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Pennsylvanian calcareous algal bioherms dominated by Donezella, Beresellid, 

and Cuneiphycus could potentially form prolific hydrocarbon reservoirs. 

Understanding the biological makeup and depositional settings of these carbonate 

buildups is imperative. To provide an understanding of the geological and biological 

processes controlling the formation of these buildups, three localities in the southern 

United States were studied by integrating field sampling, microfacies analysis, and 

microstratigraphic analysis.  

A Lower Pennsylvanian Donezella- and siliceous sponge-dominated 

carbonate buildup from the Wapanucka Formation, Oklahoma is composed of 

irregular pockets of boundstone dominated by Donezella, worm tubes, microbial 

peloids and micrite, siliceous sponge spicule, and peloidal wackestone with other 

bioclasts. The most significant finding of this study is the recognition of delicate a 

Donezella framework or colony of thalli enclosing and forming constructional pores.  
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Upper Pennsylvanian Beresellid algal colonies from the Holder Formation, 

New Mexico, are the product of an in situ growth fabric and constituents of 

Beresellid algal colonies. The Beresellid boundstone fabric was created by bundles 

of tangled algal thalli growing at an angle or parallel with the bedding surface, in 

association with phylloid algae, foraminifera, Tubiphytes, and rare brachiopods and 

crinoid fragments.  

The Lower Pennsylvanian Cuneiphycus-dominated buildups from the Marble 

Falls Formation, Texas are composed of irregular pockets of boundstone dominated 

by Cuneiphycus, Donezella boundstone, and peloidal wackestone with other 

bioclasts. The first account of the red alga Cuneiphycus building a delicate 

framework of thalli and building a small-scale framework is documented.  

 In order to effectively handle large numbers of digital images of thin sections 

used in this study, a new method for creating and authoring virtual carbonate thin 

sections in PDF format was devised that it is a highly flexible, and platform 

independent image digitization and content creation method. The significance of this 

approach is that an image of the thin section is preserved/created and as well as 

preserves a variety of valuable information about a specimen that can be directly 

linked to the image of the specimen itself. 

 Another method of building a digital petrography image archive was devised 

to supplement the labor-intensive nature of teaching optical petrography. The 

architecture, process, and lessons learned from developing an interactive multimedia 

CD-ROM tutorial in sandstone petrology for undergraduates is documented. This 

approach provides possible models for similar development in other fields of 

petrography or in any other field that utilizes large quantities of visual material, such 

as seismic or remote-sensing image interpretation. 
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Part I.  

 

Microfacies and Depositional Environments of Selected Pennsylvanian 

Calcareous Algal Deposits from Southern U.S.A. 

 1



Chapter 1. Introduction 

 

With the downfall of the Devonian stromatoporoid-coral reef community at 

the Devonian-Carboniferous boundary, large frame-building metazoans were absent 

from Carboniferous seas. Instead, the seas of the Carboniferous time were dominated 

by carbonate buildups that seem to have no large framework (Newell 1972; 

Chuvashov and Riding 1984; Madi et al. 1996). Early Carboniferous (Mississippian) 

micrite-rich mounds are commonly divided into two types: Waulsortian and non-

Waulsortian. Waulsortian mounds were more commonly developed in Early 

Mississippian strata and developed in deeper water settings. These mounds show 

depositional relief of up to hundreds of meters and are characterized by a core facies 

containing carbonate mud, spar-filled voids, and fenestrate bryozoans and a flanking 

facies rich in crinoid fragments (Heckel 1974; Lees and Miller 1995; Monty 1995). 

Non-Waulsortian mounds are more common in the Late Mississippian and are 

dominated by bryozoans, corals, sponges, and some skeletal algae. Unlike 

Waulsortian mounds, the majority of the Upper Mississippian non-Waulsortian 

carbonate buildups occur in shallow, high-energy shelf settings (Webb 1994). 

 An episode of rapid evolution of calcareous algae took place in the 

Mississippian. Several important groups of calcareous algae appear during the 

Mississippian. They rapidly proliferated and colonized available space on carbonate 

platforms by the Middle Carboniferous. Because of their relatively short geologic 
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ranges and widespread occurrence, Middle to Late Carboniferous calcareous algae 

are primarily used for regional biostratigraphic correlation (e.g., Lemosquet et al. 

1974; Mamet et al. 1979; Poncet 1991; Proust et al. 1996; Sebbar and Mamet 1996). 

Among these newly emerged Carboniferous calcareous algae, several groups were 

capable of building carbonate bioherms: phylloid algae (Anchicodium, Ivanovia, 

Eugonophyllum, Neoanchicodium and Archaeolithophyllum), Donezellid, Beresellid, 

Ungdarella, and Komia were the main mound builders (Table 1-1) (Chuvashov and 

Riding 1984; Mamet 1991). 

Compilation of more than two thousand studies of reefs and carbonate 

mounds throughout the Phanerozoic (Kiessling et al. 1999; Kiessling et al. 2002) 

demonstrates that Pennsylvanian and Early Permian calcareous algae-dominated 

bioherms generally have the highest potential for developing good reservoir quality. 

Among the Pennsylvanian to Early Permian calcareous algae-dominated bioherms, 

phylloid algal buildups have been most intensively studied because they form 

prolific hydrocarbon reservoirs in the subsurface (e.g., Toomey and Winland 1973; 

Wilson 1975; Parks 1977; Toomey et al. 1977a; Toomey et al. 1977b; Cys 1985a; 

Pol 1985; Weber et al. 1995; Gordon 1997; Bachtel et al. 1998; Rankey and Bachtel 

1998; Stoklosa et al. 1998; Gournay 1999; Rivera 1999; Soreghan and Giles 1999; 

Doherty et al. 2002).  

It has been demonstrated that Pennsylvanian non-phylloid algal bioherms can 

also form prolific hydrocarbon reservoirs (Mazzullo 1982). Atokan limestones  
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Table 1-1. List of Pennsylvanian calcareous algae capable of forming buildups (after 
Chuvashov and Riding 1984; Mamet 1991). 

 
 
 
 
Phylloid algae group Green algae except for Archaeolithophyllum 

Large, thin, wavy, leaf-like thallus, usually poorly preserved 
 

Anchicodium  Atokan to Desmoinesian reef builder 
Eugonophyllum  Forms mounds in Atokan to Leonardian 
Ivanovia   Often associated with Eugonophyllum and Neoanchicodium in phylloid 

mounds. Characterized by Tubiphytes 
Neoanchicodium  Not as widespread as Eugonophyllum or Ivanovia 
Archaeolithophyllum Red alga. Forms late Desmoinesian reef 

Encrusting or hemispherical masses 
 
 
 
Donezellid group  Microproblematica. Commonly regarded as dasycladaleans 
(or Palaeosiphonocladales) Branched, septate tubes with finely porous or fibrous wall structure 
 

Donezella  Very abundant in the middle Carboniferous, cosmopolitan 
First appear in middle Mississippian, very abundant during Morrowan to 
Desmoinesian, last appearance in early Permian 
Forms Donezella bafflestone, mud-mound and oncoids 

Paleoberesella  Very abundant in restricted platforms where it forms bafflestone 
 
 
 
Beresellid group  Microproblematica. Commonly regarded as dasycladaleans 

Moderately large, straight to sinuous rubes 
Wall relatively thick with pores that may be simple or branched 

 
Dvinella  Forms bafflestone in mud mounds and reefs 
Beresella  Forms bafflestone. One of the important "reef" builders in Carboniferous time 
Uraloporella Often associated with Beresella or Dvinella 

 
 
 
Ungdarella group  Microproblematica, often regarded as rhodophytes 

Encrusting or erect, rod-like, branched fossils with cellular construction 
 

Komia   Forms reef from Morrowan to Desmoinesian 
Ungdarella  Forms boundstone in the Morrowan / Atokan boundary in a manner 

similar to Komia 
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of the Permian Basin, West Texas and southeastern New Mexico, locally contain 

hydrocarbon reservoirs such as the Chapman Deep Field in the Delaware Basin (Von 

Bergen 1985) and the Amacker-Tippett SE and Pegasus Fields in the Midland Basin. 

These fields produce from stratigraphic traps within cyclic Donezella algal buildups 

and interbedded grainstones (Mazzullo 1981). The Denison Field in West Texas is 

developed in Desmoinesian shelf-margin carbonate deposits with the reservoir facies 

composed of diagenetically altered Komia bioclasts and interbedded grainstones on 

the seaward side of a carbonate mud mound (Wilson 1975). In north-central Texas, 

the Breckenridge Field produces from Komia mounds in the uppermost Caddo 

Limestone sequence (Lower Pennsylvanian), where Komia mound facies locally 

form the best petroleum reservoirs in Caddo Limestone (Forehand 1991).  

However, the biological makeup and depositional settings of non-phylloid 

Pennsylvanian algal buildup types have not been well described in the literature until 

recently (e.g., Samankassou 1999; Choh and Kirkland, 2000; Samankassou 2001; 

Della Porta et al. 2002). The objective of the first part of this dissertation is to 

provide an understanding of geological and biological processes controlling the 

formation of the Pennsylvanian algal carbonate bioherms by integrating detailed 

field sampling (Carozzi 1989), microfacies analysis (Flügel 1982), and 

microstratigraphic analysis (sensu Kirkland et al. 1998). Chapter 2 treats an Early 

Pennsylvanian Donezella- and siliceous sponge-dominated carbonate buildup from 

the Wapanucka Formation, Frontal Ouachita Thrust Belt, Oklahoma. The role of 
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Donezella and its mode of occurrence in the buildup is the focus of this chapter. The 

Wapanucka Donezella bioherm (Morrowan) is also compared to recently reported 

Donezella-dominated mounds from the San Emiliano Formation, Spain (Bashkirian-

Moscovian) (Samankassou 2001), and inner to outer platform Donezella bioherms 

from Sierra de Cuera, Spain (Bashkirian-Moscovian) (Della Porta et al. 2002). 

Chapter 3 treats Upper Pennsylvanian Beresellid algal colonies and 

contemporaneous phylloid algal buildups from the Holder Formation, south-central 

New Mexico. This study investigates distribution pattern of Beresellid algae around 

platform interior area, constituents of Beresellid algal colonies, and algal fabric 

development of in situ Beresellid algal facies. Chapter 4 treats the growth pattern and 

role of Cuneiphycus from algal buildups of the Marble Falls Formation (Morrowan), 

central Texas. This study is one of the first accounts of the presence of a delicate 

framework built by red alga Cuneiphycus.  
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Chapter 2. Lower Pennsylvanian Donezella and Spiculate Sponge Dominated 

Carbonate Buildup, Frontal Ouachita Thrust Belt, Oklahoma, U.S.A. 

 

2-1. Summary 

Analysis of microfacies of a Donezella buildup from the Wapanucka 

Formation, Frontal Ouachita thrust belt, Oklahoma, U.S.A., reveals the biotic 

components and the predominant role of Donezella in the buildup. The problematic 

organism Donezella emerged as one of the main carbonate mound builders in the 

Middle Carboniferous around the world, and is composed of thin (typically 70-160 

µm in diameter), bifurcating (45 to 90 degrees) tubes, and is known to build oncoids, 

and small (up to 6 m thick) to large (30-100 m thick) buildups.  

The Wapanucka bioherm was initiated below wave base by a dense 

colonization of siliceous sponges, Donezella, and other organisms. The buildup is 

composed of irregular pockets of boundstone dominated by Donezella, worm tubes, 

microbial peloids and micrite, siliceous sponge spicules, less common siliceous 

sponge boundstone, and peloidal wackestone with other bioclasts. Donezella built a 

delicate framework or colony of thalli enclosing and forming constructional pores. 

These robust, upward-growing structures, together with worm tubes, formed a 

substrate for other binders; therefore it appears that Donezella and worm tubes 

played the role of a constructor on a microscale. In addition, Donezella encrusts 

sponges, corals, and worm tubes, thus also acted as a member of the binder guild. 
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Well-preserved siliceous sponges are locally present throughout the buildup interval, 

usually as a sack of in situ spicules, the result of early encrustation by a micritic layer 

and other organisms, and belong to the constructor guild. Overall, in-place 

accumulation of the bioherm and preservation of the delicate framework was made 

possible by early lithification with micritic cements and algal encrustations.  

This Wapanucka Donezella bioherm shows similarities to recently reported 

Donezella-dominated mounds (Bashkirian-Moscovian) from the San Emiliano 

Formation, Spain (Samankassou 2001), and inner to outer platform Donezella 

bioherms (Bashkirian-Moscovian) from Sierra de Cuera, Spain (Della Porta et al. 

2002). These bioherms all occur in cyclic sequences, were initiated below wave base, 

form similar boundstone fabrics rich in clotted peloidal fabric, preserve delicate 

Donezella growth network by early lithification, and exhibit arrested bioherm growth 

by relative sea-level lowering and subsequent capping by high-energy facies. These 

similarities indicate a common pattern of buildup development.  

 

2-2. Introduction 

The problematic organism Donezella emerged as one of the main carbonate 

mound builders in the Middle Carboniferous around the world after the demise of 

Middle Paleozoic metazoan reef-builders at the end of Devonian (Chuvashov and 

Riding 1984). Donezella ranges from Middle Mississippian to Early Permian, and 

was very abundant during Morrowan to Desmoinesian (Mamet 1991). Donezella is 
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composed of branching tubes 70 to 160 µm in diameter (Rich 1967), which bifurcate 

at an angle of 45 to 90 degrees (Groves 1983). In a well-preserved specimen, the 

two-layered wall structure is visible as a lighter outer layer and a darker inner layer. 

Though it is generally regarded as a calcareous alga, the biologic affinity of 

Donezella is still poorly understood. It was originally considered to be a red alga by 

Maslov in 1929 (Johnson 1963), and subsequently it was alternately suggested to be 

a chlorophyte (Johnson 1963), a codiacian by Rácz in 1965 (Riding 1977), a sponge 

(Termier et al. 1977), an encrusting foraminiferan (Riding 1977), a 

Paleosiphoncladales by Shusky in 1985 (Poncet 1991), and a Beresellaceae 

(dasycladales) (Deloffre 1988). 

Donezella is known to baffle sediment (Poncet 1991), build oncoids 

(Chuvashov and Riding 1984), and build bioherms from 2 m to 100 m thick (Table 

2-1; Figure 2-1). Donezella-dominated bioherms are regarded as shallow water, 

moderate- to high-energy deposits (Mazzullo 1981) ranging to slightly deeper water, 

lower-energy deposits (Bowman 1979; von Bergen 1985). A recent report from the 

Sierra de Cuera, Spain, where a well-exposed Late Carboniferous platform to basin 

outcrop (Kenter et al. 2000) allows direct comparison of buildups in different 

positions on the platform, shows a spectrum of Donezella buildup types across a 

carbonate platform (Table 2-3; Della Porta et al. 2002). In low-energy platform 

interior/middle ramp, Donezella mainly occurs in mud-rich bioherms associated with 

phylloid algae. Toward the platform margin and upper slope, 
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Area of reported occurrences of Donezella facies.

Mountains
Land masses

Continental margins
Deep water

A

B
C

D

Figure 2-1.  Worldwide distribution of reported Donezella facies during Late Mississippian
 to Middle Pennsylvanian time.  Area A corresponds to present day southwestern and 
western U.S.A., area B to present day Canadian Arctic Archipelago, area C to present day 
Russia and Kazakhstan, and area D to present day Spain and Algeria.  Pennsylvanian base 
map simplified after Golonka et al. (1994).
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Table 2-1. Reported occurrences and related facies of Donezella limestone. 
 
 
Location  Age  Occurrence       Reference 
 
 
Marble Falls Formation Morrowan to Donezella on the landward flank        Freeman (1964) 
Texas, U.S.A.  Atokan  of a Komia bank  
     Donezella banks         Winston (1963) 
 
Magdalena Formation Morrowan to Donezella bafflestone / grainstone /        Lambert (1986) 
Texas, U.S.A.  Desmoinesian oncoids     

 Lenticular Donezella interval up to       Lambert (1989) 
4.6 m thick   
Donezella bank                                 Lambert and Robert (1988) 
 

Chapman Deep Field, Atokan  Donezella bafflestone mounds and       Mazzullo (1981) 
Delaware Basin,     flanking Komia-Chaetetes deposits  
Texas, U.S.A.    Donezella colony / calcarenite /     Von Bergen (1985) 

Donezella - crinoid calcarenite 
 
Central and southern  Atokan  Donezella limestone deposited    Rich (1967, 1968, and 1969) 
Great Basin, (east Nevada   in very shallow, low energy  
and west Utah), U.S.A.   environment, close relationship  
     between Donezella, Dvinella  

and Komia deposits 
 
Eastern Klamath Terrane, Bashkirian Biostromes on carbonate banks        Watkins (1999) 
California, U.S.A.    formed by Tubiphytes and Donezella 
 
Canadian Arctic  Chesterian to Donezella boundstone / bafflestone    Mamet et al. (1979) 
Archipelago, Canada Desmoinesian  
 
Otto Fiord Fm.  Morrowan to Tabular Donezella algal      Davis and Nassichuk (1989) 
Canadian Arctic  Atokan  boundstone 30 m thick and     Nassichuk and Davies (1980) 
Archipelago, Canada   350 m long within carbonate –  

evaporite cycle 
 
Bechar Basin,  Springerian to Donezella bafflestone /          Poncet (1991) 
Algeria   Morrowan grainstone / wackestone    Lemosquet and Poncet (1974) 
 
Southern Urals,  Morrowan to  Donezella in association      Proust et al. (1996) 
Russia   Atokan  with Cuneiphycus texana and 

Ungdarella uralica 
 
Akiyuk reef Formation, Chesterian to Donezella boundstone and       Cook et al. (1998) 
Kazakhstan  Morrowan cementstone; Phylloid algae –  

Donezella-gastropod-brachiopod  
boundstone; formed at the shelf margin 

 
Bolshoi Karatau platform, Serpukhovian to Upper slope skeletal mud mounds      Cook et al. (2000) 
Kazakhstan  Lower Bashkirian comprising Donezella-sponge- 
     bryozoan boundstone 
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Table 2-1 (cont.). Reported occurrences and related facies of Donezella limestone. 
 
 
Location  Age  Occurrence       Reference 
 
 
Valdeteja Formation, Middle  Poorly bedded micritic Donezella         Riding (1979) 
Spain   Carboniferous bafflestone mounds average       Eichmuller (1985) 

30 m thick and 200 m long,   
     maximum 100 m thick and 500 m long 
 
San Emiliano Formation, Springerian to Donezella bafflestone 2.4-6.1 m       Bowman (1979) 
Spain   Desmoinesian high, up to 30 m long, laterally passes    Hensen et al. (1995) 
     into bioclastic wackestone or    Samankassou (2001) 
     packstone facies 
  
Cantabrian Mts.,  Bashkirian to Donezella associated with phylloid    Della Porta et al. (2002) 
Sierra de Cuera,  Moscovian algae in mud-rich low-relief bioherms  
Spain     in the platform interior; Donezella  

boundstone with clotted peloidal micrite and 
     fibrous cement-filled pores toward the 
     platform margin; Donezella boundstone  

with peloidal micrite, abundant radial  
fibrous cement and fenestellid bryozoans  
on the upper slope 
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Donezella buildups are characterized by abundant in situ peloidal micrite and 

submarine cement with diverse fauna (Della Porta et al. 2002). However, studies of 

the other biotic components of Donezella buildups and the role of Donezella in the 

buildup are still scarce. The objectives of this paper are to (1) delineate the role of 

Donezella in a buildup’s development by description of biotic composition, 

distribution, and preservation pattern in a Donezella-dominated buildup, and (2) to 

provide a comparison of recently reported similar Donezella-dominated bioherms 

(Samankassou 2001; Della Porta et al. 2002). 

