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ABSTRACT 

A late stage of sedimentary infilling of the High Atlas 

Trough during Dogger (Middle Jurassic) time has been docu¬ 

mented in a petrographic study of a 1,200 m-thick sequence 

of carbonate rocks exposed near Rich, Morocco. The sequence 

was studied in order to determine the events that led to the 

establishment of coral reefs in the center of a deeply 

subsided basin. Within this sequence, five lithologic units 

are distinguished and described in detail. 

The bulk of the sequence consists of rhythmically 

interbedded marls and fine-grained limestones that probably 

were deposited in quiet, relatively deep water. The 

hypothesis of progressive shallowing is supported by several 

lines of evidence, including upward increases in benthic vs. 

pelagic organisms, shelly vs_. soft-bodied benthic organisms, 

and algae and algal-coated particles. 

The sequence is capped by a 50-100 m-thick horizon of 

scleractinian coral reefs and coral-rich beds that probably 

formed in shallow, moderately agitated, well-illuminated 



marine environments. Evidence from local and regional 

stratigraphic relationships and insoluble residue analyses 

suggests that some large reef bodies within this horizon 

were established on local submarine topographic highs that 

formed as a result of tectonic activity during Dogger time. 
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CHAPTER I: INTRODUCTION 

A. General Remarks 

The patch reef tract described by Warme and others 

(1975) from the Dogger (Middle Jurassic) of the Central High 

Atlas of Morocco occurs in a rather anomalous stratigraphic 

and paleogeographic setting. It seems apparent that the 

reefs grew in a well-illuminated and periodically agitated, 

shallow marine environment. Yet, these reefs occur near the 

center of the High Atlas, which was the site of a deeply 

subsiding basin during the Lias (Lower Jurassic) and Dogger. 

Furthermore, the reefs are underlain by, and apparently 

laterally equivalent to, great thicknesses of marls and 

limestones that were deposited in deeper-water environments. 

How did these shallow-water reefs get started in a deeper- 

water basin? 

The main conclusions of this study are: (1) the 

Aalenian-Bajocian rocks of the study area record a pro¬ 

gressive shallowing of water depth; and (2) the reef tract 

may have started on local, submarine topographic highs that 

formed as a result of tectonic activity during Bajocian time. 

This study is concerned only with depositional envi¬ 

ronments. I did no detailed work on the structural geology, 

paleontology, or diagenetic history of the study area. 
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B. Organization of Paper 

This paper is organized into six chapters. The intro¬ 

ductory chapter poses the basic problem. The setting of 

the study area is outlined in Chapter II. The third chapter 

summarizes the available published information on the geo¬ 

logic history of the High Atlas; particular emphasis is 

placed on events that occurred during Aalenian and Bajocian 

time. Chapter IV describes the methods used in gathering and 

processing the data that are presented and interpreted in 

Chapter v. The final chapter contains some conclusions on 

the Aalenian-Bajocian history of the study area and dis¬ 

cusses the possible bearing of these conclusions on 

hypotheses regarding the Jurassic history of the High Atlas. 

Appendix I gives the location of all sample localities and 

measured sections that are not covered in the main body of 

the text. Appendix 2 discusses some of the more exotic 

particle types that occur in thin-sections from the study 

area. Appendix 3 contains descriptions of some interesting 

diagenetic features found in the rocks of the study area. 
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CHAPTER II: THE STUDY AREA 

A. Geographic Setting 

The study area is located on the southern side of the 

crest of the central High Atlas of Morocco (see Figure 1) 

and covers about 260 square kilometers. The topography of 

the area is rugged (see Figure 3); the broad, flat alluvial 

valleys of the Oued Ziz and its tributaries are in sharp 

contrast to the steep slopes of the surrounding ridges. 

There are six principal peaks in the study area (Figure 3). 

My work has concentrated on the Aalenian and Bajocian marls 

and limestones exposed on the slopes of jebel Assameur n'Ait 

Fergane, Jebel Bou Kenndil, and Jebel Taferdout. Jebels 

Assameur and Bou Kendil together form the southern exposed 

margin of a syncline with exposed rocks of Dogger Age 

(compare Figures 2 and 3). About 150 individual patch reefs 

are exposed in cross-section along the tops of these two 

elongate mountains, appearing as teeth on the sawtoothed 

ridges. The northernmost margin of the Dogger syncline is 

exposed on the flanks of jebel Taferdout, another elongate 

ridge. The top of this mountain is a large, massive coral 

reef that forms cliffs up to 50 m high. The broad valley 

between jebel Assameur and Taferdout contains the patch reef 

tract described by Warme et^ al^., (1975) . Upper Bajocian 
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and Bathonian rocks are exposed on Jebel Tazigzaout; however, 

1 was unable to study these rocks because of a nearby mili¬ 

tary installation. Lower and middle Liassic rocks are 

exposed on Isk n'Arbia and jebel Amrhar (compare Figures 

2 and 3); these rocks have not been studied. 

The area is easily reached by automobile. An excellent 

paved highway traverses the High Atlas from north to south 

at this point, connecting Midelt (a large agricultural and 

mining center on the OranMeseta) with Ksar-es-Souk (a 

rapidly growing metropolis on the edge of the Sahara). A 

few paved roads and dirt tracks allow automobile access 

into the farther reaches of the study area; however, most 

of the sample localities shown in Figure 3 can be reached 

only on foot. 

The town nearest the study area is Rich, a thriving 

agricultural and political center of about 2000 people 

(Boulanger, 1966). Rich is located on the Oued Ziz, just 

to the west of the study area. 

Agriculture in this area is restricted to a thin, 

verdant ribbon following the Oued Ziz; the fields are worked 

by Arabs and Berbers, who live in the dozens of small, 

walled villages (casbahs) that fringe the cultivated areas. 

Away from the river, in the more remote and desolate regions, 

which characterize most of the study area# nomadic Berbers 
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live with their families and small livestock in large, 

black tents. 

The summer climate of the area is very hot and dry, 

showing a strong Saharan influence. Thunderstorms, dust 

storms, and violent, hot winds are frequent afternoon 

occurrences. 

Away from the Oued Ziz, the vegetation of the study 

area is sparse and essentially treeless, and consists mainly 

of low bushes (including rosemary), thorny herbs, and (in 

the higher elevations) clumps of grass. 

B. Stratigraphic Setting 

This study is limited to outcropping rocks of Aalenian 

and Bajocian ages (see Figure 1). in identifying the ages 

of the strata, I have relied entirely on the geologic map 

of Choubert et al. (1956); I did no biostratigraphy or 

field mapping of my own. This procedure has resulted in 

some minor problems that are discussed below. 

Where is the Aalenian-Bajocian boundary? The precise 

location of this surface is still a mystery to me. To the 

best of my knowledge, no published report accompanies 

Choubert's map. As a result, I do not know the lithologic 

or paléontologie criteria that were used to distinguish the 

Aalenian from the Bajocian in this area. However, in my 
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field work, I discovered that almost everywhere that the 

Aalenian-Bajocian boundary is mapped as exposed, there is 

a low-lying, linear ridge formed by oolitic-peloidal grain- 

stones. I suspect that the French used these distinctive 

ridges in drawing the Aalenian-Bajocian contact. Elsewhere 

in this report, I have interpreted these grainstones as 

channel-filling sediments (equivalent to unit B of my Main 

Section). I therefore tentatively conclude that the 

Aalenian-Bajocian boundary is the sharp and apparently 

erosional contact at the base of these grainstones. This 

could be verified by a person well-versed in ammonite bio¬ 

stratigraphy, using my fossil collections and the lists of 

Aalenian and Bajocian ammonites from other areas given by 

Dubar (1949), Dubar and Mouterde (1952) and du Dresnay (1967). 

What is the "Aalenian"? As used by Choubert et al. 

(1956), the Aalenian is the uppermost stage of the Lias 

(Lower Jurassic). Gignoux (1950) concurs with this placement 

of the Aalenian. However, some workers, (for example, 

van Eysinga, 1972) have placed the Aalenian stage in the 

lowermost Dogger (Middle Jurassic). In some parts of Europe, 

the Aalenian is regarded as a substage of the Bajocian 

(Arkell, 1946). In his definitive volume on Jurassic 

stratigraphy, Arkell (1956) rejects the term Aalenian as 

unnecessary, in this report, i will use the Aalenian as the 



uppermost stage of the Lias of the study area. 

C. Structural Setting 

The study area is in the center of the High Atlas? this 

range consists mainly of Jurassic sedimentary rocks that 

were folded and uplifted in Tertiary time. 

In the immediate region of the study area, synclines 

with rocks of Dogger age alternate with anticlines in which 

the rocks are predominantly Liassic. The synclines are 

broad and shallow and form valleys or tabular mountains, 

oriented approximately east-west; the maximum dips of beds 

on the exposed fringes of the synclines are rarely more 

than 30°. The anticlines are sharp and broken, forming 

jagged ridges oriented approximately ENE; the beds in these 

anticlines are often faulted, tightly folded, steeply dipping 

and even overturned. The structure of the study area has 

been studied in some detail by de Sitter (1952, 1964) who 

believes that the east-west trending synclines have been 

superimposed on the ENE-trending anticlines. He interprets 

the prominent strike-slip faults in the central part of the 

study area (see Figure 2) as wrench faults formed during 

the interference of the post-Miocene tectonic phase (of 

east-west orientation) with the earlier post-Eocene phase 

(of ENE orientation). 
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Numerous small dip-slip and strike-slip faults occur in 

the area but are not shown in Figure 2. In general, these 

faults are easily identified and of small displacement, 

posing few problems in measuring stratigraphic section. An 

important exception is the fault that crosses jebel Assameur 

just west of Section KE; this fault caused some problems in 

the correlation of Section KE with Section KW (compare Figures 

2 and 3). All these faults appear to be of post-Dogger age. 

D. previous Work 

Perhaps the earliest published mention of the rocks of 

the study area was the short article by Fallot and Roch 

(1932), which included identifications of many fossils and 

some rather rough sketches of the Allenian-Bajocian sequence 

exposed on jebel Assameur (= jebel Ograne) and jebel Bou 

Kenndil. This sequence is also briefly mentioned in a field 

trip guidebook by Dubar (1952). Several ammonites from jebel 

Bou Kenndil are listed by Dubar and Mouterde (1952). The 

geology of the area was mapped by Choubert et aj^. (1956), and 

the structural geology was interpreted by de Sitter (1952, 

1964). The Bajocian patch reef tract of the area has been 

mentioned in papers by Kendall and Evans (1973) and du 

Dresnay (1971); it has received special attention only 

recently, in the paper by Warme et^ a^l. (1975) . 
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CHAPTER III: THE HIGH ATLAS 

A. General Remarks 

The High Atlas is a linear mountain range oriented 

approximately ENE-WSW. It stretches for a distance of over 

800 km from the Atlantic coast of Morocco, across southern 

Morocco and Algeria, and into Tunisia. The range is gener¬ 

ally 50-100 km wide; the highest elevations, well over 

4000 m, are reached by peaks along the northern margin of 

the chain. 

The High Atlas, which is regarded as a "minor 

geosyncline” by de Sitter (1964), was filled during the 

Lias and Dogger with predominantly marine carbonate sedi¬ 

ments, which locally may be many thousands of meters thick 

(Choubert and Marcais, in prep.). These sediments were 

then folded and uplifted in the Tertiary (Faure-Muret and 

Choubert, 1971). 

The present fold style of the High Atlas is symmetric 

and deceptively simple, consisting of sharp, angular anti¬ 

clines alternating with broad, flat-bottomed synclines. 

The anticlinal axes parallel each other but are at a small 

angle to the trend of the mountain chain. The anticlines 

are generally broken; they are overturned to the north in 

the northern part of the chain, and to the south in the 
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southern part. This fold style has been interpreted as 

Jura-style décollement by de Sitter (1964), but it may 

also be the result of Tertiary wrench tectonics (M.A. 

Schupbach, personal comm., 1975). 

B. Depositional History 

The High Atlas was the site of a short-lived, linear 

trough, which evidently formed in the Triassic during the 

initial rifting of Africa and North America (Evans et^ aj^., 

1974). Subsidence beginning in the Triassic and possibly 

the earliest Lias resulted in deposition in the trough of 

evaporites, redbeds, and basalts directly on Paleozoic 

basement; the trough was filled with sediments toward the 

end of the Middle Jurassic (Warme et al., 1974). Carbonate 

sedimentation in the High Atlas began with the first marine 

transgression in the early Lias. 

During most of the Lias (and perhaps part of the Dogger), 

the High Atlas exhibited a symmetric, three-fold facies dis¬ 

tribution (Warme et^ a^l., 1974). A "shelf" facies, char¬ 

acterized by lagoonal, intertidal, and supratidal deposits, 

and local reef growth, developed on the northern and 

southern margins of the chain (Kendall and Evans, 1973). 

A "slope" facies, consisting of turbidites and slump 

deposits containing shelf-derived material, flanked the 
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northern and southern margins of the basin (Evans, et al., 

1973) . A "basinal" facies, composed of deeper-water lime¬ 

stones and marls with some isolated micritic masses and 

organic buildups occupied the central regions of the High 

Atlas Trough; most of these sediments were apparently 

deposited at water depths in excess of 1000 m (Evans 

et al.( 1974, 1975). 

A widespread regression, corresponding to a "distant 

withdrawal of the sea", occurred during the lower Toarcian; 

vast land areas were formed, and red deltaic sediments were 

deposited in some areas (Faure-Muret and Choubert, 1971). 

Toarcian rocks in the vicinity of the study area have not 

been studied in any detail, but in a brief field recon¬ 

naissance, I found them to consist of monotonously inter- 

bedded marls and ammonite-bearing micritic limestones, 

that were presumably deposited in deep water. 

An important new transgression, which may have been 

the result of a eustatic rise in sea level (du Dresnay, 

1971), began at the end of the Toarcian and continued 

through the Aalenian and lower Bajocian (Faure-Muret and 

Choubert, 1971). This transgression brought a new ammonite 

fauna, as well as belemnites, which previously had been 

rare in the High Atlas region (Dubar, 1949). On the 

southern shelf, the transgression is recorded by a 
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deepening-upward sequence, with supratidal deposits at the 

base, followed by intertidal deposits and subtidal sediments, 

and finally by "lagoonal" deposits at the top (Evans et al., 

1974). perhaps the most important consequence of this 

transgression was the deposition of a widespread and thick 

unit that apparently includes most of the rocks of my study 

area. According to du Dresnay (1967), this unit is known 

from the Middle Atlas, where it is called the Marls of 

Boulemane; in the High Atlas, it is known as the Marls of 

Talsint. Typically, the Marls of Talsint consist of up to 

1200 m of marls interbedded with generally unfossiliferous 

limestones, but within which a few brachiopods, ammonites, 

and pelagic bivalves (Posidonia) can be found. In contrast, 

the upper 100 meters of the Marls of Boulemane (the "cal¬ 

caires subrecifaux" of du Dresnay, 1967, and other French 

geologists) bear an abundant and diverse fauna, including 

echinoids, brachiopods, bivalves, gastropods, and corals. 

This upper unit is locally reefy and is well exposed in the 

study area. 

This gradual replacement of deeper^water sedimentation 

by shallower^water sedimentation continued through the 

Bathonian. Subsidence in the High Atlas Trough apparently 

ceased in the Bathonian (Choubert and Marcais, in 

prep. ), and marine carbonate sedimentation was replaced by 
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the deposition of non-marine red sandstones (Faure-Muret 

and Choubert, 1971). 

The Jurassic of the High Atlas Trough, in summary, may 

be regarded as a giant cycle, beginning with continental 

redbeds in the Triassic, continuing with marine carbonates 

in the Lias and Dogger, and terminating with continental 

redbeds in the uppermost Dogger (and Malm?). It should be 

noted that throughout the Lias and lowest Dogger, the Atlas 

trough was narrowing, and the axis of the trough was slowly 

shifting northward. At the same time, red continental 

deposits were upgrading basinward from the southern and 

western margins of the trough (Dubar, 1949). 

The Jurassic of the High Atlas was, in general a 

tectonically quiet period (Arkell, 1956). However, there 

is some evidence of tectonic movements during the Toarcian 

(Faure-Muret and Choubert, 1971), the Aalenian and Bajocian 

(Dubar, 1949), and the Bathonian (Faure-Muret and 

Choubert, 1971). 

C. Aalenian-Baiocian Paleocreographv 

During the Aalenian and Bajocian time, the High Atlas 

apparently was a linear, east-west trending trough of 

predominantly carbonate sedimentation (Figure 5). This 

sedimentary basin was probably about 800 km long and varied 
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in width from about 100 km in its western part to at least 

300 km in Algeria. The rocks exhibit well-developed basin, 

basin margin, and platform facies (du Dresnay, 1971). 

In the deeper-water central regions of the trough, marls 

with Zoophycos (= "marnes a Cancellophycus") and marls with 

pelagic bivalves (= "marnes a Posidonies") were deposited. 

Locally, near the edges of the basin, these marly deposits 

contain large slump blocks of reef material (du Dresnay, 

1971). 

A restricted, shallow shelf sea surrounded the basin. 

The platform carbonate deposits left by this sea are best 

known from the High Plateaus to the northeast, where they 

form a monotonously bedded sequence, generally about 200 m 

thick, of dolomites and dolomitic limestones. The fossil 

fauna of the High Plateau deposits is sparse, but includes 

forams, dasycladacean algae, brachiopods, and bivalves 

(du Dresnay, 1967, 1971). The southern platform displays 

lagoonal deposits, oolites, encrinitie and sandy limestones, 

and supratidal and intertidal deposits with stromatolites, 

in the southwestern part of the Midelt quadrangle (Dubar, 

1949) and in the region north of Ksar-es-Souk. 

Locally, there was great reef development on the break 

in slope between the basin and platform; these reefs are 

now largely dolomitized. Aalenian-Bajocian shelf-edge reefs 
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are best known from the region of the High Plateaus, where 

they have been described by du Dresnay (1967, 1971). 

Large, emergent areas were present beyond the southern, 

western, and northwestern margins of the High Atlas Trough. 

To the south lay the Saharan Platform, a vast landmass 

existing throughout the Jurassic, which supplied terrigenous 

sediments to many Jurassic formations in North Africa 

(Arkell, 1956). A fringe of red beds and detrital sediments 

(in the words of du Dresnay, 1971, "couches rouges et 

facies détritiques") separated this Saharan landmass from 

the platform carbonates of the southern shelf. On the 

western margin of the trough, Aalenian red marls and green 

claystones with brachiopods and plant debris merge westward 

into beds containing tracks of terrestrial reptiles (Roch, 

1950). These beds in turn wedge out farther to the west 

onto the central Hercynian Massif, which was another great 

emergent area of the Jurassic (de Sitter, 1964). The 

Moroccan Meseta, to the northwest of the High Atlas Trough, 

was apparently never submerged during the Jurassic 

(Arkell, 1956) . 
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CHAPTER IV. PROCEDURES 

A. General Remarks 

During the summers of 1973 and 1974, I spent a total of 

18 weeks in Morocco. About 12 weeks of this time were de^ 

voted to doing field reconnaissance and measuring sections 

in the study area; the remaining 6 weeks were spent in 

reconnaissance of other areas in the High and Middle Atlas. 

The locations of all measured sections and sample 

localities are shown in Figure 3. Each section and locality 

was sampled, photographed (in black-and-white and in color, 

with a Kodak Instamatic camera) and described in the field. 

Sample workup included polished sections, thin-sections, 

peels, insoluble residue analyses, a limited number of 

Scanning Electron Microscope (SEM) observations, and a 

limited search for dolomite using a staining technique. The 

procedures involved in each phase of sample workup are 

described in this chapter under the appropriate headings. 

A summary of the application of these procedures to each 

sample locality and measured section is given in Table 1. 

(It should be noted that the 148 thin-sections from 

Localities I and II, and the peels and polished sections 

from Section KE, were not studied in detail.) 

I have established certain conventional terms in 
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describing the lithologies of rocks in the field. The 

term "marl" is used to describe a wide spectrum of 

lithologies that form gentle to moderate slopes and that 

weather into small chips and flakes. The term "marly lime¬ 

stone" is used to describe marls that are indurated enough 

to allow the manufacture of thin sections. The resistant 

ledge- and cliff-forming limestones are classified according 

to Dunham's system (Durham, 1962), with three exceptions. 

First, I use the term "micrite", instead of Dunham's 

"mudstone". Second, I use a grain content of 5% to distin¬ 

guish micrites from wackestones, instead of Dunham's 10%. 

Third, I do not use Dunham's term "boundstone", because for 

the rocks of the study area, this term seems too interpretive. 

The adjective "nodular" describes those limestones that 

consist of subspherical masses of carbonate enveloped by 

thin seams of argillaceous material, and that weather into 

subspherical balls. The term "sandstone" refers to the 

very thin, resistant, orangish- to reddish-brown ledges that 

have a large content (greater than 20%) of silicate grains, 

as determined in the field by acid solution. 

B. Field Methods 

(1) Measured Sections 

Stratigraphic sections were measured to the nearest 
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tenth of a meter using the Hewitt method (Kottlowski, 1965) 

and a Jacob's staff. The possible error using this method 

is 5% (Kottlowski, 1965). In areas of extensive cover, such 

as on the floor of the valley of the Oued Ziz, I used a 

standard triangulation technique (Kottlowski, 1965, p. 122- 

125) for estimating the stratigraphic thickness that is 

hidden by alluvium. A Brunton compass was used in 

all triangulation measurements and in determining strike 

and dip of beds. 

The frequency of sampling in the measured sections 

depended on the nature of the stratigraphic interval being 

measured. In monotonous marly sections, samples were taken 

at intervals of 5-10 m. in the more varied limestone 

sections, samples were more closely spaced, commonly at 

0.5 - 1.0 m. All fossiliferous horizons were extensively 

sampled for macrofossils. 

A total of 14 stratigraphic sections were measured. 

Five of these sections (Sections RL5, CRL5, L5D, D, and 

III), arranged in ascending vertical sequence, constitute 

the Main Section (see Figures 8 and 9). Five other sections 

(KE, KW, PR, X, and JT) were spaced at roughly equal 

intervals along the northwest, west, and south slopes of 

jebel Assameur; those sections are described in Appendix 1. 

Two sections (3A and 3AA) which were measured in the patch 
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reef tract were not worked up. Two very short sections 

(SL5 and 2SL5) are briefly described in Appendix 1. 

(2) correlation of Measured Sections 

The correlation of several of the measured sections 

is shown in Figure A-7. 

Several methods were used in correlating the sections. 

Most often, certain key beds (usually resistant, cliff¬ 

forming nodular limestones) were traced from one section 

to another using binoculars and Polaroid photographs. Most 

of the correlations shown in Figure A-7 were established in 

this way. Sometimes, it was not possible to follow key beds 

with certainty because of faulting, landslide cover, or 

other problems. In these cases, beds of distinctive or 

unusual lithology were used to correlate between sections. 

Most of the correlations marked with question marks in 

Figure A-7 were made in this way. Still another method was 

used to correlate Localities JTC, LC-1, LC-2, SL5, and 

2SL5 with Unit B of the Main Section? all these localities 

occur at or near the Aalenian-Bajocian boundary as mapped 

by Choubert et al. (1956) and are thus assumed to be time- 

equivalent. 
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C. Laboratory Methods 

(1) Thin-sections 

o 
Each thin-section has a surface area of about 8 cm . 

No cover slips were used; the thin-sections were coated with 

castor oil and examined under the petrographic and binocular 

microscopes. 

The identification of particle types in thin-section 

was greatly facilitated by use of the following references; 

Bolliger and Burri (1970), Carozzi ejt a^l. (1972), Cita 

(1965), Cuvillier (1956), Elliot (1962), Fischer (1962), 

Giron and Trejo (1974), Horowitz and Potter (1971), Lehmann 

ert a_l. (1967), Majewskie (1969), Perconig (1968), Rey 

and Nouet (1958), and the AGIP volume on Italian microfacies 

(AGIP, 1959). Dr. J. L. Wilson (Rice University) also iden¬ 

tified many of the particles. Some of the more exotic 

particle types that occur in the study area are discussed in 

Appendix 2. 

(2) Polished Sections 

Polished Sections were made from sawn rock slabs about 

1 cm thick that were cut perpendicular to bedding. One 

surface of each slab was ground flat with 240 grit and 

then polished with 1000 grit. The polished surface was 

coated with castor oil and examined under a binocular 

microscope. 



21 

(3) Peels 

Plexiglas peels and wet peels were made from polished 

sections that had been etched for 5-15 seconds in a solution 

of one part technical grade (about 90%) formic acid to five 

parts tap water, and allowed to dry overnight. Plexiglas 

peels were made from two-inch-square plexiglas sheets 

(1/16 inch thick), following the procedure of Frank (1965). 

Wet peels were made using a solution of parlodion and amyl 

acetate, using a standard procedure (J.L. Wilson, personal 

communication); these peels were then mounted between glass 

slides. Both plexiglas and wet peels were examined under 

the binocular microscope. 

(4) Staining for Dolomite 

Eleven samples from the Main Section that were 

suspected of containing dolomite were stained, using a 

standard procedure (Friedman, 1971). A piece of dolomite 

from the Dolomite Alps, provided by Dr. J. L. Wilson (Rice 

University) was used to verify the effectiveness of the 

staining procedure. 

