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    21.1   Introduction 

 Tidalites are sediments deposited by tidal currents 
and are characterized by a distinct combination of sedi-
mentary structures, textures, lithologies, and vertical 
successions refl ecting various phases of tidal sediment 
transport in carbonate and siliciclastic tidal fl at and 
shallow subtidal environments (Klein  1971,   1998  ) . 
The term tidalites is somewhat synonymous with 
peritidal sediments, sediments formed near the tidal 
zone (Wright  1984 ; Flügel  2010 ; Pratt  2010  ) , which 
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  Abstract 

 Carbonate tidalites are sediments deposited in supratidal, intertidal and the 
adjacent shallow subtidal environments by tidal, biogenic, chemical and diage-
netic processes and are among the most common deposits in ancient carbonate 
platform successions. This chapter illustrates sedimentary facies, environments of 
deposition, and stratigraphy of carbonate tidalites and describes a few analogs 
from ancient deposits that commonly are encountered in the geological record. 
Ancient carbonate tidalites consist of a variety of constituents and diagnostic 
features formed during deposition and early diagenesis in different environments 
of a tidal system. Peritidal facies are arranged into meter-scale, commonly 
shallowing-upward succession of subtidal- to tidal fl at facies known as parase-
quence, and may constitute the bulk of the transgressive and highstand packages 
of a depositional sequence. The geological record of ancient carbonate tidalites 
indicates deposition in the proximal areas of a tropical sea, particularly during 
global relative sea level highstands, in carbonate platforms and environments that 
have recurred many times since the Paleoproterozoic.      
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designate deposits of a tidal fl at system comprising 
supratidal, intertidal, and the adjacent shallow subtidal 
environments. Carbonate tidalites, formed as a result 
of tidal, biogenic, chemical and diagenetic processes, 
are among the most common deposits in ancient 
tropical carbonate platform successions. They have 
been deposited under arid or humid conditions in 
carbonate platforms (Read  1985 ; Pomar  2001  )  associ-
ated with a variety of sedimentary basins. This chapter 
fi rst summarizes the diagnostic features and charac-
terizes sedimentary facies, environments of deposition, 
and stratigraphy of ancient carbonate tidalites. This 
will be followed by a few illustrative examples of 
ancient carbonate tidalites related to passive margins, 
intracratonic, failed rift, and foreland basins. 

 Our understanding of the deposition and early diagen-
esis of carbonate tidal deposits grew signi fi cantly during 
the 1960s and 1970s as a result of comprehensive studies 
of many modern shallow and marginal marine carbonate 
environments (reviews in Bathurst  1975 ; Tucker and 
Wright  1990 ; Flügel  2010  )  that included studies in the 
Persian Gulf (e.g. Purser  1973  ) , the Bahamas (e.g. Hardie 
 1977  ) , south Florida (e.g. Enos and Perkins  1977  )  and 
western Australia (e.g. Logan et al.  1970  ) . The applica-
tion of these results and observations obtained from 
modern siliciclastic tidal fl at environments (e.g. Reineck 
 1972  )  to ancient carbonate deposits (e.g. Ginsburg  1975 ; 
Hardie and Shinn  1986 ; Carozzi  1989  ) , using Walther’s 
Law (Middleton  1973  )  and the comparative sedimentol-
ogy approach of Ginsburg  (  1974  ) , led to accurate inter-
pretations of facies, depositional environments and 
sequences of carbonate tidal deposits in the sedimentary 
record. Carbonate tidalites encompass a wide variety of 
characteristic depositional and diagenetic features analo-
gous to their modern counterparts (e.g., Grotzinger  1989 ; 
Demicco and Hardie  1994 , Flügel  2010  ) . These features 
record important information on water level and tidal 
range, depth and energy level, salinity, climate and sea 
level history during deposition.  

    21.2   Tidal Processes 

 Tide is a periodic fl uctuation in water level in a marine 
realm that is created by the gravitational pull of the moon 
and sun (Davis  1983 ; Dalrymple  1992  )  with the moon, 
being closer to earth, exerting the most gravitational force. 
In a tidal cycle, rising water generates the landward fl ood 
tidal current, but the fall generates the seaward and nor-

mally weaker ebb tidal current. A tidal cycle normally 
occurs twice daily (semidiurnal), but once a day (diurnal) 
or mixed diurnal and semidiurnal cycles may occur 
depending on tidal regime or local conditions (Davis 
 1983  ) . The height of the water column between normal 
high tide and low tide levels is known as tidal range. 
During new and full moon, alignment of the moon, sun 
and earth generates a greater than normal tidal range 
(spring tide); conversely, during fi rst and third quarters of 
a lunar cycle, a minimal tidal range (neap tide) occurs 
(Davis  1983  ) . Based on variation of tidal range, shore-
lines are classifi ed into macrotidal (>4 m), mesotidal 
(2–4 m) and microtidal (<2 m). In macrotidal areas, tide 
dominates over other processes and most mesotidal and 
microtidal areas are wave and storm dominated, but tide 
domination may even occur in a protected microtidal 
coast where wave action is limited (Dalrymple  1992  ) . In 
contrast to their siliciclastic counterparts, most modern 
peritidal carbonate environments are microtidal (Wright 
 1984 ; Pratt et al.  1992  ) .  

    21.3   Depositional Environments 

 The daily fl uctuation of water level subdivides the tidal 
system into three bathymetric belts including subtidal 
(below mean low tide level), intertidal and supratidal 
environments (Fig.  21.1a ) that are characterized by a 
set of biological, physical and chemical processes. 
The subtidal environment may extend for hundreds of 
kilometers offshore depending on tectonic and geo-
graphic settings. It is the major source of sediment 
for the adjacent tidal fl at setting and comprises low 
energy back barrier lagoons of various salinity and 
areal extent, platform margin (carbonate barriers/sand 
shoals) and open marine environments (Fig.  21.1 ). The 
intertidal environment lies between mean low tide and 
mean high tide levels (Fig.  21.1a ) and is exposed once 
or twice daily during each tidal cycle. This zone in part 
includes isolated ponds and meandering tidal channels 
that are essentially subtidal environments occurring 
within the intertidal belt (Fig.  21.2 ). The supratidal 
environment lies above the mean high tide level 
(Fig.     21.1a ) and is fl ooded only during spring tides 
(twice each month) and less frequent storm tides. It is 
widespread in mainland coasts, but narrow supratidal 
environment develops on channel levees and beach 
ridges within the intertidal belt (Fig.  21.2b ). In an arid 
climate, the supratidal environment is evaporitic and is 
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known as “sabkha” (Fig.  21.2a ) named after the evapo-
ritic supratidal fl ats of the southern part of the Persian 
Gulf. In humid climate, supratidal fl at is characterized 
by an extensive freshwater marsh (Fig.  21.2b ).   

 Tidal fl ats normally develop in shorelines protected 
from waves and fl uvial-deltaic infl uence and are the 
most extensive in mainland coasts, but narrower tidal 
fl ats occur in the back of islands or carbonate barriers/
shoals at the platform margin (Fig.  21.1b ). In ancient 
carbonate platforms, the back barrier tidal fl ats could 
have been quite extensive (see the Precambrian tidalites 
in Sect.  21.7.1 ). Ancient carbonate tidal fl ats could have 
also developed on low-relief supratidal islands and 
intertidal banks surrounded by subtidal environment 
(Pratt and James  1986 ; Pratt  2010  ) . On a windward-
facing tidal fl at, beach ridges at the seaward edge of 
intertidal fl at (Fig.  21.2b ) or distinct barrier islands 
separated from the intertidal fl ats by a subtidal lagoon 
of variable width (Fig.  21.2a ), analogous to siliciclastic 
barrier islands, may develop (Shinn  1986  ) . In unpro-
tected coasts exposed to high energy waves, such as 
the eastern and western parts of the Persian Gulf Abu 
Dhabi Embayment and the windward northern side of 
the Persian Gulf barrier islands (Purser and Evans 
 1973  ) , tidal fl ats are not well developed. In these coasts, 

the shoreline is covered by high energy beach environ-
ment. In cool-water settings, too, tidal fl ats are scarce 
and the shoreline deposits are characterized by high 
energy sand- to gravel-size carbonate beach facies com-
monly backed by carbonate aeolianites (James  1997  ) .  

    21.4   Processes of Sedimentation 

 Carbonate sediments form  in situ , mainly by carbonate 
secreting organisms in the subtidal environments 
(e.g. Wilson  1975 ; Flügel  2010  ) ; part of the subtidal 
carbonate sediment is transported landward by storms 
and tidal currents and deposited in the intertidal and 
supratidal environments of the tidal fl at system. In the 
subtidal lagoon, current energy and grain size nor-
mally decreases seaward toward the deeper outer 
shelf-lagoon. In this setting, quiet water condition 
results in accumulation of lime mud of biological 
(e.g. Robbins and Blackwelder  1992 ; Pratt  2001  )  and 
possibly chemical origin (Shinn et al.  1989  ) , which may 
be stabilized by sessile organisms, such as seagrass 
and calcareous algae. In the subtidal and adjacent 
intertidal settings, bioturbation by burrowing organisms 
(except for extreme conditions, such as hypersalinity 

  Fig. 21.1    Carbonate platform paleogeography and various 
depositional environments of a tidal system. ( a ) A gently 
sloping carbonate ramp profi le showing depositional environ-
ments and their relationship to sea level ( b ) Block diagram of a 

carbonate shelf showing various areas of tidal fl at development. 
Note that platform margin barrier/shoal and tidal fl at environ-
ments are dissected by tidal channels. Abbreviations:  HT  high 
tide,  LT  low tide       
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or strong current energy) may destroy primary fabrics 
and structures of sediments; intensity of bioturbation 
and skeletal diversity decrease with increasing salinity. 
In various environments of a tidal fl at system, current 
energy and grain size decreases in a landward direction 
and various processes, such as desiccation, cementation 
and dolomitization operate. In various environments of 
a tidal system, binding and trapping of sediment and 
carbonate precipitation by bacteria and cyanobacteria 
lead to microbial deposits (see the following section). 
In the tidal fl at setting, evaporation results in higher 
sal inity leading to cementation and primary micritic 
dolomite formation. Early cementation prevents com-

pac tion of soft and muddy sediments, leading to 
preservation of peloids, intraclasts and primary sedi-
mentary fabrics and structures. 

 The high energy conditions of the platform margin 
result in the development of barrier reefs and/or car-
bonate sand shoals, which separate the often restricted 
back-barrier environments from the open sea. As a 
result of tidal current activity, the margin is normally 
dissected by tidal channels that connect the open-ocean 
water with that of the quiet back-barrier subtidal 
environment. Depending on tidal regime, the mouths 
of these channels may develop tidal deltas. In the Abu 
Dhabi region of southern Persian Gulf, for example, 
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  Fig. 21.2    Diagrams showing major depositional settings of 
modern arid (Persian Gulf) and humid (Bahamas) tidal systems 
(Modifi ed from Shinn  1983a  ) . ( a ) Major subtidal and tidal fl at 
facies and sedimentary environments of the southern Persian 
Gulf inner ramp setting. An ooidal barrier island separates the 
open sea from the quiet back barrier subtidal lagoon. Note the 
development of ebb ooid tidal delta and a narrow tidal fl at in the 
back of the barrier island. Note also the presence of bioturbated 
sediment in the lower intertidal, lenticular gypsum bearing pla-

nar/wavy stromatolite in the upper intertidal and gypsum/anhy-
drite deposits in the supratidal zone. ( b ) Major facies and 
environments of the Andros Island tidal fl at system. Supratidal 
zones are shown in  light brown . Note the burrowed deposits in 
the intertidal and planar/wavy stromatolite in the supratidal 
freshwater marsh environments, respectively. Note also the pres-
ence of beach ridge at the seaward edge of intertidal zone, and 
the supratidal areas on the beach ridge and tidal channel levees. 
Abbreviations:  HT  high tide,  LT  low tide       
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ebb ooid tidal deltas are developed seaward of tidal 
channels (Fig.  21.2a ) that cut through the wave-formed 
oolitic barrier island complex (Purser and Evans  1973  ) .  