 

2-3. Geologic Setting 

Present day southeastern Oklahoma was part of the southern margin of the 

North American craton during the Early Pennsylvanian (Frazier and Schwimmer 

1987). The Arkoma shelf was the site of shallow-water deposition. It was bound by 

the Ouachita trough to the south and southwest. The Wapanucka Formation (Late 

Morrowan) records the most basinward progradation of carbonate facies from the 

Arkoma shelf into the Ouachita Basin during Early Pennsylvanian time (Sutherland 

and Manger 1979). The formation is underlain by the outer-shelf facies of the 

Springer Shale (Early to Middle Morrowan), predominantly composed of calcareous 

shale and minor sandstone (Ferguson and Suneson 1988), and is overlain 

unconformably by shale, sandstone, and limestone of the Atoka Formation (Gross et 

al. 1995). The Johns Valley Shale (Late Morrowan) in the Ouachita trough is 
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approximately equivalent to the Wapanucka Formation in age (Sutherland and 

Manger 1979; Grayson 1980), but is up to 10 times thicker than the Wapanucka 

Formation. The Johns Valley Shale is primarily composed of shale, minor sandstone 

turbidites, and erratic blocks from various Cambrian to Lower Pennsylvanian units 

(Shideler 1970). It has been suggested that basin flexure at the margin of the Arkoma 

shelf (Sutherland and Manger 1979) or active growth faulting (Johnson 1988) during 

the Morrowan resulted in the formation of either an erosional shelf margin- or a 

distally steepened ramp-type platform margin (Read 1982), where resedimented 

boulders of various ages were deposited as slope and basinal facies of the Johns 

Valley Shale. 

Collision of the South American plate into the North American craton started 

in the Late Atokan and resulted in the Ouachita orogeny. A series of thrust faults and 

folds brought the flysch sequence northward to what is now the frontal belt of the 

Ouachita Mountains (Johnson 1988). Outcrops in the Ouachita frontal imbricate 

thrust belts contain extensive strike-oriented exposures where the Wapanucka 

Formation is fault-repeated several times in less than 5 km along the structural dip 

direction. The northernmost laterally continuous Wapanucka outcrop was 

investigated in this study (Figure 2-2 and 2-3). It consists of a cyclic alternation of 

bioclastic grainstone-packstone and sponge spicule facies indicating outer-platform 

deposition. Successive Wapanucka outcrops basinward (southward) of the 

investigated outcrop show rapid facies change to thick shale with intercalated  
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spiculite and chert, representing outer-shelf to slope deposition (Hendricks et al. 

1947; Grayson 1979; Grayson 1980). 

 

2-4. Methods 

A Donezella-dominated interval 5.8 m thick is well exposed in a road cut 5 

km east of the town of Hartshorne, Oklahoma (Figure 2-2). The road cut exposes 

approximately 30 m of the Wapanucka Formation. Measuring and sampling of the 

formation was conducted in a single vertical traverse through the base of the western 

face of the road cut. Sampling was conducted from the lower, middle, and upper part 

of each field unit while attempting to keep a vertical interval between successive 

samples of 15 to 30 cm. A total of 128 samples were collected from well-bedded 

units below and above the buildup, with an average vertical spacing of 17 cm. 

Sampling of the buildup interval was conducted with an average vertical spacing of 

13 cm (45 samples). Because of the steeply dipping nature of the outcrop and dense 

vegetation cover, tracing of facies lateral to the buildup interval was not possible.  

More than 140 thin sections from well-bedded units above and below the 

buildup and more than 90 thin sections from the bioherm interval were described 

using standard microfacies analysis techniques (Flügel 1982). In order to delineate 

the sequence of events that lead to the formation of a complex algal-sponge 

boundstone fabric and to interpret the role of biotic components in the creation of 

boundstone fabric, buildup facies were also examined using microstratigraphic 
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analysis (Kirkland et al. 1998). In order to accelerate petrographic work, a Minolta 

Dimâge Scan Multi 35 mm film scanner attached to a personal computer was used to 

obtain a high-resolution image of the entire thin section area (De Keyser 1999) at the 

maximum resolution of 2820 dpi. The scanned images were used for archival 

purposes as well as to map the whole thin section area during routine petrographic 

work. 

 

2-5. Results 

2-5-1. Depositional Framework 

In order to characterize the depositional framework of the Donezella-bearing 

interval, comparison of facies and depositional environments of the non-buildup part 

of the formation is essential. For each thin section, qualitative analysis based on the 

common presence or absence of 10 types of grains (quartz silt, peloid, ooid, siliceous 

sponge spicule, Donezella, crinoid, foraminiferan, brachiopod, ostracod, and 

phylloid algae) resulted in differentiation of eight facies (Table 2-2). From the 

vertical stacking pattern of the facies, repetitive, meter-scale shallowing-upward 

cycles were recognized (Figure 2-3).  

Wapanucka meter-scale cycles are subtidal cycles (sensu Osleger 1991). The 

upper surfaces are defined by a shift to a deeper-water facies, thus each cycle is 

bounded by flooding surfaces. Based on the facies proportions and facies tract offset, 

Wapanucka meter-scale cycles are grouped into two high-frequency sequences  
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Table 2-2. Facies characteristics of the Wapanucka Formation. 
 
 
 

 
Facies 

Designation 

 
Lithofacies 

 
Grain Types 

 
Depositional 
Environment 

Facies 0 Shale  Deepest water deposit 
than all other facies 

Facies 1 Non-laminated, 
siliceous sponge 

spicule wackestone 

Abundant monaxon siliceous sponge 
spicules, rare brachiopod spines, 
ostracods, echinoderm spines, and 
calcispheres 

Open marine/outer 
platform, dysaerobic 
conditions 

Facies 2 Non-laminated, 
siliceous sponge 

spicule-benthonic 
foraminiferan 
wackestone 

Monaxon siliceous sponge spicules 
with 5-10% benthonic foraminifera, 
rare ostracods, brachiopod spines, and 
calcispheres 

Open marine/outer 
platform with slightly 
more oxygenated 
/shallower conditions 
than facies 1 

Facies 3 Crinoid-
foraminiferan 
wackestone to 

packstone 

Primarily crinoidal fragments and 
benthonic foraminifera, peloids present 
to common, brachiopods, ooids, and 
quartz silt rare to present 

Open marine, crinoidal 
fragments washed off 
from platform-margin 
crinoidal flats 

Facies 4 Peloidal packstone 
to grainstone 

Primarily peloids, subordinate coated 
grains with peloids, crinoids, 
bryozoans, and ostracod nuclei 

High-energy, platform-
margin shallow-water 
shoal 

Facies 5 Crinoid packstone 
to grainstone 

Primarily grain-supported crinoids, 
with benthonic foraminifera, 
bryozoans, brachiopods, peloids, 
ooids, and quartz silt. 

High-energy, platform-
margin shallow-water 
crinoidal flat to shoal 

Facies 6 Fossiliferous 
wackestone 

Mud-supported fabric with phylloid 
algae, crinoids, benthonic foraminifera, 
ostracods, encrusting foraminifera, 
peloids 

Lower energy back 
shoal/platform interior 
lagoon 
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Figure 2-3. Facies and interpreted meter-scale cycles of the Wapanucka Formation 
	 	     exposed along road cut 5 km east of Hartshorne. 



(HFS) W1 and W2 (sensu Kerans 1995), comparable to the 4th order sequence of 

Goldhammer et al. (1990, 1991, 1993) and Steinhauff and Walker (1995). These two 

HFSs are bounded by a marked turn-around surface from progradational cycle set 

(W1; HST) to retrogradational cycle set (W2a; TST) (Figure 2-3). The lower HFS, 

termed W1, exhibits cycles that are characterized by the presence of a thin (< 0.3 m 

thick) deeper water spiculitic facies (facies 2) at the bottom of cycles grading upward 

into shallower facies, such as crinoid-foraminiferan wackestone/packstone (facies 3), 

or crinoid packstone/grainstone (facies 5). The latter are indicative of deposition in 

an outer-platform to platform-margin grainstone belt or sandsheet (Table 2-2). In 

contrast, spicule-dominated, deep-water successions characterize the W2 cycles. 

Gradation from siliceous sponge spicule wackestone (facies 1) to siliceous sponge 

spicule-foraminiferan wackestone (facies 2) is the dominant type of cycle, indicating 

deposition of Wapanucka W2 cycles on the outer platform. 

2-5-2. Microfacies and Biota of Buildup 

The buildup interval is composed of irregular pockets of boundstone 

dominated by Donezella and worm tubes with microbial peloids and micrite, less 

common siliceous sponge boundstone, and peloidal wackestone with other bioclasts 

(Figure 2-4). 

2-5-2-1. Donezella 

Donezella is the predominant biotic component of the buildup and is common 

to abundant throughout the buildup interval (Figure 2-4). A particularly notable  
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Figure 2-5. Microfacies of Donezella buildup.  

A. Convex-upward Donezella colony showing multiple alternation of different 

fabrics. Note the gradation from open framework Donezella boundstone with 

calcite cement filling the inter-thallus pore space (D1) to Donezella boundstone 

with light micrite filling up inter-thallus space (D2). The top of D2 is 

subsequently encrusted by green calcareous alga Berestovia layers (B). 

Subsequently it is overlain by a Donezella colony with micrite (D3) containing a 

local pocket of spicules (S), that is overlain by an open framework Donezella 

colony (D4) that grades upward into another growth margin with more inter-

thallus space filled with internal peloidal sediments and micrite (D5). Another 

layer with open framework (D6) overlies the D5 colony and is subsequently 

overlain by spiculitic matrix (Ma). Encrusted worm tubes (W) are scattered 

around the Donezella colony. In addition, note two larger pore spaces either 

filled with calcite (Pc) or quartz cement (Pq). These are interpreted to be remains 

of former sponges.  

B. Siliceous sponge bodies surrounded by Donezella colonies. Aligned spicules (As) 

define the outer layer of sponge bodies. The sponge body is filled with spalled 

spicules (Ss) and peloidal internal sediment (Ip). Donezella encrusts sponges 

(De). Donezella colonies (Dc) are partially filled with peloidal internal sediments 

and dark micrite, with the remaining pore space completely filled with calcite 

cement. 

C. Donezella colony (Dc) growing underneath shelter provided by a coral (C). The 

upper part of the coral is filled with internal sediments (Is) and encrusted by a 

bryozoan (Eb). The coral is also encrusted several times by dark micrite (Dm) 

and Archaeolithophyllum (Ae) on the bottom side. Note that Donezella (Dcd) 

appears to be growing downward from the Archaeolithophyllum (Ae) and dark 

micrite layers.  
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Figure 2-5. (cont.) Microfacies of Donezella buildup. 

D. Close up view of a encrusted worm tube (W) and Donezella (D) colony with open 

framework. Worm tubes are typically filled with clear spar cement and rarely 

with micrite. Open pore spaces between Donezella thallus and worm tubes are 

filled with peloids (P), dark (Dm) and light micrite, and later calcite cement (Cc). 

Notice that darker micrite layer is the primary encruster of worm tubes (W) and 

some Donezella, followed by light micrite. 

E. Well preserved siliceous spiculate sponge with the outline of the sponge body 

traced with black dashed line. The outline of the sponge animal can be 

recognized by light micrite (Lm) encrustation in the lower left and upper right 

parts of the sponge, as well by aligned siliceous spicules (As) that define the 

outer wall of the sponge. After death of the sponge, siliceous spicules fell to the 

bottom half of the sponge cavity (Ss), and this was followed by infilling of 

internal peloidal sediments (Ip). The upper part of the sponge body cavity is 

filled with calcite cement (Pc). To the left side of the sponge is peloidal fabric 

(Pf) supported by calcite cement, which is typical fabric of decayed sponges. The 

right side of the sponge shows an intertwining Donezella colony (Dc) with 

constructional pores filled with dark micrite, peloids, and calcite cement. 

F. Well preserved siliceous sponge. Sponge body is well defined by aligned spicules 

(As), dark micrite (Dm) encrustation on its left and bottom sides, as well as 

multiple encrustations by Archaeolithophyllum (Ae) on the top and upper right 

side. Donezella colonies (Dc) appear to be subsequently encrusting 

Archaeolithophyllum layers in upper right part of the image. 

Archaeolithophyllum (Ae) is also a secondary encruster of the sponge animal in 

left part of the image. Sponge body is filled with spalled-off spicules (Ss) and 

peloidal internal sediment (Ip). Upper part of body cavity is filled with calcite 

cement (Pc) and later quartz cement (Pq). 
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observation is that Donezella built a delicate framework or colony of thalli enclosing 

and forming constructional pores. In the lower part of the buildup, these Donezella 

colonies are robust, convex-upward, and up to several centimeters in diameter. These 

lower colonies are composed of delicately branching Donezella framework with an 

enclosed constructional pore system (Figure 2-5A; D1, D4, and D6), interlayered 

with mud- and peloid-rich fabric containing Donezella thalli in growth position 

(Figure 2-5A; D2, D3, and D5). In the lower part of the buildup the Donezella 

colony also shows a “thrombolite-like” erect growth pattern, with the top of the 

colony encrusted by the calcareous alga Berestovia. Donezella also encrusts sponges 

(Figure 2-5B; De), and in rare cases apparently grew downward from the protective 

cover of a larger bioclast (Figure 2-5C; Dcd). The constructional pore space created 

by a branching network of Donezella thalli is often partially filled with dark micritic 

coatings, light micrite, peloids (Figure 2-5D; P), fine-grained internal sediment, and 

calcite cement. Isopachous submarine cement rimming the Donezella thalli is not 

found in this buildup, unlike some other occurrences (Von Bergen 1985; Davis and 

Nassichuk 1989; Samankassou 2001; Della Porta et al. 2002). In places peloidal 

sediments and pockets of micrite between Donezella interparticle space show 

apparent gravity-defying fabric suggesting the presence of former mucus-like 

microbial mucilage during trapping and/or in situ precipitation of the microbial 

peloids (Chafez 1986) and micrite inside microbial mucilage (Reitner 1993). In the 
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lower half of the buildup interval, the Donezella colonies are usually surrounded by 

spiculitic matrix (Figure 2-5A; Ma).  

Toward the upper one-third of the buildup interval, the Donezella colonies 

occur as a small clumps surrounded by wackestone fabric containing diverse 

bioclasts, including phylloid algae, ostracods, and benthonic foraminifers. Convex-

upward colony building and encrustation by the green alga Berestovia is absent, and 

most of the constructional pores in the Donezella colony are filled with micrite and 

peloids. 

2-5-2-2. Siliceous Sponge 

Siliceous sponges are sessile animals composed of a spicular skeleton 

enclosed in an organic-rich body, and are one of the important builders of skeletal 

mounds throughout the Phanerozoic (James and Bourque 1992). Well-preserved 

siliceous sponges are locally present throughout the Wapanucka buildup, usually as a 

sack of in situ spicules (Figures 2-3 and 2-4). Typical size of the siliceous sponge 

bodies seen in thin section ranges from 2 to 8 mm wide and up to 10 mm high. The 

sponge bodies were mainly preserved due to early encrustation by a micritic layer 

(Figures 2-5E; Lm and 2-5F; Dm) as well as encrustation by various organisms, such 

as the red alga Archaeolithophyllum (Figure 2-5F; Ae), the green alga Berestovia, 

and Donezella (Figure 2-5B; De). Well-preserved sponge bodies commonly show 

sponge spicules (perhaps microscleres) still aligned in a single row that mark the 

outline of the preserved sponge animal (Figures 2-5B, 2-5E, and 2-5F; As) (Madi et 
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al. 1996). Abundant, mostly siliceous spicules are also commonly observed at the 

bottom one-third to one-half of the well-preserved sponge bodies (Figures 2-5B, 2-

5E and 2-5F; Ss). These “spalled” spicules are thought to be the product of spicules 

falling off to the bottom of the void as the sponge body decayed, because the early 

encrustation by micrite and/or various organisms almost completely sealed off the 

sponge animal and trapped the spicules preserving them inside of the original body 

cavity. The remaining cavities of well-preserved, calcified(?) sponge bodies are 

subsequently filled with peloidal internal sediments (Figures 2-5B, 2-5E, and 2-5F; 

Ip), blocky calcite cement (Figures 2-5A, 2-5B, 2-5C, and 2-5F; Pc), and quartz 

cement (Figures 2-5A and 2-5F; Pq).  

Poorly preserved former sponge bodies can be recognized as a void filled by 

peloidal geopetal sediments, local irregular clumps of cement-supported peloidal 

fabric with scattered spicules (Figures 2-5E and 2-5F; Pf) (Bourque and Gignae 

1983), or a small pocket of sponge spicules (Figure 2-5A; S). Further, pore spaces up 

to 10 mm wide and several mm high are locally preserved among Donezella colonies. 

These pores are far larger than pores typically created by the intertwining Donezella 

thalli, filled with burial calcite and quartz cement (Figure 2-5A; Pc and Pq), and 

probably represent the site of former sponge bodies. Sponge spicules are ubiquitous 

throughout the buildup interval, and are especially common in the matrix of the 

lower half of the buildup interval (Figure 2-4).  

2-5-2-3. Worm Tubes 
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Encrusted worm tubes are commonly present throughout the buildup interval 

and are not found in the non-buildup interval. These structures are circular to 

ellipsoidal in cross section, tubular in longitudinal section, and encrusted by dark 

micrite (Figures 2-5A and 2-5D; W). Typical diameter of the tube ranges from 0.2 to 

0.5 mm, with the thickness of the dark micrite coating in the range of 0.1 to 0.2 mm. 

The interior of the tube is typically filled with clear calcite cement or partially filled 

with peloidal internal sediment and micrite. Similar worm tubes are common from 

Late Paleozoic to middle Mesozoic buildup facies, reported from Middle 

Mississippian limestone of Ireland (Warnke 1995), Late Mississippian thrombolite 

bioherms from Arkansas, U.S.A. (Webb 1987), Late Carboniferous Donezella 

buildups from Spain (Samankassou 2001; Della Porta et al. 2002), and Jurassic 

sponge-algal buildups from Germany (Flügel and Steiger 1981). They are known by 

the generic names of Terebella (Warnke 1995) or Thartharella (Samankassou 2001; 

Della Porta et al. 2002). These tubes might have formed either by the activity of 

worms binding the surrounding sediments (Flügel and Steiger 1981), and/or the 

surface of the worm tube being the loci of formation of darker micrite. Warnke 

(1995) pointed out that these structures are always found closely associated with 

sponges. In the Wapanucka buildup, the worm tubes are only found in buildup 

interval and appear to be closely associated with Donezella framework colonies. 

2-5-2-4. Other Bioclasts 
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The green calcareous alga Berestovia is composed of continuous rows of 

highly calcified hemispherical to spherical cells. It is generally known to be a 

component of biogenic nodules and reef fabrics during the Bashkirian (Mamet 1991). 

A morphologically similar occurrence from the middle Carboniferous Béchar basin 

of Algeria was described with the genus name of Claracrusta (Sebbar and Mamet 

1996), however, Mamet (1991) suggested that most of the middle Carboniferous 

Claracrusta are probably Berestovia. In the Wapanucka bioherm, Berestovia is a 

minor component of the buildup facies and is present mainly in the lower half of the 

buildup interval, acting as the primary and secondary encruster of siliceous sponges, 

and is also seen to encrust the top and sides of Donezella colonies (Figure 2-5A; B).  

The red phylloid alga Archaeolithophyllum is locally present as the secondary 

and tertiary encruster of siliceous sponges and corals (Figures 2-5C and 2-5F; Ae), 

and is rarely found in erect growth position. Toward the top of the bioherm interval, 

broken, poorly preserved segments of Archaeolithophyllum and green phylloid algae 

(Ivanovia?) are present in the wackestone matrix, many encrusted by encrusting 

foraminiferan. None of the green phylloid algae are seen in growth position and they 

are subordinate to Donezella.  

Other fauna include benthonic and encrusting foraminifera that are present 

everywhere except for the lowest part of the bioherm and become increasingly 

abundant toward the upper part of the buildup. Ostracods are also increasingly 

abundant toward the upper part of the bioherm. Crinoid fragments are present 
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throughout the bioherm interval, whereas brachiopods, ramose bryozoans, and corals 

are subordinate biota scattered irregularly throughout the buildup (Figure 2-4). 