(5) Insoluble Residue Analyses 

The relative percentage by weight of non-carbonate 

components ("insoluble residues") to total sample weight 

was determined for each of 23 samples by the following 

procedure. (1) All weathering crusts and rinds were 
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removed from the sample, which was then rinsed with tap 

water (to remove dust) and dried in an oven. (2) About 

50 g of the sample were crushed into sand-size fragments; 

the weight of the crushed sample (to the nearest 0.1 g) 

was recorded as the "weight of raw sample". (3) The sample 

was placed in a 600 ml beaker and allowed to be digested 

by a solution of one part technical grade (about 90%) formic 

acid to five parts tap water. (4) After all of the carbonate 

in the sample was completely dissolved, the clear liquid was 

poured off. The remaining insoluble residues were washed 

three times with tap water and once with distilled water to 

remove any remaining formic acid. (5) The residues were dried 

in an oven. (6) The dried residues were removed from the 

beaker and weighed; this information was recorded as the 

"weight of insoluble residues". (7) The dried residues 

were spot-checked with formic acid solution to insure that 

no reactive carbonate remained. (8) The residues were 

briefly examined under the binocular microscope to determine 

roughly their composition and texture. 

Three samples of insoluble residues so prepared 

(samples AlS-1, -3, and -5) were soaked overnight in dis¬ 

tilled water and then sieved through a wet 4 $ (0.063 mm) 

screen to isolate the small amount of sand that was present. 

This sand was dried and mounted on a glass slide with 
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Lakeside cement. The mineralogies of the grains on the 

slide were tentatively identified using the petrographic 

microscope. 

The insoluble residues analyses helped answer the 

following questions; 

(a) resistant vs. non-resistant units 

What are the differences in insoluble residue content 

between the resistant, cliff-forming units and .the non- 

resistant, slope-forming units? The following procedure was 

used. A 6 m thick measured section was established approx¬ 

imately 100 m east of the Main Section, in rocks that are 

laterally equivalent to Unit c. The base of this section 

was in a non-resistant, slope-forming unit of marls and marly 

micritesy the top of the section was in a resistant, cliff- 

forming unit of micrite and wackestone. A total of seven 

samples (sample numbers 1S-1 to 1S-7 in Table 2 and Figure 

6) was taken at vertical intervals of approximately one 

meter. 

(b) lateral variations in insoluble residues within a 

single bed 

Can any systematic lateral variations in insoluble 

residues be found in a bed that covers a wide area? The 

following procedure was used. A widespread and easily 

correlatable marl bed (equivalent to a bed in Unit D of 
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the Main Section) was sampled at five points. The locations 

of the samples (AlS-1 to AlS-5) are shown in Figure 7. 

(c) terrigenous vs. carbonate sedimentation in "typical" 

rocks. 

What was the relative importance of terrigenous 

sedimentation compared with carbonate sedimentation during 

the deposition of some "typical" types of rocks found in 

the study area (for example, nodular limestones, reef- 

associated limestones, and basinal marls)? The following 

procedure was used. The weight percentage of insoluble 

residues was determined for each of eleven representative 

samples from the Main Section and overlying reef tract. 

These included: (a) two samples from nodular limestones 

in Units D and E; (b) three samples from the reef tract 

overlying the Main Section, including one sample each from 

the reef facies (Locality TJT), inter-reef facies (Locality 

TJT), and fore-reef foreset beds (Locality JFO)? (c) one 

sample from a bioherm in Unit D; (d) one sample from the 

monospecific black limestone (popularly known as "red 

macaroni rock") at the top of Unit F; (e) two samples from 

the channel-filling oolitic-peloidal grainstones of unit B; 

and (f) two additional samples of marls from Units A and C. 

(6) Scanning Electron Microscope 

Five samples were examined with the SEM to determine 
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the texture and structure of the micrite in the rocks of the 

study area. The samples were examined on gold-coated 

fracture surfaces. Each sample had a surface area of about 

one cm^ and was scanned for approximately one hour at 

magnifications from 2000x to 5000x. The samples consisted 

of the following: (1) a dark gray, fossiliferous wackestone 

(red macaroni rock) from Sample Locality 3A; (2) a light 

gray, fossiliferous wackestone from Locality TKE; (3) a 

dark gray, fossiliferous wackestone from a horizon at 

Locality i that is apparently equivalent (stratigraphically 

and lithologically) to Unit D of the Main Section; (4) a 

dark gray, laminated micrite from a horizon at Locality I 

that is also apparently equivalent to Unit D of the Main 

Section; and (5) a massive, dark gray micrite from the 

lower half of Unit A of the Main Section. 

(7) Exposure v£. cover and Limestone vs. Marl 

The approximate proportions of actual outcrop to 

covered zones, and of limestone to marl, were determined for 

each of the units of the Main Section by referring to meas¬ 

ured sections drawn at a scale of one inch = five meters. 

Resistant units were counted as limestones; non-resistant 

units were counted as marls. The data and results are 

presented in Table 3. 
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CHAPTER Vî PRESENTATION AND INTERPRETATION 

A. insoluble Residues - Results and Discussion 

(1) General Remarks. 

The results of all insoluble residues analyses are 

shown in Table 2. 

In the following discussions, I have assumed that the 

weight percentage of insoluble residues in a sample accu¬ 

rately reflects the relative importance of terrigenous and 

carbonate sedimentation at the time of deposition. All 

clays are presumed detrital rather than authigenic. Quartz 

grains that are anhedral and angular to rounded are 

believed to be detrital; in contrast, subhedral to euhedral, 

elongate quartz grains are apparently post-depositional, 

diagenetic products, and are referred to as authigenic 

quartz. Iron oxides, mainly limonite and hematite, are 

probably diagenetic and/or weathering products. 

I still hold some reservations about my interpretation 

of the insoluble residue analyses. I have assumed that all 

of the carbonate in the samples is of depositional origin; 

this assumption may be wrong. Many authors, notably 

Bathurst (1971), have pointed out that while modern lime 

muds commonly have a porosity of greater than 50%, ancient 

micrites (which presumably represent ancient lime muds) are 
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very dense, with little or no porosity. This observation 

apparently means that much of the carbonate in micritic 

limestones is of post-depositional, authigenic origin. But 

to what extent is this true for muddy rocks with a mixed 

carbonate-terrigenous composition? As far as I know, the 

answer to this question is unknown, and there is no final 

assurance that the weight percentage of insoluble residues 

truly indicates the relative importance of terrigenous and 

carbonate sedimentation. 

(2) Resistant vs. Non-resistant units. 

Figure 6 illustrates how weathering is clearly related 

to insoluble residue content. The resistant, ledge-forming 

limestone contains 20-25% insoluble residue (clays and 

detrital quartz), while the non-resistant, slope-forming 

marls and marly micrites contain 50-75%. It appears, there¬ 

fore, that resistant rock units in the study area contain 

stabs tant ially less terrigenous material than do the non- 

resistant units. If this variation is in fact due to 

depositional processes, then the relative rates of carbonate 

and terrigenous sedimentation must have varied considerably 

during the deposition of the interbedded marls and limestones 

of the study area. 
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(3) Lateral variations in Insoluble Residues Within a 

Single Bed. 

The locations and insoluble residue contents of five 

samples from a widespread and easily correlatable marl bed 

are shown in Figure 7. This bed is a 15-25 cm thick dark 

gray marl with abundant shell fragments and whole fossils of 

brachiopods and small clams. The small number of samples 

may not be significant, but for the present, I will assume 

that the observed variations are real. 

The residue contents show a general increase from 17% 

in the southeast to over 40% in the west, and northwest. 

(This marl bed showed no other systematic lateral variations.) 

These results probably reflect lateral variations in the 

relative rates of terrigenous and carbonate sedimentation. 

(4) Terrigenous vs. Carbonate Sedimentation in "Typical 

Rocks". 

The following discussion concerns the results of the 

insoluble residue analyses presented in Table 2. It should 

be noted that the small number of samples of certain rock 

types, such as nodular limestones (two samples) and channel 

grainstones (two samples), may not be significant. However, 

the results obtained were not unexpected, and it appears 

that the variations in the residue contents are environ¬ 

mentally significant 
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The insoluble residue contents of marls and marly lime¬ 

stones vary considerably, ranging from 16.7% to 73.8%; the 

average for 13 samples is 47.2%. All these samples are 

from what are believed to be the deeper-water rocks of 

Units A, C, and D of the Main Section. It is concluded that 

terrigenous sedimentation (mostly clay, with some quartzose 

silt and sand) was very important in the more basinal 

environments of this part of the High Atlas Trough during 

Aalenian and Bajocian times. 

The two samples of nodular limestones show insoluble 

residue contents of 8.9% and 11.5%. These samples are 

exclusively from limestone nodules and do not include the 

thin seams of more argillaceous material that, in outcrop, 

appear to surround the nodules. Therefore, it is unlikely 

that the residue contents of complete nodular limestone 

units are higher than is indicated by my results. However, 

considering the low residue contents of the nodules and the 

relatively small volume of the argillaceous seams, it 

appears that the true insoluble residue contents of "typical" 

nodular limestones are still less than those for marls and 

marly limestones. Thus, the nodular limestones were depos¬ 

ited at times of relatively reduced terrigenous sedimentation 

compared with carbonate sedimentation. 

The insoluble residue contents of reef-associated 
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rocJcs are uniformly low, averaging 2.8% for five samples, 

and ranging from 1.7% to 3.7%. These results indicate that 

carbonate sedimentation greatly exceeded terrigenous 

sedimentation in areas of reef development. 

The two samples from the channel-filling grainstones of 

Unit B show insoluble residue contents of 6.0% and 8.1%. 

The residues consist mainly of clay, but also contain a 

large proportion of iron oxides, which are presumably of 

diagenetic origin. Thin-section observations demonstrate 

that these iron oxides (and also the clays?) are concentrated 

in discolored particles (mainly lithoclasts, peloids, and 

ooids) and not in the clear, microsparry matrix. Thus, in 

the case of these grainstones, the importance of terrigenous 

sedimentation in the depositional environment was probably 

less than is indicated by the insoluble residue analyses. 

In summary, it appears that the rate of terrigenous 

sedimentation relative to the rate of carbonate sedimentation 

was highest during the deposition of the marls and marly 

micrites, intermediate during the deposition of the nodular 

limestones, and lowest during the deposition of the reefs 

and channel-filling grainstones. 

B. SEM Results and Discussion 

Electron microscope examination showed that the micrite 
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in all five samples investigated is composed of poorly 

sorted masses of anhedral to subhedral calcite. The crystals 

range in size from less than 1 micron to 24 microns, aver¬ 

aging about 2-3 microns. Except for rare, large rhombic 

crystals, most of the calcite is platy or fibrous. Where 

observed, intercrystalline boundaries are sharp and may be 

planar or irregular. Broken surfaces of individual crystals 

are smooth in some samples and strongly embayed and pitted 

in others; this pitted surface texture may be a result of 

solution. A few probable skeletal fragments of uniden¬ 

tifiable origin were observed in some of the samples. No 

coccoliths were observed. 

The following interpretation of these results should 

be regarded as tentative, due to the small number of samples 

and extremely small size of the samples compared to the 

great thickness of micrite in the study area. 

Two of the samples examined with the SEM were from 

reef-associated rocks of probable shallow-water origin; the 

other three samples were from rocks of supposed deeper-water 

origin. The SEM revealed no outstanding differences between 

deep-water and shallow-water micrites; all the micrites 

consisted of interlocking calcite grains averaging about 

2-3 microns in size. Micrite fabrics such as this are 

believed to result from the recrystallization of aragonitic 
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muds and unstable carbonate grains of skeletal origin 

(Fischer al.., 1967). Thus, it appears that both the 

deeper-water and shallower-water micrites were originally 

deposited as lime muds. 

C. Summary of vertical Changes in the Main Section 

The upward changes in lithologic and biotic features 

in the Main Section are best explained by a general shal¬ 

lowing of water depth in the study area during Bajocian 

time. Units A, B, and C were probably deposited in quiet, 

oxygenated, non-illuminated, deep-water environments; 

argillaceous sedimentation was very important, and most of 

the carbonate sediment was derived from shallow-water areas. 

In contrast, Units D and E were probably deposited in peri¬ 

odically agitated, we11-oxygenated, well-illuminated, shal¬ 

low-water environments; argillaceous sedimentation was much 

reduced, and most of the carbonate sediment was probably 

produced at or near the site of deposition. 

The vertical changes in the Main Section are listed 

below. 

(1) The fossil biota shows an upward increase in diversity 

(the number of different kinds of organisms preserved as 

fossils and fossil fragments) and density (the number 

of fossils and fossil fragments found in a given volume 
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HOW THE MAIN SECTION WAS MEASURED 
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fig. io Distribution of Selected Lithologic Features In Main Section 
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of rock). 

(2) Bottom-dwelling organisms (for example, clams, brachio- 

pods, corals) are predominant in Units D and E, while 

planktonic and nektonic organisms (for example, ammonites, 

belemnites, Posidonia) are predominant in Units A and C. 

(3) The bottom-dwelling fauna changes from mainly soft- 

bodied forms (preserved only as trace fossils) in Units A 

and C, to a more shelly fauna in Units D and E. 

(4) Bioherms occur in Units D and E but do not occur in 

Units A, B, and C. 

(5) Biological reworking of sediments (burrows and bio- 

turbation) is more complete in Units D and Ey laminations 

and other hydrodynamic structures are more common in Units 

A, B, and C. 

(6) Particles with micrite coatings are abundant in Units 

D and E, but rare in Units A and C. 

(7) Ooids, darkened peloids, and lithoclasts are found 

much more frequently in Units A, B, and C than in Units 

D and E, 

(8) Grain-supported textures are much more abundant in 

Units D and E than in Units A and c. 

(9) Nodular limestones are found only in Units D and E. 

The nodular limestones of unit E are much thicker than 

those in Unit D 
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(10) Quartz sandstones are found only in Units c and D. 

(11) Limestones show an upward increase in importance rela¬ 

tive to marls (see Table 3). 

(12) Most of the rocks in the Main Section are dark gray 

to black in color; however, many of the rocks in the 

overlying patch reef tract are much lighter in color. 

Most of these vertical changes in lithologic and 

biotic features support the hypothesis that the Main Section 

is a shoaling-upward sequence. Increasingly shallow-water 

conditions are indicated by the vertical distribution of 

micrite coatings, soft-bodied v£. shelly benthic organisms, 

pelagic v£. benthic organisms, and color. 

(1) Particles with micrite coatings first become abundant 

near the top of unit c. Such coatings are believed to form 

by the precipitation of micrite in the vacated borings of 

endolithic algae (Bathurst, 1971). Thus, micritized 

particles suggest the presence of algae, which in turn 

suggests a shallow, photic-zone environment for Units D and 

E. conversely, the near absence of micritized particles 

in Units A and C implies that these units were deposited 

in deeper, possibly aphotic waters. 

(2) The benthic fauna of Units A and C is represented mainly 

by trace fossils, and therefore probably consisted mainly 

of soft-bodied organisms, in contrast. Units D and E 
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contain a large shelly benthic fauna. In modern seas, 

shelly benthos dominate shallow-water environments, while 

soft-bodied benthos dominate deep-water environments. 

(3) The shelled fauna of Units A and C is composed 

predominantly of pelagic and nektonic forms, while the 

shelled fauna of Units D and E is composed mainly of 

benthic forms. This suggests that Units A and C were 

deposited in deeper, more open-marine conditions than were 

Units D and E. 

(4) The rocks of the Main Section are predominantly dark- 

colored, while many rocks in the patch reef tract are light- 

colored. This difference in color may be due to variations 

in the content of free carbon and/or argillaceous material. 

This situation is analagous to one in the Permian Reef 

Complex of west Texas, in which the color variation may be 

related to the inferred depth of deposition; the rocks of 

the shallow-water Tansill Formation are light, while the 

rocks of the deeper-water Lamar Member of the Bell Canyon 

Formation (which is time-equivalent to the Tansill) are 

dark (Tyrell, 1969). 

Increasingly favorable bottom conditions (better 

oxygenation, warmer water temperatures, and possibly lower 

turbidity) are indicated by the restriction of bioherms to 

Units D and E, and by the following vertical changes: 
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(1) the upward increase in biotic density and diversity; 

(2) the upward increase in the degree of biological reworking 

of sediments vs^. hydrodynamic reworking; and (3) the upward 

increase in the predominance of benthic organisms over 

pelagic and nektonic organisms. 

Grain-supported textures show an upward increase in 

importance, probably reflecting an increase in biological 

productivity and degree and frequency of bottom-water 

agitation. 

The upward increase in the proportion of limestone to 

marl is an indication of the increasing importance of 

carbonate sedimentation over terrigenous sedimentation. This 

increased carbonate sedimentation, along with shallower- 

water conditions and apparently intensified biological 

productivity, suggests that much of the carbonate sediment 

in Units D and E was produced at or near the site of 

deposition. In contrast, the carbonate sediment deposited 

in the deeper-^water environments of Units A, B, and C was 

probably not produced in the environment of depositon, but 

rather was washed in from shallower waters. This contention 

is supported by the presence in Units A, B, and C of certain 

non-skeletal particles (such as ooids, darkened peloids, 

and lithoclasts) that have no known source in the study area. 
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D. Unit A 

(1) Summary 

Unit A is a thick sequence (525 m) of rhythmically 

interbedded, gray to black marls and muddy limestones (98%) 

gray to dark gray grainstones (1-2%), and a few altered beds 

(less than 1%) . These rocks are of Aalenian age. They were 

probably deposited on or near the base of a gentle northwest¬ 

dipping slope in a deep-water, oxygenated, marine environment, 

at depths of a few hundred meters. 

(2) Marls and Muddy Limestones 

Unit A consists mainly of muddy limestones (micrites, 

wackestones, and packstones), which form resistant ledges, 

and marls (including calcareous shales, marly micrites, and 

wackestones), which are nonresistant and form gentle slopes. 

These limestones and marls are more or less rhythmically 

interbedded, with the thickness of the limestone-marl pairs 

ranging from less than 20 cm to over 10 m? most of the pairs 

are 0.5-2.0 m thick. The pairs appear to be laterally per¬ 

sistent and of constant thickness along strike; however, the 

restricted nature of the outcrops rarely allowed me to 

trace beds for more than 100 m. 

The nonresistant marls range from less than 5 cm to 

over 10 m in thickness. On fresh surfaces, they are greenish 

or brownish gray, dark gray, or black. The marls generally 
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weather into chips or flakes that are green or greenish or 

brownish gray. Some of the marls weather into paper-thin 

sheets, while others are indurated enough to allow the 

manufacture of thin sections. 

The resistant limestones range in thickness from 1 cm 

to 30 cm. On fresh surfaces, they are gray, dark gray, or 

black, and generally weather to a light orangish brown. The 

lower contacts of the limestones with the marls are usually 

gradational within 1-10 cm; the upper contacts are also 

usually transitional but appear to be sharp in some cases. 

I observed a few thin (1-5 cm thick) limestone beds that had 

sharp upper and lower contacts with the surrounding marls. 

In thin-section, most of the limestones and marly lime¬ 

stones are sparsely fossiliferous micrites and wackestones. 

Packstones are rare. The micrite matrix of most of the lime¬ 

stones and marly limestones is usually clotted ("structure 

grumeleuse"). Silt- and very fine sand-size detrital quartz 

is ubiquitous, occurring in discrete, millimeter-thick 

laminae or as individual grains scattered in the micrite 

matrix. Detrital quartz rarely covers more than 2-3% of the 

surface area of a given thin section. I observed a few sand- 

size rock fragments (polycrystalline quartz) and light brown 

clay chips. Peloids are common; most are very fine to fine 

sand-size, rounded to subrounded, darkened by iron oxides or 
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pyrite, and virtually identical to the peloids found in the 

grainstones of unit B. Some of these peloids are recognizable 

as rotted foraminifers. Some larger peloids, which may be 

Favreina (see Appendix 2), were observed in a few thin sec¬ 

tions. Ooids are extremely rare, occurring as scattered, 

individual particles. Skeletal fragments are common but often 

difficult to identify, because they generally are recrys¬ 

tallized and occur as broken, angular to rounded, silt- to 

medium sand-size particles. Pyrite and iron oxides (limonite 

and hematite) are common in burrows and as replacement min¬ 

erals in carbonate particles; specks of iron oxides and pyrite 

are also scattered in the micrite matrix. Euhedral to sub- 

hedral crystals of authigenic quartz and feldspar are scat¬ 

tered in the micrite matrix and concentrated in certain 

skeletal fragments. 

In outcrop, I observed very few types of fossils in the 

marls and limestones of Unit A. Belemnites and impressions 

of Posidonia are fairly common on the tops of limestone beds. 

Some bedding planes are literally covered with ammonites and 

ammonite impressions; the ammonites are often replaced by 

pyrite and/or iron oxides. 

A much larger number of fossil fragments is identifiable 

in thin section. Most common are fragments of Posidonia, 

ostracodes, foraminifers, possible sponge spicules, 
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echinoderms (including a few echinoid spines and crinoid 

columnals, and some possible Saççoçoma), Globochaete (see 

Appendix 2), and some possible radiolarians and/or 

calcispheres. I also found one fish scale, one possible 

coral fragment, and some very rare fragments of brachiopods, 

gastropods, clams, and "bundletubes" (see Appendix 2). A 

small number of the skeletal grains exhibit micrite coatings. 

Horizontal laminations and trace fossils are the most 

common sedimentary structures in the marls and limestones of 

Unit A. Diffuse, millimeter-thick laminations are common, 

especially in the marls and marly micrites. These laminations 

are marked by shaly partings, color-banding, or (rarely) lines 

of silt- to very fine and sand-size particles (usually detrital 

quartz). The laminations are often laterally discontinuous. 

Micro-cross-laminae are rare. Some of the laminae are 

thicker (about 0.5-1.5 cm thick), sharply bounded, and 

laterally continuous; these usually have a packstone texture 

and sometimes exhibit graded bedding. Elongate skeletal 

fragments, especially Posidonia valves, are usually oriented 

parallel to bedding. 

In outcrop, Zoophycos and some miscellaneous tracks and 

trails are commonly observed on the tops of limestone beds. 

In polished and thin sections, most of the limestones and 

marly limestones exhibit a greater or lesser degree of 
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bioturbation and/or burrow mottling. Burrows are commonly 

horizontal or sub-horizontal, circular to elliptical in cross- 

section, 1-10 mm in diameter, and appear discontinuous in 

polished sections. Some burrows are filled with pelleted 

micrite and have pelleted margins. Many exhibit large concen¬ 

trations (5% or more) of pyrite and/or iron oxides, which 

occur as time specks. Some of these burrows may be Planolites: 

others are beautifully back-filled and may be Zoophvcos. 

(3) Grainstones 

Grainstones in Unit A occur in two settings - in beds 

and exotic blocks. The exotic blocks are very restricted 

in occurrence and are described below under the heading 

"Evidence for soft-sediment deformation." The following 

discussion is concerned mainly with the bedded grainstones. 

The grainstone beds occur in discrete horizons, 

restricted to the middle and lower parts of Unit A. These 

horizons consist of interbedded marls and grainstones and 

range in thickness from 1 to 14 m. The individual grainstone 

beds range from less than 1 cm to nearly 50 cm, but most 

are 2-5 cm thick. These beds are usually separated by marls 

that are 1-10 cm thick. The upper and lower contacts of the 

grainstones with the surrounding marls are nearly always 

sharp, but are usually irregular and undulatory and rarely 

planar. I was unable to determine whether or not the 
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individual beds are laterally persistent; many pinch and 

swell in outcrop, but rarely disappear completely. in one 

case, i was able to trace a grainstone horizon about 200 

meters as it thinned from 2 m to 0.5 m. Thus, some of the 

grainstone horizons may be filling channels that are 

several hundred meters wide and only a few meters deep. 

On fresh surfaces, the grainstones of Unit A are gray, 

dark gray, and brownish gray. The grainstone beds are 

resistant and weather as gray, light brown, and orangish- 

brown ledges. 

Some lithologic characteristics, such as shape sorting, 

size sorting, and rounding, appear to vary significantly with 

the thickness of the grainstone beds. In general, the 

thin grainstones (1-10 cm thick) are very well sorted by 

size and shape, being composed mainly of very fine- to fine¬ 

grained, subspherical particles (mostly peloids): most of 

the particles are subrounded to well rounded. In contrast, 

the thicker grainstones (10-50 cm thick) are composed of a 

greater variety of particles (including peloids, ooides, 

lithoclasts, and bioclasts), which range in size from very 

fine-grained sand to pebbles. Most of the ooids, peloids, 

and lithoclasts are subspherical, but many of the large 

bioclasts are elongate and irregular in shape, making the 

thicker units less well sorted by shape than the thin units. 
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Most of the particles in the thick units are subrounded to 

well rounded. Some of the thick grainstone beds of Unit A 

are petrographically identical to the grainstones of Unit B. 

A large number of skeletal fragments are identifiable 

in the Unit A grainstones. These include fragments of 

clams (including oysters and possible lithiotids), gastropods, 

echinoderms (including crinoid columnals and echinoid 

spines), bryozoans, foraminifers, corals, bone (?), worm 

tubes, calcareous sponges (?), bundletubes, brachiopods, 

some possible radiolarians and/or calcispheres, and 

Cayeuxia (?). Many of the skeletal fragments are partially 

or completely micritized. Many others are recrystallized 

to fine- to coarse-grained calcite spar. 

Nonskeletal particles include peloids, ooids, and 

lithoclasts. Most of the peloids and ooids are less than 

1 mm in diameter, while the lithoclasts may be as large as 

20 cm. peloids are by far the most common particles in 

the Unit A grainstones; in some beds, they constitute 

90% of the particles present. Many of the peloids are 

elliptical to subcircular in outline, and may be hardened 

fecal pellets. Others are identifiable as rotted bioclasts, 

especially foraminifers. The ooids include both ellipsoidal, 

superficial ooids with few layers and "normal", spherical 

ooids with many layers. Both types show radial and 
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concentric structures and have isopachous layers. The 

nuclei of the ooids are usually peloids, small lithoclasts, 

or small bioclasts (especially foraminifers). Some broken 

ooid fragments were also observed. The lithologies of the 

lithoclasts range from dense micrites, wackestones, and 

packstones to oolitic-peloidal grainstones. Some litho¬ 

clasts are identifiable as worn and abraded steinkerns of 

of clams, brachiopods, and gastropods. 

