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CHAPTER I 

INTRODUCTION 

Statement of the Problem 

The El Abra Formation of the Sierra de El Abra, Mex

ico, is.chosen for this investigation because it represents 

a complete surface traverse of the Cretaceous rudistid reef 

trend. The subsurface portion of the reef trend has a wide 

geographic range, extending from northern Mexico through 

south-central Texas into Louisiana and possibly into Florida. 

The Texas counterpart is substantiated by drilling and seis

mic data. The problem in subsurface exploration of the trend 

has been in determining accurately the facies encountered 

within the reef complex. 

Purpose and Scope 

The purpose of this investigation is to delineate 

the microfacies of the El Abra reef complex and to establish 

criteria for the microfacies which can be applied to subsur

face carbonates of similar environments. This study entails 

the microscopic examination of petrologic aspects of the El 

Abra Formation which include the ecological distribution of 

organisms, porosity, diagenesis, and mode of deposition. 



Location 

The El Abra reef complex is located in the Sierra de 

El Abra in the states of Tamaulipas and San Luis Potosi, 

Mexico (Figure 1). The range is located between latitude 

22° and 23° north and longitude 99° west. It extends south 

from Hotel Taninul to the Tantobal dome and north in a con

tinuous band before dipping into the subsurface north-west^ 

of Ciudad Mante (Bonet, I963). 

Access to the area from the east is by highway 110 

from Tampico, Mexico. This highway enters the Sierra de El 

Abra eastern front near Hotel Taninul approximately 100 miles 

west of Tampico. The area can be reached from the west by 

highway 86 crossing the Sierra Madre Oriental from San Luis 
y 

Potosi. Highway 85 from Ciudad Mante to Ciudad Valles 

enters the northern portion of the area near the village of 

El Abra, Tamaulipas. 

In the southern portion of the Sierra de El Abra the 

best exposures are located in a three mile quarry section 

from Hotel Taninul to San Felipe. In the northern Sierra de 

El Abra the best outcrops are located near the village of El 

Abra, Tamaulipas. The distribution of the El Abra Formation 

covered by this investigation generally coincides with these 

areas. 
Previous Investigations 

Burckhardt (I93O) described the Tamaulipas Limestone 

as a bathyal facies related to the El Abra reef. Kellum 
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Figure 1. Index map of the 

Sierra de El Abra. 
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(1930) suggested a deeper depositional environment for the 

Tamaulipas Limestone than for the El Abra Formation. Muir 

(1936) in his book. Geology of the Tampico Region, reviewed 

Burckhardt's ideas and gave a description of the lithology 

and paleontology of Cretaceous deposits. Nigra (1951) 

studied the Albian-Cenomanian calcareous deposits of eastern 

Mexico, with special reference to the Tuxpan-Tampico region. 

Bonet (1952) discussed the Urgonian facies of eastern Mexico. 

The stratigraphic relations of the Sierra Madre Oriental 

were studied by Bonet (1956) from which he derived a micro-

faunal zonation. The fauna of the Albian-Cenomanian lime

stone of eastern Mexico was described and grouped into three 

ecologic elements by Bonet (I963). It included a pelagic 

element, a benthonic inter-reef element, and a benthonic 

reef element. Rose (I963) compared the El Abra Formation of 

Mexico to the Edwards reef trend of south-central Texas. 

Additional literature is available on the El Abra 

Formation of the Golden Lane petroleum province; however, 

the subsurface portion is not included in this investigation 

(see list of references). 

Definitions of Terms 

Calcarenite. The term used for carbonate sediments 
that are mechanically transported by 
current or wave action. The sediments 
consist of sand size grains (I/I6 to 
2 mm diameter). (After Plumley et al. 
1962.) 



Lime mud. Consolidated or unconsolidated microcrystalline 
calcite ooze or carbonate mud that is either chem
ically or mechanically derived. This type of cal
cite is composed of crystals 1-4/̂ in diameter. 
(After Folk, 1959.) 