 

2-6. Discussion 

Because of the highly inclined nature of the outcrop and extensive local 

vegetation, it is not possible to trace beds correlative to the Donezella-rich interval, 

nor can the three-dimensional geometry of the buildup be assessed. Nonetheless, I 

conclude that this Donezella-rich interval was deposited as a depositional Donezella-

dominated carbonate bioherm. The supporting evidence is threefold: 1) the presence 

of an abundant constructive growth network of Donezella and siliceous sponges, 2) 

preservation of these algal-sponge networks in growth position because of early 

lithification processes, and 3) the thickness of Donezella-bearing cycle 4 (Figure 2-3) 

is much greater than the cycles immediately beneath and above it, thus indirectly 

demonstrating the building of local relief above the sea bottom. 

 

2-6-1. The Role of Donezella and Other Organisms in the Buildup 

According to the guild concept of Fagerstrom (1988, 1991), there are three 

major carbonate reef/buildup-building communities: constructor, baffler and binder 

guilds. The constructor guild is responsible for building framework from large and 

strong skeletons such as scleractinians in Cenozoic reefs. The baffler guild is chiefly 

responsible for current baffling, and thus contributing to trapping and stabilizing 
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loose grains as internal sediment. The binder guild is composed of those organisms 

that grow rapidly along the reef surface and unite the organic framework and internal 

sediments (Fagerstrom 1988).  

Donezella has been regarded as a sediment baffler (Poncet 1991) and/or 

sediment baffler/binder (Eichmüller 1985; Hensen et al. 1995). Poncet (1991) 

interpreted Donezella colonies surrounded by micrite to be the result of Donezella 

acting as baffles to carbonate mud and postulated that by baffling micrite, Donezella 

could form carbonate banks. He also suggested that the intertwining growth habit of 

Donezella is an adaptation to habitation on a muddy substrate. However, Riding 

(1979) questioned the ability of Donezella to baffle micrite and form bioherms 

because Donezella accounts for only about 5 % of the volume of the bioherm from 

the Valdeteja Formation, Spain. Riding (1979) suggested that the bioherms might be 

composed of micrite deposited by currents and passively colonized by Donezella.  

In the Wapanucka bioherm, Donezella commonly built delicate framework 

colonies full of intertwining Donezella thalli (Figures 2-5A and 2-5B). These robust, 

upward-growing structures built together with worm tubes are, in turn, a site for 

other binders such as Berestovia (Figure 2-5A; B) as well as the micrite cement 

(Figure 2-5D; Dm). Therefore, it appears that Donezella and worm tubes are playing 

the role of a constructor at least on a microscale (micro-constructor). They would fit 

the formal definition of a constructor except that, by definition of the guild concept, 

the constructor guild is restricted to large framework building organisms (Fagerstrom 
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1988, 1991). In addition, Donezella encrusts sponges (Figure 2-5B; De), corals 

(Figure 2-5C; Dcd), and worm tubes (Figure 2-5D), thus also acted as a member of 

the binder guild.  

Through geologic time, siliceous sponges appear to have acted as both 

constructors and bafflers (Brunton and Dixon 1994). In the Wapanucka bioherm, 

sponges form the framework, which was the site of primary encrustation by 

Archaeolithophyllum (Figure 2-5F; Ae), Donezella (Figure 2-5B; De), and dark 

micrite (Figure 2-5F; Dm) and thus, belong to the constructor guild. In addition, 

given their size and abundance through the bioherm interval, sponges probably also 

acted as the main baffler in the buildup community.  

The green calcareous alga Berestovia and red calcareous alga 

Archaeolithophyllum mainly acted as binders (Toomey 1979; Toomey and Cys 

1979), encrusting sponges, Donezella colonies, and corals. Archaeolithophyllum is 

also rarely seen in erect growth position in the lower part of the buildup, where it 

may have acted as a member of the baffler guild (Krainer 1995). Other phylloid 

algae fragments scattered in wackestone fabric toward the uppermost part of the 

buildup presumably belong to the baffler guild (Fagerstrom 1988).  

2-6-2. Buildup Formation 

The bioherm overlies thin (0.2 m), cross-bedded crinoidal packstone to 

grainstone that is interpreted to have formed the stabilized surface upon which the 

bioherm formed. Accommodation either existed at that point or a subsequent relative 
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sea-level rise created space. When the water became deep enough to support a 

siliceous sponge community, but was still shallow enough to sustain red and green 

calcareous algae, the bioherm was initiated by dense colonization on the upper 

surface of the bioclastic sand of siliceous sponges, Donezella and other organisms. 

The presence of siliceous sponge bodies in growth position and the abundance of 

siliceous sponge spicules in the bioherm (Figure 2-4) strongly suggest that siliceous 

sponges played a significant role in initial mound accretion (cf., Bourque and Gignae 

1983; Beauchamp 1989). The lack of any wave-generated sedimentary structures 

coupled with the preservation of delicate algal growth network indicates initiation 

and development of the bioherm took place below wave-base.  

After initiation, in-place accumulation of the bioherm and preservation of 

delicate framework was made possible by early lithification due to micritic cements 

and algal encrustation. Dark and light micritic coatings and peloids with vague 

outlines are very common in Donezella colonies, around siliceous sponges, and 

worm tubes. Similar microbially precipitated peloids and micritic crusts are reported 

from various reefs and mounds of different ages (Reitner & Neuweiler 1995; Braga 

et al. 1996; Bourque 1997; Kirkland et al. 1998), and appear to be typical features of 

reefs and mounds throughout the Phanerozoic.  

As relative sea-level shallowed due to the filling of accommodation space or 

eustatic sea level fall, the buildup interval developed a subtle vertical community 

succession from Donezella-sponge-peloidal boundstone to wackestone with scattered 
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Donezella colonies, fragments of phylloid algae, ostracods, and foraminiferans 

toward the top. The bioherm is finally capped by peloidal packstone to grainstone 

(facies 4), which was deposited under high-energy, shallow-water conditions.  

2-6-3. Comparison to Similar Buildups and its Implication 

It is apparent that Donezella was a highly opportunistic, adaptive and 

successful bioherm builder during the middle Carboniferous around the world. It 

formed a spectrum of Donezella-dominated buildups on inner platform (Della Porta 

et al. 2002), outer platform/platform margin (Cook et al. 1998, Della Porta et al 

2002), and upper slope (Cook et al. 2000; Della Porta et al 2002) settings all in 

association with a variety of faunas. The Wapanucka Donezella bioherm generally 

shows similarities to Donezella-dominated buildups from the San Emiliano 

Formation (Bashkirian-Moscovian), Spain (Samankassou 2001) and inner to outer 

platform Donezella bioherms (Bashkirian-Moscovian) from Sierra de Cuera, Spain 

(Della Porta et al. 2002). In all these settings the bioherms occur in cyclic sequences, 

initiated below wave base, contain similar Donezella-worm tube boundstone fabrics 

rich in clotted peloidal fabric, preserve delicate Donezella growth network by early 

lithification, and exhibit arrested bioherm growth by relative sea level lowering and 

subsequent capping by high-energy facies (Table 2-3). These examples exhibit local 

variation of associated biota with Donezella: worm tubes, siliceous sponges and 

sponge spicules from the Wapanucka bioherm, worm tubes and calcisponges from 

the San Emiliano buildups (Samankassou 2001), and phylloid algae from the inner  
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Table 2-3. Comparison of recently reported Donezella-dominated bioherms. 
 

 

 Wapanucka 
Fm., U.S.A. 
(this study) 

San Emiliano 
Fm., Spain  

(Samankassou 
2001) 

Sierra de Cuera, Spain 
(Della Porta et al. 2002) 

Age Morrowan Bashkirian-
Moscovian 

Bashkirian-Moscovian 

Location on 
platform 

Outer platform Open 
marine/outer 

platform 

Inner platform Outer platform Upper slope 

 
 

Buildup 
capping 
facies 

Peloidal 
packstone to 
grainstone; 

high-energy, 
shallow-water 

deposit 

Packstone to 
grainstone; 

shallowing to 
higher energy 
environment 

Packstone to 
wackestone with 

scarce fauna; 
shallow lagoon 

facies 

Crinoid 
packstone and 
ooid-skeletal 
grainstone; 
high-energy 
shoal deposit 

 
 

Buildup 
substrate 

facies 

Cross-bedded 
crinoidal 

packstone to 
grainstone; 
high-energy 

bioclastic shoal 
deposit 

Oolitic and 
oncolitic 

packstone to 
grainstone; high-
energy shoal/bar 

deposit 

Intraclast and 
coated grain-

rich packstone 
and grainstone; 

high-energy 
shoreface 
deposit 

Crinoid 
packstone and 
ooid-skeletal 
grainstone; 
high-energy 
shoal deposit 

 
Biostrome 

facies 
interbedded 

with 
platform-
derived 

grainstone, 
crinoid 

packstone, 
skeletal 

wackestone 

 
 

Dominant 
components 
of buildup 

Donezella, 
worm tube, 

siliceous 
sponge spicule, 

microbial 
peloids and 
micrite, and 

siliceous 
sponge 

Donezella, worm 
tube, calcisponge, 
peloidal clotted 

matrix, and early 
marine cement 

Donezella, 
phylloid algae, 

and clotted 
peloidal fabric 

Donezella, 
bryozoan, worm 

tube, peloidal 
fabric, and 

radial fibrous 
cement 

Bryozoan, 
Donezella, 

red calcareous 
algae, clotted 

peloidal 
micrite, and 
isopachous 

radial fibrous 
cement 

 
 

Secondary 
components 
of buildup 

Calcareous 
algae 

(Berestovia, 
Archaeolithop

hyllum, 
phylloid), 

foraminifer, 
crinoid, 

bryozoan, 
ostracod, rare 

coral and 
brachiopod 

Foraminifer, 
gastropod, 

brachiopod, 
ostracod, and 

bryozoan 

Bryozoan, 
ostracod, 

foraminifer, 
brachiopod, 

echinoderm, rare 
sponge spicule 

and trilobite 

Foraminifer, and 
calcareous algae 

(Komia and 
Archaeolithophy

llum) 

Cyanobacteria 
(Renalcis and 
Girvanella), 
foraminifer, 
worm tube, 

siliceous 
sponge, 

brachiopod, 
crinoid, 

bivalve, and 
ostracod 
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platform mud mounds, bryozoans and worm tubes from outer platform buildups, and 

bryozoans and red calcareous algae from upper slope biostromes, Sierra de Cuera 

platform (Della Porta et al. 2002) (Table 2-3). Early marine cement in primary pore 

space is commonly observed in both the San Emiliano buildups and the outer 

platform buildups and upper slope biostromes of Sierra de Cuera platform, and is 

considered to be a function of the location of bioherms on the carbonate platform. 

This is based on the presence of abundant isopachous rims of radial fibrous cement 

around Donezella and in primary pore space to exclusively occur toward platform  

break through upper slope (Della Porta et al. 2002). These overall similarities of 

known Donezella-dominated mounds from outer platform/open marine environment 

strongly suggest the presence of a common style of buildup development. 

2-7. Conclusions 

The Donezella-dominated buildup in the Wapanucka Formation is composed 

of irregular pockets of boundstone dominated by Donezella, worm tubes, siliceous 

sponges and dark micrite (composed of microbial peloids and micrite). Donezella 

built a delicate framework or colony of thalli enclosing and forming constructional 

pores. These robust, upward-growing structures, together with worm tubes, formed a 

substrate for other binders. Therefore, it appears that Donezella and worm tubes 

played the role of a constructor on a millimeter scale. In addition, Donezella encrusts 

sponges, corals, and worm tubes, thus also acted as a member of the binder guild. 

Well-preserved siliceous sponges are locally present throughout the buildup interval, 
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usually as a sack of in situ spicules, the result of early encrustation by a micritic layer 

and other organisms, and belong to the constructor guild. In-place accumulation of 

the bioherm and preservation of delicate framework was made possible by early 

lithification by micritic cements and algal encrustations.  

Though it exhibit local variation in associated biota, the Wapanucka 

Donezella bioherm shows similarities to other Donezella-dominated mounds in that 

all occur in cyclic sequences, were initiated below wave base, have similar 

boundstone fabrics rich in clotted peloidal fabric, preserve a Donezella growth 

network by early lithification, and exhibit arrested bioherm growth by relative sea 

level lowering and subsequent capping by high-energy facies. These global 

similarities indicating a common pattern to Donezella buildup development. It is also 

apparent that Donezella was a highly opportunistic, adaptive, and successful bioherm 

builder during the middle Carboniferous around the world, capable of forming a 

spectrum of Donezella-dominated buildups from inner platform, outer 

platform/platform margin, to the upper slope in association with various faunas. 

Additional studies of the detailed biotic components of the Donezella-dominated 

bioherms, its role in the buildup, and depositional environment of the buildup from 

different parts of a carbonate platform will enable us to understand the full spectrum 

of Donezella-dominated buildups from the inner platform through upper slope, and 

will also provide insight into the general development model of Donezella-

dominated bioherms depending on the bioherm location on the carbonate platform.  
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Chapter 3. Microfacies and Depositional Environments of in situ Beresellid 

algal colonies, Holder Formation (Upper Pennsylvanian), New Mexico, U.S.A. 

 

3-1. Summary 

Analysis of microfacies of Beresellid algae-bearing facies and in situ 

Beresellid algal colonies from the Holder Formation, south central New Mexico, 

U.S.A., reveals the depositional environments of Beresellid algal facies, biotic 

components and role of Beresellid algae in the algal colonies. The problematic 

Beresellid algae emerged as one of the main shallow-marine carbonate sediment 

producers in the middle Carboniferous. Beresellids are composed of single, long (up 

to 5 mm in length), and straight-to-sinuous calcareous cylindrical tubes 100 to 400 

µm in exterior diameter. Beresellid algae are known as an important loose carbonate 

material producer in shallow protected lagoons. They acted as sediment bafflers, 

forming broad, low-relief banks and mounds. The Beresellid algae in the Holder 

Formation are primarily distributed landward of phylloid algal bioherms in a low-

energy, normal marine, platform-interior settings. Beresellid algae occur as a minor 

constituents in skeletal wackestone to packstone facies at the base and top of 

phylloid algal biostrome, and in the landward intermound-area of a phylloid algal 

mound. Beresellid algae constructed small in situ algal colonies in landward 

intermound deposits of the contemporaneous phylloid algal buildup, underlain and 

overlain with skeletal wackestone to packstone facies. It is noted that the Beresellid 
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algal boundstone fabric was created by bundles or fascicles of tangled algal thalli 

that either grew upright, parallel to the bedding surface, or at an angle to the bedding 

surface.  

 

3-2. Introduction 

With the collapse of the Devonian stromatoporoid-coral reef community at 

the Devonian-Carboniferous boundary, large frame-building metazoans were absent 

from Carboniferous seas. Instead, the seas of the Carboniferous were dominated by 

carbonate buildups with no large framework (Newell 1972; Chuvashov and Riding 

1984; Madi et al. 1996; Webb 2002; Wahlman 2002). The problematic Beresellid 

algae Dvinella, Beresella, and Uraloporella emerged as one of the main shallow-

marine carbonate sediment producers in the middle Carboniferous along with 

phylloid algae, Ungdarella-Stacheia and Tubiphytes (Chuvashov and Riding 1984; 

Mamet 1991). Beresellid algae Dvinella Khvorova 1949, Beresella Maslov and 

Kulik 1956, and Uraloporella Korde 1950 are cosmopolitan, range from Late 

Mississippian to Early Permian, and were very abundant during the Middle 

Pennsylvanian before the radiation of green phylloid algae (Mamet 1991; Chuvashov 

et al. 1999). Beresellid algae are composed of single, long (up to 5 mm in length), 

straight to sinuous, rarely dichotomous (Wray 1977; Chuvashov and Riding 1984; 

Cys 1985b), and inarticulate calcareous cylindrical tubes 100 to 400 µm in exterior 

diameter. In a typical specimen, the axial canal and former cylindrical body of the 
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algal thallus is replaced with clear calcite (Figure 3-1A; Fb). The verticils (or blind 

pores), which form the outer limit of the fossil, branch outward from the former 

cylindrical body (Figure 3-1A; Bv) (Kulik 1965; e.g., Skomski 1987), and are the 

key identification attribute of the Beresellid algae. The clear cement surrounding 

verticils and outer part of the thallus (Figure 3-1A; Cl) is generally regarded to be a 

former mucilaginous coating preserved as a cement layer (Mamet 1991). The oblique 

and dichotomous verticils of Dvinella form characteristic triangular dark rings 

separated by spar-filled clear rings (Figure 3-1A) (Mamet 1991). Beresella is 

characterized by regular verticils forming dark bands separated by smaller clear 

bands of calcite, and Uraloporella is characterized by short, thin verticils forming 

almost continuous dark bands (Figure 3-1B) (Mamet et al. 1987). However, it has 

been pointed out that it is often difficult to distinguish non-branching straight 

verticils of Beresella and Uraloporella from branching verticils of Dvinella because 

of recrystallization (Kulik 1965; Groves 1983). Though it is generally regarded as a 

green calcareous alga (Chuvashov and Riding 1984; Mamet 1991), the biologic 

affinity of Beresellid algae is still debatable. Beresella and closely related forms 

(Dvinella and Uraloporella) were originally considered to be dasycladacean algae by 

Maslov and Kulik in 1956 (Kulik 1965), and subsequently it was alternately 

suggested to be a foraminifera (Riding and Jansa 1976), a sponge (Termier et al. 

1977), and a Palaeosiphonoclad (Mamet 1991).  

Beresellid algae are known as an important loose carbonate material producer  
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Figure 3-1. Beresellid algae Dvinella, Beresella, and Uraloporella.  

A. View of Dvinella segment. The former body and axial canal of the cylindrical 

algae is now replaced with clear calcite (Fb). The branching verticils (Bv) 

grow outward from the former cylindrical body. Note dichomotously 

branching verticils (Bv) forming the characteristic triangular shape that is the 

diagnostic feature of Dvinella. The clear cement surrounding verticils and the 

outer part of the thallus (Cl) is generally regarded as a former mucilaginous 

coating layer on the alga.  

B. Uraloporella characterized by short, thin verticils forming almost continuous 

dark bands (dark arrow), whereas Beresella characterized by rectangular 

verticils forming dark bands separated by smaller clear bands of calcite 

(white arrow). Thin section cut parallel to bedding. 
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during Pennsylvanian to Early Permian (Chuvashov and Riding 1984) in shallow 

protected lagoons (Freeman 1964; Mamet 1991; Della Porta et al. 2002), and are 

locally abundant enough to be described as rock forming algae (Johnson 1963; Kulik 

1965). Beresellid algae are also known to baffle sediment (Mamet et al. 1979; 

Mamet et al. 1987; Li and Mamet 1993), and form broad, low-relief banks and 

mounds (Wahlman 2002) (Table 3-1). However, studies of microfacies and biotic 

components of Beresellid algal facies are still scarce. Description of the biotic 

components, role of Beresellid algae in the algal colony, and comparison of in situ 

Beresellid algal colonies to contemporaneous phylloid algal buildups from the 

outcrop of Late Pennsylvanian Holder Formation, New Mexico, U.S.A. is the focus 

of this chapter.  

 

3-3. Geologic Setting 

 Present day, south-central New Mexico was the southernmost part of the Late 

Paleozoic Ancestral Rocky Mountains system where the Orogrande Basin developed 

during Pennsylvanian to Permian time (Kluth and Coney 1981). The Orogrande 

Basin is a Pennsylvanian to Permian structural depression where over 2,500 m of 

sediments were deposited in the basin axis, of which up to 750 m accumulated 

during the Late Pennsylvanian (Virgilian) (Kottlowski 1963; Meyer 1966). The 

approximate location of the eastern margin of the Orogrande basin during Late 

Pennsylvanian is located across the present day Sacramento Mountains (Pray 1961),  

 43



 
Table 3-1. Reported occurrences and related facies of Beresellid limestone. 