I also found a few rock fragments, composed of 

polycrystalline quartz, and some scattered angular grains 

of fine-grained quartz sand. 

The matrix of the Unit A grainstones is generally very 

fine- to fine-grained calcite spar, although medium- to 

coarse-grained spar was seen in some thin-sections. In 

some cases, the spar is finer-grained near the surfaces of 

particles and coarser-grained away from the particles. 

There are scattered patches of micrite, the borders of 

which sometimes grade into very fine-grained spar. 

The most common sedimentary structures in the grain¬ 

stones are plane laminations, crossbeds, and trace fossils. 

Some beds are graded by size, with coarse skeletal debris 

concentrated near the base of the bed, and ooids and 

peloids concentrated near the top. Some rather poorly 

developed sole markings, including flute casts, tool marks. 
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and load casts, are discernable on some beds. Clasts of 

light brown argillaceous material are common, and range in 

size from 1 cm to 50 cm, especially in the basal parts of 

the thicker grainstone beds. These are interpreted as 

rip-up clasts, because they are often internally deformed, 

their edges drawn out and wispy, (but sometimes sharp), and 

their lithology resembling that of the marls that surround 

the grainstones. Ripple marks are present but uncommon. 

Elongate skeletal fragments, such as brachiopod and clam 

valves, are usually oriented parallel to bedding. Several 

structures indicating compaction occur in the coarser- 

grained units; these include flooring and roofing structures, 

exfoliated ooids, and crushed skeletal grains. A wide 

variety of trace fossils exists in the grainstones, especially 

in the thin beds that occur near the base of Unit A (at 

Section RL5 - see Figure 3). The most common trace fossils 

are the meandering, horizontal tracks and trails that occur 

on the weathered tops of beds. One large specimen strongly 

II 

resembles the Phycodes figured by Hantzschel (1962) and the 

"digitating feeding probe" of Warme and Olson (1971). Other 

specimens resemble Granularia and the "Feather-Stitch Trail" 

of Hantzschel (1962). Zoophycos and Chondrites are fairly 

common. 

The most common diagenetic features in the grainstones 
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of Unit A are tiny, euhedral to subhedral crystals of 

authigenic quartz and feldspar? these occur in both 

particles and matrix. Many of the skeletal and most of the 

nonskeletal grains are stained yellow, orange or red by iron 

oxides (limonite and hematite). Some grains are partially 

or completely replaced by pyrite. Locally, the grainstones 

are overpacked and exhibit microstylolites and inter¬ 

penetrating grains with sutured grain contacts. in the 

thicker beds, a few large stylolites with amplitudes of 

1-10 cm were observed. 

4. Altered Beds 

These are described in Appendix 3. 

5. Evidence for Soft-sediment Deformation 

Structures indicative of soft-sediment deformation are 

observable in a 2-3 meter thick horizon near the base of 

Unit A. These structures include slump folds, exotic 

blocks, and some peculiar rolled-up balls, which I call 

jellyroll structures. This deformed horizon contains beds 

about 10-50 cm thick and is fairly well exposed along the top 

of the cuestas around Section RL5 (see Figure 3 and 

Appendix 1 for the precise location). Undisturbed beds of 

marl and limestone overlie the horizon; and in general, the 

horizon is apparently conformable with the undistrubed, 

underlying beds. However, locally the lower surface of this 
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horizon is marked by small thrust planes, which are not 

laterally extensive and which appear to be arranged in an 

en echelon pattern, in outcrop, most of these thrust 

planes dip gently to the southeast at angles of 5° - 15° 

and disappear into the underlying thick marls and marly 

micrites. I was unable to determine the amount of lateral 

displacement that has occurred along these planes. 

The slump folds in this horizon are generally 

asymmetric, reclined to recumbent, open to isoclinal, and 

apparently anticlinal. Most of the axial lines strike 

northeast. The axial surfaces of most of the folds dip to 

the southeast although some dip to the northwest. The 

apparent sense of overturn is largely to the northwest but 

a few folds are overturned in the opposite direction. 

The rocks involved in these slump folds are predom¬ 

inantly resistant, ledge-forming dark gray to black micrites 

andwackestones, which contain scattered pyritized ooids and 

peloids and a few broken bioclasts (including fragments 

of echinoderms, posidonia, ostracodes, Globochaete (?), 

and possible radiolarians and/or calcispheres). These 

rocks are very similar in lithology to the undeformed 

limestones of Unit A, and were probably deposited in a 

similar environment. 

In some of the large, isoclinal folds, the rocks exhibit 
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a pervasive axial plane cleavage, which is usually oriented 

horizontally or sub-horizontally; this cleavage may have 

been formed by dewatering phenomena (B. C. Burchfiel, 

personal comm.)* In one polished section, irregularly 

shaped, spar-filled vugs, 2-5 mm across, were observed? the 

calcite spar may have filled pores that were created during 

the movement of the soft sediment. 

Several large, strongly jointed boulders of laminated 

oolitic-peloidal grainstones are scattered in the folded 

micrites and wackestones of the deformed horizon. I call 

these boulders exotic blocks because their lithology is 

completely different from that of the beds that are draped 

over and around them. These blocks weather to a peculiar, 

purplish-brown color and are slightly more resistant than 

the surrounding, fine-grained limestones. Their precise 

shapes and sizes are difficult to determine in outcrop, 

because they are never exposed in three dimensions. They 

appear roughly circular in outline (and presumably sub- 

spherical in shape) and up to 2 m in diameter. The 

contacts of the exotic blocks with the surrounding fine¬ 

grained limestones are wispy and gradational, suggesting 

that the blocks were still soft when emplaced, petro- 

graphically, the grainstones of these blocks strongly resemble 

some of the bedded grainstones that occur near the base of 
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Unit A (see pg. 41 ); thus, these two grainstones probably 

share a common origin. 

I observed two rather peculiar, egg-shaped structures 

in the deformed horizon, which I call jellyroll structures. 

These are ellipsoidal masses of limestones, the largest of 

which is 75 cm long and 30 cm in diameter. The long axes 

of the ellipsoids are horizontally oriented. These 

structures are entirely surrounded by marly, apparently 

unbedded, limestones. The prominent cleavage that cuts the 

marly limestones also cuts the jellyroll structures. In 

cross-section, the ellipsoids resemble jellyrolls, consisting 

of alternating layers of coarse-grained material and micrite. 

The layers are 1-4 cm thick and appear to be arranged con¬ 

centrically around the horizontal and vertical axes of the 

jellyroll structure, very small faults are common inside 

the jellyrolls, displacing the layers a few centimeters. 

The layers are dragged out along these microfaults, as if 

the faulting took place while the sediments were still soft. 

These jellyroll structures resemble the "whirl-balls" 

and "sandstone balls" that are figured by pettijohn and 

potter (1964). They also bear a resemblance to structures 

known as "hams" and "tear-drop structures", which are found 

in the Pennsylvanian of central Texas (John Van Wagoner, 

1975, personal comm.). The origin of these structures 
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is somewhat enigmatic, but is usually attributed to loading 

or slumping phenomena. 

In summary, a single horizon hear the base of Unit A 

bears abundant evidence of soft-sediment deformation. This 

horizon is 2-3 m thick, laterally extensive (for at least 

2 km), and is composed primarily of dark gray micrites and 

wackestones, which are lithologically similar to the other 

fine-grained limestones of Unit A. Where exposed, the upper 

contact of the deformed horizon is apparently conformable 

with the overlying, undeformed marls and limestones. The 

lower contact is locally marked by thrust planes. The 

sedimentary structures of this horizon include recumbent and 

isoclinal slump folds, exotic blocks, and jellyroll 

structures. The sense of overturn of most of the soft- 

sediment folds, including all of the larger ones, is to the 

northwest, indicating that the sediment was probably moving 

down a northwest-dipping slope. However, it is not clear 

whether the deformed horizon moved as a single mass or as 

a group of separate masses of sediment. 

6. Depositional environment 

The sediments of Unit A were probably deposited on .or 

near the base of a gentle, northwest-dipping slope in a 

deep-water environment. Sedimentation was characterized 

mainly by rhythmic, hemipelagic deposition of terrigenous 
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and calcareous muds, with occasional influxes of coarse¬ 

grained sediments from a shallow-water, carbonate platform 

on the southern margin of the High Atlas Trough. The 

hemipelagic sediments were periodically stirred up and re¬ 

deposited by occasional, strong bottom currents. 

A northwest-dipping slope is implied by the pre¬ 

dominantly northwest sense of overturn of the slump folds 

discussed in the previous section. I am uncertain of the 

slope magnitude, but submarine slumps are known to occur 

on slopes as gentle as 1° (Lewis, 1971). The presence of 

possible turbidites and pelagic turbidites in Unit A 

suggests that this slope may have been present throughout 

the Aalenian history of the study area. 

Several lines of evidence indicate that the sediments 

of Unit A were deposited in a marine environment, and pro¬ 

bably at depths of several hundred meters. Unit A consists 

mainly of a thick and monotonous sequence of dark, muddy 

sediments; this implies that quiet-water conditions prevailed 

for extended periods of time, resulting in the deposition 

of the finest sediment fractions. The fossil fauna of the 

marls and limestones is dominated by marine planktonic and 

pelagic organisms, including ammonites, belemnites, Posidonia, 

and radiolarians and/or calcispheres. The autochthonous 

benthic fauna, represented by trace fossils, was probably 
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dominated by soft-bodied forms (however, the ostracodes and 

many of the foraminifers may also have been local bottom- 

dwellers) . I observed no structures, such as mud cracks, 

algal structures, bird's eye structure, or bioherms, that 

would suggest shallow water or subaerial exposure. The dark 

color, pelagic fauna, microfacies, and monotonous bedding 

of the rocks of Unit A closely match the criteria given by 

Wilson (1969) for deeper-water limestones. 

The presence of burrows and bioturbation indicates that 

the sea floor provided a soft-bottom substrate. The 

abundance of trace fossils indicates that the bottom waters 

were oxygenated enough to support a significant number of 

bottom-dwelling organisms. However the occurrence of 

euhedral pyrite grains in many of the burrows suggests that 

reducing conditions were present not far below the sediment- 

water interface. 

Most, if not all, of the lime mud in Unit A was probably 

washed into deeper water from the shallow-water carbonate 

platforms that fringed the High Atlas Trough during Aalenian 

time (Figure 5). This contention is supported by several 

lines of evidence. The marls and limestones contain 

scattered particles of obviously shallower-water derivation, 

including ooids, darkened peloids, and broken and abraded 

fragments of organisms such as bundletubes, corals, and 
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brachiopods. These sediments probably did not originate 

as pelagic biogenous oozes, because ooze-forming organisms 

such as coccolithophorids and planktonic foraminifers did 

not become abundant until much later in Jurassic time. 

Studies of lime muds in modern carbonate environments indi¬ 

cate that lime mud can form abundantly only in very shallow 

water (less than 100 ft deep), and that this mud may be 

transported into deeper environments (Wilson, 1969). 

The terrigenous and lime muds may have been transported 

into the basin by a variety of mechanisms, including 

nepheloid layers (Nelson, 1975), turbid layer transport 

(Moore, 1969), and low-density and low-velocity turbidity 

currents. A substantial amount of clay- to very fine 

sand-size material may have been transported into basinal 

waters from surrounding land areas by eolian processes; 

wind-derived sediments are very important in some Recent 

depositional environments, including the Persian Gulf 

(Emery, 1956). I do not know which, if any, of these 

mechanisms of transport were important in the High Atlas 

Trough. Regardless of the mechanism of transport, most of 

the millimeter-laminated marls and limestones were probably 

formed by the slow, continuous settling of fines out of the 

water column. 

The rhythmic interbedding of marls and limestones in 
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Unit A indicates that the relative importance of terrigenous 

and carbonate sedimentation varied in a more or less regular 

manner over time. 

Periodic bottom currents of some strength are suggested 

by the presence of packstone laminae in some of the micrites 

and wackestones of Unit A. Some of these laminae exhibit 

graded bedding and contain broken fragments of posidonia 

and other pelagic organisms. This implies occasional 

reworking and redeposition of sediments by bottom currents 

in the deep-water environment, perhaps by pelagic turbidity 

currents. 

The bedded grainstones of Unit A were probably deposited 

in a deep-water environment by turbidity currents and/or 

other gravity-controlled mass-flow mechanisms. This is 

suggested by the following. The grainstones are composed 

mainly of sand-size particles of obviously shallow-water 

derivation. They occur as discrete beds in a thick sequence 

of much finer-grained sediments of deep-water origin. Depos¬ 

ition by high-velocity currents is indicated by the abraded 

nature of the particles, the almost complete absence of lime 

mud, and the presence of sedimentary structures such as 

crossbedding and plane lamination. The grainstones exhibit 

several structures that generally typify turbidity currents, 

including sharp, erosional lower contacts (which sometimes 
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exhibit flute casts, load casts, and tool marks), rip-up 

clasts, and graded bedding (in rare cases). Some of the 

grainstone beds appear to fill channels. The fact that 

burrows and other traces of biological activity are often 

restricted to the upper few centimeters of the beds suggests 

that each bed was deposited quickly as a single depositional 

event. 

The source area of most, perhaps all, of the particles 

in the Unit A grainstones was probably a shallow-water, 

Bahama-type carbonate platform with sand shoals and perhaps 

coral reefs. The skeletal fragments include pieces of algae 

and corals, which must have come from a well-illuminated, 

shallow-water environment. Ooids are abundant in the grain- 

stones. Modern, large-scale ooid formation is restricted 

to very shallow, well-agitated, warm-water, marine environ¬ 

ments (Heckel, 1972), and I presume that Jurassic ooids 

formed in similar environments. The presence of lithoclasts 

and rock fragments in the grainstones suggest that local 

hard-rock surfaces in the source area were undergoing ero¬ 

sion. Most of the particles in the grainstones are very 

well-rounded; much of the rounding may have occurred while 

the particles were still in a highly agitated, shallow- 

marine environment, such as a shelf-edge sand shoal. The 

diversity of particle types in the grainstones suggests a 
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diversity of environments in the source area, which is 

expected of a shallow-marine carbonate platform. Much of 

the mixing of these diverse particle types may also have 

occurred in the source area, in high-energy environments 

such as tidal channels and sand shoals. 

The source area of much of the carbonate sediment 

(particles and mud) was probably the shallow-water platform 

that fringed the southern margin of the High Atlas Trough 

(Figure 5). This platform area occurs upslope from the 

study area and is geographically closer to the study area 

than are the High Plateaus (Figure 5), which also were the 

site of a carbonate platform area during Aalenian time 

(du Dresnay, 1971). 

Unit A may have been deposited at or near the base of 

a submarine fan, but the restricted nature of the outcrops 

and the paucity of paleocurrent-indicating structures make 

this hypothesis difficult to prove. in a submarine fan 

model, the thicker grainstone beds might be interpreted as 

proximal turbidites or distributary channel deposits, and 

the thinner beds as distal turbidites or overbank deposits. 
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E. Unit B 

(1) Summary 

The rocks of Unit B are dark gray, massive and cross- 

bedded oolitic-peloidal grainstones that fill a broad, 

shallow channel about 3 km wide and 5 m deep. These channel¬ 

filling grainstones occur at or near the Aalenian-Bajocian 

boundary as mapped by Choubert, et_ al. (1956). The sands 

of Unit B were probably derived from a shallow-water 

carbonate platform located on the southern margin of the 

High Atlas Trough; the sands were transported into a deep¬ 

water environment by unknown mechanisms and deposited on or 

near the base of a gentle northwest-dipping slope. 

(2) Geometry 

The geometry of the channel is not entirely exposed 

in outcrop but is inferred from the apparent relationship 

of the grainstones at Section L5D ( Unit B of the Main 

Section) with similar rocks at Sample Localities LC-1 and 

LC-2 (see Figure 12). These rocks are all mapped as being 

at or near the Aalenian-Bajocian boundary (Choubert et^ al, 

1956) and therefore, are probably time-equivalent. 

At Locality LC-1, the grainstones rapidly thin westward 

from 2.8 m to 0.6 m, presumably pinching out a few meters 

farther to the west; Locality LC-1 is believed to be the 

western edge of the channel. At Locality LC-2, the 
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grainstones thin eastward within a few meters from about 

1.5 m to 0.7 m, and presumably pinch out a few meters 

to the east, Locality LC-2 is believed to be near the 

eastern edge of the channel. 

The contact of the grainstones with the underlying 

marls is sharp and slightly undulatory; the undulations 

may be due to scouring or loading. The contact of the 

grainstones with the overlying rocks is covered at all 

localities except Locality LC-1 where the grainstones 

grade upward within a few centimeters into a dark gray 

wackestone bed. 

I am uncertain of the precise orientation of the channel; 

I did not observe any reliable paleocurrent-indicating 

sedimentary structures. 

Channels that are similar to the Unit B channel in 

geometry, lithology, and stratigraphic position are better 

exposed in the eastern part of the study area (see descriptions 

of Localities SL5 and 2SL5 in Appendix 1). 

(3) Lithology 

The rocks of Unit B are gray to dark gray, oolitic- 

peloidal grainstones. Ooids and peloids constitute 50-80% 

of the particles; lithoclasts and skeletal fragments make 

up the remainder. The particles are poorly sorted by size, 

ranging from coarse silt-size to pebble-size fragments, 



59 

which may be 50 mm or more in longest dimension. The 

majority of the ooids and peloids are of fine sand- to 

coarse sand-size. Except for certain shell fragments 

(mainly mollusc and brachiopod), the particles are fairly 

well sorted by shape, being generally spherical to sub- 

spherical and ellipsoidal. Most of the particles are 

well-rounded; even the corners and edges of the robust 

mollusc fragments have been beveled and smoothed, presumably 

by abrasion. 

Many of the peloids are recognizable as rotted bioclasts 

(especially foraminifers). The ooids range from superficial 

ooids with only a few concentric layers to good ooids with 

many concentric layers. Both types exhibit, in many cases, 

radial and/or concentric structure. The nuclei of the ooids 

are usually peloids or small skeletal fragments. Many of 

the skeletal fragments in Unit B are completely micritized 

or exhibit micrite envelopes. Those fragments that are not 

thoroughly micritized are usually partially or completely 

recrystallized to fine- to coarse-grained calcite spar. I 

was able to identify fragments of brachiopods, bryozoans, 

ostracodes, clams (including oysters), several kinds of 

foraminifers, worm tubes, gastropods, ammonites, echinoderms 

(including echinoid spines and crinoid columnals), corals, 

Cayeuxia (?) (a green alga - see Appendix II), and calcareous 
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sponges. Whole, unbroken fossils are rare. In thin section, 

a few articulated brachiopods are visible; some of these 

are spar-filled, but most are filled by ooids, peloids, and 

lithoclasts. The interparticle areas are generally filled 

with very fine- to fine-grained calcite spar. Several lines 

of evidence indicate that this spar grew in pore spaces that 

existed while the sediment was still soft. 

(1) Strong currents, capable of eroding broad channels 

and depositing coarse silt-, sand-, and pebble size 

particles, are indicated by the general sedimen- 

tology of the unit. Such currents were probably 

capable of winnowing out most of the silt- and clay¬ 

sized fraction. 

(2) Soft-sediment compaction is suggested by ooid 

exfoliation, flooring and sheltering effects, and 

overgrowths on echinoderm particles, which are 

thicker on the under side of the particles than on 

the upper side. The formation of these structures 

would likely require an essentially mud-free sediment 

with abundant pore space. 

(3) Much of the void-filling spar becomes coarser- 

grained with increasing distance from particle 

surfaces, indicating that the spar grew from the 

particle surfaces into void space. 
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Although the original sediment was largely mud-free, it was 

not completely so. In several cases, I have observed small 

patches of micrite; this micrite generaly grades into fine¬ 

grained spar, implying local neomorphism of lime mud to 

sparry calcite. 

Most of the particles in these rocks are stained to 

a greater or lesser degree by iron oxides (presumably 

limonite and hematite), which impart yellowish-, orangish-, 

and reddish-brown colors to the particles. In thin-section, 

most of the Unit B grainstones are normally packed; however, 

samples taken from near "bedding planes" (described in the 

next section) are locally overpacked, with interpenetrating 

grains, sutured grain contacts, and abundant microstylolites. 

In these overpacked areas, iron oxides are extremely abundant. 

Euhedral to subhedral crystals of authigenic quartz and 

feldspar are very common in the sparry matrix and especially 

in lithoclasts, ooids, and peloids. There is very little 

void space in the rocks of Unit B; the rare voids that I 

observed are irregular in outline, cut both particles and 

matrix, and were probably formed by leaching associated 

with weathering. 

(4) Sedimentary Structures 

The sedimentary structures described below were ob¬ 

served in the outcrops and samples of Section L5D and 
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Localities LC-1 and LC-2. They include festoon crossbeds, 

rip-up clasts, plane laminations, some possible load casts 

and/or scour fillings, and some possible ripple structures. 

The horizontal parting surfaces, which resemble bedding 

planes, may be diagenetic in origin. I observed no 

structures such as burrows or bioherms, that would indicate 

in situ biological activity. In general, sedimentary 

structures are difficult to observe in Unit B, because the 

weathered surfaces are extremely pitted and often covered 

by whitish- and orangish-colored caliche crusts. 

In many areas of Unit B, especially at Section L5D, 

the grainstones exhibit horizontal parting surfaces that 

are vertically spaced at irregular intervals, ranging from 

2 cm to 20 cm. These parting surfaces give Unit B the 

appearance of being horizontally bedded. However, there is 

some evidence to suggest that these "bedding planes" may 

actually be pressure-solution surfaces. (1) Many of the 

parting surfaces are not laterally persistent. (2) While 

the surfaces are sharp, they are irregular and wavy and 

never planar. The surfaces are often coated with iron 

oxides (limonite). (3) Thin-sections from samples located 

at or near the parting surfaces show that the rocks are 

overpacked, with abundant microstylolites and inter¬ 

penetrating grains. This is in contrast to rock samples, 
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more normally packed, that are from areas located away from 

the parting surfaces. (4) Some of the outcrops contain no 

horizontal parting surfaces but do contain abundant, 

horizontally oriented stylolites with amplitudes of a few 

millimeters or centimeters. These stylolites weather in 

relief and are composed mainly of calcite, with a concen¬ 

tration of iron oxides. These facts indicate that the parting 

surfaces may not be bedding planes but rather stylolites. 

It may be argued that the stylolites formed preferentially 

along bedding plane surfaces, but I observed little evidence 

for this in the field. The resolution of this problem will 

require more detailed sampling and petrographic study than 

I have done. 

Light brown clay clasts, interpreted as rip-up clasts, 

were observed at all outcrops of the Unit B grainstones, but 

are particularly abundant at Localities LC-1 and LC-2. The 

lithology of the clasts appears similar to that of the marls 

that underlie the grainstones. The clasts are generally 

elongate and irregular in cross-section, and may be 1- 15cm 

in longest dimension. They are usually oriented with their 

long axes at a low angle to horizontal. The borders of the 

clasts with the surrounding grainstone are usually sharp, 

but wispy, drawn-out borders and deformed internal 

laminations were observed in some cases. The clay clasts 
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are sometimes concentrated in the basal parts of the 

grainstone horizon, but individual clasts are also scattered 

in the middle and upper parts of the horizon. 

Much of the grainstone exposed at Localities LC-1 and 

LC-2 exhibits small, festoon crossbeds. In outcrop, the 

crossbeds dip both east and west, but I was unable to 

determine the azimuth of the north or south component of 

the dip. 

Elongate shell fragments, such as brachiopods and clam 

fragments, are usually horizontally or sub-horizontally 

oriented. True plane lamination was observed in only a few 

cases. 

Locally, there are some dark, lensoid patches, about 

3-4 cm thick and 10-20 cm long, which are oriented parallel 

or sub-parallel to bedding. Coarse skeletal material is 

concentrated in, but not restricted to, these lenses. Much 

smaller lenses also occur, in which ooids and peloids are 

concentrated. These lenses may be due to rippling, but I 

did not observe any ripple marks on the top surface of the 

grainstone horizon. 

(5) Interpretation 

The diversity and types of particles found in Unit B 

strongly resemble those found in the Unit A grainstones; 

thus, the Unit B sands were probably also derived from the 
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shallow, carbonate platform areas that occurred along the 

southern margin of the High Atlas Trough during 

Aalenian time. 

The grainstones of Unit B were probably deposited in 

a deep-water environment. This unit occurs stratigraphically 

between the thick, deeper-water marls and limestones of 

Units A and C. I observed no sedimentary structures such 

as bird's eye, mud cracks, or tee-pee structures, that 

might suggest a shallow-water environment; nor did I observe 

any structures such as bioherms. or burrows that would 

indicate iii situ biological activity. 

The extremely broad and shallow geometry of the Unit B 

channel suggests that its sands may have been deposited on 

or near the base of a gentle, northwest-dipping slope. The 

sands were probably deposited by a fast-moving bottom-hugging 

current or currents. This is suggested by: (1) the 

abraded, well-rounded character of the particles; (2) the 

sparry, essentially mud-free matrix; (3) the occurrence of 

sedimentary structures that indicate relatively high flow 

velocities, such as festoon crossbeds, plane laminations, 

possible ripple structures, and possible sediment-filled 

scours; (4) the apparent channel-filling nature of the 

grainstone horizon; (5) the sharp, apparently erosional, 

basal contact of the horizon; and (6) the occurrence of 
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probable rip-up clasts, which indicate local erosion of 

the sea floor. 