    21.5   Facies Belts and Their Diagnostic 
Features 

 Periodic changes in the direction and speed of tidal 
currents, differences in environmental conditions 
within the inner shelf, biogenic activity of organisms, 
and intermittent exposure of the proximal areas of a 
tropical carbonate platform result in various facies in 
different environments of a tidal system. These facies 
are characterized by a variety of constituents and 
diagnostic features formed during deposition and early 
diagenesis. Tidal fl at deposits commonly consist of thin 
bedded and laminated lime mudstones/dolomudstones 
or microbial laminae known as laminites (Fig.  21.3a–c ). 
They are tan to light brownish gray in the fi eld as 
opposed to gray-colored subtidal facies formed under 
a relatively reducing condition (Fig.  21.3d ). Some tidal 
fl at deposits consist of mixed carbonate and clay- to 
sand-sized siliciclastics indicating proximity to  aeolian 
or fl uvial/deltaic systems or intermittent advance of 
siliciclastics from a nearby upland area during fl oods 
(see the Middle Cambrian tidalites in Sect.  21.7.2 ). 
Tidal fl at and subtidal facies are interlayered with 
various erosive-based, graded intraclastic storm depo-
sits (“tempestites”) in some stratigraphic intervals 
(e.g., Wignall and Twitchett  1999 , Y. Lasemi et al. 
 2008  )  recording deposition in a storm dominated 
platform (see the Middle Cambrian and the Lower 
Triassic tidalites in Sects.  21.7.2  and  21.7.5.1 ). 
Carbonate storm beds commonly consist of intraclasts 
(edgewise conglomerate) of various facies (Fig.  21.4a, b ) 
and/or ooids, peloids and bioclasts of mixed fauna and 
normally display hummocky cross-stratifi cation, lami-
nation, and gutter casts (Fig.  21.4c, d ). Repeated storm 
events may partially or completely remove the previ-
ously deposited tidal sediments leading to stacked 
storm deposits (Fig.  21.4 c, d ).   

    21.5.1   Subtidal Belt 

 The quiet water, back-barrier lagoon facies generally are 
muddy and consist of characteristic gray and bioturbated 
mudstone to packstone texture (Figs.  21.3d  and  21.5a, b ). 

These sediments generally contain microbial pisoids 
known as oncoids (see below), peloids, low diversity 
skeletal components including gastropods, ostracods, 
green algae, and benthic foraminifera or abundant 
numbers of a certain individual biota depending on 
climate and salinity (Fig.  21.5c, d ). Open marine and 
restricted subtidal lagoon sediments may comprise 
microbial structures known as microbialites.  

 Microbialites are organosedimentary deposits formed 
by interactions between biological, environmental and 
diagenetic processes as a result of benthic microbial 
organisms that trap and bind sediment and/or form the 
locus of calcium carbonate precipitation (Burne and 
Moore  1987  ) . Trapping and binding mechanisms and 
early diagenetic calcifi cation and/or precipitation by 
bacteria appear to be the major processes for the forma-
tion and preservation of microbialites in modern marine 
subtidal and tidal fl at environments (e.g., Riding  2000 ; 
Reid et al.  2000 ; Dupraz et al.  2009  ) . Marine microbi-
alites include the non-laminated structures with macro-
scopic, dark-colored clotted fabric (Fig.  21.6a ) referred 
to as thrombolites and laminated forms (Fig.  21.6b, f ) 
known as stromatolites (e.g., Pratt and James  1982 ; 
Riding  1999,   2000  )  commonly constructed by fi la-
mentous calcified (Fig.  21.6c ) and non-calcified 
(Fig.  21.6d, f ) bacteria. Microbialites represent arid 
upper intertidal (Fig.  21.2a ), humid supratidal marsh 
(Fig.  21.2b ), hypersaline subtidal- to intertidal and 
normal marine platform margin environments.  

 Stromatolite pisoidal (Figs.  21.5d  and  21.6c, d ) and 
columnar microbialite structures (Fig.  21.6b, e ) forms 
represent both modern and ancient open marine and 
restricted subtidal sediments as old as 3.5 Ga (e.g. 
Grotzinger  1989 ; Riding  2000  ) , but thrombolites are 
normally found in Phanerozoic subtidal deposits. 
Sediment of a high energy restricted lagoon may con-
tain columnar stromatolite and ooids/skeletal grains 
derived from the nearby platform margin (see The 
Precambrian and Middle Cambrian tidalites in 
Sects.  21.7.1  and  21.7.2 ). Laterally extensive inter l-
ayered gypsum/anhydrite-bearing dolomudstone/lime-
stone and layered nodular anhydrite with no evidence 
of subaerial exposure (Fig.  21.7 ) may record depo sition 
in a subtidal lagoon environment where the water 
became increasingly saline due to poor circulation.  

 The upper subtidal sediment in high energy exposed 
coasts typically consists of beach facies characterized 
by fl at-laminated to cross-bedded grainstone facies. 
These strata may contain skeletal grains and/or ooids, 
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peloids and intraclasts (Fig.  21.8a ) and may grade 
landward into a narrow belt of lower energy intertidal 
(foreshore) facies. The tidal channel deposits at the 
platform margin may consist of laminated horizontal 
strata and/or cross-bedded (sometimes bidirectional) 
gravel- and sand-size intraclastic ooid/bioclast grain-
stones (Fig.  21.8b ) and/or columnar microbialites.   

    21.5.2   Intertidal Belt 

 The intertidal belt is fl ooded and exposed once or twice 
daily and consists of various facies with diagnostic 
features. The arid upper intertidal sediment commonly 
consists of mud-cracked laminated facies deposited by 
tidal currents (Fig.  21.3a, b ) and/or planar to wavy 

  Fig. 21.3    ( a – c ) Laminated tidal fl at deposits and ( d)  intertidal 
and lagoonal deposits: ( a ) Thin section photograph showing 
interlamination of mud and fi ne sand- to silt-size carbonate. Note 
cement-fi lled desiccation crack in the  lower left . Thickness varia-
tion of the laminae may refl ect daily variation of tidal range 
(neap-spring cycles); Cave Hill Member of the Mississippian 
Kinkaid Formation in the Buncombe Quarry, southern Illinois. 
( b ) Mud-cracked laminated tidal fl at facies in the Middle 
Devonian Vernon Fork Member of the Jeffersonville Limestone, 
southwest Indiana (Photo courtesy of Dr. B.D. Keith, Indiana 

geological Survey). ( c ) Thin section photograph of interlami-
nated planar- to wavy stromatolite ( darker laminae ) and dolo-
mudstone. The graded intraclastic upper lamina was formed by a 
storm tide; Cave Hill Member of the Mississippian Kinkaid 
Formation in the Kinkaid Creek section, southern Illinois. ( d ) 
Field photograph of a succession composed of  bluish gray  sub-
tidal limestone overlain by  light grayish brown  to tan intertidal 
dolomudstone. The contact between the subtidal and intertidal 
facies appears to be sharp; Lower Triassic lower member of the 
Elika Formation, Alborz Mountains, northern Iran       
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stromatolite (Figs.  21.3c ,  21.6f  and  21.9d ) (see the 
Triassic tidalites in Sect.  21.7.5  for an example). The 
lower intertidal environment adjacent to a hypersaline 
subtidal setting may comprise domal stromatolite struc-

ture (Fig.  21.9a–c ) changing to wavy and planar stro-
matolite in a landward direction (see the Precambrian 
and Middle Cambrian tidalites in Sects.  21.7.1  and 
 21.7.2 , respectively). Other features common in arid 

  Fig. 21.4    Tidal fl at storm deposits: ( a ) Photomicrograph of a 
thin section showing graded tidal fl at storm bed composed of 
intraclasts (mainly mud-cracked stromatolite fragments),  peloids 
and mixed fauna (the majority of the light grains are echinoderm 
debris); Cave Hill Member of the Mississippian Kinkaid 
Formation, Buncombe Quarry, southern Illinois. ( b ) Field pho-
tograph of a tidal fl at succession intercalated by an erosive-based 
intraclast grainstone storm bed. The storm bed consists of yel-
low tidal fl at dolomudstone; Lower Triassic lower member of 
the Elika Formation, central Alborz Mountains, northern Iran 
(magic marker is 14.5 cm long). ( c ) Stacked fi ning-upward 

 erosive-based storm beds ( black arrows  at the basal erosional 
contacts) with intraclasts of subtidal/intertidal facies and hum-
mocky cross-stratifi cation ( white arrow ) ( coin  diameter is 
2.5 cm). ( d )  Reddish brown  very thin-bedded and laminated 
intertidal deposit intercalated by several erosive based intraclas-
tic storm layers. Note the large gutter cast ( arrow ) that has cut 
through the underlying intertidal facies (above the hammer in 
the  lower right ) (Photo courtesy of Dr. M. Ghomashi, Sistan-
Baluchistan University, Zahedan, Iran); Lower Triassic lower 
member of the Elika Formation, Bibishahrbano Mountain, 
northern Iran       
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intertidal sediments include tepee structures 
(Fig.  21.10a–c ) and gypsum crystals or their pseudo-
morphs (Figs.  21.9d  and  21.10d, e ).   

 Tepees as defi ned by Adams and Frenzel  (  1950  )  are 
structures having an inverted V-shaped profi le similar 
to the American Indians tents. However, this form of 
tepee is only occasionally present and it normally 
appears as irregular and low ridges (Pratt  2002  ) . Tepee 
structures (Fig.  21.10a–c ) are common to peritidal 
deposits and form as a result of desiccation, cementation 
and crystal growth, thermal expansion, and contraction 
of partially lithifi ed sediment in arid tidal fl at or 
high energy shallow subtidal sediments (Kendall and 
Warren  1987  ) . They refl ect the polygonal antiform 
ridges arched along polygonal cracks in a cemented 

surface crust as seen in plan view (Demicco and 
Hardie  1994  ) . In high energy subtidal settings, cemen-
tation of carbonate grainstone layers can lead to expan-
sion and development of centimeter-scale to giant 
polygonal cracks that may be folded or thrusted at the 
margins forming tepee structures (e.g. Kendall and 
Warren  1987 ; Lokier and Steuber  2008  ) . Tepees 
may also form as a result of brecciation of lithifi ed 
sediment, regardless of their depositional setting, 
by syndepositional fault movement and subsequent 
cementation (Pratt  2002  ) . 

 The lower intertidal sediment in high energy tide-
dominated coasts, commonly consists of planar lami-
nated and/or cross-bedded bioclast/peloid intraclast 
grain stone facies that grade landward to heterolithic 

  Fig. 21.5    Subtidal lagoon facies: ( a – b ) Heavily bioturbated 
lime mudstone subtidal facies in the Lower Triassic lower mem-
ber of the Elika Formation of the Alborz Mountains, northern 
Iran. ( a ) Photomicrograph of a vertically oriented thin section 
showing abundant horizontal burrows in a lime mudstone ( b ) 
Upper surface of a heavily bioturbated subtidal lime mudstone 
bed ( coin  diameter is 2.5 cm). ( c ) Photomicrograph of a subtidal 
lagoon facies composed of peloids, intraclasts and restricted 

fauna (mainly dentritinid forams). Note a miliolid foram in the 
 upper right ; Lower Miocene Asmari Formation, Zagros 
Mountains, southwest Iran. ( d ) Thin section photograph of a 
peloidal bioclast oncoid packstone. Note the nearly concentric 
oncoids (pisoidal form of microbialites) in the  upper right . Note 
also the geopetally fi lled gastropod shell mold in the  lower right  
of the photograph; Negli Creek Member of the Mississippian 
Kinkaid Formation, southern Illinois       
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layers of sand- to coarse silt-sized and mud-size 
sediments showing fl aser to wavy and lenticular bed-
ding. This millimeter- to centimeter-scale interlayering, 
referred to as rhythmites (Reineck and Singh  1980  )  

and tidal bedding or heterolithic stratifi cation (Demicco 
and Hardie  1994  )  form due to declining tidal current 
energy and the resulting change in sand to mud ratio in 
a landward direction, and represent deposition in the 

  Fig. 21.6    Subtidal ( a  through  e ) and intertidal microbialites: ( a ) 
Shallow subtidal dome-shaped thrombolite structures with dark 
microbial clots and dolomite-fi eld fenestral voids; Middle Cambrian 
member 1 of the Mila Formation, east central Alborz Mountains in 
northern Iran. ( b ) A branching columnar stromatolite from the 
Silurian deposits of the southern Tabas Basin, east central Iran. 
( c ) Photomicrograph under normal light of a part of pisoidal form of 
stromatolite ( oncoid ) formed by calcifi ed tubular cyanobacteria 
( Girvanella ); Negli Creek Member, Mississippian Kinkaid 
Formation, east of Princeton, Kentucky. ( d ) Thin section photo-

graph of a part of an oncoid in a peloidal bioclast oncoid packstone. 
The oncoid appears to have been formed by non-calcifi ed cyanobac-
teria; Negli Creek Member, Mississippian Kinkaid Formation, 
southern Illinois. ( e ) A compound subtidal columnar stromatolite 
complex from the Middle Cambrian member 2 of the Mila 
Formation in central Alborz Mountains, northern Iran. 
( f ) Photomicrograph of fl at- to wavy-laminated stromatolite with 
cement-fi lled planar birdseyes (see Sect.  21.5.2 ) and molds of fi la-
mentous cyanobacteria ( arrows ); Middle Triassic middle member 
of the Elika Formation in the Alborz Mountains, northern Iran       
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lower to middle intertidal settings. Such stratifi cation is 
common in ancient carbonate tidal deposits (Figs.  21.11  
and  21.12a–c ) where the sand-sized layers may con-
sist of quartz sandstone (e.g. Y. Lasemi  1986 , 
Y. Lasemi et al.  2008 ; Ghomashi  2008  )  or grainstone 
(e.g., Demicco  1983 ; Amin-Rasouli  1999  )  indicating 
deposition by high energy ebb or fl ood tidal currents. 
The muddy dolomudstone or lime mudstone layers 
represent deposition by the waning current during 
the slack water period of a tidal cycle. It may be mud-
cracked (Fig.  21.12a ) or bioturbated by organisms 
leaving vertical to sub-horizontal traces (Fig.  21.12c ). 
Periodic pumping of water by tidal currents through 
lowermost intertidal carbonate sands and subsequent 
evaporation, results in cementation and formation of a 
lithifi ed crust known as beachrock (Scoffi n and 
Stoddard  1983  )  (Fig.  21.13a, b ).    

