized in the Greek Pindos basin (Degnan and 

Robertson, 1998), the Iranian Pichakun basin (Robin et al., 2010) and the Omani 

Hawasina basin (Brookfield et al., 2006). Pelagic carbonate and radiolarite beds in the 

Pichakun basin include structures formed by bottom currents and/or low-concentrated 

turbidity currents, such as grading, lamination and undulations (e.g., Robin et al., 2010). 

In the present work, we report for the first time eventite beds originated by turbulence 

events that were triggered by breaking internal waves, i.e., internal wave deposits or 

internalites (Pomar et al., 2012), within Jurassic Kermanshah pelagic carbonates and 

radiolarites in the Kermanshah area of West Iran.  

Internal waves are perturbations propagating along a pycnocline (e.g., Munk, 

1981; Apel, 2002). Breaking of internal waves on a sloping surface creates repetitive 

high-turbulent events and consequently erosion and transport of sediment (Pomar et al., 

2012 and references therein). Since a pycnocline can exist at variable depth, internal 
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wave deposits have to be differentiated from tempestites in shelf settings, and from 

turbidites on the slope and in deeper settings (Pomar et al., 2012). In addition, internal 

waves can remobilize sediments of previously deposited eventites (Bádenas et al., 

2012), as was the case for the Pliensbachian–Aalenian Kermanshah eventite beds 

studied in this work. These beds are formed by shallow-water grains and rip-up clasts, a 

common feature of some storm deposits accumulated in less than 200 m depth (e.g., 

Sami and Desrocher, 1992; Seguret et al, 2001; Myrow et al., 2004; Immenhauser, 

2009), thus representing "tempestite-like" deposits. However, the detailed analysis of 

their components, architecture and lateral extension performed in the present work has 

provided valuable information to differentiate the turbulence events that could control 

the resedimentation of neritic-derived grains from platform areas, from those triggered 

by breaking internal waves that produced the erosion of rip-up clasts and the 

resuspension of the neritic-derived grains.  

The clarification of the triggering mechanisms of the turbulence events generating 

the coarse-grained eventites recorded within the Kermanshah pelagic carbonates and 

radiolarites has helped to improve the knowledge about their sedimentary environment 

and paleoenvironmental context, with potential application to the sedimentological 

analysis of similar pelagic carbonate and biosiliceous deposits. In particular, the 

recognition of internal wave deposits at Kermanshah has allowed to discuss about the 

depositional depth, the existence of density stratification of waters, and the influence of 

storm, tectonic and volcanic events on sedimentation. 

 

2. Geological setting 
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The Kermanshah radiolarites are exposed in the Kermanshah area (West Iran) in the 

Zagros orogenic system (Fig. 1), a NW–SE trending fold-and-thrust belt stretching from 

Southwest Iran to North Iraq originated from the convergence and collision between the 

Arabian Plate and the Central Iran Cimmerian Block (e.g., Wrobel-Davau et al., 2010). 

More specifically, the Kermanshah area is situated in the High Zagros Belt (HZB in Fig. 

1), which marks the northeastern rim of the former Arabian passive margin (Navabpour 

et al., 2011; Navabpour and Barrier, 2012). In this area folds and thrusts trending NW-

SE are common structural features and most of the affected rocks are platform and open 

marine successions of the Arabian margin (Fig. 1B; Navabpour and Barrier, 2012). The 

outcrop studied in this work locates southwest of the Kermanshah city (Fig. 1), between 

the so-called Kuh-e-Sefid fault to the south and the Bisotoun fault to the north of the 

Kermanshah city (Karimi Bavandpour, 1999).  

The Kermanshah radiolarite complex was deposited in a pelagic through within 

the so-called Kermanshah basin from the Pliensbachian to the Turonian (Mohajjel et al., 

2003; Gharib and De Wever, 2010; Wrobel-Davau et al., 2010). This basin was located 

northeast of the Arabian continental platform and, in West Zagros, was separated from 

the Neotethys basin by the Bisotoun carbonate platform (Fig. 2; e.g., Wrobel-Davau et 

al., 2010). The first extensional phase originating the opening of the Kermanshah basin 

corresponds to the Upper Triassic (Navabpour et al., 2011). The rifting continued into 

Jurassic time (Navabpour et al., 2011). Tectonic inversion began during the Late 

Cretaceous in response to the obduction of Tethyan oceanic lithosphere on the Arabian 

passive margin (Mohajjel et al., 2003; Wrobel-Davau et al., 2010). 
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3. Studied succession and methodology 

The Kermanshah pelagic carbonates and radiolarites have been studied in the 2 km-long 

outcrop southwest of the Kermanshah city, by means of a bed-by-bed sedimentological 

analysis of a 43 m-thick stratigraphic reference section (Kani Sad section; Fig. 3), 

whose geographic coordinates are 34º 19’ 11” N and 47º 02’ 04” E. Fieldwork included 

the analysis of the depositional features, such as texture, type, size and relative 

abundance of grains, and sedimentary structures, including trace fossils. The lateral 

continuity of the deposits was further evaluated by physical tracing of some beds along 

the outcrop. The Bioturbation Index (BI) scheme of Taylor and Goldring (1993) was 

used to semi-quantitatively measure the degree of bioturbation. Grades of BI are: BI 0 = 

0% of bioturbation, BI 1 = 1–4% (sparse bioturbation, few discrete traces), BI 2 = 5–

30% (low bioturbation, low trace density), BI 3 = 31–60% (moderate bioturbation, 

traces discrete, overlap rare), BI 4 = 61–90% (high bioturbation, high trace density with 

overlap common), BI 5 = 91–99% (intense bioturbation), BI 6 = 100% (complete 

bioturbation, repeated overprinting). Sedimentological field descriptions were 

complemented with the petrographic analysis of 50 samples in thin sections, which were 

collected according to the diversity of facies. Dunham´s (1962) classification was 

applied to carbonate and biosiliceous facies. To determine the age of the succession, 15 

samples were collected for radiolarian and foraminifera analyses, but only 3 samples 

include index radiolarian fossils (locations 1 to 3 in Fig. 3). Radiolarian fossils in 

carbonate and chert samples were extracted following the methods of Kariminia (2004) 

dna Pessagno and Newport (1972), respectively.  
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The studied succession encompasses three lithological members (J.1–J.3; Fig. 3): 