Probably the grainstones of Unit B were deposited 

quickly by a single event. This is implied by the absence 

of structures indicating biological reworking and the 

absence of obvious vertical variations in lithology. 

I do not know the precise mechanism of transportation 

and deposition of the Unit B grainstones. Perhaps the sandy, 

essentially mud-free sediment was transported from a shallow- 

water source area by some sort of subaqueous, gravity- 

controlled mass flow mechanism. The grainstone horizon is 

not obviously a turbidite; it does not exhibit the Bouma 

sequence of sedimentary structures, is not graded, and does 

not have a well developed suite of sole markings such as 

flute casts and tool marks. The presence of festoon cross¬ 

beds suggests that transport may have been by traction, 

rather than mass flow. Festoon crossbeds are formed by 

migrating dunes (Harms, 1975). Thus the Unit B grainstones 

may have been deposited by bottom-hugging currents of high 

density that were flowing off a restricted shelf; the possible 

existence of such currents in nature has been suggested by 

Harms (1974). Still another possibility is that the sands 

may have been emplaced as a single unit by a mass flow 

mechanism, such as grain flow or turbidity currents, and 
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subsequently been reworked by traction currents. 

Even more puzzling to me is the fact that similar 

grainstone-filled channels occur at the Aalenian-Bajocian 

boundary in other parts of the Atlas. Examples are the 

grainstone horizons exposed at Localities FA, SL5, 2SL5 in 

the eastern part of the study area, and some "oolitic or 

gritty limestones" reported by Dubar (1949) from the 

Midelt quadrangle. These instances suggest some catastropic 

event or events at the end of Aalenian time, which affected 

a large part of the High Atlas Trough by triggering the 

movement of large amounts of sand from shallow water into 

deep water. Such an event may have been a sudden pulse of 

tectonic activity, a sudden change in sea level, a giant 

storm, or a tsunami. 

F. Unit C 

(1) Summary 

Unit C, 390 m thick, is composed predominantly of 

rhythmically interbedded,sparsely fossiliferous, dark gray 

to black marls and limestones (99%), with a few thin beds 

of quartz-carbonate sandstone, and some altered beds (both 

less than 1%). The unit is capped by a nodular limestone. 

These rocks are apparently of early Bajocian age and were 

probably deposited in quiet, oxygenated, marine waters at 
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depths of a few hundred meters. The top of Unit C may 

mark the first emergence of the sea floor into the photic 

zone. 

(2) Marls and Limestones 

Unit C consists almost entirely of rhythmically inter- 

bedded marls and limestones. Aside from variations in the 

content of argillaceous material (as reflected by weathering 

characteristics - see p.27),the lithologies of resistant and 

non-resistant units are essentially the same. Consequently, 

it is usually difficult to determine the thickness of 

individual beds and the nature of bedding contacts. As a 

rough estimate, the non-resistant units range in thickness 

from a few centimeters to over 10 m, and the resistant 

units from a few centimeters to 1 m. All contacts between 

resistant and non-resistant units are gradational within a 

few centimeters. All beds appear to be laterally persistent 

and of more or less constant thickness along strike. 

On fresh surfaces, these rocks range in color from dark 

gray and brownish gray to black. Weathered surfaces are 

greenish brown to light brown. 

Texturally, nearly all the rocks are micrites; wackestones 

are very rare. In thin-section, the micrite matrix appears 

clotted ("structure grumeleuse"). Very fine sand- and 

silt-size quartz is ubiquitous, but rarely covers more than 
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than 2% of the surface area of a given thin-section. Skeletal 

fragments and peloids (including some possible Favreina) are 

rare. 

Fossils are uncommon in these rocks. The only fossils 

observed in outcrop are belemnites, ammonites, Posidonia, 

and some very rare, very small brachiopods. Fossils and 

fossil fragments identified in thin-section include 

Posidonia, Globochaete (?), ostracodes, very small foramin- 

fers, echinoderm fragments (including one crinoid columnal), 

sponge spicules (?), mollusc fragments, and some possible 

radiolarians and/or calcispheres. It is difficult to 

identify the skeletal fragments because they are generally 

broken and recrystallized to fine- and very fine-grained 

calcite spar. 

Indistinct lamination is the most common sedimentary 

structure in the non-resistant marls. Many of the marls 

and nearly all the ledge-forming limestones are bioturbated; 

small subvertical and horizontal burrows resembling 

Planolites (as figured by Ekdale, 1974, figs. 7 and 8) are 

common. Some of these burrows have been replaced by pyrite 

and iron oxides (probably limonite) and weather out as 

small, orange tubes, 1-7 mm in diameter, and up to 4 cm in 

length. Some Zoophvcos were observed on the tops of a few 

resistant units. Most of the elongate skeletal fragments 
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(including ammonites and Posidonia) are oriented parallel or 

subparallel to bedding. 

Many skeletal fragments have been replaced by pyrite 

and/or iron oxides (limonite and hematite)7 specks of pyrite 

and iron oxides are also scattered in the micrite matrix. 

Authigenic quartz and feldspar are fairly common, occurring 

most often as tiny needles and blocks in the micrite matrix. 

Rarely, skeletal fragments are replaced by groups of 

authigenic silicate crystals. 

(3) Sandstones 

Some peculiar quartz-carbonate sandstones are found in 

two settings in Unit C. Most often, the sands occur as 

individual beds, separated by great thicknesses of marls 

and limestones. However, in at least three cases, the sands 

occur as groups of beds that are separated by thin marls 

(5-10 cm thick)7 the thickness of a sandstone-marl group 

ranges from 1 m to 4 m. In both of these settings, the 

sands are 1-5 cm thick, with sharp lower contacts and sharp 

or gradational upper contacts. As far as can be determined 

from outcrop, the individual sandstone beds are usually 

laterally persistent and of fairly constant thickness. 

However, some of the beds thin considerably and even pinch 

out in one direction or another. At Measured Section KW, in 

strata that are laterally equivalent to Unit C, there are 
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some sandstones that fill channels at least 20 m wide (in 

outcrop) and 10-30 cm thick. 

On fresh surfaces, the sandstones are dark gray to 

brownish gray; they weather light orangish- and reddish- 

brown, and form thin, resistant ledges. 

Texturally, these rocks are well sorted, very fine¬ 

grained quartz-carbonate sandstones. Individual grains 

are angular to rounded and sub-spherical to elongate. The 

sands commonly consist of 50% or more silica grains (mainly 

quartz, but with some feldspar, tourmaline, hornblende, 

garnet and opaque minerals). Micrite and carbonate grains 

(mainly dark peloids, but with a few unidentifiable skeletal (?) 

grains) make up the remainder. Some samples also contain 

small amounts of microspar. 

Most of the darkened peloids are stained or replaced 

by pyrite and iron oxides (hematite and limonite). Specks 

of iron oxides and pyrite also occur in the micrite and 

microspar. In some instances, the microspar has gradational 

contacts with the micrite, and may be neomorphosed lime mud; 

in other cases, the microspar-micrite contact is sharp, 

suggesting that the microspar may be filling original void 

spaces. 

Many of the sandstone beds are compositionally graded, 

with quartz grains concentrated near the bottom, and peloids 
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and micrite dominating the middle and upper parts of the 

beds. Elongate grains often exhibit a preferred orientation, 

with their long axes parallel or subparallel to bedding. 

Plane laminations and small-scale crossbedding are commonly 

observed on polished and thin sections. Assymetric ripple 

marks are frequently seen on fragments of tops of sandstone 

beds; interfering sets of ripples were also discovered in 

float. In one case, some assymetric ripple marks occur on 

a sandstone bed that is apparently in-place in outcrop; 

the ripples are oriented north-northeast, with their steep 

sides on the west-northwest, indicating a current flowing 

to west-northwest. In this same outcrop, on the sole of 

a sandstone bed, there are some possible groove casts 

trending N25W. On the sole of another sandstone bed, some 

small hemispherical protrusions, about 0.5 cm in diameter, 

are filled with medium-grained sand; these may be scour or 

load casts. A rip-up structure, in which a thin, underlying 

clay bed was pulled up into the sand, isoclinally folded, 

and partly detached, was observed in one polished section. 

Some of the sandstone beds are mottled by Piano1ites-1ike 

horizontal burrows; some tracks and trails were also 

observed in float. Some of the sands are completely 

bioturbated and burrow-mottled. 
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(4) Nodular limestone 

Unit C is capped by a resistant, 1.5 m thick, cliff¬ 

forming nodular limestone horizon that is laterally extensive 

and shows a slight increase in thickness to the east. 

The contact of the nodular horizon with the underlying 

marls is generally obscured; but where exposed, it is 

gradational within less than 5 cm. The bottom of the 

nodular horizon often exhibits extensive and meandering 

Thalassinoides-like burrows. A few scattered nodules, 

1-6 cm in diameter, occur in the underlying marls, espe¬ 

cially near the contact with the nodular horizon. The 

upper contact of the nodular limestone is covered by scree 

and talus. 

The lithology and structure of this nodular horizon 

are essentially identical to that of the nodular horizons 

of Unit D (see p.84). However, the fossil fauna of the 

Unit C horizon is much less dense and diverse than in the 

Unit D horizons. Very few unbroken fossils occur in the 

Unit C horizon, and only the following skeletal fragments 

were observed; gastropods, clams, brachiopods, small 

foraminifers, ostracodes, echinoderms, bundletubes, 

Posidonia, some possible radiolarians and/or calcispheres, 

and a possible fish scale. Some of these fragments exhibit 

micrite coatings. 
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(5) Altered beds 

These are described in Appendix 3. 

(6) Depositional environment 

Unit C represents a continuation of the deeper-water 

sedimentation of Unit A. Quiet, marine waters of a few 

hundred meters in depth are suggested by (1) the pre¬ 

dominantly pelagic fauna, (2) the monotonous, thick section 

of muddy and sparsely fossiliferous rocks, (3) the general 

resemblance of these rocks to the deeper-water limestones 

characterized by Wilson (1969), and (4) the absence of any 

structures that indicate shallow water. The sediments of 

Unit C, like those of Unit A, were probably washed in from 

the shallow-water environments that surrounded the High 

Atlas Trough. 

However, there are some significant differences between 

Units A and C. Unit A exhibits coarse-grained carbonate 

turbidites, resedimented pelagic material (in the form of 

packstone laminae), and slump structures; Unit C does not. 

Packstones and wackestones are fairly common in Unit A, 

while no apparent packstones and only rare wackestones occur 

in Unit C. Unit C contains some quartz-carbonate sand¬ 

stones, while Unit A does not. 

There are several possible explanations for these 

differences. (1) A eustatic rise in sea level may have 
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occurred at about the Aalenian-Bajocian boundary. Thus, 

the sediments of Unit C may have been deposited in deeper 

water farther from shore, receiving less coarse-grained, 

shelf-derived material than did Unit A. This hypothesis 

of sea level changes is supported by the fact that the Marls 

of Talsint (to which Unit C apparently belongs) are wide¬ 

spread in the Middle and High Atlas. The sea level change 

may have resulted from increased rates of sea-floor 

spreading during the middle Jurassic (Sloss and Speed, 1974). 

(2) If the High Atlas Trough was simply filling up with 

sediment, then the topography of the sea floor would likely 

become smoothed over by a gradually thickening mantle of 

deposits. Thus, the slope that existed in the study area 

during the deposition of Unit A may have been covered up 

by the pond of sediments that was slowly filling up the 

basin. (3) Local tectonic activity, occurring at about the 

Aalenian-Bajocian boundary, may have formed a submarine 

ridge between the study area and the southern margin of the 

basin. Such a ridge may have prevented the movement of 

platform-derived sediments into the central areas of the 

High Atlas Trough. 

I do not know which, if any, of these three hypotheses 

is correct. However, I tend to favor hypothesis (2). The 

nodular limestone that caps Unit C contains a few particles 
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with micrite coatings; this suggests that the top of Unit C 

may mark the first emergence of the sea floor into the 

photic zone. This apparent shallowing is consistent with 

the gradual infilling of the basin by sedimentation. 

The quartz-carbonate sandstones of Unit C were probably 

deposited rapidly by a single depositional event, possibly 

by turbidity currents or some similar mechanism. This is 

suggested by (1) the sharp, apparently erosional, contacts 

of the sandstone beds with the underlying marls; (2) the 

presence of possible load casts, groove casts, and rip-up 

structures; (3) the presence of graded bedding; (4) the 

presence of plane laminations and small-scale crossbedding; 

and (5) the fact that biological reworking of the sands is 

often incomplete. 

The rare paleocurrent-indicating structures suggest 

that these sands were derived from the southern margin of 

the High Atlas Trough. The terrigenous fraction probably 

originated in the Paleozoic igneous and metamorphic terrane 

of the Sahara platform. These sands were perhaps then 

transported by fluvial or eolian processes into a carbonate- 

producing environment, where the terrigenous and carbonate 

sands were mixed. These mixed sands may then have been 

transported into deeper-water lime mud environments by 

turbidity currents or other mechanisms. 
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G. Unit D 

(1) Summary 

Unit D is a thick (199 m) sequence of rhythmically 

interbedded, gray to black marls and limestones (99%), 

quartz-carbonate sandstones and nodular limestones (each 

less than 1%) with local bioherms and biostromes. These 

rocks are of early and middle (?) Bajocian age. They were 

deposited in shallow, well illuminated marine waters at 

depths of 50-150 meters. The diversity of lithologies 

in Unit D probably records the interfingering of environments 

in which variables such as water depth, oxygenation, 

illumination, turbidity, sedimentation rates, and biological 

activity, were changing and combining in complex ways. 

(2) Marls and limestones 

Unit D consists of muddy limestones (mainly micrites 

and wackestones, with a few packstones), which form 

resistant ledges; and marls (mainly marly micrites, with a few 

marly wackestones and calcareous shales), which are non- 

resistant and form gentle slopes. These limestones and 

marls are more or less rhythmically interbedded; the 

thickness of the rhythms varies from less than 10 cm to 

over 10 m. The individual rhythms are laterally persistent 

and of constant thickness along strike for distances of at 

least several hundred meters. 
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A typical rhythm in Unit D consists of a marl unit, 

1-5 m thick, and an overlying limestone unit, 20-50 cm 

thick. The lower contact of the limestone with the marl is 

usually gradational over several centimeters; the contact 

of the limestone with the marl of the next higher rhythm 

is generally gradational within a few millimeters or 

centimeters. 

Another type of rhythm commonly occurs just below 

nodular limestones, in horizons that are generally a meter 

or two in thickness. This rhythm consists of couplets of 

limestone and marl beds ; the individual couplets are usually 

10-40 cm thick, with the limestones usually thicker than 

the marls. In addition, the limestones increase in thick¬ 

ness toward the top of the horizon, while the marls exhibit 

a marked decrease in thickness. The marl-limestone contacts 

are usually gradational within a few millimeters and irregular 

and wavy (hence the name "wavy-bedded horizon" for this 

interbedding of marls and limestones). 

The marls of Unit D are usually dark gray to black on 

fresh surfaces, weathering to a greenish- or brownish-gray. 

Most of these marls are best described as marly limestones 

(micrites and wackestones), and appear to be more indurated 

(less argillaceous) than the marls of Units A and C. 

The limestones of Unit D are gray to black on fresh 
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surfaces and weather to light brown. Most of the limestones 

are wackestones; micrites and packstones are uncommon. 

Skeletal fragments are the most common particle type 

in the marls and limestones. These are usually broken 

and angular, but some resistant ledges contain local 

concentrations of subrounded and rounded fragments. Many 

skeletal fragments exhibit micrite coatings, and some are 

completely micritized. Peloids, including some possible 

Favreina, are common in some thin-sections; however, 

darkened peloids and ooids are very rare. Silt- to very fine 

sand-sized detrital quartz sand is ubiquitous, but rarely 

constitutes more than 1% of the surface area of a thin section. 

The fossil fauna of the marls and limestones is diverse 

and locally dense. Some of the resistant ledges are 

locally biostromal, with tremendous numbers of clams 

(several kinds, including large and small burrowers, 

Trigonia-like forms, and pectinids) and brachiopods (at 

least two kinds), many in apparent life position. These 

biostromes usually include fair numbers of bundletubes and 

gastropods. Near the top of Unit D, some resistant ledges 

contain lithiotids and branching corals. Although some of 

the marl horizons locally exhibit large numbers of crushed 

brachiopods and small burrowing clams, they are in general 

much less fossiliferous than are the limestones. Ammonites 
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and belemnites are present but rare in both marls and 

limestones. 

In thin-sections from the marls and limestones, frag¬ 

ments of the following are discernable: brachiopods, clams, 

ostracodes, several kinds of foraminifers, Posidonia, 

echinoderms (including echinoid spines and crinoid columnals), 

many kinds of gastropods, bundletubes, Globochaete, possible 

sponge spicules, and possible radiolarians and/or calci- 

spheres. In thin sections from some limestones, there are 

fragments of corals, bryozoans, calcareous sponges, and 

possible masturbites (see Appendix 2). 

Certain sedimentary structures, including bioturbation 

(random orientation of shell fragments) and "structure 

grumeleuse", are ubiquitous in the marls and limestones. 

Indistinct, millimeter-thick laminations, usually defined 

by color banding, are common in some of the marls; these 

laminations are usually accompanied by elongate shell 

fragments preferentially oriented parallel to bedding. 

Burrows are common in both marls and limestones. In the 

marls, there are some horizontal, Planolites-like forms 

and some strange, iron-oxidized, tubular structures, which 

are usually oriented at a large angle to bedding. The 

burrows are much more varied in the resistant limestones; 

they include the horizontal and iron-oxidized forms 
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mentioned above, plus several kinds of larger (several 

centimeters in diameter), horizontally and vertically 

oriented burrows. Occasionally, these burrows are 

evidently filled with coarse shell debris; in other cases, 

they are lined by peloids and filled with indistinctly 

pelleted micrite. Burrows and skeletal fragments are often 

more concentrated near the tops of the resistant beds. Some 

of the ledges exhibit a vague, poorly developed nodular 

structure. Others contain small lenses of subrounded 

skeletal particles and lines of quartz grains; these 

structures may be due to rippling or other current phenomena. 

Geopetal structures in brachiopods are common. 

Many skeletal particles are recrystallized to fine- to 

coarse-grained calcite spar; some have been replaced by 

iron oxides and more rarely by pyrite or authigenic silica. 

Iron oxides are locally very abundant, especially in burrow 

infillings. Iron oxides, pyrite, and authigenic silicates 

also occur as scattered specks in the micrite matrix. 

Microstylolites are rarely observed and seem to occur 

exclusively in the resistant beds. 

(3) Sandstones 

Thin (2-20 cm thick), individual beds of quartz- 

carbonate sandstones are scattered in the marls of Unit D. 

These beds are apparently laterally persistent and of more 
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or less constant thickness. They are resistant and weather 

as very thin, orange ledges. The contacts of the sand beds 

with the underlying marls are usually sharp, but in at 

least two cases, they are gradational within a few milli¬ 

meters. The upper contacts are usually transitional within 

a few millimeters, but in one case, I observed a sharp 

contact between a ripple-marked sand bed and the overlying 

marl. 

On fresh surfaces, the sandstones are dark gray and 

weather to light orangish- and reddish-brown. 

Varied textures and compositions occur in these 

sandstones. Many beds are well sorted by size, containing 

angular to subrounded, very fine to fine grains of quartz 

and carbonate. Other beds are poorly sorted, containing 

many broken, angular to rounded, silt- to pebble-size 

skeletal fragments in addition to the finer quartz and 

carbonate grains. Quartz composes from 20% to 50% of the 

grains; other terrigenous grains, including tourmaline, 

plagioclase, hornblende, and opaque minerals, are present 

but rare. All terrigenous grains are of fine sand-size 

or smaller. Nonskeletal carbonate particles, especially 

darkened, fine sand-size peloids, are common in some beds; 

I observed a few ooids and some lithoclasts of micrite 

(mostly steinkerns of brachiopods or clams). Many of the 
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silt- to fine sand size carbonate grains are unidentifiable 

skeletal fragments. 

I observed no unbroken fossils in the sandstones. The 

skeletal fragments are angular to rounded, and many are 

partially micritized (micrite coatings) and/or recrystallized 

to fine- to coarse-grained calcite spar. Some fragments 

are partially or entirely replaced by pyrite, iron oxides, 

or authigenic silica. Clams, brachiopods, foraminifers. 

bundletubes, and echinoderms (including crinoid côlumnals 

and echinoid spines) are the most common skeletal fragments. 

Fewer numbers of fragments of Posidonia, corals, ostracodes, 

gastropods, Globochaete, and possible radiolarians and/or 

calcispheres are also present. 

Micrite composes the matrix of most of the sandstones, 

although a few exhibit patches of microspar. Iron oxides, 

which replace some carbonate particles and also occur as 

scattered specks in the matrix, give the sandstones their 

orangish and reddish colors. Euhedral to subhedral crystals 

of authigenic quartz and feldspar replace some skeletal 

fragments and also are scattered in the matrix. 

Some of the sandstone beds are completely bioturbated, 

but most exhibit plane laminations and/or preferred 

orientation of elongate skeletal fragments parallel to 

bedding. The laminations are usually a millimeter or few 
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millimeters thick. The laminae may be quartz-rich, peloid- 

rich, or shell-rich; they are sometimes graded by size and 

sometimes alternate with micrite-rich laminae. Small sets 

of cross-laminae occur in some beds. I discovered two 

sandstone beds graded by size. Small fragments of light 

brown clay clasts with wispy borders were observed near 

the base of some beds; these are interpreted as rip-up 

clasts. Ripple marks and possible load casts are rare. 

Nearly all the sandstones contain one or more types of 

burrows; most of these are horizontal, circular to 

elliptical in cross-section, a few millimeters in diameter, 

and usually filled with micrite or pelleted micrite. In 

a few cases, I observed roofing structures and echinoderm 

grains with thin overgrowths ; these indicate some original 

porosity, possibly due to soft-sediment compaction. 

(4) Nodular limestones 

The nodular limestones of Unit D are resistant, 

cliff-forming horizons that range in thickness from 20 cm 

to 105 cm. The individual horizons are laterally persistent 

(usually for several kilometers) and of approximately equal 

thickness along strike, although some horizons thicken 

slightly to the east. 

The nodular limestones usually overlie "wavy-bedded 

horizons" (see page p.78); the contact is sometimes sharp 
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and marked by large, Thalassinoides-like burrows. Usually, 

however, the wavy-bedded horizons pass transitionally upward 

into the nodular horizons y the wavy-bedded marls become very 

thin, finally lose their horizontal orientation, and appear 

to flow up and around the limestone nodules. Thus, it is 

often difficult to distinguish between wavy-bedded and 

nodular horizons. I suspect that these nodular and wavy- 

bedded structures are end-members in a spectrum of dia- 

genetic (?) structures. 

The upper surface of the nodular horizons is usually 

covered; but in one instance, I observed a nodular horizon 

passing upward within a few centimeters into a marly 

limestone. 

The following description of the nodular structure 

is idealized; the nodular structure is better developed in 

some horizons than in others, and is typically better 

developed in the upper part of a horizon. Limestone 

nodules, usually composed of gray or dark gray wackestone 

or packstone, are surrounded by seams of light brown to 

grayish brown micrite or wackestone. The nodules are 

generally subspherical or ellipsoidal, 1-10 cm in 

longest dimension, and commonly weather out as small balls. 

The enveloping seams appear slightly more argillaceous than 

the nodule material. Shale-like parting surfaces and 
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skeletal fragments in the seams are generally oriented 

parallel to nodule surfaces, giving the seams the,ap¬ 

pearance of having flowed ductilely into the inter-nodule 

spaces. Crushed brachiopods were observed in some seams, 

but were not observed in nodules. In outcrop, the contacts 

between the dark nodules and light seams appear sharp; 

but in polished section, they are seen to be transitional 

within a few millimeters. 

In some cases, the centers of the nodules are fossil 

burrowing clams or fragments of lithiotids, but more often 

the nodules have evidently formed around burrows. The most 

common of these burrows are large (1-7 cm diameter) and 

subvertical, and commonly are filled with coarse shell 

debris. Other large burrows are filled with pelleted 

micrite, and a few are lined by peloids. Some horizontal 

burrows also occur and likewise show a great variety of 

sizes, shapes, and infilling materials. 

Locally, there are numerous unbroken fossils of 

brachiopods (at least two kinds), clams (many kinds, in¬ 

cluding large and small burrowers, lithiotids, pectinids, 

and oysters), bundletubes, belemnites, gastropods (many 

kinds), and some rare corals. These fossils are usually 

restricted to the nodules, although I found a few 

brachiopods and clams in the seams. Skeletal fragments 
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that have been encrusted by bundletubes and other uniden¬ 

tified organisms are fairly common; and on top of one 

nodular horizon, I found an ammonite encrusted by oysters. 

Skeletal fragments are the major particle type in 

the nodular limestones, although peloids (including a few 

Favreina-like forms) are not uncommon, and there is some 

scattered, silt- to very fine sand-size detrital quartz 

(usually less than 1%). Most of the skeletal debris is 

broken, angular to sub-rounded, and partially micritized 

(micrite coatings); the particles range from silt-size 

to several centimeters in longest dimension. In thin 

section, I was able to identify fragments of clams, 

brachiopods, echinoderms (including echinoid spines and 

crinoid columnals), bundletubes, gastropods, ostracodes, 

Posidonia, foraminifers (many kinds), bryozoans, corals, 

Globochaete, calcareous sponges, some possible sponge 

spicules, some possible radiolarians and/or calcispheres, 

and corals. 