 A feature diagnostic to tidal fl at environments is 
birdseyes (fenestral fabric), which are millimeter-size 
irregular voids and occur in stromatolite structures and 
carbonates ranging from grainstone to mudstone in 
texture (Figs.  21.6f ,  21.14  and  21.15 ). They are com-
monly fi lled with cement (Figs.  21.6f  and  21.15 ) or 
geopetal internal sediment (Fig.  21.14a ). Birdseyes 
commonly form as a result of air or gas bubble forma-
tion, desiccation shrinkage, wrinkles in the laminated 
bacterial deposits or development of trapped air bub-
bles in the pore spaces during fl ood tide and subse-
quent rapid cementation (Shinn  1983b,   1986  ) .  

 The lower intertidal/beach ridge facies of mainland 
coasts with high salinity conditions are normally 
characterized by packstone-grainstone facies contain-
ing peloids, intraclasts and/or a restricted range of 
bioclasts, commonly small gastropods (Fig.  21.13b ). 

  Fig. 21.7    ( a ) Cycles consisting of gypsum-anhydrite-bearing 
limestone ( gray ) and anhydrite ( white ) with chicken wire fabric. 
( b – c ) Photomicrographs of the gray limestone portion in 
( a ) under normal light ( b ) and under polarized light ( c ), showing 
scattered crystals and lenticular forms of gypsum and anhydrite 

in a lime mudstone groundmass. Absence of subaerial exposure 
features indicates deposition in a subtidal lagoon or in an inter-
tidal pond settings; Upper Jurassic Mozduran Formation in the 
Kopet Dagh Basin, northeast Iran       
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These sediments, similar to a beach facies (Inden 
and Moore  1983  ) , commonly are characterized by 
fenestral grainstone facies (e.g. Y. Lasemi  1995  )  
(Figs.  21.14  and  21.15c ). Prolonged exposure in arid 
to semiarid climate leads to partial dissolution of car-
bonate grains by meteoric water, pore enlargement, 
and formation of iron oxide stained coated grains 
(Fig.  21.14c ).  

 In protected modern and ancient Phanerozoic 
Humid intertidal deposits, lamination and other diag-

nostic features are absent due to intense bioturbation 
by metazoans (see the Ordovician example in 
Sect.  21.7.3 ). In arid climate similar to the southern 
part of the Persian Gulf (Fig.  21.2a ), however, due to 
high salinity and evaporite formation, burrowers and 
browsers are practically absent in the upper intertidal 
deposits, whereas, the lower intertidal facies are 
intensely bioturbated. These deposits, except for their 
lower fossil diversity and lighter color due to more oxi-
dizing condition, are similar to the adjacent subtidal 
deposits (Shinn  1983a  ) . 

 The low energy and isolated intertidal pond facies 
is thin bedded and laterally discontinuous. In a humid 
condition, it is characterized by thin beds of biotur-
bated lime mudstone to wackestone containing 
restricted-bioclast. In an arid climate, the pond facies 
may consist of planar stromatolite (Fig.  21.16a ) and/or 
evaporitic dolomudstone, depending on geographical 
location and salinity. Intertidal channel point bar 
deposits are characterized by erosive based fi ning-
upward gravel- and sand-size sediment (may be lami-
nated and/or herringbone cross-bedded) skeletal 
intraclast/peloid grainstone to packstone facies. They 
are laterally discontinuous and normally are capped by 
intertidal deposits (Fig.  21.16b, c ).   

    21.5.3   Supratidal Belt 

 Sediment of the supratidal environment is transported 
from the subtidal carbonate factory during spring and 
storm tides. Because most of the sediment is carried by 
storms that transport large quantities of sediment, car-
bonate facies of the supratidal belt are intraclastic and 
commonly are characterized by thick laminae and thin 
to very thin beds (Figs.  21.17a, b, d  and  21.18c ). 
Periodic exposure of muddy tidal fl at deposits particu-
larly in the upper intertidal and supratidal settings 
results in desiccation and the formation of mud cracks 
and mud polygons (Figs.  21.3a, b ,  21.9d ,  21.12a , and 
 21.17 ). These cracks are strikingly different than dia-
stasis cracks (Cowan and James  1992  )  that result from 
differential mechanical behavior of stiff muddy sediment, 
under stress, in any subtidal environment. Desiccation 
cracks may show a variety of sizes depending on expo-
sure time, layer thickness, and the presence or absence of 
microbial mats (Shinn  1986  ) . Mud cracks in carbonates 
may develop a variety of cross-sectional shapes ranging 
from classical “v” to wide and parallel-walled or deep 

  Fig. 21.8    High energy beach and platform margin tidal channel 
facies: ( a ) Photomicrograph of a bioclastic ooid intraclast grain-
stone under polarized light; Mississippian upper Salem 
Limestone (lower St. Louis Limestone equivalent), southwest-
ern Illinois. ( b ) A fi ning-upward ramp margin tidal channel 
deposit ( lower arrow  at the basal erosional contact) within a pre-
dominantly ooid grainstone sequence. Note that facies of this 
channel deposit include fl at-bedded and laminated gravel- to 
sand-sized ooid intraclast grainstone overlain by herringbone 
cross-bedded grainstone, which in turn grades to laminated ooid 
grainstone. The channel deposit is overlain, with a sharp contact 
( upper arrow ), by rocks of a transgressive open marine mud-
stone facies; Mississippian Ste. Genevieve Limestone, Alton 
Bluff section, Madison County, southwest Illinois       
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and narrow shapes. These cracks typically are fi lled 
with sediment or carbonate cement (Demicco and 
Hardie  1994  )  and their walls are not generally smooth 
(Figs.  21.3a, b ,  21.9d ,  21.12a  and  21.17a, b, d ). In the 
supratidal facies, as a result of prolong exposure, des-
iccation related polygonal mud cracks (Figs.  21.3b  and 
 21.17 ) are larger than those found in the arid 
upper intertidal belt and on supratidal beach ridges 
and levees.   

 Modern and ancient arid supratidal deposits gener-
ally comprise dolomudstone which may be interbedded 
with gypsum/anhydrite and collapse breccias (see the 
Mississippian, Middle Triassic and Miocne examples 
in Sects.  21.7.4 ,  21.7.5.2  and  21.7.6 ). The dolomud-

stone layers are commonly fenestral and may contain 
lenses, nodules or rosettes of gypsum/anhydrite or 
their pseudomorphs (Figs.  21.15a, b  and  21.18 ). Halite 
crystals cast (Fig.  21.19c ) may be present, but are not 
always indicative of supratidal conditions (see the 
Middle Cambrian tidalites in Sect.  21.7.2 ). In arid 
supratidal sediment, microbial boundstone is normally 
absent or occurs as thin crinkly and discontinuous 
laminae (Fig.  21.17b ) due to dry climate, prolonged 
exposure and wind energy as opposed to humid 
supratidal setting. The supratidal freshwater marsh 
facies in humid climates, such as the rainy tidal fl ats of 
the Bahamas (Fig.  21.2b ), on the other hand, is charac-
terized by interlayered planar to wavy laminated 

  Fig. 21.9    Intertidal stromatolites: ( a ) Core photograph from a 
dolomitized wavy to domal intertidal stromatolite; Middle 
Devonian Grand Tower Limestone, Tuscola Quarry, Douglas 
County, east-central Illinois. ( b – c ) Photographs from the upper 
bedding plane ( b ) and vertical section ( c ) of a domal lower 
intertidal stromatolite; Middle Cambrian member 2 of the 
Mila Formation in central Alborz Mountains, northern Iran. 

( d ) Thin section photograph showing mud-cracked wavy stro-
matolite with calcite pseudomorphs after gypsum crystals 
( arrows ). Note the disrupted laminae throughout the sample as a 
result of desiccation and crystal growth. Note also the geopetal 
vadose sediment inside a gypsum crystal mold in the middle 
right; Cave Hill Member of the Mississippian Kinkaid Formation, 
western Kentucky       
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stromatolities that typically display fenestral fabric, 
root casts, desiccation cracks and storm-generated 
deposits (e.g. Shinn  1986  ) . A well preserved humid 
tidal fl at and the associated coastal marsh facies has 
been described by Mitchell  (  1985  )  from the Middle 
Ordovician St. Paul Group in central Appalachians 

(see Sect.  21.7.3 ). Deposition of calcium carbonate 
and/or gypsum in tidal fl at environments leads to 
the formation of early diagenetic microcrystalline 
dolomite by either direct precipitation or replace-
ment of the previously deposited calcium carbonate 
(e.g. Hardie  1987 , Z. Lasemi et al.  1989  ) .   

  Fig. 21.10    Tepee structures and calcite pseudomorphs after 
lenticular gypsum: ( a ) Tepee structure in thin-bedded and lam-
inated rocks of the tidal fl at facies; Middle Triassic member 2, 
Elika Formation, eastern Alborz Mountains, northern Iran 
(scale is 14 cm long). ( b ) A tepee structure (center of the pho-
tograph) in a tidal fl at succession; lower part of the Mississippian 
lower St. Louis Limestone at Bussen Quarry, St. Louis County, 
Missouri. The height of the teepee is about 50 cm. ( c ) 
Photograph of a thin section from an arid upper intertidal 
planar stromatolite showing a small tepee structure; Cave Hill 
Member, Mississippian Kinkaid Formation, Buncombe Quarry, 
southern Illinois. Note that all the light crystals are calcite 

pseudomorphs after lenticular gypsum as seen in ( d ). Note also 
the disruption of the laminae as a result of desiccation and 
gypsum formation. ( d ) Photomicrograph of a part of sample 
( c ) under normal light showing calcite pseudomorphs after lenticu-
lar gypsum, microbial laminae and microcrystalline dolomite. 
Circular objects in the dark microbial laminae are calcispheres 
believed to be green algal sporangium. ( e ) Photomicrograph 
under normal light of a microbial lamina containing calcite 
pseudomorphs after gypsum covered by a sediment-rich lam-
ina composed of intraclastic dolomudstone; Cave Hill Member, 
Mississippian Kinkaid Formation, Kinkaid Creek section, 
southern Illinois       
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 Other features common in supratidal setting 
include very thin lenticular bedding (Fig.  21.17b ), 
root casts (Fig.  21.15b ), rain drop impressions 
(Fig.  21.11a ) and tepee structures (see the previous 
section). The supratidal facies may be capped by 
wind-blown bimodal and super-mature quartz sand-
stone (Fig.  21.19d ) during seaward progradation (see 
the Lower Triassic tidalites in Sect.  21.7.5.1 ). The 
supratidal facies of beach ridges and channel levees 
(Fig.  21.2b ) are laterally discontinuous and have a 
very low preservation potential. They consist of very 
thin bedded, interlaminated mud cracked fenestral 
mudstone laminae with a thin microbial coating and 
crinkly stromatolite boundstone (Shinn  1986  ) .   