J.1 (3 m-thick) dominated by cherts, J.2 (18 m-thick) dominated by limestones with 

marl intercalations, and J.3 (22 m-thick) mainly formed by ribbon cherts (i.e., chert-

shale alternations; e.g., Baumgartner, 2013). Index radiolarian fossils (Fig. 4) indicate 

that J.1–J.3 would roughly encompass from Pliensbachian to Aalenian (Fig. 3). In 

location 1, at the lowermost part of J.2, existence of Praeconocaryomma bajaensis sp. 

and Bagotum modestum sp. indicates a Pliensbachian or Early Toarcian age (Pessagno 

and Whalen, in Carter et al., 2010). Location 2, at the lower part of J.3, includes 

Katroma sp., which is younger than Early Toarcian (O'Dogherty et al., 2009), whereas 

Elodium sp. in location 3 (upper part of J.3) is a good indicator for the Toarcian and 

Aalenian (O'Dogherty et al., 2009).  

 

4. Pliensabchian–Aalenian facies 

Fine-grained facies, including cherts, sponge spicule-radiolarian limestones, shales and 

marls, are predominant in the Pliensbachian–Aalenian J.1–J.3 succession. They 

intercalate discrete beds of coarse-grained facies (limestone conglomerates and 

packstones-grainstones) and pyroclastic deposits (Fig. 3 and Table 1).  

  

4.1. Facies in J.1 

J.1 is mainly formed by red, pale green and yellow cherts arranged in tabular, thin- to 

medium-bedded (cm to dm-thick) laterally continuous layers (Fig. 5a). They are 

bioturbated (bioturbation index BI 2), and include weakly preserved Thalassinoides 
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traces. Poorly preserved radiolarian fossils can be found in variable proportion, usually 

in wackestone textures (Fig. 5c).  

A tabular, laterally continuous dm-thick bed, including a limestone level at the 

lower part and a corse-grained (packstone-grainstone) level on top, is sharply 

intercalated within the chert deposits (Fig. 5a, b). The limestone is a mudstone-

wackestone with sponge spicules and radiolarians? and has parallel lamination defined 

by thin laminae with concentration of sponge debris (Fig. 5b, e). The packstone-

grainstone includes neritic carbonate grains (bioclasts, ooids, peloids, and mm-sized 

packstone-grainstone intraclasts) and intraclasts of sponge spicule wackestones (Fig. 

5d). It shows a sharp undulating lower contact, parallel lamination and lenses of 

mudstone-wackestone facies at its upper part (Fig. 5b).  

 

4.2. Facies in J.2 

J.2 is mainly formed by limestones with intercalations of thin-bedded green marls. 

Pyroclastic, deposits (vitric tuffs, in cm-thick beds) and coarse-grained deposits, 

including limestone conglomerates and packstones-grainstones, are also intercalated 

(Figs. 6a).  

Limestones are stratified in thin (3–10 cm-thick) tabular beds, and correspond to 

wackestones-packstones with different proportions of radiolarian fossils, sponge 

spicules and peloids (Fig. 7a). Packstones-grainstones are composed by neritic grains 

and limestone intraclasts, similar to the packstone-grainstone level in J.1, but also 

locally contain sponge spicules (Fig. 7b). These deposits are continuous at outcrop scale 

and include: 1) up to 25 cm-thick beds with sharp flat base and parallel lamination, that 
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usually pass upward to alternating sponge spicule-radiolarian wackestone-packstone 

laminae and packstone-grainstone laminae (Fig. 6d); 2) cm-thick asymmetric starved 

ripples with sharp flat base and cross-lamination (Fig. 6f); and 3) cm-thick beds with 

sharp undulating lower and upper contact and hummocky cross-stratification (HCS; Fig. 

6g).  

Limestone conglomerates are 25–75 cm in thickness. The clasts correspond to 

fragments of hosted limestones (Fig. 7c, d), and are embedded in a sand-sized 

packstone-grainstone matrix (including ooids, intraclasts, peloids, and bioclasts similar 

to those of the packstones-grainstones; Fig.7c, e, f). They encompass flat- and round 

pebble conglomerates. A clast-supported flat pebble conglomerate bed has been 

recognized at the middle part of J.2. It has lower irregular erosive base and sharp 

irregular top. Clasts have sizes ranging from 5 to 20 cm and are arranged in 

disorganized fabrics (Fig. 6b). Locally, herringbone imbrication of clasts, can be 

recognized (Fig. 6c). Round pebble conglomerates are matrix-supported and have sharp 

flat base. They include round clasts (3 cm in mean diameter), usually coarser at the 

lower part of the bed (i.e., crude normal grading; Fig. 6e).  

Limestone conglomerates have a maximum lateral extension of 1 km. The flat 

pebble conglomerate bed pass laterally in both directions to round pebble conglomerates 

(Fig. 6c) and these gradually thin and change laterally to packstones-grainstones (Fig. 

6e). Limestone conglomerates can also have laminated packstones-grainstones on top, 

being their contact a sharp surface (Fig. 6e).    

Limestones and coarse-grained deposits are bioturbated (Fig. 6e). Bioturbation 

index varies between BI 1 and BI 5. In most limestone beds, burrows correspond to 
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small Chondrites that are filled with green and black fine-grained sediments, containing 

radiolarian fossils, sponge spicules, peloids, and framboidal pyrite. Coarse-grained 

deposits have Thalassinoides traces filled with fine- to coarse-grained highly-silicified 

packstones-grainstones. The limestone bed overlying the coarse-grained deposits 

includes Thalassinoides that are cross-cut by Chondrites, both filled by green and black 

fine-grained sediments.  

 

4.3. Facies in J.3 

J.3 is formed by bioturbated ribbon cherts. Trace fossils include well preserved 

Chondrites and Thalassinoides, and the bioturbation index varies between BI 1 and BI 

5. Shales have rare sponge spicules and radiolarian fossils. Cherts display a thinning-

thickening upward trend and vertical changes in colour and preservation of fossils (Figs. 