The micrite matrix of the nodules is usually clotted 

("structure grumeleuse"), but locally is distinctly 

pelleted. 

Many of the skeletal fragments are recrystallized to 

fine- to coarse-grained calcite spar; some fragments are 

completely replaced by an apparently ferroan calcite. 
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Authigenic quartz and plagioclase are ubiquitous as scattered 

crystals in the matrix; authigenic silicates partially 

replace some skeletal fragments. Specks of iron oxides 

and pyrite are scattered in the matrix; the iron oxides 

are often concentrated in burrows and in micrite coatings 

of skeletal particles. A few microstylolites occur in 

some nodules. 

(5) Nodular Limestones - Interpretation 

The sediments of the nodular limestones were evidently 

deposited more slowly than were the sediments of marls and 

marly micrites in the study area. The nodular structure 

probably formed during early diagenesis. 

The hypothesis of low sedimentation rates is supported 

by several observations. (1) The nodular limestones are 

thoroughly bioturbated and burrow-mottled; no primary 

stratification features, such as crossbedding or laminations, 

were observed. (2) The insoluble residue analyses show 

that the nodular limestones contain a larger proportion 

of carbonate to terrigenous material than do the marls and 

marly micrites. This indicates that the rate of terrigenous 

sedimentation had slowed, with an increase in the relative 

proportion of carbonate sediment produced by autochthonous, 

carbonate-secreting organisms. (3) Skeletal fragments are 

generally more numerous in the nodular limestones than in 
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the marls and marly limestones. Perhaps the low sedimentation 

rates were environmentally more favorable for organic growth. 

Alternatively, perhaps the lower sedimentation rates favored 

the preservation of more skeletal fragments per unit 

volume. (4) I observed a few shell fragments encrusted by 

bundletubes and bryozoans, and an ammonite that was 

encrusted on one side by oysters. Evidently, some particles 

were exposed on the sea floor long enough to be colonized 

by encrusting organisms. Low sedimentation rates would 

allow this to occur. (5) It is likely that slowly deposited 

sediments that spent a long time on the sea floor would have 

occasionally been stirred up by bottom currents or storm 

waves. This situation is suggested in the nodular limestones 

by the somewhat rounded and abraded particles that are common 

in some thin sections. 

The nodular structure may have formed during early 

diagenesis, in a manner analogous to that of the nodular 

chalks of Kennedy and Garrison (1975). My nodules are 

sometimes formed around burrows, which perhaps served as 

localized sites of cementation during diagenesis. The 

nodules probably formed after burial but before compaction. 

A post-burial origin is indicated by the absence of borings,, 

encrustations, or other evidence of exposure on the sea 

floor. The nodules were probably firm when the surrounding 
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marly sediment was soft; the marly sediment contains 

crushed fossils (the nodules do not) and appears to flow 

around the nodules. In my opinion, the deformation of the 

soft marls plus firm nodules produced the nodular structure 

during compaction. 

Kennedy and Garrison (1975) believe that nodules form 

in the soft sediment below the sediment-water interface 

during periods of slow deposition. This may also have been 

the case with my nodular limestones. If so, the widespread 

horizons of nodular limestones in the study area may be 

valuable as time-stratigraphic horizons. 

(6) Bioherms 

Several small, coral-rich bioherms occur in rocks that 

are laterally equivalent to Unit D. These are the 

"precursor reefs" of Warme et_ al_. (1975). The bioherms 

are usually circular in plan view and exhibit a variety of 

cross-sectional geometries (Figure 13). 

They are always underlain by, and laterally equivalent 

to nodular limestone beds. Although I did not study 

these bioherms in detail, I did examine several polished 

and thin sections from a particularly well exposed example 

in Section III (Fig. 13c). 

The Section III bioherm is roughly lenticular in 

cross-section, about 14 m wide, and a maximum of 4 m thick. 
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The main body of this bioherm is unbedded; flanking beds, 

10-30 cm thick, dip gently off to either side. Horizontally 

bedded marls and limestones overlie the bioherm, but the 

contact is obscured by cover. 

The rocks of the bioherm and its most proximal 

flanking beds are light to dark gray, skeletal wackestones 

and packstones . The bioherm consists mainly of micrite 

which is sometimes dense, but often indistinctly pelleted; 

the micrite contains a substantial number of unidentifiable, 

silt-size carbonate grains. There is a small amount (less 

than 1%) of silt- and very fine sand-size detrital quartz. 

The weight percentage of insoluble residues in the bioherm 

is less than 4% (sample LR-8A in Table 4 is a skeletal 

packstone from just below the crest of the bioherm). 

Many of the fossils in the bioherm are whole, 

relatively unbroken, and in apparent growth position 

(for example, at the base of the bioherm, I observed a 

delicately branching dendroid coral, attached to a large 

lithiotid fragment). However, most of the skeletal 

fragments are broken, angular, poorly sorted by size, and 

randomly oriented, presumably because of biological 

reworking. Most fragments are recrystallized to fine- to 

coarse-grained calcite spar; many exhibit micrite coatings, 

and a few are completely micritized. I observed a few 
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lithoclasts, many of which are obviously steinkerns of 

brachiopods and clams. There are also a few subspherical 

lithoclasts, about 4 mm in diameter, with diffuse margins 

and a dense, dark, micrite composition; these may be of 

biological origin. 

The extremely diverse fauna of the Section III bioherm 

is dominated by scleractinian corals, of which there are 

several different growth forms. Delicately branching, 

dendroid, Thecosimilia-like forms are most common at the 

base of the bioherm and in the flanking beds, while massive, 

solitary Montlivaltia-like forms (and some other massive, 

colonial corals) dominate the crest and core of the 

bioherm. (The coral identifications are tentative and were 

made by Dr. J. L. Wilson, 1974, personal communication). 

Many of the corals are in apparent growth position. The 

corals were subjected to intensive bioerosion by boring 

clams, many of whose valves remain in place in their 

borings. The corals also hosted a variety of encrusting 

epibionts, including bundletubes, other tubular organisms, 

bryozoans, and calcareous sponges. The corals may have 

been significant sediment-binders. 

Other fossils and fossil fragments in the bioherm 

include clams (including pectinids, oysters, lithiotids, 

and large, burrowing forms), several kinds of gastropods, 
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brachiopods, ostracodes, some possible stromatoporoids, 

Globochaete, Posidonia. echinoderms (including crinoid 

columnals and echinoid spines), belemnites, several kinds 

of foraminifers, some possible masturbites,and some possible 

radiolarians and/or calcispheres. I observed one possible 

fragment of Cayeuxia, but it is so poorly preserved that 

the identification is uncertain. 

Sedimentary structures within the bioherm are uncommon. 

I observed a few flooring and sheltering effects, and a few 

horizontal and sub-vertical burrows filled with coarse 

shell debris. Bioturbation is inferred from the random 

orientation of most of the skeletal fragments. There is 

some evidence for submarine lithification. In one thin- 

section from the crest of the bioherm, there is a clast of 

coral-bundletube packstone in sharp contact with micrite; 

its surface is angular and apparently broken. This suggests 

that parts of the bioherm were lithified and then broken 

while still on or near the sea floor. In other precursor 

reefs, large numbers of encrusting oysters cover the flanks 

and crests of the bioherms, suggesting that the bioherm 

surfaces were hard. This phenomenon is particularly well 

exposed at Section JT. 

Diagenetic features in the Section III bioherm include: 

scattered euhedral to subhedral crystals of authigenic 
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quartz and plagioclase; numerous thin veins of calcite, 

especially in the core of the bioherm; a few micro- 

stylolites; and locally abundant iron oxides, which occur 

as orange-brown specks in the micrite matrix and often 

replace entire skeletal fragments, especially bundletubes. 

(7) Bioherms - Interpretation 

The Section III bioherm probably was a raised topographic 

feature on the sea floor. This is indicated by the flanking 

beds that dip away on either side of the crest of the 

bioherm. The maximum relief of the top of the bioherm above 

its flanking beds is 2.5 m; thus, the top of the bioherm 

was probably about 2-3 m above the sea floor. 

The precursor reefs in general probably grew in warm, 

quiet, normal marine waters of low turbidity. Quiet-water 

conditions are indicated by the abundance of lime mud and 

the lack of any clear-cut evidence of wave or current 

action, such as rounding and sorting of particles. Normal 

marine salinity is indicated by the great quantity of 

stenohaline organisms, such as corals, brachiopods, and 

echinoderms. Clear-water conditions are indicated by the 

numerous suspension-feeding organisms, including corals, 

brachiopods, and bryozoans, whose modern counterparts live 

best in nonturbid environments. 

In my opinion, the precursor reefs probably grew in 
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waters that were deeper than those of the patch reef tract. 

The presence of particles with micrite coatings (which 

presumably result from the activities of boring algae) 

implies that the bioherms grew in illuminated waters. 

However, the apparent absence of Cayeuxia, which is found 

in the reef tract, suggests that the precursor reefs grew 

in waters less well-illuminated (and therefore, deeper) than 

those of the patch reefs. The small size and number of 

the precursor reefs (compared to the reefs of the patch 

reef tract) may be due to depth-related ecological con¬ 

straints on reef growth. 

(8) Depositional Environments 

Taken as a whole, Unit D probably represents the 

gradual change from deeper-water to shallower-water con¬ 

ditions in the study area. This is indicated by strati¬ 

graphic position of this unit between the underlying, 

deeper-water sediments of Unit C and the overlying, 

apparently shallower-water sediments of Unit E and the 

patch reef tract. The shallowing probably did not progress 

smoothly, but rather in fits and starts as a result of the 

interplay of sea level changes, varying rates of sedi¬ 

mentation and subsidence, and local tectonic movements. The 

extreme diversity of lithologies in Unit D probably resulted 

from complex interactions over time of many environmental 
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variables, including water depth, sedimentation rates, 

terrigenous vs. carbonate sedimentation, oxygenation, 

turbidity, illumination, and biological activity. At this 

time, I feel inadequate to assess the relative importances 

of these variables and their interactions. Therefore, in 

the following paragraphs, I have restricted my comments to 

some broad generalizations about environmental conditions 

during the deposition of Unit D. 

Unit D was probably deposited in shallow marine waters 

that were at least periodically well-illuminated. This is 

suggested by the abundance of particles that are micritized 

or exhibit micrite coatings, and by the local presence of 

bioherms and biostromes. However, there is no evidence 

of subaerial exposure. Unit D was probably deposited at 

depths of approximately 50-150 meters. 

Well-circulated waters of normal marine salinity are 

indicated by the presence of numerous stenohaline organisms 

(including corals, brachiopods, cephalopods, and 

echinoderms) and the great diversity and locally great 

density of the fossil fauna. 

The degree of oxygenation of the bottom waters may 

have been quite variable. Horizons with pyritized burrows 

and few fossils may represent times of marginally aerobic 

conditions, whereas biostromal or biohermal horizons probably 
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formed under well-oxygenated conditions. 

Similarly, it is likely that the degree of turbidity 

was also quite variable. Horizons with numerous burrowing 

clams may indicate more turbid conditions than do horizons 

with numerous corals. 

Quiet-water conditions prevailed during most of the 

deposition of Unit D. This is indicated by the abundance of 

lime mud, the virtual absence of structures of hydrodynamic 

origin (such as crossbeds or ripple marks), and the absence 

of any grainstones that imply strongly agitated conditons. 

(It should be noted that the absence of hydrodynamic 

structures may be due to intense biological reworking). 

Periodically, the bottom waters may have been agitated, as 

is suggested by rare lenses of subrounded particles (perhaps 

ripple marks), which occur in a few resistant horizons. 

Some of the packstone textures may represent local organic 

proliferation and/or partial winnowing of lime mud followed 

by biological reworking. 

A variety of substrates must have existed during the 

deposition of Unit D. Soft-bottom conditions were prevalent, 

as evidenced by the great abundance of burrows and 

bioturbation. Some horizons contain vertical or subvertical 

burrows filled with coarse shell debris. These burrows may 

have been open holes on the sea floor, suggesting that the 
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sediment in which they occur was quite firm. Some horizons 

contain numerous lithiotids, whose large shells served as 

hard substrates for many boring and encrusting organisms. 

A coral at the base of a bioherm in Unit D apparently 

became established by attaching itself to a large lithiotid 

fragment. 

The deposition of Unit D was characterized by fluc¬ 

tuations in the relative rates of carbonate and terrigenous 

sedimentation (as represented by the rhythmic interbedding 

of marl and limestone), and apparent slowdowns in the rates 

of both kinds of sedimentation (as represented by the nodular 

limestones). The rhythmic interbedding of marl and lime¬ 

stone in this unit, (and probably in the rest of the Main 

Section) is likely due to many causes. For example, some 

of the resistant ledges are thoroughly bioturbated, with 

burrows and fossils concentrated near the top, and locally 

exhibit a poorly developed nodular structure. These ledges 

may represent times of decreased sedimentation rates, but 

not to the degeee represented by the nodular limestones. 

Other resistant ledges exhibit fewer burrows, subrounded 

skeletal fragments, and lenses of coarse debris; these 

may represent times of partial winnowing by strong bottom 

currents. Still other ledges are biostromal and may 

represent times of particularly favorable bottom conditions 
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which resulted in increased biological productivity and 

secretion of carbonate, without any absolute decrease in 

terrigenous sedimentation. 

The sandstones of Unit D were probably derived from the 

same general source area and deposited by similar mechanisms 

as were the sandstones of Unit C. 

H. Unit E 

(1) Summary 

Unit E, 21 m thick, consists mainly of nodular and 

wavy-bedded horizons, with some marly limestone and two beds 

of monospecific black limestone (=red macaroni rock). Small 

bioherms in Unit E may have served as sites of localization 

for some of the large pinnacle reefs in the overlying reef 

tract. Unit E was probably deposited in well-illuminated 

periodically agitated marine waters at depths of a few 

tens of meters or less. 

(2) General Remarks 

Unit E contains a great diversity of lithologies that 

are associated with each other and the overlying patch reef 

tract in complex ways. Figure 4 of Warme et al. (1975) gives 

some idea of this complexity. The following description 

is generalized and limited mainly to a summary of some 

petrographic work. This is somewhat unfortunate in that 
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Unit E deserves more careful study than was possible to 

undertake in this project. 

(3) Marls and limestones 

Most of Unit E is composed of wavy-bedded and 

nodular horizons, which grade vertically and laterally into 

one another. Together they form prominent cliffs that are 

traceable for several kilometers. There are also a few 

beds of marly limestone, which often do not persist laterally 

but rather terminate abruptly by onlapping small bioherms. 

Within the wavy-bedded horizons, the marl beds are usually 

1-3 cm thick and the limestones 5-40 cm thick. 

Texturally, most of these rocks are gray to dark gray 

(rarely black) wackestones and packstones; micrites are 

rare. The particles are poorly sorted by size and shape. 

The dominant particle type is skeletal fragments; most of 

these are angular, although in some thin-sections many are 

subrounded. Micritized fragments and micritically coated 

particles are abundant. Peloids are plentiful in some 

samples, and many are recognizable as rotted foraminifers 

plus a few possible Favreina. Of the infrequent lithoclasts, 

most are rounded, fewer than 2 mm in longest dimension, 

circular to elliptical in outline, and composed of dark, 

dense or pelleted micrite. Silt- to very fine sand-size 

detrital quartz is present in most samples, but generally 
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occupies less than 1% of the surface area (although one 

sample contained about 5%). The micrite matrix may be 

dense, distinctly pelleted, or clotted ("structure 

grumeleuse") . 

Whole fossils are common and locally very abundant in 

the limestones and the thicker marly limestone beds. Many 

of these appear to be in life position. At least six kinds 

of corals were observed. Branching corals are the most 

common and appear to be the primary framework-builder in 

the bioherms. In some limestone beds, their extreme abun¬ 

dance suggests that they might have baffled or bound the 

sediment. All coral types are extensively bored (especially 

by boring clams, many of whose shells still remain in the 

borings). In addition, many are encrusted by various 

epibionts, incliding bundletubes, bryozoans, calcareous 

sponges,triangular annelid worm tubes, and other corals. 

Large lithiotids, sometimes as long as 40 cm, are grouped 

in some limestone beds. In one case, I observed a large 

number of encrusting oysters on the flank of a small 

bioherm. Other fossils observed in outcrop include several 

kinds of brachiopods, several kinds of clams (including large 

and small burrowers and pectinids), and some possible 

stromatoporoids. 

In thin and polished section, the most frequently 
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observed skeletal fragments are those of corals, clams, 

echinoderms (including echinoid spines and crinoid columnals), 

brachiopods, bundletubes, ostracodes, several kinds of 

foraminifers, and possible radiolarians and/or calispheres. 

Other, less common, skeletal fragments include those of 

gastropods, calcareous sponges, Globochaete. Posidonia. 

bryozoans, and lithiotid fragments. Possible Cheilosporites 

and Caveuxia are very rare. 

Burrows and bioturbation are the most common 

sedimentary structures in Unit E. There are several kinds 

of burrows, including some large, meandering, Thalassinoides- 

type burrows (usually along the base of limestone beds); 

subvertical burrows, several centimeters in diameter filled 

with coarse shell debris or pelleted micrite; and a few 

thin (0.5 mm diameter), horizontal burrows. In one sample 

(a marly micrite that onlaps a small bioherm) , some 

indistinct and somewhat disturbed, millimeter-thick laminae 

are discernable. Articulated clams and brachiopods often 

exhibit geopetal structures. 

Small bioherms occur in many of the nodular and wavy- 

bedded horizons. Most of these bioherms have flat bases and 

dome-shaped tops. Many are several meters thick and 

vertically persistent - that is, bioherms in lower horizons 

are often directly overlain by bioherms of overlying horizons. 
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(In fact, some of the large pinnacle reefs exposed along 

the top of Jebel Assameur are apparently localized over 

smaller bioherms in Unit E.) The contacts of the bioherms 

with the underlying and laterally equivalent rocks are 

usually gradational. However, I did observe some marly 

limestone beds that onlap (but do not cover) the bioherms 

and that are in sharp contact with the bioherms. Corals in 

these bioherms appear to be more common on the crests than 

on the flanks. In one case, a large number of oysters 

are encrusted on the flank of a bioherm. 

The marls and limestones of Unit E exhibit many of the 

diàgenetic features found in other units of the Main 

Section. Crystals of authigenic quartz and plagioclase 

occur in the micrite matrix of most samples; in one 

instance, the crystals appear to be more numerous in a 

burrow than in the surrounding micrite. Many skeletal 

fragments (especially corals) are recrystallized to fine-to 

coarse-grained calcite spar. The intercrystalline 

boundaries exhibit local concentrations of iron oxides 

which also occur as replacement minerals in some particles, 

being especially concentrated in micrite coatings. In 

addition, specks of iron oxides are scattered in the micrite 

matrix, particularly in burrows and in the infillings of 

brachiopods. Microstylolites were observed in some 
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limestones. Pyrite is rare; I observed a few pyritized 

peloids and skeletal fragments, and some tiny pyrite 

crystals scattered in the micrite matrix. 

(4) Monospecific Black Limestone (= red macaroni rock) 

This lithology occurs in two resistant horizons, which 

are traceable for several kilometers along the top of Jebel 

Assameur. These horizons are typically about one meter thick, 

but locally increase abruptly in thickness to form bioherms. 

These bioherms form the cores of many of the pinnacle reefs 

along the top of Jebel Assameur. 

The red macaroni rock horizons are massive, dark gray 

to black fossiliferous wackestones and packstones. Packstone 

textures appear to be more common in the upper parts of the 

horizons and in association with bioherms. In outcrop, 

branching corals are the most noticeable particles. These 

corals are often recrystallized to orangish red, iron- 

stained calcite spar, giving the rock its characteristic red 

macaroni appearance. 

Skeletal fragments are the dominant particle type; 

these range from silt-size to several centimeters in 

longest dimension. Most of the skeletal fragments are 

angular, but many of the particles in a sample from the 

flank of a bioherm were subrounded to rounded. Micritized 

particles and micrite coatings are abundant. Peloids are 
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locally very plentiful, and some are recognizable as rotted 

foraminifers. Lithoclasts are rare and consist mainly of 

steinkerns of brachiopods and clams. Detrital quartz is 

exceptionally rare and completely absent from several 

samples. The micrite matrix may be dense, pelleted, or 

clotted ("structure grumeleuse"). A single species (?) of 

branching coral is the most abundant fossil observed in 

outcrop. This coral occurs locally in dense thickets and 

is presumably the framework builder in the red macaroni 

bioherms. The corals are often extensively bored and the 

borings filled with micrite. Other fossils observed in 

outcrop include brachiopods, belemnites, lithiotids, echinoid 

spines, gastropods, and burrowing clams. In thin-section, 

fragments of the following organisms were identifiable: 

bundletubes, echinoderms (including echinoid spines and 

crinoid columnals), several kinds of gastropods, at least 

two kinds of foraminifers, ostracodes, burrowing clams, 

bryozoans, corals (including fragments of corals other than 

the dominant branching form), Globochaete, calcareous 

sponges, and some possible radiolarians and/or calcispheres. 

The red macaroni horizons are unbedded, and most of the 

particles are randomly oriented, presumably indicating 

bioturbation. (However, the elongate skeletal particles 

in a thin section from the flank of a bioherm exhibit a 
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preferred orientation parallel to bedding.) In polished 

sections, a few burrows are seen oriented oblique to 

horizontal. In outcrop, there are a few poorly developed 

nodules and some very rare lenses (10 cm long, 1 cm thick) 

of argillaceous material with horizontal orientation. 

Many of the skeletal fragments are recrystallized to 

fine- to coarse- grained, blocky calcite spar. Large 

amounts of iron oxides are usually found in the spar, 

occurring as discrete specks randomly scattered within 

the crystals or concentrated along intercrystalline 

boundaries or intracrystalline planes (cleavage or twinning 

planes?). This phenomenon is most often observed in corals 

and gastropods, but also affects many other skeletal particles. 

The ferruginous calcite also occurs in small veinlets; and 

in one instance, I observed some apparent neomorphism of the 

micrite matrix to an orangish-red microspar. In many cases, 

the affected particles are completely surrounded by other 

particles that are unaltered or recrystallized to clear, 

fine- to coarse-grained spar. 

Stylolites and microstylolites are fairly common, and 

the stylolite surfaces are usually marked by a heavy concen¬ 

tration of iron oxides. Some skeletal fragments are 

entirely replaced by iron oxides or pyrite; these minerals 

also occur as scattered specks in the micrite matrix. Tiny 
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crystals of authigenic quartz and feldspar are likewise 

scattered in the matrix. 

(5) Depositional Environments 

Unit E was probably deposited in shallow, well-illu¬ 

minated waters, as indicated by the abundant particles with 

micrite coatings and the presence of bioherms and some 

possible calcareous algae (Caveuxia). However, there is no 

evidence of subaerial exposure. Unit E may have been 

deposited at depths of a few tens of meters or less. 

Well-circulated waters of normal marine salinity are 

inferred from the great diversity and density of the fossil 

fauna and by the numerous stenohaline organisms, such as 

brachiopods, corals, echinoderms, and cephalopods. 

Quiet-water conditions probably prevailed during most 

of the deposition of Unit E, as evidenced by the large 

amount of lime mud. However, the presence of some rounded 

skeletal particles and lithoclasts suggests that the bottom 

waters may have been periodically agitated. While many of 

the corals and other organisms are in apparent growth 

position, many others are obviously overturned, perhaps by 

water currents or biological activity. The packstone textures 

may have been similarly created by partial winnowing of lime 

mud or by great organic proliferation followed by biological 

reworking. Crossbedding or other structures of hydrodynamic 
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origin, if they ever existed, have been obliterated by 

biological reworking of the sediment. 

Limestones are much more important than marls in Unit E, 

indicating that carbonate sedimentation was more important 

than terrigenous sedimentation. Nodular and wavy-bedded 

horizons are well developed; if these lithologies represent 

times of decreased sedimentation rates (as has been suggested 

for similar horizons in Unit D), then much of Unit E may 

have been deposited during times of slow sedimentation. It 

is possible (though far from proven) that this diminished 

sedimentation somehow stimulated the growth of corals, which 

flourished and multiplied locally to form bioherms. Perhaps 

high turbidity, due to high sedimentation rates, was instru¬ 

mental in preventing extensive coral growth prior to the 

formation of the reef tract. 

If this last theory is true, then the branching corals 

present a great problem, as they seem to be the dominant 

organism in the Unit E bioherms. Perhaps these corals were 

particularly well-suited for growth in areas of muddy 

sediment, either by their ability to establish themselves 

in soft substrates or by their tolerance for turbid water 

conditions. The small bioherms of these corals in Unit E 

were apparently important in the localization of many of 

the individual reefs in the patch reef tract. Perhaps 
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future, detailed work on these corals and their relation 

to the surrounding sediments will uncover the precise 

environmental changes that occurred during the deposition 

of Unit E and promoted reef growth. 

I. The Patch Reef Tract at Rich 

(1) General Remarks 

The reef tract that overlies the deeper-water marls 

and limestones of the study area has been described by 

Warme et_ al. (1975). In the following paragraphs, I offer 

some additional comments on the possible paleogeography 

and depositional environment of the reef tract. My en¬ 

vironmental interpretations are based mainly on some 

limited petrographic studies of rocks from a few localities 

in the reef tract (Localities TKE, JFO, and TJT; the basic 

data is summarized in Appendix 1). 