    21.6   Peritidal Cycles and Sequence 
Stratigraphy 

 The peritidal facies commonly are arranged into 
meter scale, shallowing-upward successions of sub-
tidal- to tidal fl at facies (e.g. Wilson  1975 ; James 
 1984 ; Hardie and Shinn  1986 ; Grotzinger  1986b, 
  1989 ; Pratt et al.  1992 ; Pratt  2010  ) . In a single shallow-
ing-upward cycle, facies boundaries are transitional 
in accord with Walther’s Law (for an example see 
fi gure  21.21a ), and the contact between the shallow-
water and deeper facies of the overlying cycle is 
erosional or sharp due to non-deposition or prolong 
exposure (Fig.  21.21a, b ).  

  Fig. 21.11    Photographs of hand specimens showing millime-
ter- to centimeter-scale interlayering of quartz sand ( gray ) and 
mud-sized carbonate ( tan ) (heterolithic stratifi cation) in the 
lower part of the Mississippian Bayport Formation, Bayport, 
Michigan. ( a ) Lenticular and wavy bedding of quartz sand in 
carbonate mud laminae in the lower part, changing upward to 
fi ner scale lamination. Note rain drop impressions in the carbon-
ate lamina on the top of the specimen ( coin  diameter is 2.5 cm). 

( b ) Interlayered planar- to wavy-bedded and rippled quartz 
sandstone ( dark gray ) and carbonate mud laminae ( light gray  to 
tan). The ripple in the  lower part  of the photograph and its 
internal trough cross-lamination indicate tidal current direction 
(possibly fl ood tide) to the right. Note also that the smaller current 
ripples in the upper right indicate tidal current reversal (ebb 
tide). In both ripples carbonate mud fi lls the ripple troughs forming 
fl aser bedding       
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  Fig. 21.12    Planar, wavy and ripple bedding in mixed carbonate-
siliciclastic and pure carbonate intertidal deposits: ( a ) Millimeter- to 
centimeter-thick tidal lamination in interlaminated lime mudstone 
and quartz sandstone ( gray ). Note disrupted laminae, intraclasts, 
smooth-walled sand-fi lled desiccation cracks and lenticular bed-
ding in the lower part; Mississippian Bayport Formation, Bayport, 
Michigan. ( b – c ) Intertidal heterolithic interlayering of dolomudstone 
and grainstone in the Middle Cambrian member 2 of the Mila 
Formation from the Alborz Mountains, northern Iran: ( b ) Interlayered 
wavy and rippled grainstone and dolomudstone containing lenticular 
bedding. ( c ) Wavy, ripple and lenticular bedding. Note the vertical and 
sub-vertical burrows in the middle of the photograph that was fi lled 
during the deposition of the overlying current ripple. The uppermost 
layer is a  bioclastic intraclast grainstone transgressive lag deposit       

  Fig. 21.13    ( a ) Fibrous and irregular sparry calcite cement 
fringes (beachrock cement) in a bioclastic ooid grainstone inter-
preted as a barrier beach facies; Upper Mississippian Negli 
Creek Member of the Kinkaid Formation, southern Illinois. 
( b ) An example of a beach ridge grainstone composed solely of 
small gastropod shells with void-fi lling hematite and calcite 
cements. Note the irregular radial fi brous beachrock cement 
fringe on the grains; Lower Triassic lower member of the Elika 
Formation in the central Alborz Mountains, northern Iran       

 Even though shallowing-upward cycles dominate 
the peritidal successions, deepening-upward and deep-
ening- to shallowing-upward trends or aggradational 
cycles consisting of a single facies are also present (see 
Fig.  21.3d  for an example) (e.g. Burgess  2006 ; Spence 
and Tucker  2007 ; Bosence et al.  2009 ; Zecchin  2010  )  
depending on rates of deposition and sea level fl uctua-
tions during the course of their development. Some 
ancient successions consist of stacked cycles charac-
terized by a subtidal facies capped by karstic or calichie 
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soil horizon without any intervening tidal fl at facies as 
a result of rapid sea level fall and prolonged exposure 
(Hardie  1986 ; Preto et al.  2004  ) . Examples include the 
karstic soil-capped cycles of the Plio-Pleistocene 
deposits of the Bahamas (Beach and Ginsburg  1980  )  
and the calichie-capped tepee dominated diagenetic 
cycles of the Middle Triassic Latemar Limestone of 
northern Italy (Hardie et al.  1986  )  formed under humid 
and arid- to semiarid conditions, respectively. The meter-
scale peritidal cycles are known as parasequences 
(e.g., Van Wagoner et al.  1988 ; Lehrmann and 
Goldhammer  1999 ; Burgess  2006 ; Spence and Tucker 

  Fig. 21.14    ( a ,  b ,  c ) Subaerial exposure features in intertidal 
fenestral grainstone from the Upper Jurassic Mozduran 
Formation in the Kopet Dagh back arc basin, northeast Iran: 
( a ) Photomicrograph under normal light of a fenestral peloidal 
intraclast grainstone. Note that the geopetal sediment (silt-sized 
peloids) overlies earlier  light brown  vadose cement and is over-
lain by late stage phreatic drusy mosaic cement. ( b – c ) Thin sec-
tion photograph of fenestral grainstone facies showing subaerial 
exposure features. Photograph ( c ) is the enlarged portion of the 
 lower part  of ( b ) showing partial dissolution of the grains, 
enlarged pores and formation of iron oxide stained coated 
grains       

  Fig. 21.15    ( a ,  b ) Photomicrographs of calcite cemented fenes-
tral fabric (birdseyes) in lime mudstone interpreted as supratidal 
facies. Note the calcite-cemented root casts and small birdseyes 
in b; Cave Hill Member of the Mississippian Kinkaid Formation, 
southern Illinois. ( c ) Photomicrograph of the lowermost inter-
tidal calcite-cemented fenestral peloid intraclast grainstone 
under plane-polarized light showing early vadose cement ( light 
yellowish brown crystals ) that lines the larger fenestrae and fi lls 
the smaller voids. Note that the vadose cement is overlain by 
later phreatic cement indicating subaerial exposure; Upper 
Jurassic Mozduran Formation in the Kopet Dagh back arc basin, 
northeast Iran       
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 2007 ; Catuneanu et al.  2009  ) , the fundamental unit of 
stratigraphic sequences. 

 Many ancient peritidal successions, at least in part, 
lack any stratal order and comprise random vertical 

facies transition and thickness patterns (e.g. Wilkinson 
et al.  1997  ) . The random stratigraphic patterns have 
been interpreted to be the result of deposition in a set 
of randomly distributed environments (e.g. Wilkinson 
et al.  1996,   1999  ) . Recent studies (e.g. Lehrmann and 
Goldhammer  1999 ; Lehrmann and Rankey  1999 ; 
Spence and Tucker  2007  )  and investigation on the 
Holocene carbonates of the Bahamas (Rankey  2002  ) , 
on the other hand, indicate highly ordered facies 
transitions in peritidal facies tracts and the resulting 
vertical successions. The random facies patterns in 
ancient successions may have been the consequence 
of incomplete stratigraphic record and extrabasinal 
forcing mechanisms (Rankey  2002 ; Lehrmann and 
Goldhammer  1999  ) . Random vertical successions nor-
mally develop during icehouse conditions, due to unfi lled 
accommodation space created by higher-frequency, 
higher-amplitude sea level changes (Lehrmann and 
Goldhammer  1999 ; Burgess  2006  ) . 

    21.6.1   Origin of Meter-Scale Cyclicity 

 Shallowing-upward cycles form when tidal fl ats 
aggrade to sea level and prograde into the adjacent 
subtidal setting. This is the consequence of high sedi-
mentation rate in tidal fl at areas that normally exceeds 
the available accommodation space created by high-
frequency 5th- to 4th-order sea level rise. Progradation 
leads to a seaward thickening wedge of tidal fl at sedi-
ments and a succession of subtidal- to intertidal- to 
supratidal facies (e.g. Hardie  1986  ) . Repeated deepen-
ing and fi lling of accommodation space in response to 
relative sea level changes (the sum of eustatic sea level 
change, subsidence and sediment supply), lead to 

  Fig. 21.16    ( a ) Photomicrograph of a bioturbated ostracod dolo-
mudstone with microbial laminae from an intertidal fl at sequence 
interpreted as the intertidal pond facies; Mississippian Bayport 
Formation, Bayport, Michigan. ( b, c ) Intertidal channel deposits 
from the Middle Triassic middle member of the Elika Formation 
in east central Alborz Mountains, northern Iran. ( b ) Erosive-based 
fi ning-upward intertidal channel sequence ( arrow  at the erosional 
contact) composed of a grainstone bed with gravel-size intraclasts 
grading upward into a trough cross-bedded sand-size grainstone 
that in turn grades to herringbone cross-bedded grainstone ( above 
the scale ) covered by an intertidal deposit (pen for scale is 14 cm 
long). ( c ) A tidal channel deposit (pen on the left side of the chan-
nel facies is 14.5 cm long) within a laminated and thin-bedded 
tidal fl at succession. Note that the channel facies thins to the  right  
of the photograph and pinches out completely toward the  left        
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stacked complete and incomplete meter-scale succes-
sions (see the illustrative examples). Progradation to 
develop stacked peritidal meter-scale cycles can be 
generated by intrabasinal autocyclic processes and 
extrabasinal allocyclic mechanisms including eustatic 
sea level fl uctuation and tectonic subsidence (e.g., 
Hardie  1986 ; Pratt et al.  1992 ; Pratt  2010  ) . 

    21.6.1.1   Autocyclicity 
 Autocycles form in response to processes operating 
within the environment of deposition and include tidal 

fl at shoreline and island progradation and lateral migra-
tion of tidal channels. Tidal fl at progradation is the 
dominate process during greenhouse periods (small polar 
ice volume) due to lower-amplitude high-frequency 
sea level changes (Lehrmann and Goldhammer  1999 ; 
Burgess  2006  ) . Tidal fl at shoreline progradation to 
generate stacked shallowing-upward peritidal cycles 
(Ginsburg  1971 ; Hardie  1986  )  assumes gradual sub-
sidence, slow sea level rise or stillstand and changes in 
sedimentation rate during deposition. High sedimen-
tation rate in tidal fl at areas results in progradation 

  Fig. 21.17    Desiccation cracks in laminated supratidal sediment:  
( a ) Sediment fi lled mud crack in a peloid wackestone lamina cov-
ered by an intraclast grainstone transgressive lag deposit; Cave 
Hill Member of the Mississippian Kinkaid Formation, southern 
Illinois. ( b ) Quartz sand-fi lled ‘V’ shaped mud crack in a mixed 
carbonate-siliciclastic tidal fl at sequence. Note the irregular wall 
of the crack and a small quartz sand-fi lled lenticular bed ( dark 
gray ) in thickly-laminated dolomudstone toward the  middle  of 
the  left side  of the photograph. Fine-scale laminations in the 

 upper part  comprise dark crinkly stromatolite and dolomudstone 
laminae. ( c ) Plan view of mud cracks in the upper surface of a 
supratidal deposit; Mississippian lower St. Louis Limestone, 
Columbia Quarry, St. Clair County, southwest Illinois. ( d ) 
Dolomudstone-fi lled mud crack in tan to  pink laminated  deposits 
of the supratidal facies (Photo courtesy of Dr. M. Ghomashi, 
Sistan-Baluchistan University, Zahedan, Iran); Lower Triassic 
Sorkh Shale Formation, Tabas failed rift basin, east central Iran       
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and rapid infi lling of the subtidal carbonate factory. 
Subsidence and subsequent sea level rise result in the 
resumption of carbonate deposition (after a lag period) 
and formation of a new asymmetric shallowing-upward 
cycle. An alternative autocyclic mechanism, the tidal 
fl at island model, has been proposed for peritidal 
shallowing-upward cycles that are laterally discon-
tinuous (Pratt and James  1986 ; Pratt  2010  ) . In this 
model, deposition would take place on small low relief 
islands and intertidal banks separated by subtidal 
source areas. Progradation and lateral growth of the 
islands may generate shallowing-upward peritidal 
cycles of limited areal extent with random stratigraphic 

distribution and variable thicknesses (Pratt et al.  1992 ; 
Pratt  2010  ) . 

 Lateral migration of tidal channels is another 
autocyclic process forming discontinuous small-scale 
cycles. Migration of intertidal channel leads to point 
bar deposits which are laterally discontinuous, erosive-
based, fi ning-upward successions of gravel- and sand-
size sediments capped by a laminated tidal fl at facies 
(Fig.  21.16b, c ). Tidal channel migration in platform 
margin shoals generates an erosive-based fi ning-
upward succession (Fig.  21.8b ), capped by offshore, 
tidal fl at, lagoonal or coarsening-upward beach facies 
(Inden and Moore  1983  ) .  