3 and 8a). At the lower part, red and green cherts in 20 cm-thick beds dominate. Red 

cherts are barren of fossils, but green cherts have small and badly preserved radiolarians 

(Fig. 9b). These cherts include two packstone and two pyroclastic (vitric tuffs) 

intercalations at their base (Fig. 8a). Packstones are intensely silicified (Fig. 8a) and 

include neritic grains (peloids, crinoids), sponge spicules, radiolarian fossils and 

pyroclastic grains (Fig.9a).  

The middle part of the succession is formed by red cherts (5–10-cm thick beds; 

Fig. 8b), with radiolarians and sponge spicules in wackestone/packstone textures. The 

upper thickening-upward part corresponds to white cherts (beds 15–40 cm in thickness; 

Fig. 8c). They include radiolarians and sponge spicules, which are poorly preserved at 

the upper part due to strong silicification. 
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5. Interpretation 

The studied Pliensbachian-Aalenian pelagic succession at the Kermanshah basin 

deposited in a graben area located between the Arabian continental platform to the 

southwest and the Bisotoun carbonate platform to the northeast (see Fig. 2). Pelagic 

sedimentation was episodically interrupted by the deposition of coarse-grained beds. 

Composition, sedimentary structures and lateral relationship of these deposits are clue to 

decipher their triggering mechanisms and site of generation. 

 

5.1. Resedimentation of neritic-derived grains and pelagic sedimentation 

Neritic-derived grains (ooids, bioclasts, peloids and neritic intraclasts) form the bulk of 

packstones-grainstones and the matrix of limestone conglomerates. They were probably 

resedimented from the Bisotoun carbonate platform, located to the north of the studied 

area, as according to Braud (1987) similar carbonate grains accumulated in these 

shallow-water environments. This interpretation is coherent with the basin-scale 

increase in thickness of neritic carbonate deposits to the north. Resedimentation could 

be due to storms, turbidity currents or internal waves (Piper and Normark, 2009; 

Talling, 2014) and could also be enhanced due to reactivation of basement faults along 

the rifted margins of Western Tethys (e.g., De Wever et al., 1985; Kazmin et al., 1986).  

Therefore, the episodic arrival of neritic-derived grains indicates that redeposition 

of neritic-derived grains and sedimentation of pelagic facies would take place above the 

extreme storm wave base (if neritic grains were resedimented by storms), or seaward the 

active horst margin (by turbidity currents) or seaward the shelf settings (by internal 
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waves). Presence of Thalassinoides (a trace fossil which is notably rare or absent in 

deep-sea ichnocoenoses: Savdra, 2012) reflects that sedimentation of pelagic carbonate 

muds (J.2) and biosiliceous muds (J.1 and J.3) probably took place in a quite similar and 

relatively shallow depth. Predominance of small Chondrites traces in carbonate muds of 

J.2 would be indicative of deposition in oxygen-deficient bottom waters during this time 

interval (e.g., Bromley and Ekdale, 1984; Uchman et al., 2008).  

 

5.2. Coarse-grained deposits with pelagic limestone clasts in J.1 and J.2 

Limestone conglomerates with irregular erosional base and lateral extension less 

than 1 km reflect erosional processes by turbulence events generated in localized sea 

bottom areas, at the depth of deposition of the pelagic sediments. Erosion surfaces and 

rip-up clast accumulations with limited lateral extent cannot be explained as generated 

by the turbulence events that transported the neritic grains from the Bisotoun carbonate 

platform, but are coherent with turbulence events originated by breaking of internal 

waves in localized areas of sea floor (i.e., depth of the pycnocline; Fig. 10). When 

internal waves encounter a sloping surface break abruptly as they shoal, producing a 

breaker in the form of a turbulent and rapidly dissipating vortex, which causes sediment 

erosion, and transport and deposition upslope and then downslope by the return flows 

(Pomar et al., 2012, and references therein; Bádenas et al., 2012). In the studied case, 

the breaking internal waves reworked the already available sediment on sea floor, 

including the erosion of cohesive pelagic carbonate sediments and the resuspension of 

neritic-derived grains (Fig. 10c). Mobilization of sediment and erosion would be 

triggered mainly by turbulence and vortices during wave destabilization, but also by 
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high bottom shear stress and pressure changes in pore waters, due to pressure changes 

as internal wave travelled (e.g., Strachan and Evans, 1991; Bourgault et al., 2014). Quite 

similar pseudoconglomerates with grainstone matrix in the Late Cambrian of North 

China Platform, have been related to mechanical rupture of cohesive carbonate mud and 

subsequent mobilization by injection of liquefied carbonate sand by storm-wave loading 

(Chen et al., 2009). However, the gradual transition from undeformed beds to 

pseudoconglomerates described by Chen et al. (2009) contrast with the erosive bases in 

the studied limestone conglomerates, which reflect direct mechanical rupture of 

cohesive pelagic sediment during breaking of internal waves. 

Lateral changes between limestone conglomerates and packstones-grainstones 

evidence transport and depositional processes produced by the upslope flows following 

the breaking stage of internal waves, and subsequent downslope backwash flows (e.g., 

Pomar et al., 2012; Fig.  10c, d). Clast-supported flat pebble conglomerates with 

irregular erosional base and disorganized fabric would be generated by deposition of 

eroded cohesive pelagic sediment and neritic-derived grains near the breaking zone 

("dumped heap"; e.g., Bádenas et al., 2012). Lateral change in both directions to matrix-

supported round pebbles conglomerates with crude normal gradation, and these to 

thinner and finer packstones-grainstones with parallel lamination would reflect the 

waning of turbulence of surf-swash and backwash flows of recurrent breaking waves, 

being the compensating return flows predominant (Fig. 10c, d). After breaking of 

internal waves, progressive upslope waning of turbulence from the breaker zone would 

generate a deposit with upslope decreasing grain size (from limestone conglomerates to 

packstones-grainstones including small pelagic clasts). Then, backwash flows would 
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partly rework these sediments, generating a downslope accumulation of conglomerates 

passing downdip to laminated packstones-grainstones. The acceleration of this return 

flow and potential to generate turbulent and high-velocity flows would be favoured by 

inclination of sea bottom. Existence of upslope and downslope flows of recurrent 

breaking waves is also evidenced by the local presence of herringbone imbrication of 

clasts in the flat pebble conglomerates.  