 
 
      Location      Age          Occurrence     Reference 
 
 
 
Russian Platform,  Middle  Dvinella associated with detrital       Kulik (1965) 
Russia   Carboniferous clastic rocks and shoal sediments; 
     Beresella associated with finer-grained 

rocks, occur in deeper water facies 
 
Central and southern  Atokan  Dvinella occurring in          Rich (1967) 
Great Basin, (east Nevada   calcarenite and fragmented  
and west Utah),    biocalcarenite facies, close 
U.S.A.     relationship between Dvinella,  

Donezella and Komia deposits 
 
Krol Formation,  Carboniferous Dvinella occurring in oolitic       Kumar (1978) 
India   to Permian grainstone 
 
Baum Field,  Lower Permian Dvinella occurring in bioclastic        Cys (1985b) 
New Mexico, U.S.A.   grainstone 
 
Marble Falls Formation, Morrowan to Dvinella-rich limestone on the      Freeman (1964) 
Texas, U.S.A.  Atokan  landward flank of a Komia bank 
 
La Pasada Formation, Middle  Beresellid algae fragments in       Toomey (1980) 
New Mexico, U.S.A. Pennsylvanian pelletal-foraminiferal wackestone 
     capping phylloid algal buildup; 

Beresellid algae fragments in  
     skeletal wackestone with diverse  
     bioclasts 
 
Urals, Russia  Moscovian Dvinella and Beresella in       Anfimov (1999) 
     wackestone to packstone with  
     Ungdarella, Komia, and Cuneiphycus 
 
Cantabrian Mts.,  Bashkirian to Dvinella, Beresella, and Uraloporella   Della Porta et al. (2002) 
Sierra de Cuera,  Moscovian in wackestone to packstone with  
Spain     Ungdarella and Chaetetes colonies 
 
Otto Fiord Formation, Carboniferous to Dvinella, Beresella, and       Mamet et al. (1979) 
Canadian Arctic  Lower Permian Uraloporella bafflestone with    Mamet et al. (1987) 
Archipelago, Canada   Tubiphyte and calcisphere 
 
Liuzhou,   Late  Beresella and Dvinella bafflestone  Li and Mamet (1993) 
South China  Carboniferous with Ungdarella, Tubiphyte,  
   to Early Permian fusulinid, and rugose coral 
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bounded by the prominent landmass of the Pedernal Uplift to the east. The western 

margin of the Basin is inferred to be exposed in the present day San Andres 

Mountains based on the occurrence of high-relief phylloid algal mounds (Soreghan 

and Giles 1999a; Doherty et al. 2002). The Late Pennsylvanian (Virgilian) Holder 

Formation exposed along the present day Sacramento Mountains is characterized by 

cyclic alternation of phylloid algal mound-bearing carbonate facies and marine to 

non-marine clastic facies (e.g., Wilson 1967; Wilson 1977; Goldstein 1988a; 

Goldstein 1988b; Carr and Scott 1990; Goldstein 1991; Bachtel et al. 1998). The 

formation overlies shale, thin beds of argillaceous limestone, and feldspathic 

sandstone of the Beeman Formation (Missourian), and is overlain by shale, 

sandstone, and limestone of the Laborcita Formation (Wolfcampian) in the northern 

Sacramento Mountains, or arkose and red mudstone of Abo Formation 

(Wolfcampian) in the central and southern Sacramento Mountains (Pray 1961). 

Wilson (1967) first recognized cyclic, ‘reciprocal sedimentation’ patterns from this 

formation, which became one of the key concepts of modern sequence stratigraphy; 

the carbonate hemicycle was deposited during sea-level rise and highstand, followed 

by siliciclastic hemicycle deposition during sea level lowering and exposure of the 

shelf area. These cyclic sedimentation patterns of the formation and correlative 

deposits of the region have been largely attributed to Late Pennsylvanian high-

amplitude glacioeustasy sea-level fluctuations (e.g., Soreghan 1994; Soreghan and 

Giles 1999b; Rankey et al. 1999). Phylloid algal mounds and related facies of the 
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formation around the Dry Canyon area, northeast of the town of Alamogordo, have 

been extensively studied because these outcrops form obvious outcrop analogues to 

prolific hydrocarbon-producing intervals of similar age in the Four Corners area and 

west Texas, U.S.A. (e.g., Wilson 1975; Wilson 1977; Toomey et al. 1977a; Toomey 

et al. 1977b; Parks 1977; Toomey and Babcock 1983; Gordon 1997; Rivera 1999). 

The outcrop investigated in this study is near the type section of the Holder 

Formation defined by Pray (1961) and is located in the south face of the Long Ridge, 

central Sacramento Mountains, about 10 km southeast of the town of Alamogordo 

(Figure 3-2A).  

 

3-4. Methods 

An exposure about 60 m by 400 m along the south face of Long Ridge, 

central Sacramento Mountains, provided moderately well exposed carbonate 

hemicycles of the Holder Formation (Figure 3-2B). Carbonate hemicycles of the 

Holder Formation in Long Ridge are characterized by massive, resistant ledges 

dominated by phylloid algal bioherms/biostromes and related facies in the western 

(basinward) part of the outcrop, where multiple, stacked phylloid algal buildups are 

well exposed (Figure 3-2C). The terrigenous hemicycles of the formation in the 

study area are largely covered by loose, reddish and greenish fine-grained debris and 

vegetation because of the recessive weathering nature of fine-grained clastic facies. 

Six stratigraphic sections were measured and sampled from the outcrop window,  
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Figure 3-2. Location and photograph of the Long Ridge outcrop window, central 

Sacramento Mountains, New Mexico, U.S.A.  

A. Location of the study area. 

B. Photomosaic of the south face of Long Ridge, viewed toward north from the 

Burleson Ridge. Base of the type Holder Formation is defined by the first 

appearance of a massive, thickly bedded limestone bed (Pray 1961), shown 

by white dotted line. The outcrop window is approximately 15 degrees 

oblique to a true dip direction. 

C. Carbonate hemicycles measured and laterally traced along the outcrop 

(colored in yellow). Note the multiple, stacked, mound shaped carbonate beds 

composed of phylloid algal buildups and related facies in the western 

(basinward) margin of the outcrop. The landward (eastern) outcrop window is 

dominated by phylloid algal biostromes and off-mound (intermound) deposits. 

The area outlined by dashed line approximate the outline of a poorly exposed, 

amalgamated phylloid algal buildup complex obscured by Tertiary igneous 

intrusive. Location of measured sections are marked as white vertical lines. 

D. Beresellid algae-bearing facies are only found in the eastern (landward) area 

of the outcrop. Lateral tracing and sampling of the beds containing Beresellid 

algae yield identification of several small in situ Beresellid colonies (white 

dots) and scattered Beresellid algae (black dots). 
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studied with particular emphasis on the western (landward) part of the window 

(Figure 3-2D; H5A to H5D). Samples were collected from the measured sections 

from the lower, middle, and upper part of each carbonate field unit while attempting 

to keep a vertical interval between successive samples of about 50 cm for massively 

bedded units, and about 10 to 15 cm for thin to medium bedded units such as 

phylloid-algal buildup substrates, phylloid-algal buildup capping beds, and 

intermound deposits. Beresellid algae-bearing beds were laterally traced and sampled. 

Where the outcrop condition permited, lateral correlation of measured sections was 

carried out by walking out the top of individual carbonate hemicycles in the field. A 

total of 215 samples were collected from the carbonate hemicycles of the formation 

in the outcrop window, and more than 150 thin sections were described using 

standard microfacies analysis techniques (Flügel 1982). In order to accelerate 

petrographic work, a Minolta Dimâge Scan Multi 35 mm film scanner attached to a 

personal computer was used to obtain a high-resolution image of the entire thin 

section area (De Keyser 1999) at the maximum resolution of 2820 dpi. The scanned 

images were used for archival purposes as well as to map the whole thin section area 

during routine petrographic work. 

 

3-5. Results 

3-5-1. Depositional Framework 

 The Holder Formation carbonate hemicycles consist of a cyclic alternation of  
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well-bedded skeletal wackestone to packstone, nodular to wavy bedded phylloid 

algae wackstone, phylloid algal biostrome and bioherm, and peloidal-bioclastic- 

oolitic packstone to grainstone (Figure 3-3), indicating deposition in normal marine 

environments ranging from below wave-base to intertidal. Well-stratified, skeletal 

wackestone to packstone facies occurs at the base of carbonate hemicycles and some 

cycle tops. The facies is thin to medium (0.1 to 0.2 m) bedded, and consists of 

peloids, fragments of phylloid algae, fusulinids, benthonic foraminifers, encrusting 

foraminifera, calcispheres, crinoid fragments, ostracods, bryozoans, brachiopods and 

rugose corals, and is interpreted to have been deposited in a normal marine, shallow 

subtidal environment below wave base. Skeletal wackestone to packstone facies are 

overlain by nodular to wavy bedded phylloid wackestone facies. This facies is thick 

to very thick bedded, up to several meters in thickness with phylloid algae, peloids, 

and encrusting foraminifera. This facies is also interpreted to have been deposited in 

subtidal, below wave base conditions. The phylloid wackestone facies grades upward 

into massive to crudely bedded, thick to very thick bedded (0.8 m to up to 10 m), 

weathering-resistant, ledge forming, phylloid algal bioherm facies with pervasive 

stylolites and brecciation (Figure 3-4). The phylloid algal bioherm facies dominate 

the Holder outcrop in volume and occur either as laterally persistent biostromes or 

mounds with local topographic relief (Figure 3-2C). Thin to thick bedded (0.1 to 2 

m) bioclastic-peloidal packstone to grainstone facies (Figure 3-4B) deposited in 

intertidal to shallow subtidal conditions overly the phylloid algal boundstone facies,  
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Figure 3-4. Phylloid algal bioherm and peloidal-skeletal-oolitic packstone to 

grainstone facies. 

A. Uppermost part of phylloid bioherm typically grades into the dasycladacean 

algae facies dominated by disarticulated dasycladacean algae, encrusting 

foraminifers, peloids, and less common fusulinids, mollusc and bryozoan 

fragments. Similar facies have been interpreted to be shallow subtidal 

deposits that accumulated above wave base and are indicative of the acme 

phase of mound development (Soreghan and Giles 1999a). 

B. Peloidal packstone to grainstone facies predominantly composed of peloids 

and abraded skeletal fragments. High-energy facies composed of peloid, ooid, 

and skeletal debris (combined in this report as peloidal-skeletal-oolitic 

packstone to grainstone facies) repeatedly overly the top of phylloid algal 

biostrome / bioherm facies (Figure 3-3). 

C. Phylloid algal boundstone facies. Phylloid algal thalli locally forming a cup 

filled with micrite and internal sediments.  

D. and E. Phylloid algal boundstone facies dominated by phylloid algae, 

fusulinid, encrusting and benthonic foraminifers, and peloids. Note local in 

situ  brecciation of the facies related to early lithification, and preservation of 

fabric of phylloid thalli surrounded by micrite right next to the brecciated 

area. 

F.  Phylloid algal boundstone composed of broken and stacked up phylloid algal 

thalli where micrite is trapped between phylloid thalli (Gournay 1999). 
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Figure 3-4. Phylloid algal bioberm and bioclastic-peloidal packstone to grainstone facies.
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and is subsequently overlain by reddish to greenish fine-grained siliciclastic deposits 

and subaerial exposure surfaces. 

3-5-2. Beresellid algal facies 

Beresellid algae only occur in the eastern (landward) part of the Long Ridge 

outcrop window (Figure 3-2D). Beresellid algae occur as a minor constituent in thin, 

well-bedded, skeletal wackestone to packstone facies (Figure 3-5) at the base and top 

of a phylloid algal biostrome and in the landward intermound area of the phylloid 

algal mound (Figure 3-2D; black dotted lines; Figure 3-3). In situ Beresellid algal 

colonies 0.1 m to 0.15 m in thickness and a maximum of 1 m in lateral extent were 

found in landward intermound deposits of the contemporaneous phylloid algal 

buildup (Figure 3-2D; white dots), underlain and overlain with skeletal wackestone 

to packstone facies. Tubular Beresellid algae are the dominant constituents, and all 

three genera of Beresellid algae are present in the boundstone. Beresella and 

Dvinella are dominant over less abundant Uraloporella. The Beresellid algae in 

these algal colonies are interpreted to be in situ because: 1) pore spaces are filled 

with internal sediment and calcite cement (Figure 3-6A; Is and Pc) surrounded by 

Beresellid algae, 2) cup-shaped, uncalcified phylloid algae are preserved in upright 

positions surrounded by masses of Beresellid algae (Figure 3-6B), 3) Beresellid 

algae appear to encrust uncalcified stems of phylloid algae together with encrusting 

foraminifera (Figure 3-7A), and 4) there are pockets of micrite as well as pore space 

filled with calcite distributed between Beresellid algal thalli (Figure 3-7B). These  
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Figure 3-5. Beresellid algae in skeletal wackestone to packstone facies.  

A. Beresellid alga Beresella in skeletal wackestone to packstone facies at the 

base of a phylloid algal biostrome with peloids, phylloid algal fragments, 

crinoid fragments, ostracods, calcispheres, benthonic foraminifera, and 

encrusting foraminifer. 

B. Beresellid alga Beresella in skeletal wackstone to packstone facies from 

landward intermound area of a phylloid algal buildup. The wackstone facies 

contains peloids, fusulinids, fragments of phylloid algae, and the encrusting 

foraminifera Tuberitina.  
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Figure 3-5. Beresellid algae in skeletal wackestone to packstone facies.
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Figure 3-6. Beresellid boundstone with a large pore-space filled with calcite.  

A. Large pore space partly filled with geopetal peloidal internal sediments (Is) 

and calcite cement (Pc). This large pore space is surrounded by a mass of 

Beresellid algae and encrusting foraminifera (Ef). Preservation of this pore 

space indicates early lithification of the Beresellid boundstone. Note that 

most of the Beresellid algae appears to grow parallel to subparallel with 

respect to the bedding surface. 

B. Large pore space filled with calcite cement (Pc). This large pore space is 

surrounded by a mass of Beresellid algae and appears to be an uncalcified 

upper cup of a phylloid alga. Preservation of this pore space indicates an 

early lithification of the Beresellid boundstone.  
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Figure 3-6. Beresellid boundstone with large pore space filled with calcite.

Is

Pc

Ef

Pc

1 mm

2 mm



 

 

 

 

 

 

 

 

Figure 3-7. Microfacies of Beresellid algal boundstone.  

A. An uncalcified circular structure encrusted by Tubiphytes, encrusting 

foraminifer Tuberitina, and subsequently by Beresellid algae (black arrows). 

This circular structure might be a stem of an uncalcified phylloid alga. Note 

Beresellid algae growing upright in the lower part of the photomicrograph 

(white arrows). Also, note Beresellid algae growing parallel with the bedding 

surface in the upper part of the photomicrograph. 

B. Beresellid algal boundstone in plan view with phylloid algae, Tubiphytes and 

encrusting foraminifera. This thin section is cut parallel with bedding, thus 

Beresellid algae which appears as circular sections are those preserved 

growing upright. Note pockets of dark micrite between Beresellid algal thalli 

toward the right center of the photomicrograph. Also, note foraminifera 

encrusting Beresellid algal thalli.  
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Figure 3-7. Beresellid boundstone with Tubiphytes and encrusting foraminifera.
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observations suggest early lithification and preservation of Beresellid algal growth 

fabric within the Beresellid boundstone. In addition, no evidence of compactional 

features was found in Beresellid algal boundstone facies. A particular observation 

made during the study is the recognition of Beresellid algal boundstone fabric 

created by bundles or fascicles of tangled algal thalli commonly bounded by dark 

micrite, encrusting foraminifers, and Tubiphytes that are either growing upright 

(Figure 3-7B), growing parallel with the bedding surface (Figure 3-1B), or growing 

at an angle to the bedding surface. Other constituents of the Beresellid boundstone 

facies include phylloid algae, encrusting foraminifera, Tubiphytes (or Shamovella), 

benthonic foraminifera, fusulinids, rare brachiopods and crinoid fragments. 

 

3-6. Discussion 

3-6-1. Occurrence of Beresellid-bearing Facies 

Previously reported Beresellid algae-bearing facies (Table 3-1) can be 

grouped into three types: 1) in association with allochthonous high-energy deposits 

(Kulik 1965; Rich 1967; Kumar 1978; Cys 1985b), 2) in shallow-water wackestone 

to packstone facies with diverse bioclasts (Toomey 1980; Anfimov 1999; Della Porta 

et al. 2002), and 3) forming Beresellid algal bafflestone (Mamet et al. 1979; Mamet 

et al. 1987; Li and Mamet 1993). Dvinella is reported to be closely associated with 

coarse detrital clastic rocks and shoal sediments from Mid-Carboniferous Russian 

platform, Russia (Kulik 1965), calcarenite and fragmented biocalcarenite facies from 
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Early to Middle Pennsylvanian of eastern Nevada and western Utah, U.S.A. (Rich 

1967), occur in oolitic grainstone from the Carboniferous to Permian Krol Formation, 

India (Kumar 1978), and occur in bioclastic grainstone from the Lower Permian 

Baum Field, New Mexico, U.S.A. (Cys 1985b). These reports of allochthonous 

occurrences of Dvinella in high-energy deposits appear to be the result of Dvinella 

inhabiting shallow, low-energy waters close to higher energy environment (Rich 

1967). 

Beresellid algae occuring in normal marine wackestone to packstone facies 

have been reported from several studies. Beresellid algae in pelletal-foraminiferal 

wackestone facies and skeletal wackestone facies with phylloid algae fragments, 

benthonic and encrusting foraminifers, fusulinids, bryozoans, and ostracods were 

reported from the Middle Pennsylvanian La Pasada Formation, New Mexico, U.S.A. 

(Toomey 1980). Dvinella and Beresella in wackestone to packstone facies with red 

algae Ungdarella, Komia, and Cuneiphycus were reported from Moscovian 

carbonates of the Urals, Russia (Anfimov 1999). Beresellid algae Dvinella, Beresella, 

and Uraloporella in wackestone to packstone facies with Ungdarella and Chaetetes 

colonies were reported from the Upper Carboniferous Sierra de Cuera platform, 

Spain (Della Porta et al. 2002). In the Holder Formation, Beresellid algae Dvinella 

and Beresella are present in the landward (eastern) part of the outcrop window in 

skeletal wackestone to packstone facies with diverse constituent grains. The facies is 

interpreted to have been deposited below wave base, shallow subtidal, and normal 
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marine conditions. The occurrence of Beresellid algae in landward lower energy 

deposits of wackestone to packstone facies indicates they inhabited the shallow 

subtidal environment of the platform interior (Mamet 1991).  

The Beresellid algae Dvinella, Beresella, and Uraloporella are reported to 

form bafflestones and mounds of unreported dimension in the Moscovian strata of 

the Otto Fijord Formation, Canadian Arctic (Mamet et al. 1979; Mamet et al. 1987). 

These bafflestone are often composed of only one genus, but bafflestones with two 

or three genera of Beresellid algae are also present (Mamet et al. 1979; Mamet et al. 

1987). Similar Beresellid bafflestone was reported from Liuzhou, South China, 

where Beresella and Dvinella bafflestones are associated with Ungdarella, 

Tubiphytes, fusulinids, and rugose corals (Li and Mamet 1993). Late Pennsylvanian 

(Virgilian) Holder Beresellid boundstone form small (up to 0.15 m thick and less 

than 1m in lateral extent) algal colonies in landward intermound area of a phylloid 

algal mound, and are composed of Beresella, Dvinella, and less abundant 

Uraloporella, in association with phylloid algae, encrusting and benthonic 

foraminifers, Tubiphytes, fusulinids, and rare brachiopods and crinoid fragments. 

Uncalcified phylloid algae are preserved as calcite-filled molds in growth position, 

and Beresellid algae apparently surrounded and encrusted phylloid algae and 

phylloid algal stems with Tubiphytes and encrusting foraminifers. Beresellid algae 

boundstone fabric was created by masses of tangled algal thalli growing subparallel 

to parallel to the depositional surface, as well as algal thalli locally growing upright. 
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These bundles of Beresellid algae are often encrusted by dark micrite, encrusting 

foraminifers, and Tubiphytes. The Beresellid algal colonies are surrounded by 

skeletal wackestone to packstone facies deposited in shallow marine, below wave 

base, normal marine conditions. The colonies appear to have initiated shortly after 

the establishment of the carbonate factory on the Holder – Long Ridge shelf 

following relative sea-level rise, and during accumulation of skeletal wackestone to 

packstone facies (Figure 3-3). The colonies were initiated by dense accumulations of 

Beresellid algae in association with phylloid algae and other organisms. The lack of 

any reworking or wave-generated sedimentary structures inside of the algal colonies 

as well as in surrounding strata indicates below wave-base initiation and growth of 

the algal colonies. 