  Fig. 21.18    Supratidal facies: ( a – b ) Rosettes and laths of 
calcite pseudomorphs after anhydrite within a fenestral lime 
mudstone from the Cave Hill Member of the Mississippian 
Kinkaid Formation, southern Illinois. Note that in a (thin sec-
tion photograph) birdseyes are almost totally fi lled with vadose 
silt. Note also that in ( b ) (photomicrograph of the enlarged 
portion of the  upper left  of ( a ) under normal light) the rosettes 

are fi lled with coarsely crystalline calcite cement. 
( c ) Field photograph of a thickly laminated fenestral dolomud-
stone containing lenticular gypsum casts (the silver end of the 
pen in the upper left is 3 cm long); Middle Triassic middle unit 
of the Elika Formation in the Ghoznavi section, eastern Alborz 
Mountains, northern Iran       
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    21.6.1.2   Allocyclicity 
 In many ancient carbonate tidalites, cyclicity has been 
interpreted based on Milankovitch-band periodic cli-
mate changes (e.g. Goldhammer et al.  1987 ; Koerschner 
and Read  1989 ; Goldhammer et al.  1993 ; Strasser et al. 
 1999 ; Preto et al.  2004  ) . In the Milankovitch orbital 
forcing model, three parameters including precession, 
obliquity and eccentricity could generate high frequency 
eustatic sea level cycles with approximate durations 
of 20,000, 41,000 and 100,000 years, respectively. 
Evidence for Milankovitch-band periodic eustatic sea 
level changes in the stratigraphic record include lateral 
continuity of cycles on a regional and interregional 
scale, 5:1 grouping of 5th-order small-scale cycles to 
form larger 4th-order cycles of 100,000 years duration, 
and high frequency subtidal cycles with karstic or cal-
ichie soil caps (e.g. Goldhammer et al.  1987 ; Koerschner 

and Read  1989 ; Preto et al.  2004  ) . Allocyclicity is 
strong during icehouse periods due to higher-amplitude 
relative sea level changes (Lehrmann and Goldhammer 
 1999 ; Burgess  2006  ) . 

 Subsidence due to high-frequency extensional fault 
movements (“yo-yo” and “yo” tectonics) can also create 
accommodation space for the formation of stacked 
peritidal cycles (Hardie  1986 ; Hardie et al.  1991 ; 
De Benedictis et al.  2007 ; Bosence et al.  2009  ) . 
According to Bosence et al.  (  2009  ) , the cycles form 
due to fi lling of accommodation created by episodic 
rapid downwarping followed by slow subsidence in 
the hanging wall and graben sites (“yo” tectonics) and 
concurrent rapid uplift and slow subsidence in the 
footwall sites (“yo-yo” tectonics). The most common 
cycle type is asymmetric shallowing-upward, but sym-
metric deepening then shallowing-upward, asymmetric 

  Fig. 21.19    ( a ) Interlayered  light green - to  reddish brown  lami-
nated argillaceous dolomudstone/dolomitic shale and  reddish 
brown  and fi ne- to very fi ne-grained lithic sandstone from the 
Middle Cambrian member 2 of the Mila Formation, eastern 
Alborz Mountains, northern Iran. ( b ) Close up view of a part of 
( a ) showing the laminated shale/dolomite and the capping sand-
stone facies (Lens cap diameter is 5.5 cm). The laminated shale-
carbonate facies contain hopper halite casts and has no subaerial 

exposure features interpreted as a lowstand coastal salina pond 
deposit. ( c ) Cast of hopper halite crystals mentioned in ( b ). 
( d ) A laminated supper mature quartz arenite bed overlies 
and underlies, with abrupt contacts, a fenestral dolomudstone 
(supratidal facies) forming a pure carbonate and pure silici-
clastic double cycle (Y. Lasemi et al.  2008  ) ; base of the trans-
gressive systems tract in the Lower Triassic Sorkh Shale 
Formation, south of the Tabas failed rift basin, east central Iran       
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with subaerial exposure surface or karstic/calichie soil 
cap, and asymmetric deepening-upward can develop 
depending on tectonic setting. The cycles have the 
same thickness and frequency as eustatic or autocyclic 
processes, however, lateral variation of cycle types and 
cycle stacking and irregular non-bundled stacking of 
the cycles support an overriding tectonic control 
(De Benedictis et al.  2007 ; Bosence et al.  2009  ) .  

    21.6.1.3   Sequence Stratigraphy 
 The meter-scale cycles are superimposed on an under-
lying lower-frequency 3rd-order relative sea level 
cycle (e.g. Goldhammer et al.  1993 ; Kerans and Tinker 
 1997 ; Spence and Tucker  2007  )  (see the Middle 
Triassic tidalites in Sect.  21.7.5.2  for an example). The 
3rd-order cycle has a duration of 1–3 my (Haq et al. 
 1987  )  or 1–10 my, (Kerans and Tinker  1997 ; Lehrmann 

  Fig. 21.20    Panorama of conspicuously bedded peritidal 
carbonate successions along the Azadshahr Highway in eastern 
Alborz Mountains: ( a ) Highstand lagoonal shallowing-upward 
cycles of the Upper Permian Ruteh Formation ( right ) capped by 
a laterite horizon, which is in turn overlain by the peritidal cycles 
of the Lower Triassic lower member of the Elika Formation. 
( b ) The Lower and Middle Triassic peritidal deposits of the 
lower and middle members of the Elika Formation comprising 

two depositional sequences. The lower sequence is bounded by 
the lowstand laterite horizon at the Permian-Triassic boundary 
( right ) and a quartz sandstone bed at the Lower-Middle Triassic 
boundary in the middle of the photograph, and consists of 
lagoonal- to intertidal cycles intercalated by numerous storm 
beds. The Middle Triassic middle member (    upper left  of the 
photograph) is a depositional sequence composed almost entirely 
of intertidal- to supratidal shallowing-upward cycles       
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and Goldhammer  1999  )  and represent a depositional 
sequence. A depositional sequence as defi ned by 
Mitchum et al.  (  1977  )  is a stratigraphic unit composed 
of a relatively conformable succession of genetically 
related strata bounded by unconformities (Fig.  21.20 ) 
or their correlative conformities. Catuneanu et al. 
 (  2009  )  recommended using the term ‘stratigraphic 
sequence’, a sedimentary succession deposited during 
a full cycle of change in accommodation or sediment 

supply (Fig.  21.22 ), which is compatible with various 
existing sequence stratigraphic models (For a detailed 
review of sequence stratigraphic principles and models 
see Miall  1997 ; Schlager  2005 ; Catuneanu  2006 ; 
Catuneanu et al.  2009  ) .  

 A depositional sequence can be subdivided into 
systems tracts (linkage of contemporaneous deposi-
tional systems) as defi ned by Brown and Fisher  (  1977  ) , 
which are defi ned on the basis of parasequence stack-
ing patterns, position within the sequence and types of 
bounding surfaces (Van Wagoner et al.  1988,   1990  ) . A 
depositional sequence may consist of up to four types 
of systems tracts depending on the shape of base-level 
curve, type of depositional system, basinal setting, and 
post depositional erosion at the sequence boundary 
(e.g. Catuneanu  2006 ; Catuneanu et al.  2009  ) . These 
packages include lowstand, transgressive, highstand 
and falling stage systems tracts (Fig.  21.22 ). 

 The lowstand systems tract (LST) overlies the 
sequence boundary and comprises normal regressive 
sediments deposits after the onset of relative sea level 
rise. The transgressive systems tract (TST) lies between 
the transgressive surface (ts) above the LST or it over-
lies the sequence boundary and is capped by maximum 
fl ooding surface (mfs). It forms when the rate of rise 
exceeds the rate of deposition, displays a deepening-
upward facies trend and a characteristic retrograda-
tional parasequence stacking pattern. The highstand 
systems tract (HST) forms during the late stage of 
base-level rise, when the rate of deposition exceeds the 
rate of accommodation being created (shoreline normal 
regression). HST deposits underlie the FSST or the 
sequence boundary and are characterized by shallow-
ing-upward facies trend displaying aggradational to 
progradational parasequence stacking pattern. The 
falling stage systems tract (FSST) includes the strata 
deposited during base-level fall (forced regression) 
and underlies the sequence boundary. 

 Carbonate platforms produce sediment during peri-
ods of base-level rise mainly during transgressive and 
highstand stages of a base-level curve. During falling 
stage and lowstand sea level rise, the entire platform 
or the platform interior is exposed to karstifi cation 
and calichie (calcrete) development in humid and dry 
climates, respectively, forming a pronounced subaerial 
unconformity. Therefore, FSST-LST packages are nor-
mally absent and the sequence boundary commonly is 
capped by transgressive systems tract of the overlying 
sequence. In a carbonate ramp setting of a passive 

  Fig. 21.21    ( a ) Brownish gray lagoonal deposits ( right ) grading 
into  light brown  intertidal and supratidal deposits. Note the 
abrupt upper contact ( dashed line ) with the overlying lagoonal 
deposit (the  encircled tree  is about 3 m tall); Lower Miocene 
middle member of the Asmari Formation in the Mish Mountain, 
Zagros Mountain range, southwest Iran. ( b )  Dark gray  biotur-
bated lime mudstone (subtidal lagoon facies) overlies, with an 
erosional contact, a  yellow  dolomudstone (tidal fl at facies) 
indicating transgression over a tidal fl at cycle cap; Lower 
Triassic lower member of the Elika Formation in the central 
Alborz Mountains, northern Iran       
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margin succession, however, lowstand peritidal 
depo sits may form during lowstand slow base-level rise 
consisting of siliciclastics, evaporites or mixed carbonate-
siliciclastic peritidal deposits (see the Middle Cambrian 
tidalites in Sect.  21.7.2  and the Mississippian St. Louis 
Formation in Sect.  21.7.4 ). 

 In mature passive margins, peritidal deposits may 
constitute the bulk of the transgressive and highstand 
packages (see the Middle Cambrian and Middle 
Triassic tidalites in Sects.  21.7.2  and  21.7.5.2 ). 
Platform sequences in proximal areas of a basin may 
consist almost exclusively of tidal fl at deposits as in 
the Lower Triassic Sorkh Shale Formation (see 
Sect.  21.7.5.1 ). Sequences in the distal areas of a basin, 
on the other hand, consist dominantly of subtidal facies 
with tidal fl at facies occurring in the upper part of the 
highstand systems tracts (see the Lower Triassic Elika 
Formation in Sect.  21.7.5.1 ). Absence of peritidal 
deposits in the transgressive tracts may be the result of 
rapid base level rise. In foreland basin successions, 
tidal fl at deposits commonly comprise the upper part 
of the highstand systems tract (see the Miocene tidalites 
in Sect.  21.7.6 ); rapid subsidence in response to over-
thrust loading may prevent tidal fl at deposition in the 
transgressive systems tract.    

    21.7   Ancient Examples of Carbonate 
Tidalites 

 Numerous examples of ancient carbonate tidal facies, 
practically comparable to their modern counterparts, 
have been reported from the Precambrian and 
Phanerozoic successions (e.g. Ginsburg  1975 ; James 
 1984 ; Hardie and Shinn  1986 ; Tucker and Wright 
 1990 ; Demicco and Hardie  1994 ; Flügel  2010  ) . 
Ancient carbonate tidalites were deposited on huge 
carbonate platforms that developed along the Atlantic 
type passive margins and in smaller platforms associ-
ated with failed rifts, intracratonic, foreland, back-arc/
fore-arc and pull-apart basins (Read  1985 ; Grotzinger 
 1989 ; Demicco and Hardie  1994  ) . The thickest and 
most extensive tidal deposits, however, were laid down 
during Proterozoic through Late Mesozoic times on 
the vast carbonate platforms that developed along the 
passive (Atlantic type) continental margins, such as the 
Iapetus (proto-Atlantic), Paleo-Tethys and Neo-Tethys 
ocean margins and associated intracratonic basins. 

 Proterozoic carbonate tidalites consist of micro-
bialites (both thrombolites and stromatolites), ooids, 
intraclasts and micritic carbonates refl ecting carbon-
ate production by chemical and microbial processes. 