Microfacies. The term is used to indicate microscopically, 
the differences in compositional components and 
texture which reflect changes in sedimentary condi
tions. (After Carozzi, 1959') 

Reef. An in situ growth of framebuilding organisms which 
have the ability to erect a three-dimensional wave-
resistant structure and influence the surrounding 
sedimentation. (Klement, personal communication.) 

General Geology 

The Sierra de El Abra is a carbonate escarpment rising 

approximately 300 feet above foothills of the Sierra Madre 

Oriental to the west and approximately 600 feet above the 

coastal plain to the east (Bonet, I963). The north-south 

trending Sierra de El Abra is approximately 90 miles in 

length and six miles in width (Rose, I963). The El Abra 

Formation forms the bulk of the range and crops out over the 

entire section. 

The Sierra de El Abra is described by Rose (I963) 

as an asymmetrical anticline. The quarry section from Tani

nul Station west to San Felipe has exposed the near horizon

tal beds of the anticlinal crest (Kellum, 1930). In the 

western portion of the range the El Abra and overlying San 

Felipe beds dip about 6° to 10° west. The El Abra strata 

are horizontal near the central portion of the range. Some 

El Abra beds that crop out along the eastern front dip 20° 

to 30° east (Rose, I963)• 



Helm (1940) suggests that the eastern front represents 

an abrupt steep platform edge. However, some authors believe 

faulting has occurred along the eastern margin of the range. 

Nigra (1951) shows normal faulting at the base of the scarp. 

Bonet (1956) suggests reverse faulting. Whether or not 

faulting has occurred, the El Abra reef and the adjacent 

Tamaulipas Limestone represent a general facies change from 

shallow water deposits to deeper water deposits (Rose, I963)• 

Deposits of the Sierra de El Abra and border regions 

range from Albian to Maestrichtian in age. Bonet (I963) 

describes the top of the El Abra Formation as an erosional 

surface formed near the end of Albian time; the base is not 

exposed. The Tamaulipas Limestone (Albian-Cenomanian) has 

a gradational contact with overlying Turonian formations 

(Bonet, 1963). The San Felipe Formation (Post-Cenomanian) 

is in imconformable contact with underlying El Abra Forma

tion in the western portion of the range. 

Formations of the Sierra de El Abra region are com

posed of limestone, argillaceous limestone, and shale. The 

El Abra Formation consists of two well defined members, the 

El Abra Member and the Taninul Member. The El Abra Member 

(Figure 2) is a medium bedded, white to gray, fine grained 

limestone with numerous miliolid foraminifera. These well-

bedded backreef deposits grade into a thickly layered trans

itional zone in the eastern portion of the Sierra de El Abra. 

The zone contains both rudistids and miliolid foraminifera , 

with green algal blades (Codiaceae). 
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The Taninul Mer/oer (Figure 3) is composed of massive 

rudistid reef and associated reef derived calcarenites. The 

exposed portion of the reef is approximately two-tenths mile 

across (east to west). The base is not exposed. Upper fore-

reef talus crops out in exposures along the eastern front of 

the Sierra de El Abra. These beds dip 35° to 40° east (Fig

ure 4). 

Tamaulipas Limestone represents the basinal deposits 

in the subsurface of the coastal plain. 

The San Felipe and Mendez formations consist of argil

laceous limestones and shales that crop out along the western 

flank of the Sierra de El Abra. 

Figure 2. A view of the well bedded backreef 
deposits, El Abra Member. 
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Figure 3. Reef rock showing numerous large 
rudistids, Taninul Member. 

Figure 4 Steeply dipping 
forereef beds. El 
Abra, Tamaulipas. 



CHAPTER II 

SUMMARY OF STRATIGRAPHY 

The Albian-Maestrichtian stratigraphy of the Sierra de 

El Abra and border regions is described below. Figure 5 is a 

stratigraphic chart of eastern Mexico, excluding all Cenozoic 

and pre-Albian rocks. Correlations between the Mexican form

ations and the European standard section are based on micro-

faunal studies of fossil plankton (Bonet, I963). 