3-6-2. Role of Beresellid Algae in Algal Colonies 

Beresellid algae are often described as sediment bafflers (Mamet et al. 1979; 

Mamet et al. 1987; Li and Mamet 1993) growing in a dense thickets that baffled and 

stabilized fine sediments in low-energy, normal marine, lagoonal settings (Wahlman 

2002). However, given the small size and tubular nature of Beresellid algae, it is 

reasonable to doubt whether Beresellid algae were capable of baffling sediments. 

Compared to phylloid algae which grew upright up to several centimeters tall with 

leaf-like morphology, tubular Beresellid algae are only up to 5 mm in length and 100 

to 400 µm in exterior diameter and could not be an effective sediment bafflers. In 

addition, the  the mode of preservation of Beresellid algae in Holder in situ algal 
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colonies shows that Beresellid algae tend to encrust parts of phylloid algae, thus 

acting as a binder, and generally occur as a mass of tangled algal thickets mostly 

growing parallel to or at an angle to the depositional surface. Whereas true 

framework-building (constructor) algal assemblages (e.g., Donezella, Solenopora, 

Cuneiphycus) are typically preserved in situ after death and create frameworks 

containing voids later filled by sediments and cements (Shuysky and Chuvashov 

1999), Beresellid algae appear to have acted as builder and encruster of in situ mass 

of algal thalli without forming significant constructional pore space. Larger pore 

space filled with internal sediments and cement in Beresellid boundstone is created 

by dissolution of phylloid algae.  

 

3-7. Conclusions 

The Beresellid algae in the Late Pennsylvanian Holder Formation, New 

Mexico, U.S.A. are primarily distributed landward of phylloid algal bioherms in a 

low-energy, normal marine, platform interior setting. Beresellid algae occur as a 

minor constituent in thin, well-bedded, skeletal wackestone to packstone facies at the 

base and top of phylloid algal biostromes and landward intermound areas of a 

phylloid algal mound. Beresellid algae constructed small (0.1 m to 0.15 m in 

thickness and a maximum of 1 m in lateral extent), in situ algal colonies in landward 

intermound deposits of the contemporaneous phylloid algal buildup, underlain and 

overlain by sekletal wackestone to packstone facies. These Beresellid algal colonies 
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are composed of abundnat Beresellid algae with phylloid algae in growth position, 

encrusting foraminifera, Tubiphytes, benthonic foraminifera, fusulinids, rare 

brachiopods and crinoid fragments. It is noted that Beresellid algal boundstone fabric 

was created by bundles or fascicles of tangled algal thalli commonly bounded by 

dark micrite, encrusting foraminifers, and Tubiphytes that either grew upright, grew 

parallel to the bedding surface, or grew at an angle to the bedding surface. The 

morphology, size, and preserved growth pattern of Beresellid algae suggest that 

instead of being a sediment “baffler”, Beresellid algae tended to bind larger 

organisms and form an in situ masses of algal thalli without creating significant 

constructional pore spaces.  
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Chapter 4. Delicate growth framework of the red alga Cuneiphycus, 

Marble Falls Formation (Lower Pennsylvanian), Texas, U.S.A. 

 

4-1. Summary 

Investigation of microfacies of Cuneiphycus-dominated buildups from the 

Marble Falls Formation, central Texas, U.S.A., reveals the growth habit and the 

predominant role of Cuneiphycus in the buildup. The problematic red alga 

Cuneiphycus is composed of tapering, cylindrical bodies consisting of wedge-shaped 

cells with a branched, sheet-like slender thallus. Cuneiphycus mostly occurs as 

fragments in packstone to grainstone facies, and is known to build rhodoids, and 

locally form small (up to 10 m thick) buildups. The Marble Falls bioherms are 

composed of irregular pockets of boundstone dominated by Cuneiphycus, peloidal 

wackestone with Cuneiphycus, boundstone of the problematic alga Donezella, and 

peloidal wackestone with other bioclasts (encrusting worm tubes, fragments of 

phylloid algae and crinoids, foraminifers, coated grains, calcispheres, brachiopods, 

and bryozoans). The red alga Cuneiphycus built a delicate framework of thalli 

enclosing and forming constructional pores. Evidence widened by the preservation of 

constructional pores partially filled with internal peloidal sediments and calcite spar 

cements. Preservation of these delicate algal growth structures and lack of 

compactional structures in the boundstone facies appears to indicate early 

lithification of the boundstone facies that preserved the delicate red algae thallus 
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network. The delicate growth network of thalli built by Cuneiphycus partially filled 

with internal sediments and spar cements, along with upward-growing Cuneiphycus 

thalli encrusted by dark micrite taken together indicate that Cuneiphycus was capable 

of building a small-scale framework and played a role of a constructor on a 

centimeter scale.  

 

4-2. Introduction 

With the disappearance of the Devonian stromatoporoid-coral reef 

community at the Devonian-Carboniferous boundary, large frame-building 

metazoans were absent from Carboniferous seas. Instead, the seas of the 

Carboniferous were dominated by carbonate buildups with no large framework 

(Newell 1972; Chuvashov and Riding 1984; Madi et al. 1996; Webb 2002; Wahlman 

2002). The organic carbonate buildups of the Early Pennsylvanian shallow shelf to 

shelf margin were dominated by broad, low banks and mounds constructed by 

calcareous algae such as Donezella, Dvinella, Komia, Cuneiphycus, phylloid algae, 

Chaetetes sponges, and microbialites (Wahlman 2002). The problematic red alga 

Cuneiphycus Johnson 1960, and similar forms such as Foliophycus Johnson 1960 

and Masloviporidium Groves and Mamet 1985 are characterized by tapering, 

cylindrical bodies composed of rows of wedge-shaped cells, with branched, sheet-

like slender thallus (Johnson 1960; Johnson 1963; Wray 1977; Groves 1983; Groves 

and Mamet 1985; Mamet 1991). Cuneiphycus generally shows walls separating rows 
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of cells thicker than walls separating cells within a row (Groves 1983), whereas 

horizontal cell walls of Masloviporidium are heavily and distinctively calcified than 

those of Cuneiphycus. Furthermore the cell walls of Masloviporidium possesses 

pores that connect contiguous cells in adjacent rows (Groves 1983; Groves and 

Mamet 1985). Foliophycus is composed of a long and slender thallus composed of 

rectangular or barrel-shaped cells emerging from a central axis (Johnson 1960; 

Johnson 1963; Mamet 1991). Cuneiphycus and Masloviporidium are cosmopolitan 

and range from Late Mississippian to Permian and from Morrowan to Atokan (Early 

Pennsylvanian), respectively (Groves and Mamet 1985; Mamet 1991). Foliophycus 

is reported from Algeria, the Canadian Arctic, and the American mid-continent and 

ranges from Late Mississippian to Middle Pennsylvanian (Mamet 1991). 

Cuneiphycus and related forms are generally regarded as undetermined red 

calcareous algae (ancestral coralline algae) (Johnson 1960; Johnson 1963; Wray 

1977; Mamet et al. 1987; Mamet 1991). However, Cuneiphycus has alternatively 

been suggested to be a sponge (Termier et al. 1977).  

Cuneiphycus and related forms are commonly known to occur as fragments 

in carbonate grainstone to wackestone facies (Stitt 1964; Zachry 1969; Groves 1983; 

Anfimov 1999). They also build concentrically laminated algal nodules (Kotila 1973; 

Chuvashov and Riding 1984), and bioherms from less than 1 m to 10 m thick (Stitt 

1964; Namy 1969; Zachry, 1969; Kier 1972; Merrill 1980; Ruppel and Kerans 1987). 

Cuneiphycus boundstone was first recognized by Stitt (1964) from the Marble Falls 
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Formation, central Texas, U.S.A. Similar Cuneiphycus- and Archaeolithophyllum-

dominated algal biostromes interbedded with algal wackestone and mudstone were 

reported from a shallow carbonate bank setting of the Sausbee Formation 

(Morrowan), Oklahoma, U.S.A. (Kotilla 1973; Sutherland and Henry 1977). Even 

though these red algae-dominated carbonate buildups are an integral Early 

Pennsylvanian shallow marine shelf facies (Wahlman 2002; Webb 2002), studies of 

the microfacies and the role of red algae in these buildups are still lacking. This 

paper reports the preliminary findings from the Marble Falls algal buildups with 

particular emphasis on the preservation pattern of the red alga Cuneiphycus, its role 

in the algal buildups, and comparison to the other Late Paleozoic calcareous algae 

responsible for development of algal mounds. 

 

4-3. Geologic Setting 

 The Marble Falls Formation records carbonate deposition on the Llano Uplift 

and western margin of the Fort Worth Basin during the Early Pennsylvanian (Namy 

1974; Kier 1980; Wiggins 1986). The Marble Falls carbonate shelf was bordered by 

the Fort Worth Basin toward the east. This was a Mississippian and Pennsylvanian 

structural depression which was filled with terrigenous sediment shed from the 

Ouachita structural belt. From 45 m to 165 m of Lower Pennsylvanian limestone 

were deposited on the shelf area, whereas up to 1800 m of Mississippian and 

Pennsylvanian shale and fine-grained clastics accumulated in the Fort Worth Basin 
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(Namy 1974). The Marble Falls Formation is underlain by shale and minor limestone 

of the Barnett Formation (Late Mississippian), and is overlain by dark fissile shale of 

the Smithwick Formation (Atokan). It is informally subdivided into the lower and 

upper Marble Falls members, separated by a minor unconformity (Kier 1980). The 

red algal-dominated buildups investigated in this study occur within the lower 

Marble Falls member (Morrowan), from the lowermost part of the lower Marble 

Falls member near the town of Marble Falls (Figure 4-1; A), and the uppermost part 

of the lower Marble Falls member between the towns of San Saba and Lampasas 

(Figure 4-1; B and C). The lower Marble Falls member in the eastern area of the 

Llano Uplift consists of cyclic alternations of outer platform facies (dark mudstone, 

and spiculitic wackestone), and shallow-water facies (oolitic grainstone, algal 

wackestone to grainstone, and skeletal wackestone to grainstone), representing 

platform-margin to inner platform deposition (Kier 1980; Wiggins 1986).  

 

4-4. Red Algae-Dominated Buildups 

The red algal buildups from the Marble Falls Formation range from small 

lens-shaped mounds less than 1 m to up to 10 m thick (Namy 1969; Merrill 1980). 

Near the town of Marble Falls, composite and laterally linked algal mound 

complexes attain maximum thickness of up to 30 m; these can be traced laterally up 

to 2 km (Figure 4-1; A) (Barnes 1952; Ruppel and Kerans 1987). These buildups 

overlie spiculitic wackestone facies and are all capped by oolitic and skeletal  
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grainstone facies. Intermound facies is similar to the bioherm substrate (spiculitic 

wackestone / bioturbated spiculitic wackestone), indicating a low-energy and below 

wave-base environment for mound initiation and growth (Namy 1969; Merrill 1980; 

Ruppel and Kerans 1987). In the San Saba–Lampasas area (Figure 4-1; B and C), 

from less than 1 m to 9 m thick intervals of buildup facies are interbedded with 

shallow-water facies such as crinoidal grainstone, oolitic grainstone, and bioclastic 

wackestone to packstone. These buildups have been interpreted to have developed on 

a shallow-platform flat behind the platform-margin shoal area (Stitt 1964; Zachry 

1969).  

The algal buildup is composed of irregular pockets of boundstone dominated 

by the red alga Cuneiphycus (Figures 4-2A and 4-3), peloidal wackestone with 

Cuneiphycus (Figure 4-4B), the problematic alga Donezella boundstone (Figure 4-

3B), and peloidal wackestone with other bioclasts. Cuneiphycus is the dominant 

component of the buildup and is common throughout the buildup interval. A 

particularly noteworthy observation is that the red alga Cuneiphycus built a delicate 

framework of thalli enclosing and forming constructional pores. This interpretation is 

based on evidence by the preservation of constructional pores, which are partially 

filled with internal sediments consisting of clotted (microbial?) peloids, and calcite 

spar cements (Figures 4-2). This Cuneiphycus algal growth frameworks also seen to 

preserve shelter porosity beneath the lateral thalli (Figure 4-4A; Sp), where the upper 

part of the branching thalli is filled with dark peloidal mud (Figure 4-3A; Dp).  
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Figure 4-2. Open framework Cuneiphycus boundstone. 

A. Cuneiphycus boundstone showing typical growth framework of the red alga 

with peloidal internal sediment and calcite spar cement filing the inter-thallus 

pore space.  

B. Schematic representation of the Cuneiphycus growth framework of Figure 4-

2A. Note the branching of the lateral thallus (Lt) from the tapering segment 

(central stem) (Ts). 
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Figure 4-3. Cuneiphycus boundstone microfacies. 

A. Complex dichotomous branching and re-joining of thallus (Ts) resulting in 

‘net-like’ framework. Encrusting worm tubes (W) filled with clear spar 

cement are scattered around the boundstone facies.  

B. Multiple branching Cuneiphycus boundstone grading into a pocket of 

Donezella colonies (Dc). Note the multiply branching Cuneiphycus at the 

bottom of the photomicrograph.  
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Figure 4-3. Microfacies of Cuneiphycus boundstone.  
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Figure 4-4. Cuneiphycus boundstone microfacies. 

A. Cuneiphycus boundstone with preserved shelter porosity (Sp) underneath of 

Cuneiphycus lateral thallus (Lt). Upper part of the thallus is filled with dark 

peloidal internal sediment (Dp). Note the growth habit of Cuneiphycus: 

lateral thallus (Lt) grows laterally into tapered segment (Ts), then branches 

dichotomously.  

B. Cuneiphycus in growth position encrusted by dark micrite (Dm) and 

surrounded by peloidal wackestone. Encrusting worm tube (W). 
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Figure 4-4. Cuneiphycus boundstone microfacies.  
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Cuneiphycus also occurs in growth position surrounded by clotted peloidal matrix 

and is encrusted by dark micrite (Figure 4-4B). Tapering, cylindrical (?) segments up 

to 1 mm in width with stacked cell structure containing individual cells about 50-85 

µm in width and 80-135 µm in height appear to grow upward (Figure 4-2, 4-3, and 

4-4; Ts). The sub-horizontal, slender, and sheet-like thallus up to 500 µm in 

thickness branches dichotomously/ trichotomously from these tapering central stems 

and grow laterally up to several centimeters (Figure 4-2, 4-3, and 4-4; Lt). These 

lateral thalli are seen to grow into tapering segments, which in turn is a place for a 

new lateral thalli development (Figure 4-3B and 4-4A). The lateral thalli also 

apparently appear to branch dichotomously and re-join each other laterally to form a 

complex ‘net-like’ framework (Figure 4-3A) (Ruppel and Kerans 1987) up to several 

centimeters in width and height. The Cuneiphycus algal growth framework locally 

grades into pockets of problematic algal Donezella growth colonies also forming a 

delicate framework forming constructional pores (Choh and Kirkland 2000; Chapter 

2 of this volume) (Figure 4-3B; Dc). Even though Donezella and Cuneiphycus 

colonies do occur together at the thin section scale, it has been noted that these in situ 

pockets of Donezella and Cuneiphycus colonies always appear to occur as small, 

distinct, and not intergrown. Preservation of these delicate algal growth structures 

and lack of compactional structures in the boundstone facies appears to indicate early 

lithification of the boundstone facies that preserved the delicate red algae thallus 

network. Encrusting worm tubes (Figure 4-3A and 4-4B; W) known by the generic 
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names of Terebella (Warnke 1995) or Thartharella (Samankassou 2001; Della Porta 

et al. 2002), which appear to be a common component of various Late Paleozoic to 

middle Mesozoic buildup facies (Flügel and Steiger 1981; Webb 1987; Warnke 

1995; Choh and Kirkland 2000; Samankassou 2001; Della Porta et al. 2002), are 

common in the buildup facies. Other constituents of the buildup include fragments of 

phylloid algae and crinoids, foraminifera, coated grains, calcispheres, brachiopods, 

and bryozoans.  

 

4-5. Discussion 

4-5-1. Growth Form and the Role of Cuneiphycus in the Buildup 

The concepts of biological affinity of Cuneiphycus and Foliophycus are in 

need of revision as suggested by Mamet (1991). The type specimens of Cuneiphycus 

and Foliophycus (Johnson 1960) were articulated specimens, and thus appear to lack 

the complete growth habit of these algae described in this study. The definition of 

Foliophycus, ‘long and slender leafy thallus composed of rectangular shaped cells 

emerging from central axis’ (Johnson 1960; John 1963) could be applicable to both 

Cuneiphycus and Masloviporidium when a well preserved lateral thallus of the 

specimen is found. These thin, laterally branched thalli (Figure 4-2 and 4-3; Lt) 

informally described in this study as ‘lateral thalli’ were previously described as 

‘crustose thallus’ (Wray 1977; his Figure 74) or ‘oblique section’ of the alga (Groves 

1983). When disarticualted, the lateral thalli of Cuneiphycus and Masloviporidium 
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can also be misidentified as fragments of Donezella delicata (Groves and Mamet 

1985); Donezella fragment can be identified by its characteristic bifurcation pattern 

at 45 to 90 degree and characteristic perforation of the wall. The ‘tapering segment’ 

described in this study has been described as a ‘near horizontal section’ of the thallus 

(Grove 1983). The tapering segments and laterally branching thalli of the 

Cuneiphycus appear to form a cup-shaped basin where internal sediment could settle 

(Figure 4-3A; Dp). A notable observation is that these lateral thalli grow into other 

tapering segments which branch dichotomously as well as re-joining laterally to form 

complex ‘chain-like’ networks. The complex frameworks of Cuneiphycus noted in 

this study (Figure 4-3A) indicates the presence of the complex three-dimensional 

growth forms of the Cuneiphycus, which warrant further investigation. 

Cuneiphycus has been generally regarded as a sediment binder (Groves 1983; 

Li and Mamet 1993; Wahlman 2002). It has been suggested that Cuneiphycus 

established itself on fine-grained calcareous substrates and bound sediment. When 

the sheets became buried in sediment, the branches grew upward until they 

reestablished the horizontal sheet-like growth habit on the sediment surface (Groves 

1983). Alternation of sheet growth and branching was suggested to be the cause of 

the complex network of algal thalli seen in thin section (Groves 1983). In the Marble 

Falls bioherms, the delicate growth network of thalli built by Cuneiphycus was 

partially filled with internal sediments and spar cements (Figures 4-2 and 4-3). 

Upward growing Cuneiphycus thalli encrusted by dark micrite (Figure 4-4B) indicate 

 82



that Cuneiphycus was capable of building a small-scale frameworks and that it 

played the role of a constructor at the centimeter scale. Thus, Cuneiphycus would fit 

the formal definition of a constructor except that the constructor guild is restricted to 

large framework-building organisms by definition of the guild concept (Fagerstrom 

1988; Fagerstrom 1991). The recognition of the constructor role of Cuneiphycus 

suggests a comparison of encrusting and branching coralline red algae such as 

Lithophyllum and Neogoniolithon. The latter provides framework as well as binding 

function in Cenozoic and modern reefs as well as in adjacent environments (Wray 

1977; Bosense 1985; Nebelsick 2000). 

4-5-2. Comparison with Other Late Paleozoic Mound Building Calcareous 

Algae 

The red alga Cuneiphycus shows several similarities to the contemporaneous 

(Early Pennsylvanian) mound-building problematic alga Donezella (Samankassou 

2001; Della Porta et al. 2002; Chapter 2 of this volume), and the Late Pennsylvanian 

to Early Permian mound building dasycladalean alga Anthracoporella (Samankassou 

1998; Samankassou 1999). All these algae (1) built a delicate framework preserving 

constructional pores partly filled with internal peloidal sediments and cements, (2) 

preserve algal growth structure by early lithification, and (3) are encrusted by dark 

micrite. In addition, these algal buildups apparently developed in cyclic sequences, 

initiated below wave base, and are capped by high-energy facies. This appears to be 

a recurring depositional pattern of the Pennsylvanian-Permian algal buildups. They 
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differ in the size of algal bodies responsible for building the delicate framework. 