  Fig. 21.22     Base-level curve , depositional sequence (‘strati-
graphic sequence’), systems tracts, and sequence stratigraphic 
surfaces defi ned in relation to base-level curve (Modifi ed from 
Catuneanu  2006 ; Catuneanu et al.  2009  ) . Abbreviations: 
( a ), accommodation;  C.C   *  , correlative conformity  sensu  Posamentier 

and Allen  1999 ;  C.C.   **  ,  sensu  Hunt and Tucker  1992 ;  MFS  maxi-
mum fl ooding surface,  MRS  maximum regressive surface, SB 
sequence boundary,  LST  lowstand systems tract,  TST  transgres-
sive systems tract,  HST  highstand systems tract,  FSST  falling 
stage systems tract       
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These deposits commonly are characterized by the 
paucity of grainstone facies and the dominance of 
stromatolite reefs and fi ne-grained carbonate facies 
(Grotzinger  1989  ) . During the Precambrian, stromato-
lites were able to fl ourish in any setting from deep 
marine to supratidal and normal to hypersaline waters 
(e.g. Hoffman  1976 ; Grotzinger  1989  ) . Although 
skeletal metazoans were absent prior to Cambrian 
time, the Precambrian carbonates were deposited in 
platforms and environments surprisingly similar to 
those of their Phanerozoic counterparts (e.g. Hardie 
and Shinn 198, Grotzinger  1989 ; Flügel  2010  ) . 

 In the Phanerozoic deposits, in addition to micro-
bialites, micritic carbonates, ooids, oncoids and intrac-
lasts that appeared in the Precambrian platform deposits, 
various new components, including skeletal grains and 
fecal pellets emerged. A number of metazoans and cal-
careous algae constructed patch, fringing and barrier 
reefs and by late Phanerozoic time seagrass probably 
contributed in stabilizing mud size sediments in the 
subtidal setting. During the Phanerozoic, burrowing 
activity by metazoans and increased supply of sand- 
to silt-sized bioclasts and peloids restricted microbialites 
mainly to areas of low sediment infl ux (Pratt  1982  )  
and to more ecologically stressed environments. The 
following section of this chapter summarizes facies, 

paleo-environment, and cycle/sequence stratigraphic 
analyses of a few specifi c examples of ancient carbo-
nate tidal deposits representing the Proterozoic through 
Tertiary successions. The examples represent arid and 
humid carbonate and mixed carbonate-siliciclastic 
tidal deposits that occur in various systems tracts of 
depositional sequences related to passive and active 
continental margins. 

    21.7.1   Tidalites of the Rocknest Formation 
of Northwest Canada 

 The Lower Proterozoic (older than 1,800 Ma) Rocknest 
Formation is a carbonate platform succession up to 
1,200 m thick that was deposited in a westward-facing 
passive margin in Northwest Territories, Canada 
(   Grotzinger  1989  ) . This summary describes a back 
barrier mixed carbonate-siliciclastic peritidal succes-
sion (Hoffman  1975 ; Grotzinger  1985,   1986a,   b  ) . In 
the Rocknest platform, an extensive belt of tidal fl at 
environment developed behind a barrier (‘shoal-com-
plex’) that separated a wave-dominated windward 
platform margin to the west from an extensive low 
energy inner-shelf lagoon to the east (Fig.  21.23 ). The 
proximal area of the ‘shoal-complex’ was seldom 

  Fig. 21.23    Platform paleogeography during the deposition of 
the Rocknest Formation (Modifi ed from Grotzinger  1986a  ) . 
Cyclic peritidal deposits were formed in an extensive back 

barrier (‘ shoal complex ’) tidal fl at facies setting adjacent to a shal-
low subtidal lagoon to the east of the platform       
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 submerged, preventing communication between the 
open sea and the low energy inner shelf lagoon. The 
tidal fl at and lagoonal deposits of the Rocknest 
Formation are characterized by mixed carbonate and 
siliciclastic facies that grade eastward to siliciclastic 
deposits.  

 The Rocknest peritidal facies are arranged into 
asymmetric shallowing-upward cycles (Fig.  21.24d ), 
which display various basal lithofacies refl ecting 
their paleogeographic location on the platform. 
Consequently, the shale-based cycles of the distal 
inner-shelf lagoon pass westward into laminated dolo-
stone-based cycles and stromatolite-based cycles of 
the ‘shoal-complex’. The cycles were initiated by 
rapid transgression and fl ooding of tidal fl ats followed 
by eastward progradation of the tidal fl at facies over 

the lagoonal facies of the inner shelf during sea level 
fall. Shale-based cycles up to 15 m thick contain the 
most diverse facies, which from base to top include 
(Fig.  21.24d ): (1) intraclast packstone to grainstone, 
5–30 cm thick that covers erosional tops of cycles and 
commonly consists of rounded stromatolitic frag-
ments derived from the upper part of the underlying 
cycle (transgressive lag deposit); (2) mixed carbon-
ate-siliciclastic facies consisting of below- to above- 
wave-base interstratifi ed argillaceous dolomudstone 
and shale containing intercalations (up to 30 cm thick) 
of massive, planar laminated or hummocky cross-strat-
ifi ed sheets and lenses of siltstone, sandstone and 
sand-size dolostone (distal inner-shelf lagoon); (3) 
laminated dolostone that consists of very thin-bedded 
laminated or wave-rippled silt-size dolostone with 

  Fig. 21.24    Stratigraphic columns ( a – c ) and the peritidal shale-
based cycle of the inner shelf cyclic facies ( d ) of the Rocknest 
Formation in the Lower Proterozoic carbonate platform succession. 
Numbers 1 through 5 denote lagoonal and tidal fl at facies or facies 

groups within the cycle (Modifi ed from Hoffman  1975  and 
Grotzinger  1986b  ) .  1 : transgressive lag deposit;  2 : distal inner-shelf 
lagoon facies;  3 : proximal inner-shelf lagoon facies;  4 : upper sub-
tidal-lower intertidal facies;  5 : upper intertidal-supratidal facies       
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common intercalations of dolomitized oolitic and 
intraclastic grainstone layers, suggesting deposition 
close to fair weather wave base (proximal inner-shelf 
lagoon); (4) stromatolitic and thrombolitic dolostone 
(10–150 cm thick) containing isolated to laterally-
linked columnar and domal stromatolite and/or throm-
bolite that show an upward decrease in relief (upper 
subtidal to lower intertidal); (5) stromatolites (up to 
1–2 m thick) as planar tan- to buff-colored crinkly to 
wavy laminites overlain by gray to black planar or dis-
crete to partially-linked microdigitate forms less than 
1 cm wide and less than 10 cm high. This facies con-
tains desiccation cracks, irregular to planar birdseyes, 
tepee structures, abundant halite casts and rare gyp-
sum and/or anhydrite pseudomorphs (arid upper inter-
tidal to supratidal).  

 The erosional surface at the base of asymmetric 
depositional cycles become more pronounced towards 
the shelf margin, suggesting prolonged exposure of the 
proximal ‘shoal-complex’. The ‘shoal complex’ periti-
dal deposits overlie the back reef grainstone and stro-
matolite reef facies of the platform margin as a result 
of basinward progradation forming the highstand pack-
ages of long-term progradational sequences. Abundant 
halite casts and tepee structures and rare gypsum and 
anhydrite pseudomorphs in the shelf facies (Grotzinger 
 1985,   1986a,   b  )  suggest that, contrary to Hoffman 
 (  1975  ) , arid conditions prevailed during deposition of 
the Rocknest Formation.  

    21.7.2   Middle Cambrian Tidalites 
in Northern Iran 

 The Middle and Upper Cambrian was a time of exten-
sive shallow marine carbonate ramp deposition in Iran. 
The ramp covered the length of the northern Alborz 
Mountains in northern Iran and the Persian Gulf in 
southwest Iran (Fig.  21.25 ) in the north-northeast fac-
ing Proto-Paleotethys passive margin of northern 
Gondwana (Y. Lasemi  2001  ) , a width of several thou-
sands of kilometers at the time of deposition. In the 
Alborz Mountains, the Middle- to Upper Cambrian 
deposits includes member 1 carbonates, member 2 
mixed carbonate-siliciclastics and member 3 carbon-
ates of the Mila Formation (Stocklin et al.  1964  ) . In 
this summary, the tidal deposits of the lower part of 
member 2 in the Tuyeh section (location 1 in Fig.  21.25 ) 
of the eastern Alborz Mountains (Amin-Rasouli  1999  )  

will be described. In the Tuyeh section, member 2 is 
100 m thick and its lower part comprises two deposi-
tional sequences built mainly by peritidal facies. The 
lower sequence comprises lowstand, transgressive and 
highstand systems tracts built by meter-scale shallow-
ing-upward cycles (Fig.  21.26 ).   

 The lowstand systems tract consists of interlayered 
light green- to redish brown, laminated argillaceous 
dolomudstone/dolomitic shale capped by reddish 
brown, fine- to very fine-grained lithic sandstone 
(Figs.  21.19a, b  and  21.26a ). The laminated shale-
carbonate facies contain hopper halite casts 
(Fig.  21.19c ) and has no subaerial exposure features. 
This facies association is interpreted as a coastal salina 
pond deposit. It resembles the carbonate-shale cycles 
described by Spencer and Demicco  (  1993  )  from the 
Middle Cambrian passive margin deposits of the 
Canadian Rocky Mountains. The brown lithic sand-
stone layers were probably deposited during the 
advance of siliciclastics into the coastal plain area 
during periods of continental fl ooding. The lower part 
of the transgressive systems tract consists of small-
scale shallowing-upward cycles in which interlayered 
carbonate and siliciclastic facies just described above 
caps wavy- to planar stromatolite facies (Fig.  21.26b ), 
which in turn change upward to planar- to wavy- to 
domal stromatolite capped by columnar stromatolite 
facies (Fig.  21.6e ) recording the most transgressive 
facies. Columnar stromatolite bioherms are character-
ized by trapped peloids, ooids and intraclasts and 
absence of bioclasts recording deposition in a hyper-
saline and high energy subtidal lagoon to lower inter-
tidal environments similar to Hamelin Pool in Shark 
Bay, Western Australia (e.g. Logan, et al.  1970  ) . The 
highstand systems tract consists of meter-scale periti-
dal cycles. A typical and complete cycle that occurs in 
the lower part of the highstand tract (Fig.  21.26c ) 
consists of (1) basal individual and compound 
columnar stromatolite bioherms subtidal lagoonal 
facies (Fig.  21.6e ) grading upward into (2) laterally 
linked domal stromatolites lower intertidal facies 
(Fig.  21.9b, c ), which in turn grades into (3) wavy to 
planar stromatolite upper intertidal facies containing 
desiccation cracks, planar fenestrae and calcite 
pseudomorphs after gypsum/anhydrite capped by (4) 
supratidal facies comprising fenestral and laminated 
dolomudstone with gypsum/anhydrite casts. The cycle 
is interpreted to have formed by progradation of an 
extensive tidal fl at over a high energy lagoon covered 
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with stromatolite reefs. Similar cycles are found in 
many other Cambrian successions (e.g. Demicco  1985 ; 
Spencer and Demicco  1993  ) . 

 The overlying sequence (Fig.  21.26 ) includes trans-
gressive and highstand systems tracts built mainly by 
small-scale shallowing-upward peritidal cycles con-
sisting of (1) bioturbated bioclast/peloid wacke-
stone-packstone (subtidal lagoon); (2) thin-bedded, 
interlayered dolomudstone and peloid bioclast grain-
stone (Fig.  21.12b, c ) with ripple- wavy- lenticular 
bedding and vertical burrows (lower intertidal); (3) 
wavy to fl at laminated stromatolite (upper intertidal); 
and (4) fenestral, mud-cracked dolomudstone with 
common lamination (disrupted in places forming 

 collapse breccias) and calcite pseudomorphs after 
gypsum/anhydrite crystals or nodules (supratidal). 

 Tidal deposits of the Middle Cambrian member 2 of 
the Mila Formation were deposited in an arid homocli-
nal ramp, a vast epeiric sea that bordered the Proto-
Paleotethys Ocean. Peritidal facies (predominantly 
tidal fl at) constitute the bulk of the transgressive and 
highstand systems tracts and are arranged into high 
frequency 4th to 5th-order shallowing-upward cycles 
(Fig.  21.26b–f ). They are interlayered with erosive-
based fi ning-upward storm deposits consisting of 
intraclasts, peloids, ooids and bioclasts of mixed fauna, 
which suggest intermittent storm conditions during 
deposition (Y. Lasemi and Amin-Rasouli  2002  ) .  