Albian-Cenomanian 

Tamaulipas Limestone 

The name Tamaulipas Limestone is used for the Albian-

Cenomanian calcareous deposits that crops out in a large por

tion of the Sierra de Tamaulipas and is present in the sub

surface between the Sierra de El Abra and the Gulf of Mexico 

(Bonet, 1963). The limestone corresponds to what Burckhardt 

(1930) calls the bathyal facies of the El Abra reef. 

The limestone is cryptocrystalline, white to dark 

gray, slightly argillaceous, with chert nodules. These cal

careous deposits are mediiim bedded except for a thinly layered 

zone in the upper portion which is termed Cuesta del Cura 

(Carrillo, 1963), Petroleum geologists define a "Lower 
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Tamaulipas Limestone" with Aptian-Neocomian fauna which is 

similar but not identical to the upper Albian-Cenomanian 

limestone (Bonet, I963). 

The Tamaulipas Limestone in the subsurface ranges 

from 60 feet to 100 feet in thickness and attains a maximum 

thickness of 600 feet to 1,000 feet in the Sierra Madre Orien

tal front range (Boyd, 1963). 

The Tamaulipas Limestone differs from the El Abra 

Formation in having a pelagic macrofauna of ammonites, accord

ing to Bonet (I963), which permits identifying distinct strat

igraphic levels from the Clangayes (lower Albian) to Cenoman-

ian. The limestone also differs from the El Abra Formation 

in having a pelagic microfauna of Calcisphaerula innominate 

Bonet, Stomiosphaera sphaerica (Kauffmann), S. conoidea Bonet, 

S. similis Bonet, Pithonella ovalis (Kauffmann) and radiolar-

ians, together with Nannoconus truitti Bronnimann and N. min-

utus Bronnimann (Bonet, 1963)• This planktonic association 

of the Tamaulipas Limestone is considered by Bonet (I963) as 

evidence for a deeper depositional environment than for the 

El Abra limestone, but not necessarily bathyal. 

El Abra Formation 

The name El Abra is used for the Albian Limestone 

that crops out in the Sierra de El Abra and for the reservoir 

rock of the Golden Lane Atoll near Tuxpan. 
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The El Abra Formation in the southern portion of the 

Sierra de El Abra exceeds I5OO feet in thickness (Carrillo, 

personal communication). 

The El Abra Formation consists of two well defined 

members, the El Abra Member and the Taninul Member, which 

represent time-equivalent facies. Bonet (1963) describes 

the contact between the two as gradational, having been 

deposited contemporaneously. 

El Abra Member 

Bonet (1963) describes the El Abra Member as light 

cream to gray, well-bedded, very pure calcilutites. Locally 

the beds are nearly black due to impregnation by bituminous 

material. According to Bonet (1963) megafossils are not 

present in the El Abra Member, except for a few Toucasia bio-

stromes near the top. 

Nummoloculina heimi Bonet is the principal consti

tuent of the El Abra Member forming the benthonic inter-reef 

element (Bonet, I963). This species is characteristic of 

subreef environments and shallow water deposits of very fine 

calcareous muds (Bonet, 1963). 

The Albian age of the El Abra Member is generally 

based on the stratigraphic relations with the Taninul Member 

(Bonet, 1963). 
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Taninul Member 

Bonet (1963) describes this member as calcirudites 

containing the well defined rudistic banks and associated 

calcarenites. These rudistid banks are discontinuous later

ally according to Bonet (I963), but seem to be aligned along 

the eastern front of the Sierra de El Abra. 