Further downslope, decreasing sediment load and energy of flows would generate 

thinner packstones-grainstones with ripples and HCS (Fig. 10e). The lateral change 

between a dm-thick packstones-grainstone level and a ripple level has not been directly 

observed in the field, but has been described in Upper Jurassic internal wave deposits 

(Bádenas et al., 2012). Starved asymmetric ripples with cross-lamination would be 

formed due to unidirectional (downslope directed) flows with bottom currents 

occasionally reaching ca. 0.2 m sec
–1

 (based on standard bedform stability fields). These 

values fit well with those of bottom currents generated by breaking internal waves, as 

well as those originated by horizontally propagating internal waves (e.g., Pomar et al., 

2013; Bourgault et al., 2014). Packstones-grainstones with HCS would be generated 

downslope (Fig. 10d), by waning, purely oscillatory flows of internal waves, or very 

strongly oscillatory-dominant combined flows (e.g., Morsilli and Pomar, 2012).  

In summary, coarse-grained deposits with pelagic limestone clasts correspond to 

eventites  originated by breaking internal waves that reworked loose neritic-derived 

grains and cohesive pelagic sediment. The generated internal wave deposits have 

laterally-related architectural elements, with the following downslope distribution from 

the breaker zone (Fig. 10a): flat- and round pebble conglomerates, laminated 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 15 

packstones-grainstones, and packstones-grainstones with ripples and HCS. Limestones 

conglomerates also pass upslope to laminated packstones-grainstones, but there are no 

data to characterize the existence of equivalent upslope architectural elements. 

Examples of vertical stacking of architectural elements of different internal wave 

deposits (i.e., related to different events of breaking waves) are also present in the 

studied succession. Sharp vertical change from limestone conglomerates to laminated 

packstones-grainstones (e.g., Fig. 6e) is likely to reflect an erosive surface between two 

eventite beds, rather than a gradual transition linked to the waning of turbulence of the 

same event. Alternating packstone-grainstone and pelagic limestone laminae (e.g., Fig. 

6d) are similar to alternating mud and sand layers described in internal wave deposits 

(e.g., Dykstra, 2012; Gao et al., 2013), which have been interpreted as reflecting slack-

water periods between current reversals of internal waves with tidal frequency. In the 

studied eventites, deposition of the pelagic lamina would take place during slack-water 

periods between different events of breaking internal waves. 

 

5.2. Coarse-grained deposits without pelagic clasts in J.3 

The lack of well preserved sedimentary structures in the packstones-grainstones 

recorded in ribbon cherts (J.3) make more difficult to decipher the triggering 

mechanism of related turbulence events. They have different composition than the 

packstones-grainstones in the internal wave deposits of J1–J.2, as they contain 

radiolarians and sponge spicules instead of pelagic clasts. Therefore, they cannot be 

considered as an architectural element of these internal wave deposits.  
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Evidences of erosion and generation of pelagic clasts in localized sea floor areas is 

a key criterion to relate coarse-grained deposits in J1–J.2 to breaking internal waves. 

However, despite the absence of pelagic (biosiliceous) clasts, the packstones-

grainstones in ribbon cherts of J.3, these could also be generated by breaking internal 

waves. The internal waves deposits may be different depending on the depth of the 

pycnocline, the amplitude and frequency of the internal waves and the sediments 

available at the breaking zone (Pomar et al., 2012). If biosiliecous sediments were 

uncohesive there would be resuspension and mixing of previously deposited neritic-

derived grains and biosiliceous sediments, but not erosion and generation of intraclasts. 

The influence of the depth of the pycnocline and the amplitude and frequency of the 

internal waves is also open to dicussion, as these factors depend on the character of the 

pycnocline/s and on processes controlling the generation of internal waves (see section 

6). A variation of the depth of the pycnocline, and hence of the breaker zone of internal 

waves, or a lower energy of turbulence events (i.e., associated to low-amplitude and 

low-frequency breaking internal waves or to a lighthening of the pycnocline) could 

explain the inability of related turbulence events to produce the erosion of biosiliceous 

sediments. 

 

6. Origin of the pycnocline and internal waves 

The broad sedimentary context of the studied succession may be useful to discuss about 

factors that could control the presence of pycnocline/s and generation of internal waves 

at the Kermanshah basin during Pliensbachian–Aalenian.  
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In warmer periods, such as the Early Jurassic, thermoclines are weaker and the 

origin of the pycnocline and ocean circulation is probably dominated by halothermal 

(primarily salinity-driven) conditions (e.g., Kidder and Worsley, 2010; Pomar et al., 

2012). In addition, at small seas such as those of the rifted margins of the Western 

Tethys, pycnoclines could also be influenced by several factors including riverine 

discharge, fetch of the basin, wind regimes and seasonal changes (e.g., Pomar et al., 

2012), which would induce the generation of seasonal shallow pycnoclines and/or 

produce variations on the strengthening or the depth of permanent pycnocline. In the 

studied case, internal wave deposits are likely to be produced linked to perturbations in 

a thermocline. They have been characterized within Pliensbachian–early Toarcian cherst 

(J.1) and pelagic carbonates (J.2), and are significantly well developed within the 

pelagic carbonates of J.2. Deposition of these pelagic facies took place in oxygen-

deficient bottom waters, and these conditions could be related to water stratification 

linked to the early Toarcian climate warming, which has been well documented in many 

basins of the world (e.g., Jenkyns, 2003).  

Internal waves are commonly excited by storms, wind-stress fluctuations, 

tsunamis, interaction of tidal currents with topography, and other processes that are still 

poorly documented (Pomar et al., 2012). Coeval ocurrence of pyroclastic beds and 

internal wave deposits in the studied succession indicates that submarine volcanic 

eruptions could be the triggering mechanism of generation of internal waves. 