  Fig. 21.25    Location map of Iran showing the structural fea-
tures, plate boundaries and the basins/sub-basins mentioned in 
the text. The Cimmerian Plate between the Paleo-Tethys and 
Neo-Tethys sutures includes central Iran and the Alborz 
Mountains of northern Iran. The Zagros Mountains cover the 
area between the Neo-Tethys suture and Mountain Front Fault 
( MFF ) in southwest Iran (fault traces are according to Berberian 
 1995  and Alavi et al.  1997  )    . Numbered localities: ( 1 ) Tuyeh 

section; ( 2 ) Veresk section; ( 3 ) Elika section ( 4 ) Godare Sorkh 
section; ( 5 ) Eslamabad section; ( 6 ) Mish Mountain section; 
( 7 ) Agha-Jari section. Abbreviations:  DE  Dezful Embayment, 
 HZ  High Zagros,  HZF  High Zagros Fault,  KBF  Kazrun-Borazjan 
Fault,  KDB  Kopet Dagh Basin,  KF  Kalmard/Kuhbanan Fault, 
 LB  Lurestan Sub-basin,  MZRF  Main Zagros Reverse Fault, 
 MFF  Mountain Front Fault,  NF  Nayband Fault,  T  Tabas (city), 
 TB  Tabas Basin,  ZSFB  Zagros Simply Folded Belt       
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  Fig. 21.26    Stratigraphic nomenclature and facies stratigraphy of 
the Middle Cambrian member 2 carbonates of the Mila Formation 
in the Tuyeh section (locality 1 in Fig.  21.25 ). Sequences (3rd-
order cycles) are shown to the  left  of the facies column. Detail of 
a few small-scale shallowing-upward cycles is shown to the right. 
Note that the transgressive and highstand systems tracts of 
the lower sequence and the main part of the transgressive and 
highstand systems tracts of the upper sequence are composed 
of peritidal facies. These facies are arranged into small-scale 

 shallowing-upward cycles composed of lagoonal- to intertidal- to 
supratidal or intertidal- to supratidal facies. Note also that the 
cycle stacking pattern is aggradational to progradational in the 
lowstand and highstand systems tracts; the pattern is aggrada-
tional to retrogradational in the transgressive packages. Black and 
gray triangles represent transgression and regression, respectively. 
Abbreviations:  HST  highstand systems tract,  LST  lowstand sys-
tems tract,  mfs  maximum fl ooding surface,  SB  sequence bound-
ary,  ts  transgressive surface,  TST  transgressive systems tract       
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    21.7.3   Tidalites of the Middle Ordovician 
St. Paul Group in Central Appalachians 

 The St. Paul Group (150–200 m thick) is a part of the 
Cambro-Ordovician platform carbonate succession in 
the central Appalachians, USA. In Maryland and 
Pennsylvania, the St. Paul succession consists mainly 
of lagoonal, tidal fl at and freshwater coastal marsh 
facies (Mitchell  1985 ; Hardie  1986 ; Demicco and 
Hardie  1994  )  including: (1) thin-bedded interlayered 
LLH (Logan et al.  1964  )  stromatolite, unfossiliferous 
mudstone containing molds of cyanobacteria and 
intraclast packstone facies (coastal freshwater lake/
supratidal marsh); (2) laminite facies (0.2–1 m thick) 
characterized by interlaminated planar- to wavy pelo-
idal mudstone and crinkly stromatolite boundtone 
with birdseyes and desiccation cracks (supratidal 
levee); (3) bioturbated mudstone-wackestone facies 
(0.1–1.5 m thick) with low diversity fauna (mainly 
ostracods) and no internal layering (intertidal pond); 
(4) coarse peloidal sand- to pebble-sized micritic 
intraclast grainstone-packstone up to 0.3 m thick 
(meandering point bar deposit); (5) thick-bedded bio-
turbated lime mudstone facies with low to moderate 
diversity fauna (restricted to semi-restricted inner 
shelf lagoon to intertidal); (6) thick-bedded biotur-
bated wackestone/packstone and grainstones with 
diverse fauna including tabulate corals and bryozoans 
(open outer shelf lagoon). 

 In the St. Paul tidal deposits, bioturbated mudstone 
capped by mud cracked laminite facies dominate the 
lower part of tidal fl at facies succession and are pro-
gressively replaced upward by thin-bedded and lamin-
ite facies that become more abundant upward near the 
boundary with the overlying coastal freshwater lake 
facies. According to Mitchell  (  1985  ) , the closest mod-
ern analog of the St. Paul facies is the tidal fl at system 
of the Bahamas including the Great Bahama Bank, 
Andros Island tidal fl at and the inland freshwater 
marsh described by (Shinn  1983a,   1986  ) . The absence 
of reefs and ooid grainstone, dominance of bioturbated 
peloidal mudstone, low diversity fauna, abundance of 
stromatolites and the absence of any trace of evapo-
rites in the supratidal facies, all suggest the existence 
of a low energy, rainy tidal fl at during the deposition of 
the St. Paul Group in central Appalachians (Mitchell 
 1985 , Demicco and Hardie 1994).  

    21.7.4   Mississippian Tidalites 
in the Illinois Basin 

 The intracratonic Illinois Basin (Kolata and Nelson 
 1991  )  covers parts of the states of Illinois, Indiana, 
Kentucky and Tennessee (Fig.  21.27 ) in the mid- 
continent of the United States (Buschbach and Kolata 
 1991  ) . During the Mississippian (Early Carboniferous), 
several hundred meters of shallow marine carbonates 
were deposited on carbonate ramp platforms that 
opened into the deep Ouachita Trough to the south. 
Extensive peritidal facies have been described from 
the Cave Hill Member of the Upper Mississippian 
Kinkaid Formation (Y. Lasemi  1980 , Y. Lasemi and 
Carozzi  1981  ) . The Cave Hill Member (Swann  1963  )  
is bounded by two limestone units namely the Negli 

  Fig. 21.27    Map of Illinois and neighboring states showing an 
outline of the Illinois Basin (From Buschbach and Kolata  1991  )  
and the locations of sections used to prepare the composite sec-
tion shown in Fig.  21.28 . Numbered localities: ( 1 ) Kinkaid 
Creek section, Jackson County, Illinois; ( 2 ) Buncombe quarry 
section, Johnson County, Illinois       
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Creek and the Goreville Members (Fig.  21.28 ). This 
summary concentrates on a composite section (Fig.  21.27 , 
localities 1 and 2) of the Cave Hill Member in south-
western Illinois.   

 The Cave Hill Member mainly consists of cyclic 
peritidal deposits (Fig.  21.28 ) related to an arid and 
gently sloping homoclinal carbonate ramp similar to 
the modern Persian Gulf. Peritidal facies of the Cave 

  Fig. 21.28    Stratigraphic nomenclature and facies stratigraphy 
of the Cave Hill Member of the Kinkaid Formation in south-
western Illinois: The Cave Hill is an unconformity bounded 
sequence (3rd-order cycles) on which, several 4th to 5th-order 
shallowing-upward cycles are superimposed. The section is 
composed of the lower 6.5 m of the lower Cave Hill Member 
from locality 1 and the upper 18.5 m of the Cave Hill Member 

from locality 2 (see Fig.  21.27  for the location of sections). Note 
that small-scale peritidal cycles display progradational and 
aggradational stacking patterns and comprise the bulk of the 
highstand systems tract.  Black  and  gray triangles  represent 
transgression and regression, respectively. Abbreviations: 
 HST  highstand systems tract;  mfs  maximum fl ooding surface, 
 SB  sequence boundary,  TST  transgressive systems tract       
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Hill include: (1) fenestral lime mudstone with calcite 
pseudomorphs after anhydrite and/or thickly inter-
laminated peloidal grainstone to mudstone with irreg-
ular to tabular fenestrae, root casts, and desiccation 
cracks (supratidal) (Figs.  21.15a, b ,  21.17a  and 
 21.18a, b ); (2) millimeter-thick interlamination of 
micrite-rich and fi ne sand- to silt-sized bioclast/pel-
oid-rich carbonates or fl at- to wavy stromatolites com-
monly  containing dolomudstone, molds of fi lamentous 
cyanobacteria, desiccation cracks and calcite pseudo-
morphs after lenticular gypsum (upper intertidal) 
(Figs.  21.3a, c ,  21.9d , and  21.10c–e ); and (3) biotur-
bated lime mudstone to packstone commonly contain-
ing peloids, oncoids and bioclasts (Fig.  21.5d ) of a 
restricted fauna that commonly includes gastropods, 
ostracods, and benthic foraminifera (lower intertidal/
subtidal lagoon). The Cave Hill Member represents an 
unconformity bounded depositional sequence (3rd-
order cycle) on which are superimposed numerous 
small-scale fourth- to fi fth-order cycles (Fig.  21.28 ). 
In the Cave Hill sequence, peritidal small-scale cycles 
comprise the bulk of the highstand systems tract and 
display aggradational and progradational stacking 
patterns (Fig.  21.28 ). The absence of peritidal depos-
its in the transgressive tract may be the consequence 
of a rather fast sea level rise during the onset of depo-
sition of the Cave Hill Member. 

 A similar carbonate tidal deposit occurs in the lower 
part of the Middle Mississippian St. Louis Limestone 
of the Illinois Basin and its equivalent in the Michigan 
Basin. In southwestern Illinois, a peritidal succession 
with a basal unconformable boundary is present in the 
lower part of the lower St. Louis Limestone (Z. Lasemi 
and Norby  1999  ) . This interval includes cyclic biotur-
bated lime mudstone to intraclast/bioclast peloid and/
or oncoid wackestone-grainstone containing a low-
diversity fauna (subtidal) capped by wavy- to planar 
stromatolites or laminated peloid mudstone-grainstone 
(lower intertidal) overlain by mud-cracked peloidal 
dolomudstone/lime mudstone (Fig.  21.17c ) with fenes-
tral fabric, calcite pseudomorphs after gypsum or dis-
solution collapse breccia (supratidal). The breccia beds 
change laterally to gypsum and anhydrite beds in the 
subsurface, thus, they are related to collapse of the 
overlying limestone layers after dissolution of gypsum 
and anhydrite beds (Saxby and Lamar  1957  ) . The per-
itidal facies grades upward to deeper marine facies and 
is interpreted here as the lowstand systems tract of a 
depositional sequence. This interval is correlated with 
the lower part of the Bayport Formation in the Michigan 

Basin, which includes: (1) millimeter to centimeter 
thick beds of interlayered quartz sandstone and dolo-
mudstone/lime mudstone with calcite pseudomorphs 
after gypsum, lamination, desiccation cracks, rain 
drop impressions, birdseyes, microbial lamination and 
 heterolithic stratifi cation including wavy, fl aser and 
lenticular bedding (Figs.  21.11  and  21.12a ) recording 
deposition in an arid tidal fl at adjacent to an aeolian 
sand fl at; (2) dark gray bioturbated ostracod mudstone 
and/or microbial laminites (Fig.  21.16a ) interpreted as 
an intertidal pond facies; and (3) sandy peloid, 
restricted-fauna bioclast mudstone to packstone 
lagoonal facies (Y. Lasemi  1986  ) . In the St. Louis and 
Bayport Formations, the peritidal deposits occur in the 
lower part of the sequence and are here interpreted to 
have been deposited during lowstand and transgressive 
sea level rise.  

    21.7.5   Triassic Tidalites of Northern 
and Central Iran 

 During the Triassic, thick shallow marine carbonates 
were deposited under arid conditions on carbonate 
ramps that covered the northern Cimmerian Plate of 
central and northern Iran (Paleo-Tethys margin) and 
the northeast Gondwanan continent (Neo-Tethys mar-
gin) of southwest Iran (Fig.  21.25 ). The Elika Formation 
(up to 1000 m thick) in northern Iran is the uppermost 
unit of a thick platform carbonate succession related to 
the north-facing Paleo-Tethys passive margin that 
existed from Devonian through early Late Triassic 
times (Y. Lasemi  2001  ) . This summary discusses the 
lower and middle Elika (Lower-Middle Triassic) in the 
central Alborz Mountains of northern Iran (Paleotethys 
passive margin) and the Sorkh Shale Formation (the 
lower Elika equivalent) in the Tabas failed rift basin of 
east central Iran (Fig.  21.25 ). 