Some of the rudistids cited are Toucasia texana 

(Romer), Eoradiolites aff., E. quadratus, E. cf. davidsoni 

(Kill), Caprina (Sphaerucaprina) occidentalis Conrad, Capri-

nula cf. C. anguis Roemer. Other pelecypods cited are 

Pecten cf. P. bonellensis Kuiller, Pecten sp, Lima wacoensis 

Roemer, and Chondrodonta cf. C. :r:ur:sor.i Hill. The genera of 

gastropods cited are Trochus, Cerithium, and Turitella; and 

of the branchiopods Kingena cf. K. wascoensis (Romer). 

Adkins (1930) states that these fossils are probably 

not much younger than middle Albian. 

El Abra Formation of the Golden Lane Atoll 

The Golden Lane petroleum province is located in the 

Tuxpan region 45 miles south of Tampico. This province 

represents a series of oil fields that are located in crestal 

portions of the reef deposits. Total productive area covers 

25,000 acres (Boyd, 1963). The El Abra Formation forms the 

reservoir rock for the Golden Lane fields, which are concave 

to the east and measure five-tenths miles in width and 50 

miles in length (Boyd, 1963). These fields are located in 
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the western half of an elliptical reef according to Boyd 

(1963), and the eastern half lies in the Gulf of Mexico 

(Figures 6 and 7). The subaqueous reef is substantiated by 

drilling in the northern and southern portions and by gravity 

and seismic exploration in the eastern portion (Brundage, 

1967). The continental shelf is very narrow in the eastern 

region and water depth is too great for present-day offshore 

drilling operations (Rockwell et al, 1953). 

The El Abra Formation of the subsurface is overlain 

by beds ranging in age from upper Cretaceous to Oligocene 

(Boyd, 1963). Cavernous porosity of the reef limestone is 

believed to be related to the period of subaerial exposure. 

Boyd (1963) records 8321 feet of El Abra Formation and states 

that the limestone may attain a thickness greater than 9000 

feet. 

The El Abra lagoon contains a chalky limestone with 

miliolid foraminifera and thick deposits of bedded dolomite 

and anhydrite (Boyd, 1963). 

The first oil production from the reef deposits was 

in 1908 by San Diego #2 from depths of 1834 feet. Estimated 

production was 2500 barrels per day. In 1910, the Potrero 

de Llano well was completed flowing 110,000 barrels per day. 

The Hua$teca #4 was completed in I916 with production of 

200,000 barrels per day. 

The forereef talus produces from depths of 2000 feet 

(Salas, 1949). The largest field is Poza Rica with 
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accumulative production exceeding 900,000 barrels (Boyd, 

1963). The field is rated as one of the world's major reser

voirs. 

El Doctor Formation 

The El Doctor Formation refers to the Albian-Cenoman

ian limestone that crops out in the Sierra Madre Oriental 

(Bonet, 1963). Type locality is the El Doctor mining district 

west of Zimpan, Hidalgo (Wilson et al, 1955). 

The El Doctor Formation consists of thickly bedded 

limestone bank facies according to Bonet (1963) and a thinly 

bedded neritic facies. The detailed stratigraphic relations 

of the El Doctor Formation are not known due to the struc

tural complexities of the Sierra Madre Oriental (Bonet, 1963). 

Until more detailed geology is done the term El Doctor is 

used mostly for convenience to separate limestone of the 

Sierra de El Abra from that of the Sierra Madre Oriental. 

Post-Cenomanian 

Agua Neuva Formation 

The Agua Nueva beds overlie the El Abra Formation in 

the Tantobal dome area and parts of the El Doctor Formation 

in the Sierra Madre Oriental (Bonet, 1963). The Agua Nueva 

Formation is absent in the Taninul region and northern por

tions of the Sierra de El Abra. 
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The formation is a thickly bedded, dark gray to 

black, argillaceous limestone interbedded with black shale 

and thin layers of bentonite (Muir, 1936). Lower beds of the 

formation contain abundant black chert nodules (Carrillo, 

personal communication). Carrillo (I963) records approxi

mately 100 feet of Agua Nueva beds in Peregrina Canyon. 