(2) Reef Geometries and Paleogeography 

Two basic types of reefs occur in the main reef 

horizon (Warme et al.. 1975). (1) Massive, thick broad 

buildups are exposed at Jebel Taferdout (Locality JFO) and 

the eastern end of Jebel Assameur (Locality TKE). These 

may represent true shelf-edge reefs; talus beds sloping 

off the reef at Jebel Taferdout indicate a probable 30 

meters of paleorelief between the reef mass and the 



110 

adjacent sea floor. (2) Pinnacle and patch reefs, which 

are smaller, isolated buildups, are exposed along the crest 

of Jebel Assameur and in the broad valley between Jebel 

Assameur and Jebel Taferdout. As presently exposed, these 

smaller reefs may attain thicknesses of 40 m or more; but 

their actual height above the sea floor was probably no more 

than 1-3 m (Warme et aJ* » 1975) . 

Both of these reef types are at least partially time- 

equivalent. Therefore, the paleogeography of the tract 

was undoubtedly very complicated, with localized massive 

reefs rising well above a sea floor that was dotted by 

hundreds of patch reefs. 

The patch reef tract at Rich may have been an isoloted 

area of reef growth, surrounded on all sides by a deeper- 

water basin of predominantly marly sedimentation. The cross- 

sections given by Choubert et al. (1956) show that the sedi¬ 

ments to the north and east of the study area are time- 

equivalent to these reefs and are largely marls. The maps 

and discussions of Dubar (1949) indicate that the Bajocian 

rocks to the west of the study area are also deeper-water 

marls (Dubar's term is "Facies de mer plus profonde" - 

Dubar's Fig. 6). The lateral relationship of the reef tract 

with the platform carbonates to the south is not clear 

because the rocks are not exposed. My guess is that there 
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was a narrow, deeper-water channel between the patch reef 

tract and the southern platform; the sediments in this 

channel may have been marls that have subsequently been 

removed by erosion. 

(3) Depositional Environment 

The reefs grew in warm, shallow, well-illuminated 

waters of normal marine salinity and low turbidity. The 

water was probably no deeper than a few tens of meters. 

Circulation was good to excellent, and the sea floor may have 

been periodically disturbed by storm waves. There was a 

variety of substrates, including both hard and soft bottoms. 

The major sources of carbonate sediment were autochthonous; 

the small amount of terrigenous material present may have 

been blown in by winds. 

Well-circulated waters of normal marine salinity 

(about 30-40 ppt) are indicated by the tremendous biotic 

diversity of the reefs and the presence of stenohaline 

organisms such as cephalopods, crinoids, echinoids, green 

algae, and corals. 

Nonturbid conditions are indicated by the presence of 

numerous suspension-feeding organisms, such as corals, 

bryozoans, sponges, and brachiopods. 

Shallow, well illuminated waters are indicated by the 

presence of algae and the abundance of skeletal fragments 
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with micrite coatings. The abundant lime mud suggests that 

quiet-water conditions were prevalent; but the presence of 

so much grain-supported sediment (packstone) containing 

some rounded, apparently abraded, particles, suggests 

that the water was periodically agitated. Perhaps the 

reefs grew in water shallow enough to be stirred up by storms 

but not shallow enough to winnow away the lime mud. The 

depth of normal wave base in the High Atlas Seaway may 

have been very shallow, perhaps only a few meters, because 

the seaway was so narrow (100 km or less). 

A variety of substrates existed in the reef tract. The 

abundance of burrowing clams in the inter-reef deposits 

suggests areas of soft bottom. The presence of encrusting 

corals and oysters on the flanks and crests of some reefs 

suggests that there were local hard surfaces, which perhaps 

resulted from penecontemporaneous cementation of the reefs. 

Carbonate-secreting organisms of the reef tract were 

probably its major source of sediments. This is certainly 

true for the skeletal fragments, and I suspect that it is 

also true for the lime mud. Perhaps some of the mud 

was produced by Penicillus-like algae; a good deal of 

it may have been produced by the numerous bioeroding 

organisms that occur in the reefs 
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The small amount of detrital quartz and clay observed 

in the insoluble residues may be of eolian origin. 
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CHAPTER VI: DISCUSSION 

A. The Problem of Water Depth 

A deeper-water origin for Units A and C has been 

inferred from several lines of evidence, including the 

absence of shallow-water structures, the absence of algae 

and algal-bored particles, the predominantly pelagic fauna, 

the paleogeographic position of the study area in the center 

of the High Atlas Trough, and the general resemblance of 

these units to the deeper-water limestones described by 

Wilson (1969) . Several other lines of evidence, summarized 

below, have led me to the conclusion that Units A and C 

were deposited at water depths of no more than a few 

hundred meters. 

As a first approximation, the marls and limestones 

of Units A and C were most likely not deposited below the 

carbonate compensation depth (CCD). The CCD of the 

Tethys Ocean, to which the High Atlas Seaway presumably 

was connected, was at a depth of about 2500 m during the Lias 

and early Dogger (Bosellini and Winterer, 1975). Furthermore, 

Units A and C exhibit no rocks that resemble the radio- 

larites or ammonitico rosso of the Western Alps. According 

to Bosellini and Winterer, the ammonitico rosso was 

deposited at depths greater than 1000 m. Thus, Units A and 
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C were probably deposited at water depths of less than 

1000m. 

If one assumes that the patch reef tract formed in 

30 meters of water (an arbitrary figure) and that there was 

no compaction or subsidence, then approximate depths of 

deposition of Units A and C can be calculated from the 

thickness of the Main Section (1140 m). With this method 

depths of 250-640 m for Unit C and 645-1170 m for Unit A 

are obtained. Obviously, if there was any compaction or 

subsidence, these estimates of water depth are too high 

(too deep). If one assumes that the thicknesses of all 

the marls in the Main Section have been compacted by about 

25%, then depths of 177-452 m for Unit C and 457-857 m 

for Unit A are obtained. These should be regarded as 

maximum depths, since probably some subsidence also occurred 

in the study area during deposition. 

Micritized particles first become abundant in the Main 

Section near the top of Unit C (see Figure 8); thus, this 

surface may mark the first emergence of the sea floor into 

the photic zone. It is interesting to note that my 

calculated water depth of 177 m for the top of Unit C 

roughly corresponds to the depth of 520 ft (=158 m) given 

by Heckel (1972) for the maximum depth of light penetration 

sufficient for algal growth in clear, tropical water. 
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B. Paleoclimate 

During Aalenian and Bajocian times, the climate of the 

Central High Atlas was probably warm and subtropical or 

tropical. Evidence for this statement is listed below. 

(1) Recent shallow-water carbonate sedimentation achieves 

regional dominance only in areas with subtropical and 

tropical climates. By analogy, it seems likely that the 

widespread Jurassic carbonate sediments of the High Atlas 

Trough were also deposited in warm hydroclimates. 

(2) Recent reef-forming corals are most abundant between 

latitudes 20°N and 20®S, and, with few exceptions, do not live 

where the water temperature falls below 18-19®C (Gunter, 

1957) . The abundant reef-forming corals of the Jurassic 

of the High Atlas probably also required warm-water conditions. 

(3) Paleomagnetic studies by Irving (1964) indicate a late 

Triassic to lower Jurassic latitude of about 30®N for the 

the Central High Atlas. I would not expect the paleolatitude 

for the Middle Jurassic to be much different, but I was 

unable to find published data to verify this point. In 

the Recent, many areas of latitude 30°N have warm-temperate 

climates (for example, Houston, Florida, Morocco, and 

Kuwait). 

(4) There is no apparent evidence for glaciation during the 

Jurassic* Worldwide climate at that time was evidently more 
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equable than during the Recent? in other words, during the 

Jurassic, the climate was probably warmer at higher latitudes 

than it is now (Arkell, 1956). 

(5) The assemblage of particle types found in carbonate 

sands of the study area strongly resembles the ‘’Chlorozoan" 

association of Lees and Buller (1972); in Recent shallow- 

water carbonate sediments, the Chlorozoan association is 

almost entirely restricted to warm, tropical waters. 

(6) Oxygen-isotope studies of several different layers in 

two belemnites from Sample Locality PT (see Figure 3) give 

paleotemperatures of about 18°-23°C (Mike Johnson, 1975, 

personal comm.). These temperatures, which presumably 

represent water temperatures, are comparable to those found 

in the present-day Persian Gulf (Hartmann ^t aJL., 1971). 

They also resemble the surface-water temperatures of the 

modern open oceans between latitudes 20°N and 40SN 

(Sverdrup, Johnson, and Fleming, 1942). It is interesting 

to note that when the belemnite isotopic data is recal¬ 

culated using a salinity of 40 ppt (rather than the "normal 

marine" salanity of 35 ppt used in the original calculations), 

the belemnites give paleotemperatures of about 23°-28°C 

(Mike Johnson, 1975, Personal comm.). These temperatures 

are comparable with those found in the modern Red Sea 

(Siedler, 1969) and resemble the surface-water temperatures 
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of the modern open oceans in tropical and subtropical 

latitudes (Sverdrup, Johnson, and Fleming, 1942). 

It seems quite clear that the rocks of the study area 

were deposited in a warm-climate region. But was the climate 

dry and arid or moist and humid? I have observed structures 

that appear to be tree roots in continental or marginal 

marine sediments of Dogger age near the Barrage du Hassan 

(about 25 km south of the study area). The presence of 

trees might suggest a moist climate, but this evidence for 

high humidity is far from conclusive. The abundant 

argillaceous sediment in the deeper-water sediments of the 

study area might suggest a high rate of erosion of the land 

masses surrounding the High Atlas Trough; this in turn 

suggests high rainfall. However, the paucity of siliceous 

sandstones in the study area argues against any such rates 

of erosion. More evidence is needed before any conclusions 

can be drawn about the humidity of the Aalenian-Bajocian 

climate of the High Atlas. 

In summary, sedimentologic, paleomagnetic, and geo¬ 

chemical evidence suggests a warm, subtropical or tropical 

climate in the study area during Aalenian and Bajocian times. 
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C. Paleotectonics and Submarine Ridges 

Tectonic movements during the deposition of Unit D 

resulted in the formation of at least two topographic highs 

in the study area. On of these highs was located just 

to the southeast of Locality TKE and the other just north of 

Jebel Taferdout. Evidence for the existence of these highs 

is summarized below. 

Dubar (1938) cites some rather compelling evidence from 

the Midelt quadrangle (located just to the west of the 

study area) for local uplift of the sea floor during the 

latest Lias and early and middle Bajocian. Dubar believes 

that tectonic movements resulted in the formation of three 

elongate ridges; the axes of these ridges correspond to 

the crests of some of the principal anticlinal folds now 

present in the High Atlas. On the top of these ridges, the 

Lias often appears thinner than usual and more or less eroded, 

and is unconformably overlain by upper Aalenian or lower 

Bajocian sediments. These overlying sediments are often 

conglomeratic or rich in corals. The synclines adjacent to 

the anticlines show thick and complete sequences of Liassic 

sediments. 

One of the ridges identified by Dubar (that which 

follows Jebel Amejegarh and Jebel Tagoutsa in the Midelt 

quadrangle) is approximately on strike with the Bou Hamid 
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Anticline, which passes obliquely through my study area 

just to the east of Locality TKE (compare Figures 3 and 4). 

It appears that the Bou Hamid Anticline was rising 

during the deposition of Unit D, forming a submarine topo¬ 

graphic high upon which the massive reef at Locality TKE 

became established. 

(1) There is a significant westward thickening of laterally 

equivalent stratigraphic units from Section KE to Section III 

(Figure A-7) . 

(2) The lateral variations in insoluble residues from a 

single bed (Figure F) show an increase in the percentage 

of carbonate from west to east. It is conceivable that 

carbonate sediments were produced more rapidly to the 

east as the water became progressively shallower. 

(3) The massive reef at the top of Section KE (the reef- 

Locality TKE) is apparently laterally equivalent to the 

nodular limestones and patch reefs that occur to the west, 

at the tops of Sections KW and III (see Figure A-7). This 

suggests a gradual deepening of water from east to west. 

In summary, the evidence suggests that mild tectonic 

movements occurring sometime in the early or middle Bajocian 

resulted in the formation of a submarine topographic high. 

This bump in the sea floor evidently provided a foundation 

for the growth of the massive reefs at Locality TKE. I 
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believe that this sea floor high also may have served as a 

nucleus from which reef growth spread. This contention 

is supported by the fact that the first reefs to appear 

at the base of the patch reef tract on Jebel Assameur are 

apparently older in the east and younger in the west (see 

Figure A-7). 

If there was in fact a submarine ridge along the Bou 

Hamid Anticline at this time, the patch reefs on Jebel Bou 

Kenndil should become progressively younger to the east, and 

the deeper-water sediments below the reefs should thicken 

to the east. Hopefully, in the near future, someone will 

gather sufficient data to prove or disprove this hypothesis. 

Another submarine ridge, oriented along the anticline 

of Isk n' Arbia, may account for the presence of the massive 

reef at Jebel Taferdout. The existence of this topographic 

high is suggested by: (1) the foreset beds at Locality JFO, 

which dip to the southwest, away from the Jebel Taferdout 

reef; and (2) the apparent thickening of deeper-water deposits 

from northeast to southwest, between Section JT and X 

(see Figure A-7). 

Were these submarine ridges actually formed along 

embryonic anticlines? If they were, this fact must have 

far-reaching implications for future hypotheses regarding 

the role of the High Atlas in plate tectonics. 
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Dewey et. aj... (1973) have postulated the existence of a 

right-lateral transform fault in the High Atlas during the 

middle Jurassic. If this transform fault is viewed as a 

first-order wrench fault, then the east-northeast-trending 

submarine ridges may be regarded as second-order drag 

folds. Alternatively, the submarine ridges may actually 

be upthrown fault blocks, formed during a late stage of 

the extensional tectonics that originally created the High 

Atlas Trough in the Triassic and Lias. 

D. How Did the Reefs Get Started? 

The patch reef tract at Rich occurs at the top of a 

shoaling-upward sedimentary sequence. This suggests that 

the prolific growth of coral reefs was triggered by the 

elevation of the sea floor into well-illuminated, well- 

oxygenated, and well-circulated, warm surface waters. The 

fact that the reef tract overlies a thick horizon of 

nodular and wavy-bedded limestones (Unit E) implies that 

lowered sedimentation rates, especially decreased terrigenous 

sedimentation, may also have played an important role in 

stimulating reef growth. 

The precise reasons for the localization of individual 

reefs remain unknown. The massive reefs on Jebel Taferdout 

and on the eastern end of Jebel Assameur may have formed 
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on submarine ridges that resulted from tectonic movements. 

Special hydrographic conditions around these ridges may 

have created particularly favorable conditions of circulation, 

such as increased nutrient availability caused by upwelling. 

The ridge tops may have provided better illumination and 

oxygenation, warmer water, and lower turbidity than found 

on the surrounding sea floor. The founding coral colonies 

of the individual patch reefs presumably started on hard 

substrates, such as rocks or shell fragments; experimental 

work has shown that the coral larva (planula) must attach 

to a hard surface before it can grow into an adult 

(Crowell, 1973). In one case (the Section III bioherm), a 

coral at the base of a reef is apparently attached to a 

lithiotid fragment. Many of the pinnacle reefs along the 

top of Jebel Assameur appear to be formed atop bioherms 

of branching corals; perhaps these corals, or the submarine 

cementation of their bioherms provided hard substrates. 

However, this still leaves the problem of the initiation 

of the branching coral bioherms. These bioherms were possibly 

localized on scattered hard surfaces (shell lags or cemented 

areas), or perhaps the branching corals were somehow able 

to establish themselves on soft substrates. 
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E. Aalenian-Baiocian History of the Study Area 

Sedimentation in the study area during Aalenian and 

most of Bajocian time was undoubtedly strongly influenced 

by events occurring in the surrounding region. The following 

remarks are made with the realization that future work in 

the High Atlas will lead to modification of the story 

presented here. The possible sequence of events is shown 

graphically in Figures 14, 15, and 16. (The configuration 

of the southern shelf of the High Atlas Trough is purely 

speculative.) 

During Aalenian time, the study area was the site of 

rhythmic sedimentation of deeper-water marls and limestones, 

with periodic emplacement of shallow-water material derived 

from a carbonate platform area to the south. The study 

area was apparently located at or near the base of a gentle 

slope (Figure 14); some deeper-water sediment was redepos¬ 

ited by slumping and occasional strong bottom currents, 

possibly pelagic turbidites. A unique event (or events), 

perhaps a great storm, a tsunami, a sea-level change, or an 

outburst of tectonic activity, triggered the movment of 

large amounts of shallow-water material into the deep-water 

basin at about the Aalenian-Bajocian boundary. 

During the Bajocian, sedimentation proceeded more 

rapidly than subsidence, and the High Atlas Trough became 
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shallower as it filled with sediment. Rhythmic deposition 

of marls and limestones continued, but the shallower-water 

environments became increasingly more populated by organisms, 

which locally formed biostromes and bioherms. 

At the same time, submarine ridges were created by 

tectonic movements; and the shallowing of the basin climaxed 

with the formation of massive coral reefs on top of these 

ridges and the growth of hundreds of patch reefs on the 

gently sloping flanks. 

F. Summary of Major Conclusions 

The upward changes in lithologic and biotic features 

in the Aalenian-Bajocian sedimentary section near Rich, 

Morocco are best explained by a general shallowing of water 

depth during Bajocian time. This hypothesis is supported 

by several lines of evidence, including upward increases in 

benthic vs_. pelagic organisms, shelly vs. soft-bodied 

benthic organisms, and algae and algal-coated particles. 

Five units are distinguished in this section and are 

described below in ascending stratigraphic order. 

Unit A, 525 m thick, consists mainly of rhythmically 

interbedded dark-colored marls and lime mudstones and 

wackestones that exhibit a predominantly pelagic fossil 

fauna. Calcareous turbidites, containing peloids, ooids. 
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and fossil fragments of shallow-water deviation, are 

present but rare. A single horizon, 2-3 m thick, near the 

base of Unit A bears abundant evidence of soft-sediment 

deformation, including slump folds and exotic blocks. The 

sediments of Unit A were probably deposited on or near 

the base of a gentle, northwest-dipping slope in a quiet 

marine environment of water depths of a few hundred meters. 

Unit B is composed of dark gray massive and cross- 

bedded oolitic-peloidal lime grainstones that fill a broad, 

shallow channel about 3 km wide and 5 m deep. The sands 

of Unit B were probably derived from a shallow-water 

carbonate platform located on the southern margin of the 

High Atlas Trough, and were transported into a deep-water 

environment by unknown mechanisms. 

Unit C, 390 m thick, consists mainly of rhythmically 

interbedded dark-colored marls and lime mudstones that 

resemble those of Unit A. In contrast to Unit A, however, 

Unit C exhibits no calcareous turbidites but contains a few 

thin beds of quartz-carbonate sandstone that apparently 

represent redeposited shallow-water sediments. Like Unit A, 

Unit C was probably deposited in a quiet, deep-water marine 

environment. 

Unit D, 199 m thick, is also composed mainly of 

rhythmically interbedded dark-colored marls and lime 
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mudstones, wackestones, and packstones; these rocks differ 

markedly from those of Units A and B in that they bear a 

diverse and locally dense shelly benthic fauna, with some 

coral-rich bioherms and biostromes. Unit D also exhibits 

a few horizons of nodular limestones that may represent 

periods of decreased rates of sedimentation. Unit D was 

probably deposited in shallow, well-illuminated marine 

environments at water depths measurable in tens of meters. 

Unit E is the basal 21 m of a horizon of scleractinian 

coral reefs. The unit consists mainly of dark-colored lime 

mudstones, wackestones, and packstones (including marly 

limestones and nodular limestones) that bear a diverse and 

abundant shelly benthic fauna. Small bioherms in Unit E 

may have provided sites of localization for some of the 

larger reefs in the overlying reef tract. Unit E was 

probably deposited in well-illuminated, periodically 

agitated marine environments at shallower water depths than 

Unit D. 

Unit E is overlain by a 50-100 m thick horizon of 

scleractinian coral reefs and coral-rich beds. The rocks 

are predominantly light- to dark-colored, massive to nodular 

lime mudstones, wackestones, and packstones. The reefs 

apparently grew in shallow, well-illuminated, moderately 

agitated marine environments. The reef horizon may represent 
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an isolated area of reef growth that was surrounded on all 

sides by a deeper-water basin of predominantly marly 

sedimentation. 

Evidence from local and regional stratigraphic rela¬ 

tionships and insoluble residue analyses suggests that 

some large reef bodies within the reef horizon may have been 

established on local submarine topographic highs that 

formed as a result of tectonic activity during Dogger-time. 

During Aalenian and Bajocian time, the climate of the 

Central High Atlas was probably warm and subtropical or 

tropical. This hypothesis is supported by several lines of 

evidence, including paleolatitude, faunal and sedimentological 

analogies with the Recent, and oxygen-isotope studies on 

belemnites from the study area. 
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APPENDIX I 

LOCATIONS AND DESCRIPTIONS OF SAMPLE LOCALITIES 
AND MEASURED SECTIONS 

This appendix details the precise locations of all 

measured sections and sample localities in the study area and 

briefly describes the rocks of the sample localities and 

measured sections that have not already been described in the 

main text. A correlation chart of measured sections is also 

included. 

The location descriptions are designed to aid interested 

persons in finding these sites in the field. Such persons 

should also refer to Figures 2 and 3 and a topographic map 

(Gourrama sheet, scale 1:100,000 available from the Service 

Topographique in Rabat). In the location descriptions, 

distances from Rich are in air miles, and the term "main 

highway" refers to the Midelt-Ksar-es-Souk road. In many 

cases, road mileages are given in kilometers from the 

Auberge du Ziz, which is a small cafe of ill repute, 

conveniently located near the intersection of the main 

highway with the paved road that leads into Rich. 

CRL5 (measured section) 

Location. On the floor of the valley of the Oued Ziz, 

about 2 km east of Rich. The base of the exposed part of 



137 

the section is in a stream cut near a small sugar cane (?) 

field about 1 km south of Section L5D (see Figure 3), and 

is accessible only by foot. The top of the section is the 

base of Section L5D. 

Description. The rocks of Section CRL5 are part of 

Unit A of the Main Section and are described as such in 

the text. 

D (measured section) 

Location. About 3 km east-northeast of Rich, on the 

southwest corner of Jebel Assameur. The base of the section 

is easily reached by automobile by taking the dirt road that 

leaves the main highway at a point about 1.5 km east of 

the Auberge du Ziz. Follow this dirt road due east about 

500 m until it crosses a swale in which the dark gray, 

channel-filling grainstone of Unit B is exposed. The base 

of the section is the top of the grainstone unit. The section 

proceeds north up the swale and up the hillside. The top 

of the section is the top of the cliff-forming nodular lime¬ 

stone nearest the base of Jebel Assameur. 

Description. The rocks of Section D are part of Unit C 

of the Main Section and are described as such in the text. 
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FA (sample locality) 

Location. About 18 km east of Rich. The locality is 

easily reached by automobile. From the Auberge du Ziz, 

follow the main highway east about 8 km to the village of 

Ait Issoumour and turn left onto a narrow paved road (do 

not cross the bridge over the Oued Ziz). Follow this paved 

road for about 15 km, through the villages of Ait Kherdi and 

Kerrando, to the smelter. About 500 m past the turnoff for 

the smelter, turn left onto a dirt road. Locality FA includes 

abundant lime sandstone float scattered near the intersection 

of the dirt and paved roads, and brachiopod-rich black 

limestones, which form small cliffs near the intersection. 

Description. All these rocks are apparently of 

Aalenian age; they occur stratigraphically just below a 

laterally extensive channel-filling grainstone unit that 

presumably marks the Aalenian-Bajocian boundary. 

The lime sandstone float consists of tablets, 1-10 cm 

thick, of very well-sorted, fine-grained, gray to dark gray 

peloidal-oolitic grainstones (microsparites). I believe that 

these rocks are weathering out at or near their true strati¬ 

graphic position. They consist mainly of well-rounded 

peloids and ooids but also include a large proportion of 

skeletal fragments, which are mostly unidentifiable due to 

their small size and abraded condition. I was able to 
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identify fragments of foraminifera, brachiopods, molluscs, 

and echinoderms. Trace fossils are abundant and include 

Phycodes (?) and numerous tracks and trails. Other sedi¬ 

mentary structures include plane lamination, very small-scale 

cross-bedding, and some horseshoe-shaped structures that may 

be scour marks. 

Stratigraphically above these thin sands (but still in 

rocks of Aalenian age) are some brachiopod-rich black lime¬ 

stones, about 0.5-1.5 m thick, which form low cuestas. In 

thin section, the limestones are poorly sorted, very fine¬ 

grained to granular peloidal-oolitic grainstones (micro- 

sparites). Most of the particles are well rounded. Peloids 

and ooids are predominant, but broken bioclasts are also 

common and include fragments of brachiopods, clams, oysters, 

echinoids, crinoids, corals, wormtubes (?), gastropods, 

foraminifera, lithiotids, and Cayeuxia (?). Many of the 

smaller bioclasts are completely micritized, but most of the 

larger ones are recrystallized (to sparry calcite) with 

micritic coatings. Some rare lithoclasts, mainly micritic 

steinkerns of brachiopods and clams, are also present. Most 

of the micritic particles are stained orange-brown by iron 

oxides. Of particular interest are the numerous ’’whole" 

brachiopods that are weathering out; most of these are 

somewhat crushed, and every specimen observed in thin section 
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was filled with sand-size particles (mainly ooids and 

peloids, with some bioclasts). Sedimentary structures are 

difficult to observe in outcrop because of the pitted 

weathering of the limestones, but some small festoon cross¬ 

beds were observed on a large piece of float. A few 

irregularly shaped, brown clay clasts were observed in the 

limetones; these were probably derived from the underlying 

marls. The lower contacts of the limestones with these 

marls are sharp and irregular; the upper surfaces of the 

grainstones are covered. These limestones probably fill 

channels that are at least 100 m wide and up to 2 m thick, 

but the actual geometry of these units is obscured by 

alluvial cover. 