    21.7.5.1   Lower Elika Member 
 The unconformity bounded lower Elika is up to 200 m 
thick and consists of thin to thick-bedded limestone 
with thin shale intercalations. This summary concen-
trates on the lower Elika of the Veresk section and the 
middle Elika of the type locality (Fig.  21.25 , locali-
ties 2 and 3, respectively) and is adopted from Jahani 
 (  2000  ) . The lower Elika member consists of subtidal 
open marine and grainstone shoal facies in the lower 
part changing upward to lagoonal and intertidal facies 
(Fig.  21.29 ). Peritidal facies comprise the middle and 
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upper parts and include (1) heavily bioturbated gray 
bioclastic peloid lime mudstone-packstone with a 
restricted fauna (subtidal lagoon) (Figs.  21.3d , and 
 21.5a, b ) that may be overlain by (2) an iron oxide-
stained, 20–70 cm thick, bioclast (mainly small gas-
tropods) grainstone (Fig.  21.13b ) that may contain 
fenestral fabric and exposure features (beach ridge) 
and/or (3) very thin- to medium-bedded, laminated 
tan to light brown lime mudstone/dolomudstone with 
desiccation cracks (intertidal) or graded grainstone to 
lime mudstone containing bioclast/peloid and intrac-
last grains (intertidal channel). These facies are inter-
layered with numerous erosive-based, commonly 
graded intraclastic storm facies of various thicknesses 
(Fig.  21.4b–d ) recording deposition under a storm 
dominated platform. Peritidal facies are arranged 
into 4th to 5th-order shallowing-upward cycles 
and comprise the main part of the highstand systems 
tract exhibiting progradational stacking pattern 
(Fig.  21.29 ).  

 In the northern Tabas failed rift basin (Fig.  21.25 , 
locality 4), the lower Elika equivalent Sorkh Shale 
Formation consists almost entirely of tidal fl at facies 
(Fig.  21.30 ) intercalated with numerous storm beds 
and comprise the transgressive and highstand systems 
tracts of a depositional sequence (Ghomashi  2008 , 
Y. Lasemi et al.  2008  ) . Southward, the carbonate-rich 
peritidal deposits grade into mixed-carbonate and 
quartz sandstone containing bimodal, spherical, and 
well-rounded sand grains with polished (frosted) surface, 
tabular bedding with internal laminations, herringbone 
cross-laminations/cross bedding, fl aser and lenticular 
bedding. In the Eslamabad section (locality 5 in 
Fig.  21.25 ), sandstone beds are overlain and underlain, 
with sharp contacts, by shallowing-upward carbonate 
tidal fl at cycles forming pure siliciclastic-pure carbon-
ate double cycles (Fig.  21.19d ). Sedimentary struc-
tures, super mature rounding and vertical association 
with carbonate tidal fl at facies suggest deposition in 
tidal fl at setting. The frosting and bimodal size distri-
butions of the quartz grains suggest proximity to a des-
ert environment (e.g. Klein  1977  ) . The sand grains are 
interpreted as coming from aeolian dune sands which 
were transported over the carbonate tidal fl at (at the 
time of emergence) and were subsequently reworked 
in the intertidal environment during the next platform 
fl ooding (Y. Lasemi et al.  2008  ) .   

    21.7.5.2   Middle Elika Member 
 The middle member (up to 700 m thick) consists of 
very thin- to thick-bedded dolomite and dolomitic 
limestone and overlies the lower unit with a distinct 
interregional unconformity. In the type locality 
(Fig.  21.25 ), it is 200 m thick and consists almost 
exclusively of peritidal facies (Fig.  21.31 ) including: 
(1) laminated fenestral dolomudstone with desiccation 
cracks, tepee structures and calcite pseudomorphs after 
gypsum/anhydrite (supratidal facies) (Figs.  21.10a  and 
 21.18c ); (2) wavy to fl at-laminated stromatolite with 
desiccation cracks (upper intertidal facies) (Fig.  21.6f ). 
In some localities of the central Alborz Mountains, 
domal stromatolite/thrombolite bioherms related to 
upper subtidal/intertidal depositional settings have 
been recognized near the base of the member; (3) lami-
nated peloid bioclast packstone to mudstone/ 
dolomudstone with desiccation cracks that may display 
heterolithic stratifi cation (lower intertidal facies); (4) 
fenestral bioclast peloid/intraclast grainstone (beach 
ridge facies); (5) erosive-based and laterally discon-
tinuous layers of bioclast/peloid intraclast grainstone 
that grade upward to mudstone with tabular bedding 
and herringbone cross-bedding (intertidal channel 
facies) (Fig.  21.16b, c ); and (6) gray peloid bioclast 
mudstone to packstone (lagoonal facies).  

 Tidal fl at deposits constitute the bulk of the middle 
Elika and occur in the transgressive and highstand sys-
tems tract (Fig.  21.31 ). They are characterized by their 
light tan to cream color, thin to very thin bedding and 
common presence of micritic dolomite, desiccation 
cracks, tepee structures, laminations, birdseyes, gyp-
sum/anhydrite casts/molds and collapse breccias. 
Short-term seaward progradation resulted in numerous 
shallowing-upward high frequency cycles that are 
superimposed on long-term third-order cycles 
(Fig.  21.31 ). In sharp contrast to lower Elika, the 
Middle Triassic middle Elika was deposited primarily 
under a fair weather condition.   

    21.7.6   Tidalites of the Upper Miocene 
Asmari Formation 

 The Upper Oligocene to Lower Miocene Asmari 
Formation (James and Wynd  1965  )  was deposited in 
the elongate Persian Gulf-Mesopotamian foreland 
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  Fig. 21.29    Stratigraphic nomenclature and facies stratigraphy of 
the Lower Triassic lower member of the Elika Formation in the 
Veresk section of the Alborz Mountains (locality 2 in Fig.  21.25 ). 
Typical small-scale shallowing-upward cycles are shown to the 
right of facies column. Note that intertidal facies caps the small-
scale cycles in the upper part of the highstand systems tract. 

Abundant storm facies (see the shallowing-upward cycles a through 
( c ) indicate frequent storm conditions during the deposition of 
the lower Elika depositional sequence. Black and gray triangles 
represent transgression and regression, respectively. Abbreviations: 
 HST  highstand systems tract;  mfs  maximum fl ooding surface,  SB  
sequence boundary,  TST  transgressive systems tract       
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  Fig. 21.30    Facies stratigraphy of the Sorkh Shale Formation in 
the Tabas rift basin, east central Iran (locality 4 in Fig.  21.25 ). 
Note that, except for the upper part of the transgressive systems 
tract, the sequence is entirely composed of tidal fl at facies inter-
calated with storm deposits containing intraclasts, ooids and bio-
clasts derived from distal areas of the basin (not all storm layers 
are shown). Note also that the small-scale shallowing-upward 

cycle stacking pattern is retrogradational in the transgressive and 
progradational to aggradational in the highstand systems tracts, 
respectively (for comparison with the distally located Veresk sec-
tion see Fig.  21.29 ). Black and gray triangles represent transgres-
sion and regression, respectively. Abbreviations:  HST  highstand 
systems tract,  mfs  maximum fl ooding surface,  SB  sequence 
boundary,  TST  transgressive systems tract       
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basin in southwest Iran (Fig.  21.25 ). It is up to 500 m 
thick and consists mainly of shallow marine carbon-
ates. This summary is adopted from Amin-Rasouli 
 (  2007  )  and describes the tidal deposits and sequences 
of the Lower Miocene upper member of the Asmari 

Formation in the Dezful Embayment, the Mish outcrop 
section and the Agha-Jari Well No. 61 (Fig.  21.25 , 
localities 6 and 7, respectively). 

 The carbonate tidalites of the upper Asmari com-
prise (Fig.  21.32 ): (1) interlayered anhydrite and mud-

  Fig. 21.31    Stratigraphic nomenclature and facies stratigraphy of 
the Middle Triassic middle Elika member in the type locality 
(locality 3 in Fig.  21.25 ). Note that the lower sequence and the 
highstand systems tract of the upper sequence are solely com-
posed of peritidal facies that are arranged into small-scale shal-
lowing-upward cycles composed of lagoonal- to intertidal- to 

supratidal or intertidal- to supratidal facies. Note also the progra-
dational- to aggradational stacking pattern of the small scale 
cycles in the highstand systems tracts. Black and gray triangles 
represent transgression and regression, respectively. Abbreviations: 
 HST  highstand systems tract,  mfs  maximum fl ooding surface,  SB  
sequence boundary,  TST  transgressive systems tract       
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cracked dolomudstone containing fenestral fabric and/
or crystals/nodules or molds of gypsum/anhydrite 
(supratidal facies); (2) dolomitized wavy and fl at- 
laminated stromatolite boundstone with desiccation 
cracks, birdseyes, small tepee structures and gypsum 
and/ or anhydrite crystals or pseudomorphs interca-
lated with erosive-based intraclast grainstone-pack-
stone laminae (upper intertidal facies); (3) dolomitized 
fenestral ooid peloid/bioclast intraclast or fenestral 
bioclast grainstone with skeletal fragments of a 
restricted fauna (mainly miliolids) (beach ridge/lower 
intertidal facies); and (4) bioturbated peloid/bioclast 

lime mudstone to wackestone or packstone; bioclasts 
include ostracods, benthic foraminifera (mainly den-
tritinids and miliolids), gastropods and green algae 
(lagoonal facies) (Fig.  21.5c ). These facies are arranged 
into meter-scale shallowing-upward cycles and display 
retrogradational and progradatiol stacking pattern in 
the transgressive and highstand systems tracts, respec-
tively (Fig.  21.32 ). Tidal fl at deposits are as much as 
20 m thick and occur in the upper part of the highstand 
packages. Carbonate tidal sediments of the Asmari 
Formation were deposited in the ancestral Persian Gulf 
Foreland Basin in environments that are quite similar 

  Fig. 21.32    Facies column and sequence stratigraphy of the 
Lower Miocene upper member of the Asmari Formation in 
southwest Iran (localities 6 and 7 in Fig.  21.25 ). The upper 
Asmari facies are arranged into numerous meter-scale shal-
lowing-upward cycles superimposed on two depositional 
sequences consisting of transgressive and highstand systems 
tracts. Two typical small-scale shallowing-upward cycles are 
shown to the right of the facies column. Note that tidal fl at 

deposits occur in the upper part of the highstand packages. 
Black and gray triangles represent transgression and regres-
sion, respectively. Abbreviations:  HST  highstand systems 
tract,  mfs  maximum fl ooding surface,  SB  sequence boundary, 
 TST  transgressive systems tract. Letters at the base of col-
umns denote facies including: supratidal ( S ), intertidal ( I ), 
subtidal lagoon ( L ), ramp margin barrier/shoal ( B ), and open 
marine ( O )       
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to the southern portion of the present day arid Persian 
Gulf (e.g. Purser  1973  ) .  

 A quite different tidal deposit of Late Miocene age 
(Messinian) has been reported from the Mediterranean 
Basin of southeast Spain (Riding et al.  1991  ) . The 
Messinian carbonate tidalites are characterized by 
closely packed thrombolite and stromatolite domes 
forming a 12 m thick bioherm surrounded by ooids. 
Individual domes (up to 1.5 m high and 4 m across) 
are typically composite and consist of distinct juxta-
posed stromatolite and thrombolite parts containing 
fi ne-medium grained ooid and peloid sand. Corals, 
red algae, vermitid gastropods and encrusting fora-
minifera are present in the stromatolite, suggesting a 
normal marine environment during deposition. 
Thrombolite is more abundant than stromatolite and 
consists of distinct clotted fabric and irregular fenes-
trae. These microbialites are closely comparable with 
modern “giant” subtidal columnar stromatolites 
observed at the Exuma chain of islands on the 
Bahamian platform (Dill  1991 ; Planavsky and 
Ginsburg  2009  ) .   

    21.8   Concluding Remarks 

 The geological record of ancient carbonate peritidal 
deposits indicates deposition in the proximal areas of 
a tropical sea, particularly during global relative sea-
level highstands, in carbonate platforms and environ-
ments that have recurred many times since the Early 
Proterozoic. As shown in the illustrative examples, 
ancient carbonate tidalites commonly consist of 
stacked high-frequency 4th -  to 5th-order shallowing-
upward cycles and may constitutes the bulk of the 
transgressive and highstand systems tract of a deposi-
tional sequence. The peritidal cycles in the geological 
record generally are characterized by evidence of a 
dry climate in the capping supratidal facies. Although 
supratidal marshes are widespread in the Bahamas 
and the neighboring modern humid platforms, ancient 
humid tidal fl at and coastal marsh deposits like the 
Middle Ordovician St. Paul Group (see Sect.  21.7.3 ) 
are scarce. Rapid sea level fall and prolonged expo-
sure of the tidal fl at in a humid climate could lead to 
karstifi cation and removal of the highstand packages 
of a depositional sequence, which commonly consists 
of peritidal cycle as in the existing Plio-Pleistocene 
record of the Bahamas .  Comparison of the features of 

modern deposits with those in ancient carbonates 
suggests that sedimentary processes in carbonate 
platforms and environments have occurred repeatedly 
throughout geologic time.      
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