Widespread Mesozoic volcanic rocks coeval to shallow water successions of the 

Bisotoun area are recorded at the Marginal sub-zone of the Sanandaj–Sirjan 

Metamorphic Zone (see Fig. 1; Mohajjel et al., 2003), including the outcrops at 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 18 

Kangavar, 60 km east-northeast of Kermanshah. In addition, in the Early Jurassic, 

weakened winds and warming oceans allowed tropical cyclonic storms to form more 

readily (Kidder and Worsley, 2010) and the large ocean to the east of the Gondwana 

supercontinent was ideal for hurricane generation, so that the resulting hurricane-

dominated zones included northcentral and southcentral Gondwana (Marsaglia and 

Klein, 1983). Accordingly to the location of the studied area in a hurricane-dominated 

zone and within a rifted margin of Western Tethys, storms and turbidity flows triggered 

by tectonic shaking could also control the offshore resedimentation of neritic grains 

from the Bisotoun carbonate platform to the Kermanshah basin, as well as the 

generation of internal waves along the pycnocline.  

 

7. Conclusions 

The sedimentological analysis of Pliensbachian–Aalenian Kermanshah pelagic 

carbonate and radiolarite beds has allowed to decipher the origin of turbulence events, 

which generated dm- to cm- thick coarse-grained eventites, with potential application to 

understand the palaeoenvironmetal context of similar successions. When interpreting 

eventite beds, a detailed analysis of the information obtained from components and 

architecture of the deposits is crucial to decipher the triggering mechanisms of related 

turbulence events (storms, turbidity currents or internal waves: Table 2): 

1) Deposition of sponge spicule-radiolarian carbonate and biosiliceous muds was 

episodically interrupted by the sudden arrival of neritic grains resedimented from the 

Bisotoun carbonate platform, most probably due to storms or turbidity currents. Thus, 

pelagic muds and neritic-derived grains accumulated in a relatively shallow pelagic 
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trough (above the extreme storm wave base, or seaward the active horst margin). 

Deposition of carbonate muds took place in oxygen-deficient bottom waters.  

2) Presence of limestone clasts and laterally-related architectural elements on 

most eventites indicates localized erosion and updip-downdip tractive flows, which can 

only be explained by turbulence events triggered by breaking internal waves, that 

reworked the available sediment on sea floor (cohesive pelagic sediment and loose 

neritic-derived grains). Internal waves deposits predominate coeval to pelagic carbonate 

sedimentation on oxygen-deficient bottom waters. Internal waves probably generated in 

a thermocline developed in relation to the early Toarcian climate warming and were 

excited by submarine volcanic eruptions, tectonic shaking or storms. Eventites including 

neritic-derived grains and radiolarians and sponge spicules are of uncertain origin, but 

they could also be originated by breaking internal waves.  

 

Acknowledgments 

We acknowledge the Geology Department of Ferdowsi University of Mashhad for 

facilities and partial financial support for the current study (Project 19308, A. Abdi and 

M.H. Mahmudy Gharaie) and the Spanish Research Project CGL2011-24546 for 

providing financial support to B. Bádenas. We thank Dr. Spela Gorican for the 

identification of radiolarian fossils and Zaminrizkavan Co. Ltd. for the assistance during 

fieldwork and petrographic studies. The editorial work done by Brian Jones and the 

revisions by Carita Augustsson and an anonymous reviewer are greatly appreciated and 

helped to improve the original version of the manuscript. 

 

References 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 20 

Agard, P., Omrani, J., Jolivet, L., Mouthereau, O., 2005. Convergence history across 

Zagros (Iran): constraints from collisional and earlier deformation. International Journal 

of Earth Science (GeolRundsch) 94, 401–419. 

Apel, J.R., 2002. Oceanic internal waves and solitons. In: Jackson, C.R. (Ed.), An Atlas 

of Oceanic Internal Solitary Waves. Global Ocean Associates. Prepared for Office of 

Naval Research-Code 322 PO, Alexandria, Virginia, U.S.A., pp. 1–40. 

Bádenas, B., Pomar, L., Aurell, M., Morsilli. M., 2012. A facies model for internalites 

(internal wave deposits) on a gently sloping carbonate ramp (Upper Jurassic, Ricla, NE 

Spain). Sedimentary Geology 271–272, 44–57. 

Baumgartner, P., 2013. Mesozoic radiolarites–accumulation as a function of sea surface 

fertility on Tethyan margins and in ocean basins. Sedimentology 60, 292–318.  

Bernoulli, D., Jenkyns, H.C., 2009. Ancient oceans and continental margins of the 

Alpine-mediterranean Tethys: deciphering clues from Mesozoic sediments and 

ophiolites. Sedimentology 56, 149–190. 

Bourgault, D., Morsilli, M., Richards, C., Neumeier, U., Kelley, D.E., 2014. Sediment 

resuspension and nepheloid layers induced by long internal solitary waves shoaling 

orthogonally on uniform slopes. Continental Shelf Research, 71, 21–33. 

 ra d   .  1970.  es  or ations d   agros dans  a r gion de  er anshah (Iran) et leurs 

rapports structuraux.  o ptes  end s de  ’ cad  ie des  ciences 271, 1241–1244. 

Braud, J., 1987. La suture du Zagros au niveau de Kermanshah (Kurdistan iranien): 

reconstitution paléogéographique, evolution géodynamique, magmatique et structurale. 

Ph.D. Thesis, Paris-Sud Univ, Orsay, France. 

Bromley, R.G., Ekdale, A.A., 1984. Chondrites: a trace fossil indicator of anoxia in 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 21 

sediments. Science 224, 872–874. 

Brookfield, M.E., Blechschmidt, I., , Hannigan, R., Coniglio, M., Simonson, B., Wilson, 

G., 2006. Sedimentology and geochemistry of extensive very coarse deepwater 

submarine fan sediments in the Middle Jurassic of Oman, emplaced by giant tsunami 

triggered by submarine mass flows. Sedimentary Geology 192, 75–98. 

 arter  E.  .  Goričan  Š.  G ex   .  O'Dogherty   .  De Wever, P., Dumitrica, P., Hori, 

R. S., Matsuoka, A.,Whalen, P. A., 2010. Global radiolarian zonation for the 

Pliensbachian, Toarcian and Aalenian. Palaeogeography, Palaeoclimatology, 

Palaeoecology 297, 401–419. 