JBK (sample locality) 

Location. About 12 km east of Rich, on the extreme 

western end of Jebel Bou Kenndil. Easily reached by automobile; 

follow the narrow paved road from Ait Issoumour (see directions 

for Locality FA) for about 8 km to the west of Jebel Bou 

Kenndil. 

Description. The section here consists of a sequence 

of marls, limestones, and nodular limestones, capped by a 

patch reef horizon. This section was not studied in detail 

but is apparently stratigraphically equivalent to Units D 
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and E of the Main Section. Of particular interest at this 

locality are onkoids (algal balls), which are weathering 

out of a horizon that is apparently equivalent to Unit E 

of the Main Section. The onkoids are generally subspherical 

in shape and 2-3 cm in diameter; the exterior surface of 

weathered-out specimens is characteristically knobby. The 

internal structure of the onkoids consists of roughly 

concentric layers of light and dark material, with admixed 

bioclasts, which include tubes, Cayeuxia (?), and numerous 

unidentifiable fragments. These onkoids need to be studied 

in more detail. 

JFO (sample locality) 

Location. On the north-facing cliffs of Jebel Taferdout. 

Accessible only by foot, from Section JT. 

Description. Fore-reef talus beds, sloping to the west 

from the basal and middle parts of the massive reef at 

Jebel Taferdout, are well exposed in cross-section at this 

locality (see Figure 6 in Warrae et al., 1975). These 

foreset beds are composed of gray to light gray, massive to 

nodular limestones. These limestones dip west and southwest 

at angles up to 30°; this dip is presumed to approximate 

the original depositional slope on the basinward front of 

the massive reef of Jebel Taferdout. The foreset beds are 
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1.5-3.5 m thick; some of them thin to the west (basinward), 

where they interfinger with marls that thin to the east (reef- 

ward) . The amount of paleorelief represented by this slope 

is estimated to have been about 30 m. Because of cover by 

landslides on the steep mountainside, I was unable to correlate 

precisely the foreset beds with any of my measured sections. 

However, it appears that the lowest of the exposed foreset 

beds is stratigraphically equivalent to the thick nodular 

limestone at the base of Unit E of the Main Section. 

In thin section, the limestones of the foreset beds are 

skeletal wackestones and packstones, in which the bioclasts 

are generally broken and angular and randomly oriented 

(presumably because of biological reworking and compaction 

due to downslope movement). Most of the bioclasts are 

recrystallized to calcite spar, although many of the bio¬ 

clasts exhibit micrite coatings, and some are completely 

micritized. Identifiable bioclasts include fragments of 

brachiopods, clams, corals, sponges, gastropods, bryzoans, 

bundletubes, ostracods, algae(?), forams, and echinoderms 

(echinoids and cirnoids). The micrite matrix is generally 

pelleted, with abundant fine sand-and silt-sized skeletal (?) 

particles. 

There may have been some local neomorphism of micrite 

to fine-grained calcite spar. Some of the irregularly 
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shaped, spar-filled vugs may be compaction features. Many 

particles have been partly or wholly replaced by iron oxides 

(limonite and hematite); tiny needles of authigenic quartz 

and feldspar are common. 

JT (measured section) 

Location. About 10 km northeast of Rich, in the first 

prominent canyon west of the 1673 m peak of Jebel Taferdout. 

The section may be reached by automobile with difficulty. 

From the Auberge du Ziz, travel east about 500 m on the main 

highway, and then turn left (north) onto a dirt road (the 

same road as for Sections PR and X and Locality JTC). Follow 

this road for about 1.5 km to the first large, dry stream 

bed. Turn right (northeast) and drive up the stream bed 

about 1 km, just past a major tributary on the right, where 

another dirt road begins on the low right (east) bank of 

the stream bed. Follow this dirt road about 2.5 km, to a 

point where some vehicle tracks head out east toward the 

peak of Jebel Taferdout. Proceed to the end of these tracks. 

The base of Section JT is the top of a resistant limestone 

unit located in a small east-west trending swale about 100 m 

south-southwest of the end of the vehicle tracks, near a 

shepherd's stone hut. The section proceeds due south and 

then follows the bottom of the large gully visible to the 
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south; the section ends at the top of the low-gray cliff at 

the head of the gully. 

Description. This section is briefly described in 

Figure A-2. 

JTC (sample locality) 

Location. In a dry stream bed that exposes Aalenian 

rocks in the core of a small anticline about 7 km northeast 

or Rich (see Figures 2 and 3). The locality is easily 

reached by automobile. From the Auberge de Ziz, travel east 

about 500 m on the main highway, and then turn left (north) 

onto a dirt road (the same road as for Sections PR, JT, and 

X). Follow this dirt road, which parallels some power lines 

about 5 km north of the paved road, until it crosses a 

steep-sided dry stream bed. The sample locality is situated 

about 100 m northwest of the road in this stream bed. 

Description. Dark gray, ammonite-bearing marls and 

marly micrite, as well as several horizons of grainstones 

(including one thick unit resembling Unit B of the Main 

Section) are exposed here. These rocks are at or near the 

Aalenian-Bajocian boundary mapped by Choubert et al. (1956). 

The thin (5-20 cm thick), dark gray grainstone units 

appear to be small turbidites; they are often graded beds 

and sometimes exhibit plane, lamination and crossbeds. 
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Incomplete Bouma sequences were observed in some cases. 

Trace fossils, including Zoophvcos. are locally very 

abundant on bedding plane tops; sole markings such as load 

casts and rather poorly developed scour marks were observed 

on some bottoms of beds. In thin section, these rocks are 

fine-grained, well-sorted peloidal grainstones (microsparites), 

with occasional laminae of coarser-grained skeletal particles. 

All particles are well rounded. Most of the skeletal 

particles are micritized and unidentifiable, but I was able 

to discern fragments of clams, brachiopods, ammonites, 

crinoids, echinoids, gastropods, and forams. Ooids and 

lithoclasts (micrites and wackestones) are also present, 

and there are a few small patches of micrite matrix. 

Most of these thin grainstones are exposed as float and 

in outcrop stratigraphically a few meters below a thick 

(0.8 m), dark gray, massive grainstone unit, which, I believe, 

may be equivalent to Unit B of the Main Section. This 

grainstone is similar to Unit B in every respect except for 

its reduced thickness; its areal exposure, however, is not 

great enough to demonstrate whether or not it has a channel 

geometry. This thick grainstone is much more coarsely 

grained and more poorly sorted than the other grainstones 

exposed at locality JTC. 
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KE (measured section) 

Location, On the south flank of Jebel Assameur, about 

12 km east of Rich. The base of the section is the base of 

a prominent cliff-forming limestone bed that occurs just 

above the break in slope between the steep mountainside and 

the gently inclined alluvial slopes at the base of the 

mountain. The top of this section is just above the base of 

a cliff formed by the massive reef limestones at the top 

of Jebel Assameur, about 500 m east of aprominent saddle. 

Description. This section is briefly described in 

Figure A-3. 

KW (measured section) 

Location. On the south flank of Jebel Assameur, about 

8 km east of Rich. The base of the section is just north of 

the paved road, in a gully about 50 m east of the primary 

school in Ait Issoumour. The section goes north up this 

gully to a bicycle path, and then straight up the slopes of 

Jebel Assameur. The top of the section is the base of a 

vertical cliff in the patch reef horizon exposed at the top 

of the mountain. 

Description. This section is briefly described in 

Figure A-4. 
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LC-1 (sample locality) 

Location. Dark gray, ledge-forming limestones are 

exposed in a quarry about 100 m east of the Auberge du Ziz 

and in the stream cut adjacent to the quarry. 

Description. Dark gray peloidal and oolitic limestones 

(presumably grainstones) are exposed here. These rocks are 

mapped as being at or near the Aalenian-Bajocian boundary 

by Choubert et al. (1956). The rocks exposed on the east 

bank of the stream cut thin rapidly westward from 2.8 m 

to 0.6 m, and presumably pinch out a few meters farther to 

the west. These rocks are interpreted as representing the 

thin western edge of the broad, shallow, grainstone-filled 

channel whose center is exposed at Section L5D (= Unit B of 

the Main Section). Farther to the west, in the quarry 

across the stream from the apparent pinch-out, the grain- 

stones are exposed again and are at least 3 m thick. The 

lithology of these rocks is presumed to be similar to that 

of Unit B of the Main Section, but no thin sections from 

Locality LC-1 were examined. The upper contact of the 

grainstones with the overlying marly wackestones is grada¬ 

tional over several centimeters; the lower contact with the 

underlying brownish-weathering marl is sharp and irregular. 

Some festoon crossbeds were observed in the grainstones 

exposed in the quarry. 
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LC-2 (sample locality) 

Location. Dark gray, ledge-forming limestones are 

exposed in three adjacent gullies; the exposures are about 

5 km east of the Auberge du Ziz, about 100-300 m north of 

the main paved highway, and a few hundred meters east of 

the turnoff for Section III. 

Description. Dark gray, peloidal and oolitic limestones 

(presumably grainstones) are exposed here. These rocks occur 

at or near the Aalenian-Bajocian boundary as mapped by 

Choubert et. al. (1950) and are interpreted as representing 

the thin eastern edge of the broad, shallow channel whose 

center is exposed at Section L5D (= Unit B of the Main 

Section; see Figure 12). The lithology of these rocks 

appears in outcrop and hand specimen to be similar to that 

of Unit B; however, no thin sections were examined from 

Locality LC-2. Some sedimentary structures were observed 

here that are rare or absent at Section L5D. The most 

notable of these are some dark lensoid patches, about 3-4 cm 

thick and 10-20 cm long, which are oriented parallel or 

subparallel to horizontal. Coarser skeletal material appears 

to be concentrated in, but not restricted to, these dark 

lenses. The lenses may represent rippling. Crossbedding 

was not observed at Locality LC-2. The lower contact of 

the grainstone unit with the underlying greenish marl is 
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sharp but irregular; some horseshoe-shaped sole markings, 

which may represent burrows or scour marks, were observed. 

L5D (measured section) 

Location. 50 m southwest of a point where the main 

highway crosses some prominent black limestone cliffs, about 

1.5 km east of the Auberge du Ziz. The section is easily 

accessible by automobile. The base of the section is the 

top of a small ledge of resistant black micrite marked by 

a cairn, in the gully just below the black limestone cliffs. 

The top of the section is a small exposure of marl between 

the edge of the road and the top of the cliff. 

Description. The rocks of Section L5D are described 

in the text as units in the Main Section. The upper 1.5 m 

of section L5D are the base of Unit C; the middle 4.5 m of 

Section L5D are Unit B; and the lower 6.5 m of Section L5D 

are the top of Unit A. 

PR (measured section) 

Location. On the extreme northwest shoulder of Jebel 

Assameur, about 5 km northeast of Rich. The section is 

easily reached by automobile by following the dirt road that 

leaves the main highway at a point about 500 m east of the 

Auberge du Ziz. Follow this road for about 1 km, then turn 

east and follow the vehicle tracks to the base of the 
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mountainside. The base of the section is the top of a 

ledge of resistant, very fossiliferous limestone exposed in 

the gully just south of the end of the vehicle tracks. The 

section proceeds northeast to the base of the second major 

cliff-forming reef horizon. 

Description. This section is briefly described in 

Figure A-5. 

PT (sample locality) 

Location. About 23 km east of Rich. Easily reached by 

automobile; follow the narrow paved road from Ait Issoumour 

(see direction for Locality FA) about 5.5 km past the 

smelter. Look for a cairn on the north side of the road, 

near telephone pole #461; the locality is about 100 m north 

of the cairn, on the gentle alluvial slopes at the slope 

at the base of Jebel Bou Kenndil. 

Description. Dark gray, laminated marls and marly 

limestones and a few lime sandstones (grainstones? 

turbidites?) are exposed in small gullies at this locality. 

Ammonites and belemnites are locally very abundant on the 

bedding plane surfaces of the more resistant marly limestones. 

Trace fossils, including Chondrites and Zoophvcos. are also 

common. The lime sandstones are commonly graded, and 

exhibit plane lamination and crossbedding. Locally, the 
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sands bear abundant fossils of shallow-water (?) derivation, 

including gastropods, corals, clams, brachiopods, echinoids, 

and crinoids. A few belemnites collected in float at this 

locality were subsequently used to determine paleotemperatures. 

RL5 (measured section) 

Location. About 2 km east of Rich, on the tallest of 

an east-west trending line of cuestas that rises anomalously 

from the floor of the valley of the Oued Ziz. The section 

is easily reached by automobile by the dirt road leading 

south from the Auberge du Ziz; follow this road around the 

west side of the cuesta chain and proceed east along the 

south side of the cuestas. The base of the section is a 

small, resistant limestone ledge, marked by a cairn, at the 

base of the tallest cuesta. The section proceeds north up 

the southern slope; the top of the section is the top of a 

resistant limestone cliff, marked by a cairn, at the top 

of the cuesta. 

Description. The rocks of Section RL5 are part of Unit A 

of the Main Section, and are described as such in the text. 

SL5 (sample locality) 

Location. About 18 km east of Rich. The locality is 

easily reached by automobile. Follow the directions to 

Locality FA, then proceed on the dirt road about 500 m from 
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the paved road to the west end of a prominent, dark gray 

cuesta whose steep side is to the south. Locality SL5 is 

at the west end of this cuesta. 

Description. About 1.5 m of resistant, dark gray lime¬ 

stone is exposed at this pointy to the west, the limestone 

thins and presumably pinches out within 50 m, while to the 

east the limestone thickens to nearly 4 m (near Locality 

2SL5). This limestone is mapped as being at or near the 

Aalenian-Bajocian boundary (Choubert et aJL. 1956) ; it is 

presumably the lateral equivalent of Unit B of the Main 

Section. In thin section, the limestone consists of badly 

weathered to relatively unaltered oolitic-peloidal pack- 

stones and grainstones (microsparites); the particles are 

nearly all well rounded (abraded), and many particles show 

micrite coatings. The bulk of the particles (i>50%) are 

ooids and peloids. Limestone lithoclasts (including 

micrites, oolitic-peloidal microsparites, and bioclastic 

wackestones and packstones) are fairly common, and there are 

a few rock fragments (microcrystalline quartzites). 

Bioclasts are locally very abundant; I observed fragments 

of echinoderms (echinoids and crinoids), oysters, clams 

gastropods, brachiopods, Cayeuxia (?), worm tubes (?), corals, 

and foraminifera. The limestone is locally overpacked, with 

sutured grain contacts, styolites, and a large proportion 
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of iron oxides. Needles of authigenic quartz and feldspar 

are very abundant in these overpacked areas, and some 

particles (especially ooids) are entirely replaced by a 

mosiac of silicate crystals. 

The base of this limestone unit is sharp and irregular 

and apparently erosional over a brownish-weathering marl. 

Light brown clay clasts of irregular shape and up to 20 cm 

long are concentrated in the basal 10 cm of the limestone 

unit and are interpreted as rip-up clasts. The only other 

sedimentary structures observed were small-scale festoon 

crossbeds. The top of the limestone unit is not exposed. 

The cuesta on which Localities SL5 and 2SL5 are situated 

is continuous in outcrop for 2 km. I believe that the 

grainstones exposed in this cuesta are filling a channel 

that was at least 2 km long and apparently no deeper than 

5 m. 

2SL5 (sample locality) 

Location. About 19 km east of Rich. The locality is 

easily reached by automobile; follow the directions to 

Locality SL5 and continue for 1 km on the dirt road that 

follows along the top of the SL5 cuesta to a saddle in the 

cuesta. Locality 2SL5 is about 50 m east of this saddle. 

Description. About 3.8 m of resistant, dark gray 
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limestone is exposed on a small cliff here; this limestone 

is laterally equivalent to the limestone at Locality SL5 

and apparently equivalent to Unit B of the Main Section. 

The lithology is the same as described for Locality SL5. 

TJT (sample locality) 

Location. On the northern edge of the patch reef tract 

described by Warme et_ al. (1975), on the gentle, south-facing 

slopes of Jebel Taferdout. Accessible only by foot from the 

top of Section JT. 

Description. At this locality, I examined and sampled 

a few of the hundreds of patch reefs that outcrop in the 

broad valley between Jebel Assameur and Jebel Taferdout. 

On aerial photographs, the reefs appear as light-colored 

"plums" in a dark, inter-reef "pudding". The geometries of 

the reefs and patch reef tract have been described by 

Warme el: aJL. (1975) ; the following discussion is limited 

to a summary of some preliminary petrographic work that 

I have done. 

The reef limestones consist mainly of light gray, 

skeletal wackestones and packstones (and rare grainstones), 

which form small, circular knolls of low relief. In 

contrast, the inter-reef limestones are generally dark 

gray to black, massive to nodular, skeletal wackestones and 
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packstones, which form shallow swales between the patch 

reefs. Corals occur in both inter-reef and reef limestones, 

but appear to be more diverse and abundant in the reef 

facies. Lithiotids seem to be more common in the inter-reef 

facies, where they occur in large groups. Brachiopods, 

clams, echinoids, crinoids. Cayeuxia (?), gastropods, 

bundletubes, bryozoans, sponges, and forams are all repre¬ 

sented by skeletal fragments of both facies. Peloids, 

lithoclasts, and micritized grains are common in these 

rocks. The micrite matrix may be dense and structureless, 

or pelleted. Authigenic silicate minerals are common, 

and there may be some detrital quartz. 

TKE (sample locality) 

Location. On the north-facing cliffs of the 1673 m 

peak of Jebel Assameur. Accessible only by foot; from the 

top of Section KE, walk west along the base of the cliffs 

and climb up through the prominent saddle that is located 

west of Section KE. 

Description. The deeper-water marls and limestones of 

Section KE are capped by a massive, light gray and very 

fossiliferous reef limestone, which bears a diverse and 

abundant coral fauna. This limestone has not been studied 

in detail, but it appears to represent a massive reef 
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horizon much like that of Jebel Taferdout, which is briefly 

described by Warme et al.(1975). 

On the north side of this part of Jebel Assameur, 

and stratigraphically below the massive reef limestone, 

are at least two horizons of patch reefs. The reefs and 

inter-reef deposits exposed here resemble those that occur 

farther to the west and that are described by Warme et al., 

(1975) . 

The patch reefs are composed mainly of gray to light 

gray, massive, poorly sorted, skeletal packstones. Most of 

the skeletal fragments are broken, angular, and randomly 

oriented although some are rounded or subrounded. Most of 

the fragments are partially or completely micritized or 

recrystallized to ca,lcite spar. I observed fragments of 

brachiopods, clams, worm tubes (?), gastropods, corals, 

forams, sponges, bryozoans, ostracods, stromatoporids (?), 

echinoderms (echinoids and crinoids), and Cayeuxia (?). 

Large coral heads, up to 1 m in diameter, are occasionally 

observed on weathered surfaces; a few brachiopods and clams 

have weathered out and may be found in the float. The 

micrite matrix is commonly pelleted; peloids and a few 

fragments. Some irregularly shaped vugs of sparry calcite 

resemble Stromatactis. Authigenic silicates and iron oxides 

are common. The geometries of the reefs are essentially the 
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same as those described by Warme et. al. (1975) , and show a 

wide range of variability. 

The inter-reef deposits are mainly gray to dark gray, 

massive to nodular, poorly sorted skeletal packstones and 

wackestones. The faunal elements and particle types are 

essentially identical to the reef deposits, except for the 

darker color, greater frequency of mud-supported textures, 

and apparent absence of sizeable coral heads in the inter¬ 

reef deposits. 

X (measured section) 

Location. About 100 m east of a prominent gully, on 

a short, steep hillside, about 6 3cm northeast of Rich. This 

section may be reached by automobile with difficulty. Follow 

the directions for Section JT, but travel only 1 km on the 

second dirt road (instead of 2.5 km as for Section JT) to 

a cairn on the right side of the road. Follow the vehicle 

tracks that begin just to the right of this cairn; the 

tracks follow a winding route to the south and end at a 

rather obvious but low cuesta near Section X. The base of 

this section is a small outcrop of greenish-weathering 

marl about 20 m north of the cuesta. The section proceeds 

southeast, directly up the hillside, and ends at the top of 

cliff-forming black limestone (red macaroni rock) at the 
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top of the hill. 

Description. This section is briefly described in 

Figure A-6. 

I_ (sample locality) 

Location. On the southern slopes of Jebel Bou Kenndil, 

about 500 m east of a prominent saddle known as Tizi 

n'Mechoua. Easily reached by automobile; follow the 

narrow paved road from Ait Issoumour (see directions for 

Locality FA) to a point about 10 km past the smelter. Turn 

left and follow the vehicle tracks to the base of JBK. 

Description. The section here is apparently strati- 

graphically equivalent to Units D and E of the Main Section. 

It was measured by J.E. Warme and G. Padgett. Two samples 

from this section were examined with the SEM in my study. 

II (sample locality) 

Location. On the southern slope of Jebel Bou Kenndil, 

directly above Locality 2SL5. Easily reached by automobile 

(see directions to Localities FA and 2SL5). 

« 

Description. The section here is apparently strati- 

graphically equivalent to Units C, D, and E of the Main 

Section. It was measured by J.E. Warme and G. Padgett. I 

used several thin sections from their samples in describing 

certain particle types that were less well preserved in 
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the Main Section. 

Ill (measured section) 

Location. About 7 km northeast of Rich, on the slopes 

just below the most prominent saddle in the top of Jebel 

Assameur (as visible to the north from the main highway). 

The section is easily reached by automobile by turning 

north off the paved road at a point about 5 km east of the 

Auberge du Ziz and following the vehicle tracks to the 

foot of the mountain. The base of the section is the top 

of an inconspicuous limestone ledge marked by a cairn near 

the end of the vehicle tracks. The section proceeds straight 

up the hillside and ends at the top of a resistant black 

limestone unit (red macaroni rock) exposed in the lowest 

part of the saddle. 

Description. The rocks in Section III are described 

in the text as units in the Main Section. The upper 20 m 

of Section III are Unit E; the middle 200 m of Section III 

are Unit D; and the basal 120 m of Section III are the upper 

part of Unit C. 

3A (sample locality) 

Location. About 30 m west of the top of Section III, 

in the prominent saddle in the top of Jebel Assameur. 

Description. A section 5.2 m thick was measured in 
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some inter-reef deposits, in connection with a study of 

the patch reef tract. The section was not worked up. 

3AA (sample locality) 

Location. About 300 m east of the top of Section III. 

Description. A section 59.7 m thick was measured in 

some inter-reef and reef deposits in connection with a 

study of the patch reef tract. The section was not 

worked up. 



FIGURE A-l 

SYMBOLS FOR MEASURED SECTIONS IN FIGS. A-2 TO A-6 

LOCATIONS OF ALL SECTIONS ARE SHOWN IN FIG. 3 

NOTE ï AT TOP OF EACH SECTION IS SHOWN NATURE OF 
CAPPING UNIT, IF PRESENT (i.e., PATCH REEFS) 

MARLS + LIMESTONES (MAINLY ARGILLACEOUS 
MICRITES + WACKESTONES; RARE PACKSTONES) 

O 0 af\ 
NODULAR LIMESTONES (MAINLY FOSSILIFEROUS 
WACKESTONES + PACKSTONES) 

BIOHERMS (MAINLY FOSSILIFEROUS WACKESTONES + 
PACKSTONES) 

X COVER 
M MICRITE 

W WACKESTONE 

P PACKSTONE 

G GRAINSTONE 

FSLFS FOSSILIFEROUS 



FIGURE A-2: SECTION JT ( SYMBOLS AS IN FIG. A-l ) 

DESCRIPTION SECTION m 

LIGHT GRAY TO DARK GRAY MASSIVE 
LIMESTONE (W & P), BADLY RE- 
CRYSTALLIZED, FSLFS 

GRAY TO DARK GRAY LIMESTONE (W & 
P) , NODULAR, BURROWED, BIOTÜRBATED, 
FSLFS WITH BRACHIOPODS, CLAMS, 
LITHIOTIDS ; RARE THIN QUARTZ SAND¬ 
STONES 

POORLY EXPOSED DARK GRAY MARL & ’ 
MARLY M, FSLFS, WITH CLAMS, GAS¬ 
TROPODS (?) 

DARK GRAY MARLS & LIMESTONES (M & 
W & P) , BIOTURBATED & LAMINATED & 
LOCALLY BURROWED; LIMESTONES 
LOCALLY NODULAR; MARLS LOCALLY 
FSLFS, WITH BRACHIOPODS, CLAMS; 
LIMESTONES FSLFS, LOCALLY VERY 
FSLFS, WITH BRACHIOPODS, CLAMS, 
LITHIOTIDS, AMMONITES, BELEMNITES, 
NAUTILOIDS, GASTROPODS, BUNDLETUBE 
RARE THIN QTZ SANDSTONES 

GRAY TO DARK GRAY NODULAR LIME¬ 
STONE (W & P) , BIOTURBATED & BUR¬ 
ROWED, LOCAL SMALL BIOHERMS; VERY 
FSLFS, WITH CLAMS, BRACHIOPODS, 
CORALS, GASTROPODS, BELEMNITES' 

DARK GRAY MARLS & LIMESTONES (M & 
W & P) , BIOTURBATED & BURROWED; 
MARLS LOCALLY FSLFS; LIMESTONES 
LOCALLY NODULAR, LOCALLY VERY 
FSLFS, WITH BRACHIOPODS, CLAMS, 
BELEMNITES, AMMONITES, BUNDLETUBE, 
RARE CORALS. RARE THIN QTZ SAND¬ 
STONES 
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FIGURE A-3 : SECTION KE ( SYMBOLS AS IN FIG. A-l ) 

DESCRIPTION SECTION m 

DARK GRAY MARLS, MARLY LIMESTONES 
5c LIMESTONES (M Sc W & P) , BIO- 
TURBATED, LOCALLY BURROWED, LOCAL¬ 
LY FSLFS, WITH LITHIOTIDS, CLAMS, 
BRACHIOPODS , NAUTILOIDS , AMMONITES,' 
ECHINOIDS. LIMESTONES LOCALLY 
NODULAR. 