Donezella is composed of thin (typically 70-160 µm in diameter), bifurcating tubes, 

and Anthracoporella was an upright-growing, with unsegmented cylindrical tube 

(typically 5-30 mm in diameter), whereas the Cuneiphycus is up to 1 mm in width in 

tapering segments with a laterally growing thalli (up to 500 µm thick) growing up to 

several centimeters laterally. Cuneiphycus thalli are highly branching and laterally 

re-joining, forming complex ‘net-like’ frameworks up to several centimeters in width 

and height.  

It is interesting to note that despite its cosmopolitan distribution and long 

geologic range (Late Mississippian to Permian), Cuneiphycus-dominated bioherms 

have not yet been reported outside central Texas, U.S.A. Only the algal buildups co-

dominated by the red phylloid algae Archaeolithophyllum and Cuneiphycus have 

been reported from Early Pennsylvanian deposits of Oklahoma (Sutherland and 

Henry 1977). Recently, Wahlman (2002) treated these Archaeolithophyllum- and 

Cuneiphycus-dominated buildups of Early Pennsylvanian age as the first phylloid 

algal mounds, setting the stage for subsequent expansion of the phylloid buildup 

community. Is it possible to regard these Cuneiphycus-dominated buildups from the 

Marble Falls Formation as a rarely preserved types of bioherm where Cuneiphycus 

locally outgrew or co-existed with smaller Donezella? Donezella was a highly 

opportunistic, adaptive and successful bioherm builder during the middle 

Carboniferous around the world, and is known to be capable of forming a spectrum 
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of Donezella-dominated buildups in inner-platform (Della Porta et al. 2002), outer-

platform/platform margin (Cook et al. 1998, Della Porta et al 2002), and upper-slope 

(Cook et al. 2000; Della Porta et al 2002) settings in association with various faunas. 

Further detailed studies of the biotic components and their distribution pattern inside 

of the Marble Falls Cuneiphycus-dominated buildups will enable us to understand 

the constituent and the spectrum of the Cuneiphycus-dominated buildups across the 

Early Pennsylvanian carbonate platform. 

 

4-6. Conclusions 

Even though Cuneiphycus-dominated algal buildups are an integral Lower 

Pennsylvanian shallow-marine shelf facies, studies of the microfacies and the role of 

Cuneiphycus in these buildups has been lacking. Investigation of microfacies and 

preservation patterns of the red alga Cuneiphycus reveals its growth habit and role in 

the algal buildup. The problematic red alga Cuneiphycus is composed of tapering, 

cylindrical bodies consisting of wedge-shaped cells, with branched, sheet-like 

slender thalli. Cuneiphycus mostly occurs as fragments in packstone to grainstone 

facies, it is also known to build nodules, and locally build small (up to 10 m thick) 

buildups. The Marble Falls bioherms are composed of irregular pockets of 

boundstone dominated by Cuneiphycus, peloidal wackestone with Cuneiphycus, 

boundstone of the Donezella (problematica), and peloidal wackestone with other 

bioclasts, such as encrusting worm tubes, fragments of phylloid algae and crinoids, 
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foraminifera, coated grains, calcispheres, brachiopods, and bryozoans. The red alga 

Cuneiphycus built a delicate framework of thalli enclosing and forming 

constructional pores, evidence of this is given by the preservation of constructional 

pores partially filled with internal peloidal sediments and calcite spar cements. 

Preservation of these delicate algal growth structures and the lack of compactional 

structures in the boundstone facies appears to indicate early lithification of the 

boundstone facies that preserved the delicate red algae thallus network. The delicate 

growth network of thalli built by Cuneiphycus partially filled with internal sediment 

and spar cement, and upward growing Cuneiphycus thalli encrusted by dark micrite 

indicates that Cuneiphycus was capable of building a small-scale frameworks and 

played a role of a constructor on a centimeter scale. Compared to the 

contemporaneous (Early Pennsylvanian) mound-building problematic alga Donezella, 

and the Late Pennsylvanian to Early Permian mound-building dasycladaleans alga 

Anthracoporella, the red alga Cuneiphycus shows several similarities to Donezella 

and Anthracoporella in that all these algae built a delicate framework preserving 

constructional pores partly filled with internal peloidal sediment and cement, 

preservation of algal growth structure by early lithification, and presence of 

encrusting dark micrite; they differ in the size of algal bodies responsible for 

building the delicate framework. Despite its cosmopolitan distribution and long 

geologic range (Late Mississippian to Permian), bioherms dominated by 

Cuneiphycus have not yet been reported outside of central Texas, U.S.A. Further 
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detailed studies of the biotic components and their distribution pattern inside of the 

Marble Falls buildups will enable us to better understand the constituents and 

spectrum of Cuneiphycus-dominated buildups of the Early Pennsylvanian.  
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Chapter 5. Summary and Conclusion 

 

The most significant finding of the study of an Early Pennsylvanian 

(Morrowan) Donezella-dominated buildup from southeastern Oklahoma (Chapter 2) 

is the documentation that Donezella built a delicate framework or colony of thalli 

that enclosed and formed constructional pores. The buildup in the Wapanucka 

Formation is composed of irregular pockets of boundstone dominated by Donezella, 

worm tubes, siliceous sponges and microbial peloids and micrite. These robust, 

upward-growing structures, together with worm tubes, formed a substrate for other 

binders. Therefore, it appears that Donezella and worm tubes played the role of a 

constructor on a millimeter scale. In addition, Donezella encrusts sponges, corals, 

and worm tubes, thus also acted as a member of the binder guild. Though there are 

local variations in associated biota, the Wapanucka Donezella bioherm shows 

similarities to other Donezella-dominated mounds (e.g., Samankassou 2001; Della 

Porta et al. 2002), in that they all occur in cyclic sequences, were initiated below 

wave base, have similar boundstone fabrics rich in clotted peloidal fabric, preserve a 

Donezella growth network by early lithification, and exhibit arrested bioherm growth 

by relative lowering of sea-level and subsequent capping by high-energy facies. 

These global similarities strongly indicate a common pattern to Donezella buildup 

development, and warrant additional studies of the detailed biotic components of the 

Donezella-dominated bioherms and depositional environment of the buildup from 
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different parts of a carbonate platform. This will enable us to understand the full 

spectrum of Donezella-dominated buildups throughout carbonate platforms. 

The key discovery of the study of Late Pennsylvanian (Virgilian) Beresellid 

algal boundstone from south-central New Mexico (Chapter 3) is the documentation 

of in situ growth fabric and constituents of Beresellid algal colonies composed of 

Dvinella, Beresella, and Uraloporella. It has been found that during the Late 

Pennsylvanian, Beresellid algae mainly occured scattered around the platform 

interior area under normal marine conditions and formed small (up to 0.1 m in 

thickness and less than 1 m in lateral extent) algal colonies with phylloid algae, 

encrusting foraminifers, Tubiphytes, benthonic foraminifers, fusulinids, rare 

brachiopods and crinoid fragments. This mode of algal-colony building is in 

dramatic contrast to contemporary phylloid algal buildups 

(Eugonophyllum/Ivanovia) which typically are on the order of 5-10 m in thickness. 

Beresellid algae tended to encrust phylloid algae, and grew as upright to horizontal 

bundles of tangled algal thalli, often encrusted by Tubiphytes, encrusting 

foraminifers and dark micrite. The morphology, size, and preserved growth pattern 

of Beresellid algae suggest that instead of being a sediment “bafflers”, Beresellid 

algae tended to bind larger organisms and form in situ mass of algal thalli without 

creating significant constructional pore space. 

Investigation of microfacies and preservation pattern of the red alga 

Cuneiphycus in the Lower Pennsylvanian (Morrowan) algal buildup from central 
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Texas (Chapter 4) revealed its growth habit and role in the algal buildup. The Marble 

Falls bioherms are composed of irregular pockets of boundstone dominated by 

Cuneiphycus, peloidal wackestone with Cuneiphycus, boundstone of Donezella 

(problematica), and peloidal wackestone with other bioclasts, such as encrusting 

worm tubes, fragments of phylloid algae and crinoid, foraminifers, coated grains, 

calcispheres, brachiopods, and bryozoans. The red alga Cuneiphycus built a delicate 

framework of thalli enclosing and forming constructional pores, evidence by the 

preservation of constructional pores partially filled with internal peloidal sediments 

and calcite spar cement. The delicate growth network of thalli built by Cuneiphycus 

partially filled with internal sediments and spar cements, and upward-growing 

Cuneiphycus thalli encrusted by dark micrite indicate that Cuneiphycus was capable 

of building small-scale frameworks and played the role of a constructor on a 

centimeter scale. Despite its cosmopolitan distribution and long geologic range (Late 

Mississippian to Permian), Cuneiphycus-dominated bioherms have not yet been 

reported in the literature outside of central Texas, U.S.A. Further detailed studies of 

the biotic components and their distribution pattern inside of the Marble Falls 

buildups will enable us to better understand the constituents and variation of 

Cuneiphycus-dominated buildups of the Early Pennsylvanian. 
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Chapter 6. Introduction 

 

The last decade witnessed the exciting emergence of information technology 

and the Internet. Given the continuing exponential increase in personal computer 

processing power and digital data storage space, it is imperative to devise methods 

and strategies in sedimentary petrography to take advantage of these readily 

available computing resources. In the field of petrology, high-resolution electronic 

imaging devices have rapidly displaced traditional film-based photomicrography 

during the last five years, and the advantages of digital imaging compared to 

conventional photography have been acknowledged: it can be stored on a variety of 

media, transmitted over computer networks, and will not degrade over time as long 

as the storage media remains intact. However, even though these high-resolution 

electronic imaging devices could rapidly produce large amount of data, a simple and 

cost-effective archiving methods that could preserve research contents with the 

digital image itself is not yet readily available. In addition, instruction methods in 

petrography in the universities where it is still practiced remains largely unchanged 

since the 19th century. Preserving petrographic studies in the modern curriculum 

requires that new, more cost-efficient methods be devised for passing skills from 

instructor to student.  

The second part of this dissertation focus on two new cost-effective digital 

methods for promoting research and teaching of sedimentary petrology that 
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demonstrate the potential direction and application of applying information 

technology to traditional sedimentary petrology.  

De Keyser (1999) demonstrated that a petrographic thin section or an acetate 

peel of carbonate rock can be directly scanned and saved as a digital image file by a 

35-mm film scanner. These images of a whole thin section area are generally used as 

a 'map' for optical petrography, scanning electron microscopy, electron microprobe 

analysis (Miller 1988), interpretation of fabric development (Halsor and Wolfe 1992; 

White et al. 1998; De Keyser 1999), microfacies analysis of limestone (Flügel 1982), 

archiving, and visual aid for geoscience education. Chapter 7 describes procedures 

for creating and authoring the virtual thin section in PDF format by using common 

“off the shelf” software and hardware, which were devised and used during the study 

of Chapters 2 through 4 of this dissertation. This approach provides a cost-effective 

yet powerful solution for creating user friendly and interactive digital petrography 

contents that can be stored on CD- and DVD-ROM discs or transmitted via LAN and 

the Internet for undergraduate and graduate-level laboratory exercises, for research 

collaborations and teaching, and ultimately, creation of teaching- and research-grade 

visual carbonate petrography databases. 

One of the biggest obstacles in teaching undergraduate- and graduate-level 

sedimentary petrography is to have a wide spectrum and sufficient number of 

samples covering all aspects of carbonate petrology available to students. Up until 

now, digital atlases and tutorials have been most extensively applied in the area of 
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medical education (e.g., Trelese et al. 2000; Harris et al. 2001; Leong and McGee 

2001; Brookes et al. 2001), possibly the result of the requirement for the students to 

assimilate vast amounts of visual information on form, distribution, and 

morphological variation of natural structures. Similar techniques could be potentially 

used for promoting teaching and research in sedimentary petrography, and the 

potential advantage of digital imaging methods for distribution of petrographic data 

has already been recognized (e.g., Carozzi 1996). In order to supplement the labor-

intensive nature of petrography teaching, traditional hard copy image atlases (e.g., 

Scholle, 1978; Scholle, 1979; MacKenzie et al., 1982; Adams et al., 1984) as well as 

image archives on Photo CD (Carozzi, 1996) have been used in undergraduate 

petrography laboratory exercises. In addition, since the mid-1990’s, from the advent 

of the Internet as a viable medium for conveying educational resources (Butler, 

1998; Butler, 2000), web pages have been constructed to provide petrographic 

images and related information (Table 6-1). Though convenient sources of 

information, the biggest shortcoming of these traditional hard copy and electronic 

atlases is that identification of individual components within a complex image can be 

troublesome for the novice user. These existing archives do not deliver effective 

pedagogy for learning petrography because they do not provide substantial 

informational content keyed to specific areas of the image. In order to overcome 

these obstacles, the construction of an interactive photomicrograph archive 
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Table 6-1. Examples of petrographic educational materials on the World Wide Web. 
These materials demonstrate the capabilities of digital media for 
presenting petrographic information. However, none of the sites provides 
extensive interactive interpretive material to the user (Choh et al. 2002). 

 

 

1. http://www.geolab.unc.edu/Petunia/IgMetAtlas/mainmenu.html  

Atlas of igneous and metamorphic rocks, minerals, and textures. An atlas site with thin section 

photomicrographs and descriptions of thirty-nine minerals, twenty plutonic textures, fourteen volcanic 

textures, and twenty-one metamorphic textures. The user can switch between plane-polarized light and 

cross-polarized light view in selected images. 

2. http://sorrel.humboldt.edu/~jdl1/petrography.page.html  

A tutorial with extensive image collection, images mostly in cross-polarized light view. Limited 

interpretive material. Images presented at less than screen size. Presented at the introductory (non-

major) level. 

3. http://mccoy.lib.siu.edu/projects/crelling2/atlas/  

Atlas of two hundred and thirty one photomicrographs of coals, cokes, chars, carbons, and graphite.  

4. http://www.science.ubc.ca/~eoswr/cgi-bin/db_minerals/search.cgi  

Twenty-eight minerals in thin section with their physical properties and diagnostic features. 

5. http://www.brocku.ca/earthsciences/people/gfinn/minerals/database.htm  

Images of twenty-seven minerals in plane light and x-polars along with crystallographic, optical, and 

chemical, and occurrence information. A digital version of a traditional mineralogy book. 

6. http://www.gly.bris.ac.uk/www/teach/opmin/mins.html#menu  

Minerals under the microscope tutorial, though actual petrographic images are limited and not 

interactive; along the lines of an on-line textbook. 

7. http://www.hia.net/kjsmith/minerals/min0.htm  

Nine photomicrographs of minerals and metamorphic rocks with short descriptions. 

8. http://micro.magnet.fsu.edu/primer/virtual/virtualpolarized.html  

Interactive Java tutorial of polarized light microscopy. Good information on general microscopy. 

9. http://geologyindy.byu.edu/Petroglyph/default.htm  

Demo page of the PetroGlype version 1.0, a virtual microscope that simulates the features of optical 

and electron microscopes. 

10. http://exodus.open.ac.uk/earth/virtual_mic/virtual_microscope.html  

Demo version of the Digital Microscope. Images are presented in interactive (i.e. 360 degree rotatable) 

plane polarized and cross-polarized versions.  
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with sufficient content and flexible architecture that functions as a virtual laboratory 

instructor as well as a stand-alone reference have been initiated. Chapter 8 describes 

the architecture, process, and lessons learned from developing an interactive 

multimedia CD-ROM tutorial in sandstone petrology (Milliken et al. 2002) for 

undergraduate-level students.  
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Chapter 7. Virtual Carbonate Thin Section Using PDF: New Method for 

Interactive Visualization and Archiving 

 

7-1. Summary 

As personal computers increase in processing power and storage capacity, it 

has become feasible to digitize an entire carbonate thin section area, and to digitally 

manipulate and archive such digital image files for research collaborations and 

teaching purposes. This paper describes procedures for creating and authoring virtual 

carbonate thin sections in PDF format with a 35-mm film scanner, bitmap image 

editing software, and a Windows or Macintosh personal computer running Adobe 

Acrobat. A petrographic thin section is scanned at a maximum optical resolution of 

the 35-mm film scanner and the scanned image is used as a base layer of the PDF file. 

A digital microscope camera is used to capture high magnification photomicrographs 

that can be linked to the base layer to highlight specific features of the thin section. 

Collapsible text boxes are used for text annotation and various graphical annotation 

marks are used to indicate ‘hot areas’ that are linked to other photomicrographs for 

interactive viewing of the image. This method is highly flexible and platform 

independent, and can be beneficially used in various ways such as a note taking tool 

for routine petrographic work, creation of virtual samples for classroom use where 

the students have limited access time to the reference sample, long-distance research 

collaborations between scientists, and ultimately, creation of teaching- and research-
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grade visual carbonate petrography databases. 

 

7-2. Introduction 

High-resolution electronic imaging devices are rapidly displacing traditional 

film-based photomicrography. The advantages of digital imaging compared to 

conventional photography are multifold: it can be stored on a variety of media, 

transmitted over computer networks, and will not degrade over time as long as the 

storage media remains intact. In addition, digital images can be used for presentation, 

archiving (Newman et al. 1995), making 35-mm slides (Dartnell and Gardner 1993), 

as resources for web pages, and automated quantification of rock properties (e.g., 

Ehrlich et al. 1984; Ruzyla 1986; Ehrlich et al. 1991; Coskun and Wardlaw 1993; 

Ferm et al. 1993; White et al. 1998; De Keyser 1999; Prince and Ehrlich 2000).  

The image of a whole thin section area is generally used as a 'map' for optical 

petrography, scanning electron microscopy, electron microprobe analysis (Miller 

1988), interpretation of fabric development (Halsor and Wolfe 1992; White et al. 

1998; De Keyser 1999), microfacies analysis of limestone (Flügel 1982), archiving, 

and visual aid for geoscience education. The traditional method of photographing the 

whole thin section is to prepare a negative print (Miller 1988), or a negative reversal 

print (Haneef 1993) with a photographic enlarger, or to prepare a photo-mosaic with 

a low power (1x or 2x) objective lens and a 35-mm film camera mounted on a 

polarizing microscope. However, these methods require considerable amounts of 
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time, experience, and cost to obtain satisfactory results.  

It has been demonstrated that a petrographic thin section or an acetate peel of 

carbonate rock can be directly scanned and saved as a digital image file by a 35-mm 

film scanner (De Keyser 1999). The main advantages of this method compared to 

conventional photographic print methods are: instant results, cost effectiveness, and 

rapid production of publication quality images (De Keyser 1999). With the 

continuing increase of personal computer processing power, hard disk drive storage 

capacity, and widespread use of low-cost removable storage systems such as 

recordable CDs and DVDs, it is increasingly feasible to digitize the whole carbonate 

thin section area, digitally manipulate and archive resulting files, and distribute these 

files on CD- and DVD-ROM discs and transmit them via LAN and the Internet for 

research collaborations and teaching purposes. This paper describes procedures for 

creating and authoring the virtual thin section in PDF format by using common “off 

the shelf” software. This approach potentially provides a cost-effective yet powerful 

solution for creating user friendly and interactive digital petrography contents that 

can be used for undergraduate and graduate-level laboratory exercises, long-distance 

research collaboration, and ultimately, creation of teaching- and research-grade 

visual carbonate petrography databases. 