Chen, J., Chough, S.K., Chun, S.S., Han, Z., 2009. Limestone pseudoconglomerates in 

the Late Cambrian Gushan and Chaomidian Formations (Shandong Province, China): 

soft-sediment deformation induced by storm-wave loading. Sedimentology 56, 1174–

1195. 

De Wever, P., Duée, G., EI Kadiri, K.H., 1985. Les séries stratigraphiques des klippes 

de  hra ate ( i  septentriona   Maroc). T  oins d’ ne  arge continenta e s bsidente a  

cours du Jurassique-Crétacé. Bulletin de la Société Géologique de France, Paris, 8, 363-

379. 

Degnan, P.J., Robertson, A.H.F., 1998. Mesozoic–early Tertiary passive margin 

evolution of the Pindos ocean (NW Peloponnese, Greece). Sedimentary Geology 117, 

33–70. 

Dera, G., Pellenard, P., Neige, P., Deconinck, J.-F., Pucéat, E., Dommergues, J.-L., 

2009. Distribution of clay minerals in Early Jurassic Peritethyan seas: palaeoclimatic 

significance inferred from multiproxy comparisons. Palaeogeography, 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 22 

Palaeoclimatology, Palaeoecology 271, 39–51. 

Dunham, R. J., 1962, Classification of carbonate rocks according to depositional 

texture. In: Ham, W.E. (ed.), Classification of carbonate rocks. AAPG Memoir 1, 108–

121.  

Dykstra, M., 2012. Deep-water tidal sdimentology. In: Davis, R.A.Jr., Dalrymple, R.W. 

(eds.), Principles of Tidal Sedimentology, Springer, 361-395.  

Gao, Y., He, Y., Xiangdong, L., Taizhong, D., 2013. Review of research in internal-

wave and internal-tide deposits of China. Journal of Palaeogeography 2 (1), 56–65. 

Gharib, F., De Wever, P., 2010. Radiolaires mésozoïques de la formation de 

Kermanshah (Iran). Comptes Rendus Palevo l9, 209–219. 

Immenhauser, A., 2009. Estimating palaeo-water depth from the physical rock record. 

Earth-Science Reviews 96, 107–139. 

Jenkyns, H.C., 2003. Evidence for rapid climate change in the Mesozoic–Palaeogene 

greenhouse world. Philosophical Transactions of the Royal Society 361, 1885–1916. 

Karimi Bavandpur, A., 1999. Geological map of Kermanshah 1/100000 scale. 

Geological survey of Iran. (in Persian) 

Kariminia, S.M., 2004. Extraction of calcified Radiolaria and other calcified 

microfossils from micritic limestone utilizing acetic acid. Micropaleontology 50, 301–

306. 

Kazmin, V.G., Ricou, L.F., Sbortshikov, I.M., 1986. Structure and evolution of the 

passive margin of the eastern Tethys. Tectonophysics 123, 153–179. 

Kidder, D.L., Worsley, T.R., 2010. Phanerozoic Large Igneous Provinces (LIPs), 

HEATT (Haline Euxinic Acidic Thermal Transgression) episodes, and mass extinctions. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 23 

Palaeogeography, Palaeoclimatology, Palaeoecology 295, 162–191. 

Marsaglia, K.M., Klein, G.D., 1983. The paleogeography of Paleozoic and Mesozoic 

storm depositional systems. Journal of Geology 91, 117–142. 

Mohajjel, M., Fergusson, C.L., Sahandi, M.R., 2003. Cretaceous–Tertiary convergence 

and continental collision, Sanandaj–Sirjan Zone, western Iran. Journal of Asian Earth 

Sciences 21, 379–412. 

Morsilli, M., Pomar, L., 2012. Internal waves vs. surface storm waves: a review on the 

origin of hummocky cross-stratification. Terra Nova 24, 273–282. 

Munk, W., 1981. Internal waves and small-scale processes. In: Warren, B.A., Wunsch, 

C. (Eds.), Evolution of Physical Oceanography. MIT Press, Cambridge, pp. 264–291. 

Myrow, P.M., Tice, L., Archuleta, B., Clark, B., Taylor, J.F., Ripperdan, R.L., 2004. 

Flat-pebble conglomerate: its multiple origins and relationship to metre-scale 

depositional cycles. Sedimentology 51 (5), 973–996. 

Navabpour, P., Barrier, E., 2012. Stress states in the Zagros fold-and-thrust belt from 

passive margin to collisional tectonic setting. In: Gudmundsson, A., Bergerat, F. (eds), 

Crustal Stresses, Fractures, and Fault Zones: The Legacy of Jacques Angelier. 

Tectonophysics, 581, 76–83. 

Navabpour, P., Angelier, J., Barrier, E., 2011. Brittle tectonic reconstruction of palaeo-

extension inherited from Mesozoic rifting in West Zagros (Kermanshah, Iran). Journal 

of the Geological Society (London) 168, 979–994. 

O'Dogherty, L., Martín-Algarra, A., Gursky, H.-J., Aguado, R., 2001. The Middle 

Jurassic radiolarites and pelagic limestones of the Nieves unit (Rondaide Complex, 

Betic Cordillera): basin starvation in a rifted marginal slope of the western Tethys. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 24 

International Journal of Earth Science (GeolRundsch) 90, 831–846. 

O'Dogherty   .   arter  E. .  D  itrica  P.  Goričan  Š.  De Wever  P.   andini   .N.  

Baumgartner, P.O., Matsuoka, A., 2009. Catalogue of Mesozoic radiolarian genera. Part 

2: Jurassic–Cretaceous. Geodiversitas 31, 271–356. 

Pessagno, E.A., Newport, R.L., 1972. A technique for extracting Radiolaria from 

radiolarian cherts. Micropaleontology 18, 231–234. 

Piper, D.J.W., Normark, W.R., 2009. Processes that initiate turbidity currents and their 

influence on turbidites; a marine geology perspective. Journal of Sedimentary Research 

79, 347–362. 