DARK GRAY M 5c W 5c P, MASSIVE 5c 
NODULAR, BIOTURBATED 5c BURROWED, 
VERY FSLFS, WITH CORALS, BRACHIO- ■ 
PODS, CLAMS, ECHINOIDS, BUNDLE- 
TUBES 

DARK GRAY MARLS, MARLY M Sc LIME¬ 
STONES (M Sc W 6c P) , BIOTURBATED, 
LOCALLY BURROWED, VERY FSLFS WITH 
CLAMS, BRACHIOPODS. VERY RARELY 
NODULAR. RARE QTZ SANDSTONES WITH 
CLAM FRAGMENTS 

DARK GRAY MARLS Sc LIMESTONES (M Sc 
W Sc P) , BIOTURBATED, LOCALLY BUR¬ 
ROWED, LOCALLY FSLFS WITH CLAMS, 
BRACHIOPODS. LOCALLY NODULAR 

DARK GRAY MARLS Sc MARLY M Sc W, 
LAMINATED TO BIOTURBATED, SPARSELY 
FSLFS, WITH AMMONITES, BRACHIO¬ 
PODS. RARE THIN QTZ SANDSTONES 

MASSIVE REEF 

orox>/~\'Q 200 

~o oQ o o‘ 

100 



FIGURE A-4: SECTION KW ( SYMBOLS AS IN FIG. A-l ) 

DESCRIPTION SECTION m 

LIGHT GRAY TO DARK GRAY M & W & P, 
MASSIVE TO NODULAR, VERY FSLFS, 
WITH CORALS, CLAMS, BRACHIOPODS, 
LITHIOTIDS, GASTROPODS, ECHINOIDS? 
BURROWED & BIOTURBATED 

DARK GRAY MARLS & LIMESTONES? 
MARLS SPARSELY FSLFS, WITH 
CRUSHED BRACHIOPODS ,-LIMESTONES (M 
& W & P) FORMING SMALL RESISTANT 
LEDGES, BURROWED & BIOTURBATED, 
LOCALLY NODULAR, LOCALLY VERY 
FSLFS WITH LITHIOTIDS, CORALS, 
BRACHIOPODS, CLAMS  

BROWNISH TO DARK GRAY P, LOCALLY 
NODULAR, BIOTURBATED & BURROWED, 
VERY FSLFS, WITH BRACHIOPODS,' 
CLAMS, CORALS. SWELLS TO SMALL 
BIOHERM TO EAST. 

DARK GRAY MARLS & LIMESTONES; 
MARLS FSLFS, BIOTURBATED & BUR¬ 
ROWED & LAMINATED, WITH CRUSHED 
BRACHIOPODS & BUNDLETUBES; LIME¬ 
STONES (M & W & P), LOCALLY 
NODULAR, BURROWED & BIOTURBATED, 
LOCALLY VERY FSLFS WITH BRACHIO¬ 
PODS , CLAMS, CORALS, BUNDLETUBES; 
RARE QTZ SANDSTONES, WITH CLAM 
FRAGMENTS 

z 

PATCH REEFS 
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OOQO O ° Q o 250 

.200 

— 150 

DARK GRAY MARLS & MARLY M, LAMIN¬ 
ATED TO BIOTURBATED, SPARSELY 
FSLFS, WITH RARE BELEMNITES, BRACH¬ 
IOPODS. RARE ZOOPHYCOS. RARE THIN- 
BEDDED QTZ SANDSTONES, SOMETIMES 
IN SMALL CHANNELS 

100 

50 



FIGURE A-5: SECTION PR ( SYMBOLS AS IN FIG.. A-l ) 

DESCRIPTION SECTION m 

BLACK MARLY M & W, SPARSELY FS LFS, 
BIOTURBATED, SCATTERED LIMESTONE 
NODULES 

INTERBEDDED DARK GRAY MARLS & 
NODULAR LIMESTONE (M & W & P) , 
FSLFS, BURROWED & BIOTURBATED; 
BIOHERMS VERY FSLFS, WITH CORALS, 
LITHIOTIDS, BRACHIOPODS, CLAMS 

DARK GRAY MARLS & MARLY M, NON- 
RESISTANT, SPARSELY FSLFS; DARK 
GRAY W & P, RESISTANT, BIOTURBATED 
LOCALLY NODULAR, FSLFS, WITH LITH¬ 
IOTIDS, BRACHIOPODS, CLAMS, 
BELEMNITES, OYSTERS 

DARK GRAY MARLS & MARLY M, NON- 
RESISTANT, SPARSELY FSLFS, BIO¬ 
TURBATED ; DARK GRAY M & W & P, 
BIOTURBATED, RESISTANT, LOCALLY 
VERY FSLFS, WITH BRACHIOPODS, 
CLAMS, AMMONITES; BRACHIOPODS & 
CLAMS COMMONLY IN LIFE POSITION; 
FOSSILS COMMONLY CRUSHED 



FIGURE A-6; SECTION X ( SYMBOLS AS IN FIG. A-l ) 

DESCRIPTION SECTION m 

DARK GRAY NODULAR M & W, BURROWED 
& BIOTURBATED, SPARSELY FSLFS; 
CAPPED BY BLACK FSLFS W & P (RED 
MACARONI ROCK), LOCALLY BIOHERMAL, 
WITH CORALS, BRACHIOPODS, ECHI- 
NOIDS, CLAMS, BELEMNITES 

DARK GRAY TO BLACK MARLS & LIME¬ 
STONES (M & W & P); LIMESTONES 
BIOTURBATED & BURROWED, LOCALLY 
NODULAR, LOCALLY VERY FSLFS, WITH 
BRACHIOPODS, BELEMNITES, CLAMS, 
LITHIOTIDS, CORALS 

NODULAR DARK GRAY TO BLACK M & W 
FORMING BROAD PLATEAU, BURROWED & 
BIOTURBATED, FSLFS WITH BRACHIO¬ 
PODS, CLAMS, LITHIOTIDS 

DARK GRAY TO BLACK MARLS & LIME- ' 
STONES (M & W & P) , BIOTURBATED & 
BURROWED, FSLFS; LOCALLY VERY 
FSLFS WITH CLAMS, BRACHIOPODS, 
LITHIOTIDS, AMMONITES, BELEMNITES; 
CAPPED BY LOCALLY NODULAR LIME¬ 
STONE (M & W & P) 

DARK GRAY M & W & P, MASSIVE .& 
NODULAR, ElOTURBATED & BURROWED, 
VERY FSLFS WITH CORALS, BRACHIO¬ 
PODS, CLAMS, ECHINOIDS 

POORLY EXPOSED DARK GRAY MARL, UN- 
FSLFS, BIOTURBATED & LAMINATED 

(TOP OF HILL) 

150 

125 

100- > 
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APPENDIX II 

PROBLEMS AND CONVENTIONS IN PARTICLE IDENTIFICATION 

Although I was able to identify many of the carbonate 

particles that I observed in thin sections, many more remain 

unidentified. Recrystallization, replacement, abrasion, and 

small size are major obstacles to precise identification. 

Also, some particles are difficult to identify and understand 

because they belong to problematic, extinct Jurassic creatures. 

The following paragraphs summarize these and other problems 

encountered in identifying some of the more exotic particles 

found in the study area. 

"Bundletube” (my own name for this fossil). Bundletube is 

common on float and in outcrop in the limestones of Units 

D and E of the Main Section, and is also frequently observed 

in the patch reef tract. On weathered surfaces and in thin 

section, this fossil appears as a bundle of up to 20 

elongate, closely packed, and intertwined tubes. The 

bundles are usually about 1-5 cm long and less than 1 cm 

in diameter. 

In thin section, the individual tubes are circular or 

elliptical in cross-section and about .3-.6 mm in diameter. 

The tubes are generally of constant diameter along their 

entire length. They may be straight or sinuous, but are 
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never coiled or tightly curled, and are very rarely 

observed to branch. The tubes must have been hollow, because 

they are now filled with micrite, fine-grained calcite spar, 

or peloids. The walls of the tubes are .03-,10 mm thick 

and usually consist of two layers of approximately equal 

thickness: a lighter microspar inner layer, which rarely 

exhibits very faint orientations of crystals concentrically 

about and radially from the axis of the tube; and a darker, 

micritized outer layer. 

Bundletubes are found in two settings. In bioherms, 

they are often attached to the outer surfaces of corals, 

upon which they were probably growing as epiboints. Large 

groups of bundletubes are also found unattached and lying 

parallel or subparallel to bedding in wackestones or pack- 

stones often in association with brachiopods. Thus, 

bundletubes may have grown at the sediment-water interface 

or even upward from the sea floor, in a manner analogous to 

dendroid corals. Large groups of bundletubes may have been 

capable of trapping and binding sediment. 

The growth form, shape, and size of bundletubes 

resemble that of the worm tubes figures by Majewskie (1969, 

plate 13B); the bundletube organisms probably were annelid 

worms, but may also have been vermetid gastropods. 

Detailed paléontologie work is required to identify these 
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fossils correctly. 

Cayeuxia. Fragments of codiacean algae were observed in 

several thin sections from the patch reef tract (Sample 

Localities TKE and TJT), from Units E and B of the Main 

Section, and from Sample Locality FA. These fragments are 

composed of masses of minute tubules; the individual tubules 

are about .05 mm in diameter and are commonly recrystallized 

and filled with microspar. The outer surfaces of the frag¬ 

ments are usually micritized. 

I have tentatively identified these algal fragments as 

Cayeuxia. on the basis of their resemblance to specimens 

figured by Bolliger and Burri (1970, plate 7-3), Perconig 

(1968, plate 82-1), and AGIP (1959, plate 28-1). 

Cheilosporites (?). In a thin section from Unit E of the 

Main Section (sample 3-30-2), I observed a single specimen 

of a linear object about 1.5 mm long, divided into 7 (?) 

segments along its length. The individual segments are 

elliptical to triangular in cross-section, and about 

0.1-0.3 mm in diameter. Some of the segments appear to 

have appendages that branch off slightly from the main body. 

The segments are filled or recrystallized with very fine¬ 

grained calcite spar; the outer fringes of the segments 

are micritized and partly replaced by small patches of hematite. 
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This object resembles a problematic organism known as 

Cheilosporites, which is found in the Triassic of the Alps 

and is figured by Fischer (1962). Fischer believes that 

Cheilosporites is a foraminifer rather than a sponge or an 

alga, as has been suggested by earlier workers. 

The object may also be the foraminifer (?) Frondicularia, 

which is figured by Perconig (1968, plate 11) and Horowitz 

and Potter (1971, plate 71). 

Favreina. In thin sections from the Main Section (but most 

notably from sample D-9), I observed some large micritic 

peloids, which are about .8 mm long and .5 mm wide and 

roughly cylindrical in shape. These peloids exhibit several 

longitudinally oriented "canals", filled with clear micro¬ 

spar, which are roughly circular in cross-section and about 

.02 mm in diameter. The edges of these peloids are not 

sharp, but are relatively well defined in comparison to 

other peloids that I observed in the Main Section. I have 

tentatively identified the distinctive larger peloids as 

Favreina on the basis of their strong resemblance to photo¬ 

graphs of Favreina shown by Elliot (1962). Another possi¬ 

bility is that they represent the fecal pellets of certain 

crustaceans (Horowitz and Potter, 1971). 
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Globochaete (?). In thin sections from all units of the 

Main Section, I have observed some small, subspherical 

objects, about .03-.10 mm in diameter, which commonly display 

a false uniaxial extinction cross when viewed under crossed 

polarizers. These were tentatively identified by 

Dr. James Lee Wilson as Globochaete, a problematic organism, 

found in the Upper Paleozoic and Mesozoic, which may have 

been some hind of spore (Giron and Trejo, 1974) . While many 

of my specimens do resemble the individual spherules of 

Globochaete figured by Giron and Trejo, many more are 

difficult to distinguish from other tiny, subspherical 

objects, which may be radiolarians, calcispheres or foramin- 

ifers. 

Lithiotids. In some resistant limestone beds of Units D and 

E of the Main Section, are a few large, thick-shelled 

bivalves, which may be lithiotids (J. L. Wilson, personal 

communication) . These unusual clams are 30 cm long or longer; 

the individual valves may approach 1 cm in thickness. The 

lithiotids of the study area are generally found in a 

horizontal position. They are very difficult to extract 

from the surrounding rocks, and I was able to collect only 

a few shell fragments. Further study is needed to establish 

the precise identity of these fossils. 
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The family Lithiotidae may be related to oysters 

(Stenzel, 1971). Stenzel mentions two genera, Lithiotis and 

Cochlearites, which are known from the Lias (Stenzel, 1971). 

"Masturbites” (my own name for this fossil). I have 

observed this problematic organism on the weathered surfaces 

of dark gray wackestones near the patch reefs at Sample 

Localities JBK and I (see Figure 3). Masturbites resembles 

a leafless willow tree that has fallen to the ground; however, 

the "tree" (if masturbites did, in fact, stand up like a 

tree) may have been only about 10 cm tall and its "branches" 

only about .5 mm in diameter. Occasionally, the branches 

are arranged in a radial pattern, as if they were radiating 

out from a central stalk or holdfast. Masses of masturbites 

may have been capable of trapping .and binding sediment. 

Each branch appears to consist of 5-30 smaller tubules, 

each about .1 mm (or less) in diameter and circular or more 

irregularly shaped in cross-section. These tubules are more 

or less linear and are arranged roughly parallel to each 

other; they do not form the mutually intertwining masses 

of tubes that are characteristic of the bundletube 

(described above). At irregular intervals of 1 mm or less, 

individual tubules diverge from the main branch at large 

angles (usually between 45° and 90°) and terminate abruptly 
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at about .5 mm from the main branch. The walls of the 

tubules are extremely thin (about .008 mm thick) and, in many 

cases, appear to have a very fine lamellar structure. The 

tubules are generally filled with fine-grained calcite spar 

but occasionally are filled with micrite. The central 

tubule of each branch is usually a little larger than the 

surrounding ones, and is commonly filled with slightly 

coarser calcite spar. 

I do not know what sort of organism masturbites was. 

It may have been bryozoan, but I did not observe any 

diaphragms or any local thickenings that might have housed 

the individual zooids. Masturbites may have been part of 

the bundle tube, but the fine structures of the two fossils 

are completely different, and the two are not always found 

together. Was this organism an aberrant arthropod, an 

anomalous alga, or a strange coelentrate? Masturbites 

deserves some detailed paléontologie study and a more 

distinguished name. 

Posidonia. In thin sections and on weathered surfaces of 

the rocks of the Main Section, I observed fragments and 

impressions of fossils that are almost certainly pelagic 

bivalves, probably Posidonia (=Posidonomya). In thin 

section, the extremely delicate shell fragments (often 
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several millimeters long but only about .01 mm thick) 

appear as gently curved calcite filaments; they strongly 

resemble the fragments of pelagic bivalves figured by Cita 

(1965, plate 22-2) and A.G.I.P. (1959, many plates). On 

weathered surfaces, these unusual bivalves are egg-shaped 

and about 15 mm long, with a strong concentric sculpture and 

a very faint radial sculpture; my specimens are nearly 

identical to the Posidonia figured by Piveteau (1952, p.278). 

Radiolarians + calcispheres. Tiny, subspherical or more 

irregularly shaped objects, ranging in size from .04 to .3 mm 

are found in thin section throughout the Main Section, but 

are especially common in Unit C. These objects are usually 

filled with very fine-grained calcite spar, but sometimes 

contain polycrystalline quartz (?), pyrite, or iron oxides. 

The particles are sometimes surrounded by an extremely thin, 

clear calcite (?) rim. Most of the particles are circular in 

cross-section and are presumably spherical, but many are 

elliptical or arrowhead-shaped. Some have minute appendages, 

which may be spines or some other type of ornamentation. 

Positive identification of these objects is difficult and 

perhaps impossible due to recrystallization and replacement. 

Because of their small size and their resemblance to ancient 

radiolarians figured by A.G.I.P. (1959, many plates). 
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Cita (1965, plates 18, 28, 38), and other authors, I 

believe that most of these objects may be radiolarians; 

however, I never observed any pores or meshwork that would 

make this identification more certain. Those objects with 

clear calcite rims may be radiolarians or calcispheres. 
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APPENDIX III 

SOME INTERESTING DIAGENETIC FEATURES 

Several major diagenetic problems, including nodular 

limestones, early cementation of bioherms, and neomorphism 

of lime mud to microspar, have already been considered in 

this report. The following paragraphs contain brief dis¬ 

cussions of other features of diagenesis that occur in the 

study area, such as altered beds, authigenic silica, 

dolomite, iron oxides, and pyrite. A fuller treatment 

of these and other problems must await future research. 

Altered beds. Beds of limestone or marly limestone, which 

have apparently been post-depositionally altered, occur near 

the top of Unit A and near the base of Unit C. 

Two resistant beds occur in Unit A, about 40 m 

stratigraphically below the base of the channel-filling 

grainstones of Unit B. These two beds are separated by 1 m 

of cover (presumably marl) and are each about 1 m thick. 

Both are composed of soft, marly to blocky weathering, grayish- 

brown argillaceous material with a very high carbonate 

content. In polished section, this rock exhibits numerous 

discontinuous veins and lenses of clear calcite spar. These 

range from 0-0.5 mm in thickness, and are arranged in a 

criss-cross pattern. In thin section, I have observed a few 
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possible shell fragments that have been replaced by iron 

oxides (limonite), and some very fine sand- to silt-sized 

quartz. 

There are two altered beds in Unit C. Respectively, 

these beds are approximately 20 and 50 cm thick and occur 

at about 50 and 60 m above Unit B. Both beds form resistant, 

low-lying ledges, and weather into chips and tablets. They 

are composed of dark gray micrite that apparently has been 

intruded by or altered to orangish-brown limonitic material. 

This limonitic material has a more or less globular internal 

structure and exhibits numerous masses of tiny, black crystals 

(manganese oxides?) which have a radiating, "mossy” 

appearance. Irregularly shaped fragments of micrite are 

enclosed by the limonitic material. The micrite itself is 

apparently dolomitized. The upper and lower contacts of the 

beds with the enclosing marls are marked by a strange, 

orange-colored, powdery limonitic material. 

These altered beds are clearly of post-depositional 

origin* the limonitic material came after the micrite. 

The altered beds occur in an area in which the unaltered 

beds are criss-crossed by a large number of thin, light 

brown, calcitic veins. Perhaps the alteration was 

accomplished by ground water or hydrothermal activity. 
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Authigenic silica. Tiny euhedral to subhedral crystals of 

silicate minerals were observed in thin sections from 

throughout the study area. These crystals are probably of 

post-depositional origin. 

Quartz appears to be the most common of the authigenic 

silicate minerals found in the study area. It occurs as 

elongate needles, which are often doubly terminated. When 

properly oriented in thin section- (with the "C" axis 

exactly parallel to the surface of the slide), these needles 

exhibit a yellowish birefringence and parallel extinction. 

Perfect cross-sections of the needles are hexagonal in 

outline and show beautiful uniaxial extinction crosses. The 

largest quartz needles that I have observed are about 

0.5 mm in length; most of the quartz needles are much 

smaller than this. 

Authigenic plagioclase was commonly observed, and 

identified mainly on the basis of its polysynthetic 

twinning and biaxial optic figure. This mineral occurs 

as small tablets or blocks up to 0.25 mm across. Its 

composition is apparently sodic (albite and oligoclase) 

and was tentatively estimated from fewer than six crystals 

using the Michel-Levy technique as described by Heinrich 

(1965) . Potassium feldspars may be present, but I was 

unable to identify these with certainty. 
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A diagenetic origin for the euhedral to subhedral 

quartz and feldspar in the study area is supported by the 

following facts: (1) single crystals often cut particles 

and matrix; (2) the crystals exhibit perfect or near-perfect 

crystal form, which implies growth in situ ; and (3) the 

crystals often partially or completely replace particles 

such as ooids, peloids, lithoclasts, and bioclasts, which 

were originally calcareous. Authigenic quartz and feldspar 

are widely distributed in the rocks of the study area, and 

there is no obvious association of these crystals with 

fractures or the abundant detrital quartz. However, the 

authigenic silicate crystals do seem more abundant in rocks 

from the patch reef tract and from the channel-filling 

grainstones of Unit B. Also, the crystals that occur in 

particles such as ooids and lithoclasts seem to be larger 

than those that occur in micrite or microspar matrix. 

The silica that is now concentrated in the authigenic 

silicates may have been derived from detrital silicate 

grains, from clay diagenesis, or from the siliceous hard 

parts of organisms such as radiolarians or sponges. The 

sodium in the plagioclase may have originated as dissolved 

salts in sea water trapped within the sediments. I do not 

know the mechanism nor the date of the formation of the 

authigenic quartz and feldspar in the study area. 
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Dolomite. I obtained positive results in 6 of the 11 samples 

that were stained for dolomite. These samples included one 

from Unit A, two from Unit B and three from Unit C. 

The dolomite in the Unit A sample (an oolitic-peloidal 

grainstone from near the base of the section) is apparently 

concentrated in a few lithoclasts and peloids, and in a 

few patches in the microspar matrix. Less than 2% of the 

surface area of the sample exhibited the purple stain that 

is supposedly diagnostic for dolomite. Under the petrographic 

microscope, no rhombs of dolomite were identifiable in an 

unstained thin section of this sample. 

The dolomite in the two samples from Unit B (oolitic- 

peloidal grainstones) is apparently concentrated in a few 

lithoclasts and bioclasts (coral fragments), and occurs as 

scattered rhombs in the microspar matrix. As much as 10% 

of the surface area of these samples may be dolomite. Under 

the petrographic microscope, rhomhs as large as 0.08 mm are 

discernable; but most of the rhombs are too tiny to allow 

a distinction between silica, calcite, and dolomite on the 

basis of optical properties alone. 

Two of the samples from Unit C stained completely 

purple, indicating that dolomite is extremely abundant in 

these rocks. The rocks are from the upper altered bed of 

Unit C (described above, p. 170), and were not studied in 
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thin section; no dolomite rhombs or patches appeared in 

polished section. The dolomitization of these rocks is 

probably related to the hydrothermal (?) alteration of the 

brown material with which they are associated in outcrop. 

The dolomite in the third sample from Unit C (a dark 

gray micrite) consists of rhombs ranging in size from less 

than 0.004 mm to 0.04 mm, many of which are visible in thin 

section. The dolomite is scattered in the micrite and is 

also concentrated in numerous small patches, circular to 

elongate in cross-section and 0.2-0.6 mm in longest dimen¬ 

sion. These patches stand out in relief on acid-etched 

polished sections. This sample may be typical of several 

rocks observed in Units A,C, and D and at Measured Sections 

KW, JT, and X. These rocks occur in "black horizons", which 

are thin (1-3 cm thick), laterally persistent beds that 

weather a mottled black color. 

Iron oxides. Iron oxides are uniquitous in the rocks of 

the study area and often cover 5% or more of the surface 

area of a given thin or polished section. The orangish- 

brown oxides are tentatively identified as limonite, and the 

red to reddish-brown oxides as hematite. Limonite is more 

common than hematite. 

These iron oxides occur in four main settings. 
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(1) Iron oxides occur as minute specks in the particles and 

micrite matrix of many rocks. In these cases, they are 

often found as rims around pyrite crystals; and occasionally, 

the crystals are entriely pseudomorphed by the oxides. 

These iron oxides probably are oxidation products of pyrite 

that formed during geologically recent weathering. 

(2) Iron oxides are often concentrated in certain particles, 

such as ooids and lithoclasts, in which pyrite was probably 

never present. Such particles are abundant in the grain- 

stones of Units A and B. These units have been interpreted 

as deep-water deposits of grains primarily derived from 

shallow-water environments. Formation of the oxides in many 

of the ooids and lithoclasts in these sediments may have 

occurred before the final deposition in deep water. 

(3) Iron oxides are often concentrated in weathering crusts 

and rinds, in stylolites, and along fracture surfaces. 

These oxides probably formed after the sediments were 

lithified. 

(4) Iron oxides are very abundant in the dark gray to black 

fossiliferous wackestones and packstones known as red 

macaroni rock. 

Pyrite. Pyrite crystals have been observed in thin sections 

of rocks from throughout the study area, but especially in 
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Units A and C. It occurs as tiny (less than 0.05 mm across), 

euhedral to subhedral crystals, which occur individually or 

in granular masses. This mineral never constitutes more 

than 1% of the surface area of any given thin section. 

The pyrite is generally found scattered in micrite 

but is also observed as a replacement mineral in shell 

fragments and whole fossils, especially ammonites. Some 

micrite-filled burrows contain larger concentrations of 

pyrite than does the surrounding sediment. 

In the study area, pyrite occurs in sediments that show 

evidence of biological activity and thus, oxygenated 

bottom waters. Since pyrite commonly forms under reducing 

conditions, it probably did not form at the sediment- 

water interface. However, much of the pyrite occurs in 

burrows and skeletal fragments. Decomposition of organic 

material in these small areas may have provided local re¬ 

ducing environments just below the sediment-water interface; 

pyrite may have formed preferentially in these 

microenvironments. 

Pyrite that occurs as veins and as fracture fillings 

probably formed after the sediments were lithified. 