 

7-3. Equipment and Software Used 

Images for creating virtual thin sections are acquired in two ways. The image 
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of the entire thin section area is acquired by direct scanning of a thin section (or an 

acetate peel) by a 35-mm film scanner (De Keyser, 1999). In our project a Minolta 

Dimage Scan Multi 35-mm film scanner with maximum optical resolution of 2,820 

dpi at 24-bit color depth is used to scan thin sections. A Macintosh G4 personal 

computer (400 MHz CPU, MacOS 9.1, 1 GB of RAM, 100 GB of hard drive, a CD 

recorder, a DVD-RAM drive, and a 21-inch monitor) is used to receive and archive 

acquired images from the film scanner. Selected high-power photomicrographs are 

captured by a Nikon Digital Camera DXM1200 (maximum resolution of 3,840 by 

3,072 pixels at 24-bit color) attached to a Nikon Eclipse E400 Pol polarizing 

microscope. Acquired digital images are enhanced and manipulated by bitmap image 

processing software Adobe PhotoShop (version 5.0). Adobe Acrobat (version 5.0) 

running on a Windows personal computer (1 GHz CPU, Windows XP Professional, 

512 MB of RAM, 20 GB of hard drive, a CD recorder, and a 14-inch monitor) is 

used to convert the acquired images into a virtual thin section file. Overall, this 

method is not platform dependent and comparable hardware and software can be 

used. The main requirements are a 35-mm film scanner, a bitmap image editing 

software, and a Windows or Macintosh personal computer running Adobe Acrobat.  

 

7-4. Procedure 

A standard-size petrographic thin section (or acetate peel) is scanned at a 

maximum optical resolution of the 35-mm film scanner (Burns 1997; De Keyser 
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1999). It takes about a minute to scan a standard-size petrographic thin section at 

2,820 dpi optical resolution. Each scanned image measures approximately 4,000 by 

2,700 pixels and about 31 MB in size. The thin section may be sandwiched with 

polarizing film to facilitate plane-polarized light and cross-polarized light as needed 

(De Keyser 1999). It has been noted that using mineral oil and a glass cover slip 

significantly enhances the quality of the scanned image. High-power digital 

photomicrographs are captured by digital microscope camera at between 1,600 by 

1,200 to 3,840 by 3,072 pixels and 5.5 MB to 33.8 MB in size, respectively. These 

acquired image files are cropped as needed, sample number and scale bar are placed, 

and edited using Adobe PhotoShop for color and sharpness in order to give the 

image a color that closely resembles the color that can be seen under a microscope. 

Then the images are saved to local hard disk drive as a Tagged Image Format File 

(TIFF). These TIFF files can be opened and edited by many similar bitmap-image 

editing software product on Windows, Macintosh, and Linux personal computers. 

Images captured by the digital microscope camera are typically re-sized to 1,000 by 

800 pixels before incorporation into PDF file. If the photomicrograph needs to be 

seen in detail, it can be re-sized to about 2,000 by 1,600 pixels.  

The archived TIFF image from 35-mm film scanner is used as a base layer of 

the PDF file. There are several different ways to convert archived TIFF images to 

PDF file format. The archived TIFF files can be directly opened and converted to a 

PDF file by Adobe Acrobat using the option of ‘Open as Adobe PDF’, available 
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under the ‘File’ menus in Adobe Acrobat: there are five different JPEG compression 

levels and a lossless ZIP compression options available. Maximum- and high-quality 

JPEG compression setting resulted in good image quality while providing a much 

smaller file size than the original TIFF file (Table 7-1). Adobe Distiller (version 5.0), 

a component of Adobe Acrobat, could also be used to convert TIFF files to PDF 

format. Both Press Job with 2400 dpi and maximum quality JPEG compression 

option, and Print Job with 1200 dpi with maximum quality JPEG compression 

settings produced good results (Table 7-1). Adobe Distiller can be used for 

automated batch conversion of TIFF files to PDF format (Padova 2002; Alspach 

2002; Sahlin 2002). 

Collapsible text boxes (pop-up notes) placed on the image are used to 

facilitate text annotation. Collapsible text boxes could contain information about the 

sample or a specific area of the thin section. It appears as a note icon (Figure 7-1A) 

until clicked by the user (Figure 7-1B). Various graphical annotation marks such as a 

circle or a square can be used to highlight any region, feature, or constituent grain 

(Figure 7-1A and 7-1C). These graphical annotation marks can be linked to either a 

pop-up note and/or a high magnification photomicrographs captured by digital 

microscope camera (Figure 7-1D). Imported additional photomicrographs appended 

to the base layer, each become an additional page of the PDF file. These 

photomicrographs could be linked to certain features to provide an interactive 

navigation option to the user (Figure 7-1D and 7-1E). Additional components such as  
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Table 7-1. File size comparison using different quality level of JPEG compression 

during conversion of TIFF file into PDF format. File size figures are based on 

image used for Figure 7-1A. Maximum- and high-quality JPEG compression 

under Adobe Acrobat “Open as Adobe PDF” function provided good image 

quality and high compression ratio (18 to 1 and 22.5 to 1, respectively). Adobe 

Distiller 2400 dpi Press Job and 1200 dpi Print Job with maximum quality JPEG 

compression also produced good image quality and small file size. 

 

File type 
and size 

(MB) 
before 

conversion 

 
Conversion method 

File type 
and size 

(MB) after 
conversion 

 
Note 

TIFF, 27 (Original TIFF image) n/a 4000 x 2355 pixels, 24-bit 
color 

TIFF, 27 Adobe Acrobat, ZIP compression PDF, 23 Loss less compression, file 
size too big 

TIFF, 27 Adobe Acrobat, maximum-quality 
JPEG compression 

PDF, 1.5 Better image quality, 18 to 1 
reduction in file size 

TIFF, 27 Adobe Acrobat, high-quality JPEG 
compression 

PDF, 1.2 Good image quality, 23 to 1 
reduction in file size 

TIFF, 27 Adobe Acrobat, medium-quality 
JPEG compression 

PDF, 0.88 Image quality not acceptable 

TIFF, 27 Adobe Acrobat, low-quality JPEG 
compression 

PDF, 0.64 Image quality not acceptable 

TIFF, 27 Adobe Acrobat, minimum-quality 
JPEG compression 

PDF, 0.5 Image quality not acceptable 

TIFF, 27 Adobe Distiller, Press Job (2400 
dpi), maximum-quality JPEG 
compression 

PDF, 2.6 Better image quality, 10 to 1 
reduction in file size 

TIFF, 27 Adobe Distiller, Print Job (1200 dpi), 
maximum-quality JPEG compression 

PDF, 1.3 Good image quality, 21 to 1 
reduction in file size 

TIFF, 27 Adobe Distiller, Screen Job (600 
dpi), maximum-quality JPEG 
compression 

PDF, 0.24 Image quality not acceptable 
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Figure 7-1. An example of a virtual carbonate thin section made for digital carbonate 

petrography teaching material.  

A. Zoom out view of a virtual thin section. Sample identification number on upper 

left and a scale bar on the upper right side of the image are placed using bitmap 

image editing software before importing the image into Adobe Acrobat. Note 

the presence of a note icon next to the sample identification number. Also, note 

the presence of several dashed rectangles around the image. These ‘hot spots’ 

are linked with photomicrographs captured by a digital microscope camera.  

B. Once the user clicks on the note icon of Figure 7-1A, the collapsible text box 

expands and shows the content of the text box. General sample information and 

features the user needs to learn is displayed.  

C. Upper left part of the virtual thin section is being viewed. Details of the image 

can be viewed by using ‘Zoom in Tool’ to magnify the image and ‘Hand Tool’ 

to scroll the image. Clicking on the smaller rectangle in the center of the screen 

transport the user to linked photomicrograph (Figure 7-1D). Field of view is 

about 10 mm.  

D. Magnified view of radiaxial calcite and blocky spar cement under plane-

polarized light. A small rectangle labeled ‘XPL’ in the lower left of the image 

is linked to cross-polarized light view of the same area (Figure 7-1E).  

E. Cross-polarized light view of the same area as Figure 7-1D. Note that there are 

three links (buttons) on this image: a button for going back to plane-polarized 

light view of the image (‘PPL’; Figure 7-1D), and two buttons linked with 

additional series of cross-polarized views of the image with 15 degree rotation 

of stage in both direction in order to demonstrate the characteristic undulose 

extinction of radiaxial fibrous cements. Once exploring these links, the user 

could press either ‘Go to Previous View’ button to backtrack the viewing path 

or ‘First Page’ button of the standard Acrobat Reader user interface to go back 

to the main layer (Figure 7-1A). 
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Figure 7-1. An example of a virtual thin section made for digital carbonate 
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an audio file, MPEG movie, and Internet hyperlink could be embedded in a PDF file 

as needed. In addition, it is possible to lock the PDF file by setting a password 

(Adobe Standard Security feature) and elects various security options such as 

enabling no content copying or extraction, no printing, and no content changing 

(Padova 2001; Sahlin 2002). 

 

7-5. Results 

An example PDF file shown in Figure 4-1 is composed of a base layer 

(Figure 7-1A) and 9 additional photomicrographs, with 2 of the linked 

photomicrographs shown in Figure 7-1D and 7-1E. The base layer is 4,000 by 2,355 

pixels in size and imported to Acrobat using maximum quality JPEG compression 

option (Table 7-1). The photomicrographs are re-sized to 1,000 by 800 pixels 

(approximately 2.3 MB each in size) before incorporation into Acrobat. These files 

are imported into Acrobat using high-quality JPEG compression and appended to the 

base layer as additional pages of PDF document. The resultant PDF file size is 6.7 

MB. The PDF file can be opened and viewed by Adobe Acrobat Reader application. 

The user may view and interact with the PDF file via the standard Acrobat Reader 

user interface functions such as the zoom tool to zoom in and out of the image 

(Figure 7-1C) to experience real-time changes in the magnification of the image. The 

user may also scroll the image using the hand tool, interact with textural annotation 

by clicking on the note icon (Figure 7-1B), and navigate to the linked 
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photomicrographs by clicking on graphical annotation marks (Figure 7-1C, 7-1D, 

and 7-1E). If the PDF file is not password protected and the user has the full version 

of the Adobe Acrobat, it is possible to write and attach additional text annotations to 

a particular feature of the image. 

 

7-6. Discussion 

Digital image archiving and viewing methods similar to those described here 

have received widespread application in the medical education field in recent years 

in the fields of pathology and histology. Concerns regarding the easily-degrading 

nature of the samples during the laboratory exercises have prompted this 

development (e.g., Trelese et al. 2000; Harris et al. 2001; Leong and McGee 2001; 

Brookes et al. 2001). The need for adequate assessment of very small features such 

as individual cell cytology or fungal and bacterial identification during routine 

histological diagnostics requires the use of very high magnification digital images of 

the entire glass histology slide (Harries et al. 2001; Leong and McGee 2001). This 

leads to the use of a high-power microscope image of the entire glass slide, because a 

simple scan of glass slides using 35-mm film scanner (Burns 1997) cannot produce 

such high-resolution images (Leong and McGee 2001). The task of acquiring high-

resolution and high-quality digital images, each up to tens of GB and 100 to 300 MB 

in size after compression per slide, is done by special software and a hardware 

package that controls a robotic microscope mechanical stage, digital microscope 
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camera, and automatic image tiling (Harries et al. 2001; Leong and McGee 2001). 

The processed images are stored on a central server and accessed by end user with 

client software through the LAN and the Internet (Ferreira et al. 1997; Harries et al. 

2001; Leong and McGee 2001).  

Unlike medical histology glass slides, scanned carbonate thin sections 

provide adequate textural and constituent grain type information for routine 

petrography. This method can be successfully used for imaging carbonate, fine-

grained terrigenous mudrock and shale, and some evaporite thin sections. For 

sandstones, this method appears to be less effective, unless the image is acquired 

using cross-polarized light in order to make it easier to identify individual sand grain 

types. Smaller features, such as the cross sectional views of siliceous sponge spicules 

(diameter approximately 90 µm), can be easily recognized from the scanned image. 

However, at higher magnification views, the image becomes increasingly pixilated 

and thus could not match the image quality of photomicrographs captured by a 

digital microscope camera with high-power objective lens. Therefore, it is practical 

to use the scanned image of the whole thin section as a base map and to link high 

magnification digital photomicrographs to the base layer as needed. Using a film 

scanner with higher optical resolution in the near future will provide a higher quality 

base map. A 35-mm film scanner with highest optical resolution currently available 

offers up to 4,800 dpi resolution, which is capable of providing a larger image file 

(approximately 6,800 by 4,600 pixels and 80 MB in size per standard petrographic 
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thin section) that could capture finer details of the thin section than the scanner used 

in this paper. 

The advantages of using PDF format are multifold: 1) PDF files are platform 

independent and compatible with Windows, Macintosh, Linux, and various Unix 

computers, 2) the Acrobat Reader program for these computing platforms is 

available on-line free (http://www.adobe.com/support/downloads/main.html), 3) 

PDF files can be easily incorporated into a web browser, multimedia authoring 

environment such as Macromedia Director (Alspach 2002), and also could be 

coalesced to create a stand-alone interactive CD-ROM (e.g., Thompson 2000; 

Kerans and Kempter 2002), 4) PDF format is very flexible in terms of content design 

- the virtual thin section file could consist only of a single base layer with multiple 

text annotations, or it could be an array of interactive multimedia with numerous 

types of linked photomicrographs (such as CL (cathodoluminescence), BSE 

(backscattered-electron), and X-ray maps), text and audio annotations, MPEG 

movies, and internet hyperlinks, 5) when a sufficient number of virtual thin section 

files are accumulated, these files can be full-text indexed to form a searchable 

database using Adobe Catalog, a component of Adobe Acrobat, and 6) The resultant 

PDF file size is manageable (< 10~20 MB per file) for FTP and WWW download as 

well as CD- and DVD-ROM distribution. Similar functionality described in this 

paper could also be achieved by using Apple QuickTime VR file format (e.g., Hatch 

and Leggitt 1998; Trelease et al. 2001; Kerans and Kempter 2002). QuickTime files 
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are compatible with Windows and Macintosh, and the QuickTime player is available 

free. However, PDF format is chosen for greater compatibility, ease of authoring, 

and built-in indexing and database search function. 

 It is reasonable to assert that the value of a thin section or petrographic image 

resides almost entirely in the information that relates to the specimen. Many types of 

information lend values to collected rocks: the conceptual framework that led to the 

collection of the specimen; qualitative and quantitative factual data that describe the 

specimen at different scales; specific interpretive information pertaining to features 

contained within the specimen, general interpretive information that places the 

specimen within a larger framework with other specimens; and value judgments 

about the specimen (e.g., whether it is ‘ordinary’, ‘typical’, ‘key’, or ‘classic’). The 

significance of virtual thin sections lies in the fact that they permit all these types of 

value-lending information about a specimen to be closely, unambiguously, and 

permanently linked to the specimen itself. Another key aspect of a virtual thin 

section is that the amount of recorded information referenced to the specimen is, 

potentially, both very large and highly flexible. By integrating the processes by 

which information about rocks is generated, recorded, preserved, and shared, virtual 

thin sections introduce efficiencies of great magnitude. In virtual thin sections, a 

single file flexibly serves the purposes of research, archiving, and education. 
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7-7. Conclusions 

 The method presented in this paper provides a powerful, adaptable and cost 

effective solution for working with digital images of carbonate thin section on 

personal computer. The method could be used for on-screen viewing, organization, 

presentation, and archiving of vast library of carbonate thin sections. This method 

could be beneficially used in classrooms where the students have limited access time 

to the reference sample (Sunderman, 1993); virtual thin sections can be accessed first 

to give a general idea regarding the thin section and the subjects to learned from the 

sample, then the real thin section can be used to reinforce detailed observations. This 

method could be used for long distance research collaboration, each scientist 

appending their own observations, interpretations, and questions for one another. 

Routine petrography will benefit greatly from this method because it enables a 

researcher to link notes directly on top of the digital image that could be viewed, 

updated, and catalogued on any personal computer. This method can also be used to 

create interactive digital petrography contents for teaching- and research-grade visual 

carbonate petrography databases. In addition, this approach could potentially be used 

in any field dealing with large amounts of visual data, such as seismic interpretation, 

panoramic outcrop annotation, and remote sensing for image interpretation, 

interactive visualization, training, and archiving. 
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Chapter 8. A tutorial for sandstone petrology: Architecture and development of 

an interactive program for teaching highly visual material 

 

8-1. Summary 

In association of K.L. Milliken and E.F. McBride, I have developed an 

interactive computer-based tutorial in sandstone petrology for undergraduate-level 

students. The goal of this tutorial is to provide students exposure to the highly visual 

subject matter of petrography outside the confines of organized laboratory exercises. 

This paper describes the architecture and development procedures of the current 

version of the sandstone petrography tutorial, and offers a possible model for similar 

development approaches in other fields of petrography or in any other field that 

utilizes large quantities of visual material such as remote sensing image 

interpretation or seismic interpretation. 

The tutorial is an interactive photomicrograph archive with sufficient content 

and flexible architecture that functions as a virtual laboratory instructor as well as a 

stand-alone reference. The current tutorial was programmed using Macromedia 

Authorware v.6.0 and supports both Windows-based and MacOS personal computers. 

The tutorial is constructed around the Folk sandstone classification scheme 

(quartzarenite, arkose, and litharenite) (Folk et al., 1970; Folk, 1980), and an 

additional section addresses grains other than quartz, feldspar, and lithic fragments 

and sandstones dominated by these grains. The user interface is designed to take 
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minimal portion of the screen area so that the screen can closely mimic the type of 

view seen by a student peering down a microscope. Each photomicrograph in the 

tutorial is basically unadorned until the user actively calls up information that is 

temporarily displayed over the image, inducing the user to search for information 

and actively “ask” to be informed with a mouse click. The structure of the tutorial 

permits multiple strategies of program use, as a linear tutorial, tutorial driven by 

thumbnail browser, and as a searchable reference.  

 

8-2. Introduction 

 The last decade witnessed the exciting emergence and adaptation of 

information technology in Earth Science education. An early product, ‘The Virtual 

Microscope’ (http://met.open.ac.uk/vms/vms.html; 

http://www.ouw.co.uk/products/S260_CDR_E.shtm) , originally designed to provide 

simulated microscope experience for physically handicapped students, demonstrated 

the potential for combining digital media with petrography instruction (Robinson, 

1994).  

The inauguration of UKESCC (United Kingdom Earth Science Courseware 

Consortium, http://www.man.ac.uk/Geology/CAL/index.html) in 1992 and 

subsequent development (1992~1995) and revision (1996~2000) of 21 digital 

coursewares was a major spearhead in Earth Science digital educational material 

development during the last decade (Bryon and Sowerbutts, 1996; Sowerbutts and 
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Bryon, 1996; Sowerbutts, 1999). Modules developed by UKESCC typically require 

about 4 hours of student time to complete and are designed in a way that effectively 

supports traditional lecture and practical classes (Edwards et al., 1996; Sowerbutts, 

1999). Two modules created by UKESCC address microscopy for lower-level 

undergraduates: ‘Optical Mineralogy’ (Emley et al., 2000; Browning, 1996) and 

‘Basic Petrography’ (Emley et al., 1996). 

One of the key features repeatedly used in these digital teaching materials in 

geosciences is ‘interactivity’ (Sowerbutts, 1999). Notable examples of interactive 

geoscience educational materials, in addition to the 21 UKESCC coursewares, are: 

elementary optical mineralogy and petrography (Blaylock and Christiansen, 1999; 

Christiansen, 2001), virtual field trip (Hurst, 1998), digital geologic map presentation 

(Condit, 1995), structural geology training (Shen et al., 1997; Kluth and Wilbur, 

2000), and mineral identification (Smith and Abley, 1996; Magloughlin, 1998; 

Murray and Yavine, 1998). It has been also realized that digital media can partially 

replace fragile sample collections for undergraduate laboratory exercises and can act 

as a virtual database and archive of thin sections and mineral specimens (Browning, 

1996; Smith and Abley, 1996; Magloughlin, 1998; Milliken et al., 2003). 

 K.L. Milliken, E.F. McBride and I have developed an interactive digital 

tutorial in sandstone petrology for undergraduate-level students. The goal of this 

tutorial is to provide students with exposure to the highly visual subject matter of 

petrography outside the confines of organized laboratory exercises. This program 
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allows students to gain high levels of expertise with description and interpretation of 

sandstones. This chapter describes the architecture and development procedures of 

the current version of the sandstone petrography tutorial, and offers a possible model 

for similar development approaches in other fields of petrography or in any other 

field that utilizes large quantities of visual material such as remote sensing image 

interpretation or seismic interpretation.  