Pomar, L., Morsilli, M., Hallock, P., Bádenas, B., 2012. Internal waves, an under-

explored source of turbulence events in the sedimentary record. Earth-Science Reviews 

111, 56–81. 

Pomar. L., Morsilli, M., Hallock, P., Bádenas, B., 2013. Reply to Shanmugam, G., 

comment on "Internal waves, an underexplored source of turbulence events in the 

sedimentary record" by Pomar et al. [Earth-Science Reviews, 111 (2012), 56–81], Earth 

Science Reviews (2012). Earth-science Reviews 116, 206–210. 

Robin, C., Gorican, S., Guillocheau, F., Razin, P., Dromart, G., Mosaffa, H., 2010. 

Mesozoic deep-water carbonate deposits from the southern Tethyan passive margin in 

Iran (Pichakun nappes, Neyriz area): biostratigraphy, facies sedimentology and 

sequence stratigraphy. In: Leturmy, P., Robin, C. (eds), Tectonic and Stratigraphic 

Evolution of Zagros and Makran during the Mesozoic–Cenozoic. Geological Society, 

London, Special Publication 330, 179–210. 

Savdra, C.H., 2012. Chalk and related marine carbonates. In: Knaust, D., Bromley, R. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 25 

(eds.), Trace Fossils as Indicators of Sedimentary Environments, Elsevier, pp. 777–806. 

Sami, T., Desrochers, A., 1992. Episodic sedimentation on an early Silurian, storm-

dominated carbonate ramp, Becsie and Merrimack formations, Anticosti Island, Canada. 

Sedimentology 39, 355–381. 

Seguret, M., Pouchkine, A.M., Gabaglia, G.R., Bouchette, F., 2001. Storm deposits and 

storm-generated coarse carbonate breccias on a pelagic outer shelf (South-East Basin, 

France). Sedimentology 48, 231–254. 

Seilacher, A., 1982. General remarks about event deposits. In: Einsele, G., Seilacher, A. 

(Eds.), Cyclic and Event Stratification. Springer-Verlag, New York, pp. 161–174. 

Seilacher, A., 1991. Events and their signatures – an overview. In: Einsele, G., 

Ricken,W., Seilacher, A. (Eds.), Cycles and Events in Stratigraphy. Springer-Verlag, 

pp. 221–226. 

Strachan, P., Evans, D., 1991. A local deep-water sediment failure on the NW slope of 

the UK. Scottish Journal of Geology 27, 107–111. 

Talling, P.J., 2014. On the triggers, resulting flow types and frequencies of subaqueous 

sediment density flows in different settings. Marine Geology 352, 155–182.  

Taylor, A.M., Goldring, R. 1993. Description and analysis of bioturbation and 

ichnofabric. Journal of the Geological Society (London) 150, 141–148. 

Uch an   .   ąk   .   odríg ez-Tovar, F.J., 2008. Ichnological record of deep-sea 

palaeoenvironmental changes around the Oceanic Anoxic Event 2 (Cenomanian–

Turonian boundary): an example from the Barnasiówka section, Polish Outer 

Carpathians. Palaeogeography, Palaeoclimatology, Palaeoecology 262, 61–71. 

United States Geological Survey (USGS): http://www.usgs.gov. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 26 

Vernant, P., Nilforoushan, F., Hatzfeld, D., Abbassi, M.R., Vigny, C., Masson, F., 

Nankali, H., Martinod, J., Ashtiani, A., Bayer, R., Tavakoli, F., Chéry, J., 2004. Present-

day crustal deformation and plate kinematics in the Middle East constrained by GPS 

measurements in Iran and northern Oman. Geophysical Journal International 157, 381–

398. 

Wrobel-Daveau, J.C., Ringenbach, J.C., Tavakoli, S., Ruiz, G.M.H., Masse, P., de 

Lamotte, D.F., 2010. Evidence for mantle exhumation along the Arabian margin in the 

Zagros (Kermanshah area, Iran). Arabian Journal of Geosciences 3, 499–513. 

 

Figure captions 

Fig. 1. (a) Regional map of the Middle East and (b) enlarged map of the Zagros fold-

and-thrust belt. White rectangle indicates the studied Kermanshah area in West Iran (see 

figure c). Topography comes from http://edc.usgs.gov., and black arrow indicates the 

global positioning system (GPS) convergence vector in the Eurasia reference frame 

from Vernant et al. (2004). (c) Simplified geological map indicating the main 

tectonostratigraphic domains and showing the position of the studied section near 

Kermanshah (red arrow) in the High Zagros Belt (HZB). The Zagros Simple Fold Belt 

(ZSFB) includes the autochthonous units of the Arabian margin. The HZB is separated 

from the Central Iran along the Main Zagros Thust (MZT) and the Main Recent Fault 

(MRF) and consists of outcrops of  (1) the Bisotoun limestone, (2) the transitional 

sedimentary sequence between the Bisotoun limestone and the Kermanshah radiolarites, 

(3) the Kermanshah radiolarites, and (4) the Neo-Tethyan ophiolitic obduction nappe. 

The Kermanshah radiolarite outcrops are limited by the Bisotoun fault (BF) to the north 
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and the Kuh-e-Sefid fault (KSF = HZF) to the south. Figures a, b and c are modified 

from Navabpour et al. (2011). 

 

Fig. 2. Cross-section from the Arabian continental platform to the Sanandaj-Sirjan 

active margin for the Early Jurassic, indicating the location of the Kermanshah 

radiolarite basin, which was separated from the Neo-Tethys basin by the Bisotoun 

carbonate platform (slightly modified from Wrobel-Daveau et al., 2010). 

 

Fig. 3. Facies distribution in the Pliensabchian–Aalenian J.1–J.3 succession at the Kani 

Sad section. Thickness of lithological members J.1–J.3 are at scale, but not the 

individual beds. The F.P.C. bed located at the middle part of J.2 changes laterally in 

both directions to R.P.C., and the R.P.C bed at the upper part of J.2 change laterally in 

both directions to P.G. with parallel lamination. 

 

Fig 4. Scanning electron micrographs of Pliensbachian–Aalenian radiolarians from the 

three locations of the studied section at Kermanshah (see Fig. 3). (a, b) Location 1: (a) 

Praeconocaryomma bajaensis sp. and (b) Bagotum modestum sp. (c) Location 2: 

Katroma sp. (d) Location 3: Elodium sp.  

 

Fig. 5. (a, b) Field images of facies in J.1. L.P. = sponge spicule limestone, P.G. = 

packstone-grainstone of ooids, peloids, bioclasts and intraclasts with parallel lamination. 

Note sharp undulating lower boundary between L.P. and P.G. and lenses of L.P. on top. 

(c, d, e) Thin-section images of facies in J.1. (c) Chert with radiolarians in wackestone 
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textures (plane polarized light). (d) Packstone-grainstone with ooids (Oo), neritic 

intraclasts (N.I.C), peloids and bioclasts (cross polarized light). (e) Mud-supported 

limestone with radiolarians? (Rad) and sponge spicules (plane polarized light). 

 

Fig. 6. Field images of facies in J.2. (a) Upper part of J.2, including sponge spicule-

radiolarian limestone (P.L.) with intercalations of marls (Mr.), pyroclastic beds (Py.), 

packstones-grainstones (P.G.), and flat pebble conglomerate (F.P.C.). Ribbon cherts 

belong to J.3. (b, c) Flat pebble conglomerate with disorganized fabric (b) and 

herringbone imbrication of clasts (c). (d) Packestone-grainstone (P.G.) with sharp flat 

base and parallel lamination, intercalated within limestones (P.L.). Alternating 

limestone laminae and packstone-grainstone laminae can be recognized on top. (e) 

Round pebble conglomerate (R.P.C.), formed by limestone clasts (see white arrows) 

floating in a grain-supported matrix composed by neritic grains and limestone 

intraclasts. Note sharp flat base, coarser limestone clasts at the lower part of the bed, 

and sharp contact with a laminated packestone-grainstone on top with cream-coloured 

burrows. (f, g) Packestones-grainstones with isolated starved ripples (f) and hummocky 

cross stratification (g). Coins in e, f and g are 2 cm in diameter. 

 

Fig. 7. Thin-section images of facies in J.2. (a) Limestone (wackestone to packstone) 

with radiolarians, sponge spicules and peloids (plane polarized light). (b) Packstone-

grainstone formed by neritic grains, including ooids (Oo), neritic intraclasts (N.I.C) and 

crinoid fragments (Cr) (cross polarized light). (c) Flat pebble conglomerate, including 

intraclasts of limestones (P.I.C), surrounded by a matrix composed of neritic grains 
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(plane polarized light). (d) Thin-section of a limestone intraclast (sponge spicule-

radiolarian mudstone/wackestone) within the flat pebble conglomerates (plane polarized 

light). (e, f) Grain-supported matrix of the flat pebble conglomerates, including neritic 

grains (Oo: ooids; neritic intraclasts: N.I.C.; Cr: crinoids; Ec: echinoids; Co: corals; 

algae) and limestone intraclasts (P.I.C.) (cross polarized light). 

 

Fig. 8. Field images of ribbon cherts in J.3. (a) Red and green cherts (Si.) and shales 

(Sh.), with intercalations of two pyroclastic beds (Py.) and two packstone-grainstone 

beds (P.G.) at the lowermost part of J.3. The packstones-grainstones are intensely 

silicified and only some parts of the former parent rock are preserved (see white 

arrows). (b) Thin-bedded red cherts and shales in the middle part of J.3. (c) At the upper 

part of J.3, thin-bedded red cherts are replaced by medium- to thick-bedded white cherts 

(scale is 20 cm). 

 

Fig. 9. Thin-section images of facies in J.3. (a) Packstone-grainstone at the lowermost 

part of J.3, with strongly silicified neritic grains (peloids; crinoids: Cr), radiolarians 

(Rad) and sponge spicules (cross polarized light). (b) Cross polarized light (XPL) and 

plane polarized light (PPL) microscope image of the green cherts located between the 

two packstone-grainstone beds at the lowermost part of J.3. Note badly preserved 

radiolarians (Rad).  

 

Fig. 10. (a) Main features and lateral relationship of coarse-grained deposits including 

neritic-derived grains and pelagic limestone clasts in J.1 and J.2, which were originated 
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by turbulence events triggered by breaking internal waves (b). (c) Erosion of cohesive 

pelagic clasts and remobilization of generated clasts and neritic-derived sand-sized 

grains by upslope flows, during breaking, surf and swash run-up of internal waves. Most 

limestone clasts accumulate near the generation area (limestone conglomerates) and 

pass upslope to laminated packstones-grainstones. (d) Backwash flow partly reworks 

these sediments, generating a downslope accumulation of conglomerates passing 

downdip to laminated packstones-grainstones. (e) Further downslope, decreasing 

sediment load and energy of flows generate thinner packstones-grainstones with ripples 

and HCS. HCS form by purely oscillatory flows of internal waves, or very strongly 

oscillatory-dominant combined flows. Sketches b to e are inspired by those of Bádenas 

et al. (2012) and Pomar et al. (2012). 

 

Table 1. Description and distribution of main facies recognized in the Pliensbachian–

Aalenian J.1–J.3 succession at the 2 km-long studied outcrop located southwest of the 

Kermanshah city.   

 

Table 2. Comparison of the main characteristics of tempestites, turbidites and internal 

wave deposits with data obtained from components and architecture of eventites 

intercalated within the Pliensbachian–Aalenian Kermanshah pelagic carbonates and 

radiolarites (shadowed in light gray). These data give information about the bathymetric 

range, the type of flow and direction of transport of related turbulence events (shadowed 

in dark gray), which support the interpretation of most of the studied eventites as 

internal wave deposits. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Table 1 
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Table 2 
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Highlights 

 

First report of internal wave deposits within pelagic limestones and radiolarites 

They formed from upslope and downslope flows caused by breaking internal waves  

The downslope distribution of internal wave deposits is proposed 

Internal waves developed in a thermocline associated to climate warming 

Internal waves were excited by volcanic, storm and tectonic events 

 

 