 

8-3. Background 

 Ever since Henry Clifton Sorby, the ‘father of petrography’, introduced 

microscopy in geological research and published the first paper based on such work 

in 1851 (Folk, 1965), the teaching methods of petrography have remained practically 

unchanged. In conventional practice, an instructor having extensive petrographic 

experience, conducts a laboratory through demonstrations to a small group of 

students. After watching the demonstration on how to locate and identify a given 

feature, the student is called upon to make such an identification independently, and 

to have the correctness of their interpretation confirmed by the instructor. Typically, 

petrographic laboratory activities proceed through repeated exchanges in which 

students locate features with the microscope, question the instructor about them, and 

in turn are interrogated about other features located by the instructor. In sandstones, 

as in all natural materials, tremendous heterogeneity exists across features of 

equivalent classification. Hence, expertise with identification of rock components 
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requires repeated exposure to a wide range of examples. Extensive practice outside 

of the laboratory is a key element for gaining petrographic expertise. Especially at 

the beginning of this process, however, individualized guidance from the instructor is 

indispensable.  

 In order to supplement the labor-intensive nature of petrography teaching, 

traditional hard copy image atlases (e.g., Scholle, 1978; Scholle, 1979; MacKenzie et 

al., 1982; Adams et al., 1984) as well as image archives on Photo CD (Carrozzi, 

1996) have been used in undergraduate petrography laboratory exercises. In addition, 

since the mid-1990’s, from the advent of the Internet as a viable medium for 

conveying educational resources (Butler, 1998; Butler, 2000), web pages have been 

constructed to provide petrographic images and related information (e.g., Perkins and 

Hartman, 2001; Choh et al., 2002, Table 1). Though convenient sources of 

information, the biggest shortcoming of these traditional hard copy and electronic 

atlases is that identification of individual components within a complex image can be 

troublesome for the novice user. These existing archives do not deliver effective 

pedagogy for learning petrography because they do not provide a substantial 

informational content keyed to specific areas of the image. In order to overcome 

these obstacles, we have initiated the construction of an interactive photomicrograph 

archive with sufficient content and flexible architecture that it functions as a virtual 

laboratory instructor as well as a stand-alone reference.  
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8-4. Technical aspects of the tutorial 

8-4-1. Development platform and system requirements 

The current version of the tutorial is made with Macromedia Authorware 6.0 

on a Microsoft Windows-based PC, and supports both Windows and MacOS 

platforms. We chose Macromedia Authorware over Macromedia Director, Visual 

Basic (e.g., Smith and Abley, 1996; Murray and Yavine, 1998), and HTML (e.g., 

Thum, 1998) because it is easier to learn and program the very simple types of 

navigation and interactions we wanted to implement, and it allows us to package the 

tutorial as a single application program that can be delivered on a CD-ROM for both 

Windows and MacOS personal computers. In addition, it also comes with the 

capability to deliver the final product via Local Area Network (LAN) or the Internet 

as needed by means of a free Authorware Web Player plug-in for the Microsoft 

Internet Explorer web browser 

(http://www.macromedia.com/software/authorware/download/).  

The current tutorial program is about 20 MB in size and is delivered on a CD-

ROM disc as a stand-alone application. We chose CD-ROM as the delivery medium 

for the current tutorial program because the relatively timeless nature of the content 

that does not need frequent revisions and to assist the users without access to high-

speed internet connection (Kluth and Wilbur, 2000). The program can be executed 

from the CD-ROM without installing any component to the user’s local hard disk. 
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Additional supporting files and photomicrographs used throughout the tutorial, about 

70 MB in size, are also stored on the same CD-ROM in separate folders.  

Minimum hardware and operating system requirements for running the 

tutorial are a Pentium 120 MHz processor or better, 64 MB of RAM or better, a CD-

ROM drive, 800 by 600 screen resolution, and Microsoft Windows 95 or later for the 

Windows personal computers, and a PowerPC 120 MHz processor or better, 64 MB 

of RAM or better, a CD-ROM drive, 800 by 600 screen resolution, and MacOS® 8.1 

or later for the MacOS personal computers. Recommended hardware specifications 

are Pentium II 350 MHz processor, 128 MB of RAM, 24x speed CD-ROM drive, 

and 1024 by 768 screen resolution with 16 bit color for the Windows-based personal 

computers, and PowerPC G3 350 MHz processor, 128 MB of RAM, 24x speed CD-

ROM drive and 1024 by 768 screen resolution with 16 bit color for the MacOS 

personal computers. 

8-4-2. Image acquisition and formats 

Photomicrographs used in the tutorial are 800 by 600 pixels in dimension, 8-

bits per channel RGB color images. Over 430 images were collected by either 

scanning 35 mm color slides taken with a microscope-mounted film camera 

(approximately 70% of images used in tutorial), or with a digital camera mounted on 

a polarizing microscope (approximately 30% of images used in tutorial). The 

Minolta Dimage Scan Multi 35 mm film scanner was used to scan 35 mm color 

slides at the resolution of 1344 by 896 pixels. These scanned images, each 3.4 MB in 
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size, are archived as TIFF format files. A Polaroid DMC-1 digital microscope 

camera attached to Olympus BH-2 polarizing microscope was used to capture 

photomicrographs directly from thin sections. Images were captured either at 1600 

by 1200 (5.5 MB in size) or 800 by 600 (1.4 MB in size) pixels then archived as 

TIFF format files. Each image file has a unique serial identifier number depending 

on the type of information the image conveys. An Excel database containing the date 

of image acquisition, file name, objective lens magnification, image type (cross 

polarized or plane-polarized), sample number, geologic unit name, age, locality, and 

source of image was constructed. The archived TIFF format images were 

subsequently retouched for color, brightness and contrast, reduced or cropped to 800 

by 600 pixels for the main tutorial and 100 by 75 pixels for thumbnail browser 

sections, and converted to medium-high JPEG compressed files using Adobe 

Photoshop before incorporation into the tutorial. The resultant JPEG files are 

typically between 90 and 390 KB and 9 and 24 KB in size for main images and 

thumbnails, respectively. 

 

8-5. Tutorial design 

8-5-1. Architecture 

The goal of providing undergraduates a balanced and full exposure to the 

major topical areas of sandstone petrology provides the framework around which the 

program is constructed (Figure 8-1). The architecture of the program directly reflects  
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Figure 8-1. Current structure of the interactive tutorial for sandstone petrology.



the organization of the topic as it is currently taught to undergraduate students. 

Hence, the top-level page is constructed largely around the tripartite Folk sandstone 

classification (Folk et al., 1970; Folk, 1980). An additional section addresses grains 

other than quartz, feldspar, and lithic fragments and also sandstones dominated by 

these exceptional grain types. For each of the four major sandstone clans, there are 

tutorials containing petrographic images related to both provenance and diagenesis. 

Within each sub-section of the tutorial, there are introductory text describing the 

major learning goals for the particular section (‘Goals’; Figure 8-1); thumbnail 

browser pages for easy preview and access of tutorial materials (‘Browse’; Figure 8-

1); and tutorial sections that contain the interactive, "live" images (‘Tutorial’; Figure 

8-1). In addition to the tutorial sections for the sandstone clans mentioned above, the 

main page provides entry to the following subtopics: “How to use the tutorial”, 

“Heroes of Petrography”, “Sandstone Architecture and Classification”, 

“Compaction”, and “Texture”. A full-text search engine and a page-tracking function 

that records previously visited pages can be opened from the main page as well as 

from all tutorial pages. Also, focused on the novice-level expertise of the intended 

user, a 70-term glossary that is hyperlinked throughout the tutorial as well as an 

annotated reference list is provided. 

8-5-2. User interface 

 The principal design concept of the tutorial user interface is the creation of 

non-intrusive and intuitive user experience (Hurst, 1998; Greaves and Heideman, 

 121



2000) that reproduces as closely as possible the learning environment of a traditional 

instructor-directed, hands-on petrographic laboratory exercise. Elements of the 

traditional approach that we sought to preserve include:  

1. a sense of exploration that engages the user’s initiative to seek out 

information, 

2. immediate access to information on the identity of features discovered by the 

user, and 

3. a high degree of repetition so that the user learns the complex variations of 

features by repeated encounters with differing examples of similarly-classed 

features. 

Inside the four sandstone clan tutorials, the window is mostly filled with the 

photomicrograph, with the user interface cluster located toward the bottom of the 

window occupying a minimal portion of the screen area (e.g., Choh et al., 2002, their 

Figures 6 and 7), thus mimicking as closely as possible the type of view seen by a 

student actually peering down a microscope. Buttons on the user interface cluster 

allow the user to: 

1. go back to the main page (Figure 8-2A), 

2. go back to the top of sandstone clan page (Figure 8-2B), 

3. go back to the thumbnail image browser page (Figure 8-2C), 

4. go to the previous or the next interactive image (Figure 8-2D), 
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Figure 8-2. Current user interface cluster of the sandstone petrology tutorial.
Buttons on the user interface cluster allow the user to: A. Go back to the main page,
B. Go back to the top of sandstone clan page, C. Go back to the thumbnail image
browser page, D. Go to the previous or the next interactive image, E. Trigger general
information text box about the sample, F. Toggle between different image types of
the same field of view, G. Activates the search engine, and H. Activates history function.
There are several indicators that display the current state of the tutorial: the 
background color of the user interface cluster (J) indicates which section the 
user is currently in. Provenance and diagenesis section indicators (K) show which 
sub-tutorial module the user is currently using. Image mode indicator (L),
indicates the nature of image currently being viewed. Image counter (M) keeps track
of how many similar images are available in the current sub-tutorial module.
A scale bar (N) is provided for each image in the tutorial.



5. trigger general information text box about the sample (Figure 8-2E) such as 

age, stratigraphic unit, and locality, 

6. toggle between different image types of the same field of view (Figure 8-2F). 

It is possible to switch between plane- and cross-polarized views of about 40% 

of images used in the tutorial, and 

7. activate the search engine (Figure 8-2G) and history function (Figure 8-2H).  

In addition, there are several other indicators that display the current state of 

the tutorial: the background color of the user interface cluster (Figure 8-2J) indicates 

which section the user is currently in (quartzarenite,yellow; arkose, blue; litharenite, 

pink; and other sandstones, orange), provenance and diagenesis section indicators 

(mountain icon indicates provenance section, Figure 8-2K; a crystal icon represents 

diagenesis section), an image mode indicator (PPL; plane-polarized light view vs. 

XPL; cross-polarized light view; Figure 8-2L), an image counter that shows how 

many additional similar images there are in the current section (Figure 8-2M), and a 

scale bar (Figure 8-2N).  

8-5-3. Interactive images 

Each photomicrograph (Figure 8-3A) in the tutorial is unadorned until the 

user actively calls up information that is temporarily displayed over the image. This 

interactivity is achieved by placing transparent polygons on the features to be clicked 

by the user (Figure 8-3B). These polygons were hand drawn in Authorware using the 

polygon tool, then set to transparent mode. Each polygon is programmed in a way  
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A. Digital photomicrograph
8 bits per channel RGB color image,

800 x 600 pixels,
JPEG medium high compression

(90~390 KB per image)

B. Transparent polygon
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Detrital quartz
grain with quartz 
overgrowth.

Figure 8-3. Interactivity is achived by drawing transparent scripted polygons on
                   top of the features to be explained in the digital photomicrograph.



that in passing the cursor over the invisible polygon, the cursor changes from an 

arrow to a hand, which is the only clue in the tutorial that hints the user that the 

particular feature has linked text. The transparent polygons are further scripted so 

that clicking on the region inverts the color of the area inside the transparent polygon 

for the duration of a mouse click. If the user clicks and holds the mouse button, it is 

possible to clearly discern the area of the photomicrograph described in the text box. 

On releasing the mouse button, either a small amount of text that identifies the 

feature or a larger box of text that expounds upon the key concepts conveyed by the 

feature will be displayed. The small text boxes disappear after 1 second. The larger 

text boxes disappear on clicking the mouse again, and the user can continue to 

explore the image or move to another (Figure 8-3C). In effect, the user must search 

for information and actively ask to be informed with a mouse click. There are about 

300 interactive images in the current tutorial, and each photomicrograph has from 1 

to over 15 such hidden scripted polygons. 

8-5-4. Navigation 

 The overall structure of the tutorial permits multiple strategies of program use. 

Because each sub-module is designed to gradually add information at the user’s own 

pace, the first-time user may view the tutorial images sequentially (Figure 8-4A). 

The user who wants to review what he/she has learned by quickly glancing through 

the program may use the thumbnail browser pages. Each browser page contains 16 

thumbnail images of the interactive photomicrographs and provides a short  
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Figure 8-4. Three possible strategies of using interactive sandstone petrology. A. For 

the first-time user, the user will sequentially visit each image inside each 

tutorial section. B. An experienced user, or a user who wants to skim through 

the tutorial, will scan the image browser then select an image from the 

browser for detailed view. The user can go back to the browser by means of 

the ‘Browse’ button (Figure 8-2C) or may navigate further inside the tutorial 

section using the navigation arrow buttons (Figure 8-2D). C. The tutorial can 

be used as a reference by selecting the search engine from the main page or 

from any tutorial pages, and then typing in search criteria. The search engine 

generates a list of images that contain the search criteria. The user double 

clicks the image identification number to be directly transported to the image. 
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Figure 8-4. Three possible strategies of using interactive sandstone petrology.



description of each image. Each thumbnail image is hyperlinked to the actual 

photomicrograph. Clicking on the thumbnail brings the user to the corresponding 

interactive page within the tutorial (Figure 8-4B). The user may return to the 

previous thumbnail browser page by clicking the 'Browse' button (Figure 8-2C), or 

may continue to navigate inside the tutorial section using the arrow buttons (Figure 

8-2D). Alternatively, for those using the tutorial as a reference, the tutorial can be 

entered by using the search engine. The search engine allows the user to generate a 

list of images referring to a given term. The user can then access each image in the 

search result by double-clicking the image identification number (Figure 8-4C). All 

images contain a unique alphanumeric identifier that can allow instructors wishing to 

utilize only a small portion of the tutorial images (e.g., in introductory-level courses) 

to assign a list of specific images to be viewed. The history function (previous page 

tracking) allows the user to generate a list of pages visited and to return immediately 

to any of them with double-click on the image name. 

 

8-6. Development history and team 

8-6-1. Development timetable 

The first phase of development (September 2000~May 2001) focused on the 

creation of interactivity, the navigation scheme, and a user interface for effective 

pedagogy, and resulted in a collection of 90 scripted images focused on sand grain 

identification. This prototype was demonstrated at the 2001 AAPG meeting (Choh et 
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al., 2001a; Choh et al., 2002). A second phase of development (June 2001~May 

2002) focused on enlarging the scope of the content to 300 interactive images and 

testing the educational effectiveness of the digital tutorial (Choh et al., 2001b; 

Milliken et al., 2003).  

The tutorial was field tested by about 180 students of GEO 416M 

"Sedimentary Rocks" during Spring and Fall 2002 semesters at the University of 

Texas at Austin. Students were encouraged to report errors and suggestions. A 

questionnaire on student attitudes toward the tutorial also proved to be a valuable 

source of user input. End user suggestions were used for debugging, enhancing 

standard navigation buttons (Figure 8-2), and refining navigation options. It has been 

found that students indicated a high level of approval of the digital tutorial, and 

subject matter attainment appears to improve with tutorial use (Milliken et al., 2003).  

8-6-2. Development team 

The development team consists of sandstone petrographers (KLM and EFM) 

and a geology graduate student software developer (SJC) who is a carbonate 

petrographer. The subject authors acquired and provided original images in 35 mm 

slide and digital form, text, and graphical contents for the tutorial and sub-topic 

modules. The software developer was in charge of content digitization and 

programming. Two undergraduate geology majors, under the supervision of the 

developer, were added to the team in the second phase of development in order to 

accelerate content digitization and programming. These upper-division 
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undergraduates had completed the course for which the tutorial is intended. An 

important point is that all members of the development team have experience in 

petrography laboratory exercises as students; three team members have experience as 

petrography instructors. 

Once the overall user interface, interactivity, and navigation schemes are 

devised during first phase of development, an assembly line approach was employed 

during the second phase of development. The sandstone petrographers, guided by the 

desired content for laboratory exercises in sandstone petrology, selected images from 

digitized photomicrographs. Content authoring was carried out using hard copies of 

these photomicrographs: the authors manually drew features to be programmed as 

‘live’ portions of the images (transparent polygons) and wrote texts to be attached to 

those fields, typically incremented by a few tens of images each week. Insertion of 

the hand-drawn content into Authorware was carried out by the developer and 

undergraduate assistants, again, at an incremental rate of a few 10s of images each 

week. Progressive construction of the hierarchical programming framework into 

which the ‘mapped’ images were inserted was carried out by the developer.  

 

8-7. Discussion 

 The way we programmed interactive images turned out to be highly effective 

for introducing complex images to novice students (Milliken et al., 2003). Though 

labor intensive to program, this type of interactive learning style has the potential to 
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be widely used for teaching highly visual materials, not only petrography but also 

remote sensing and geophysical image interpretations in the future. This type of 

simple interactivity could be implemented by using any of a variety of multimedia 

programming tools or computer languages available today. It appears that having a 

flexible navigation scheme that can act as a linear tutorial, a thumbnail browser 

image driven tutorial, as well as a stand-alone searchable reference significantly 

enhances the usefulness of the tutorial. 

Each team member contributed from multiple vantage points and filled 

multiple roles in program development. All the team members have the perspective 

of someone who would actually use the materials, either as an instructor or a student, 

or both. The sandstone petrographers and the programmer all share extensive 

knowledge of the content as well as experience with acquisition and processing of 

digital photomicrographs. Knowledge of detailed capabilities of Authorware is 

primarily the purview of the programmer, but all members of the team are cognizant 

of the broader possibilities of multimedia authoring software. Such shared skilled 

sets across the development team has lent a degree of efficiency and quality to the 

development process that would likely be difficult to achieve using programmers 

unfamiliar with the content and goals of the program. 

 

 

 

 132



8-8. Future plans and software availability 

 The next phase of development will focus on expanding content, especially 

for more complete coverage of lithic and non-QFL components. A greater diversity 

of petrographic images such as CL (cathodoluminescence), BSE (backscattered-

electron), and X-ray maps will be incorporated into the tutorial. A self-assessment 

(quiz) section is also planned. The current version of tutorial (Milliken et al., 2002) is 

available through the American Association of Petroleum Geologists 

(http://www.aapg.org/index.html). A limited demonstration version of the tutorial 

can be downloaded from ftp://ftp.geo.utexas.edu. 
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Chapter 9. Summary and Conclusion 

 

Chapter 7 describes a new method for creating and authoring virtual 

carbonate thin sections in PDF format with a 35-mm film scanner, bitmap image 

editing software, and a Windows or Macintosh personal computer running Adobe 

Acrobat. This method is highly flexible and platform independent, and can be used in 

various ways such as a note taking tool for routine petrographic work, creation of 

sample images for classroom use where the students have limited access time to the 

reference sample, long-distance research collaborations between geologists, and 

ultimately, creation of teaching- and research-grade visual carbonate petrography 

databases. Most importantly, this method allows the preservation of the image of a 

standard carbonate thin section as well as all types of value-lending information 

about a specimen to be directly linked to the image of the specimen itself. Thus, each 

thin section file could flexibly serve the purposes of research, archiving, and 

education. In addition, this method could be applicable to any field dealing with 

large amounts of visual data, such as seismic interpretation, panoramic outcrop 

annotation, and remote sensing for interactive visualization, training, and archiving.  

Chapter 8 described the procedure and development experience of the 

sandstone petrography tutorial (Milliken et al. 2002). The tutorial is constructed to 

provide students exposure to the highly visual subject matter of sandstone 

petrography outside the confines of organized laboratory exercises. It has been 
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learned that the tripartite structure of the tutorial that permits multiple strategies of 

program use, as a linear tutorial, tutorial driven by thumbnail browser, and as a 

searchable reference is an important feature of the tutorial design. It has been also 

noted that this type of digital petrographic tutorial could potentially contribute to 

achieving standardized and high-quality petrographic work in the future. This study 

also offers a possible model for similar development approaches in other fields of 

petrography or in any other field that utilizes large quantities of visual material such 

as seismic interpretation and remote sensing image interpretation tutorials. 
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