Inoceramus labiatus Schlotheim is the characteristic• 

fossil in the limestones and shale of the Agua Nueva Forma

tion and is regarded as satisfactory evidence for Eagle Ford 

age (Muir, 1936). Fish scales are of common occurrence in 

basal beds of the formation according to Carrillo, (personal 

communication). 

San Felipe Formation 

The San Felipe Formation is a light gray, thin to 

medium bedded, argillaceous limestone that overlies the El 

Abra Formation in western portions of the Sierra de El Abra. 

The formation is also present in the Sierra Madre Oriental. 

Carrillo (1936) states that San Felipe beds range 

from 30 feet to 120 feet in thickness. 

Stanton (1921) describes some rudistids from the type 

locality near San Felipe railroad station between Ciudad 

Valles and Taninul. 
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Mendez Formation 

The Mendez Formation is composed of gray to reddish, 

medii;im bedded shales which overlie the San Felipe Formation. 

Carrillo (1963) reports that 456 feet of Me'ndez Formation 

has been measured from the eastern margin of the Sierra Madre 

Oriental. The formation has a wide distribution occurring in 

the Sierra Madre Oriental, Sierra de El Abra, and most of the 

coastal plain. 

Some fossils described from the Mendez beds are 

Coralliochama boehmi Bose, Durania aquilae Adkins, Inocera

mus barabini Adkins, and Exogyra cancellata Stephenson (Muir, 

1936). 

Foraminifera from the Mendez shales have been studied 

most extensively by Cushman (1926) and White (1929). 

Cardenas Formation 

The Cardenas Formation contains limestone, sandstone, 

and red shales of Maestrichtian age which crop out in the 

Canoas-C^rdenas region of the Sierra Madre Oriental (Muir, 

1936). The Cardenas Formation is believed to be approxi

mately 200 feet in thickness (Muir, 1936). 

Cardenas beds and upper Mendez strata are the same 

age as indicated by paleontological data. Fossils described 

from the Cardenas beds include Coralliochama boehmi Bo'se, 

ExQgyra costata Say and Grvphaea vesicularis Lamarck 
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together with foraminifera described by Douville (Muir, 

1936). 

The author of this investigation identified numerous 

species of red algae (Corallinaceae) from the calcareous unit 

of the Cardenas Formation, near Cardenas, S.L.P. The red 

algae are observed in a biogenetic bank consisting of green 

algae, rudistids, orbitolinid foraminifera, and calcareous 

sponges. 

The species of red algae identified belong to the 

genera Archaeolithothamniujn, Lithothamnium, Lithophyllum, 

^^d Jania. Some of the forms noted are Lithophyllum pre-

lichenoides Lemoine, L. ovatum Lemoine, Lithothamnium 

marianae Johnson, L. abrardi Lemoine, L. aucklandicum, Fos-

lie, L. saxorum Lemoine, Archaeolithothamnium nummulithium 

(Gumbel), A. oulianoYi Pfender, and Jania sp. 



CHAPTER III 

METHODS OF STUDY 

Field Phase 

Samples were collected from two east-west traverses 

in the El Abra Formation. Traverse 1 was located near the 

village of El Abra, Tamaulipas. Traverse 2 was located at 

the type locality for the El Abra Formation near Hotel Tani

nul (Figure l). Sections were measured and described at nine 

different localities (Figure 8). Additional limestones were 

sampled along an east-west traverse through the Sierra Madre 

Oriental. A series of samples through the subsurface Golden 

Lane Atoll were acquired from Petr6leos Mexicanos at Tampico. 

Photographs were taken to illustrate the stratigraphic 

relationships within the El Abra Formation. 

Laboratory Procedures 

Various methods can be used to study carbonate rocks. 

These include polished slabs, thin sections, acetate peels, 

and insoluble residues. Thin sections are probably the most 

accurate method that can be employed to study detailed car

bonate textures. 

21 
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Procedure for the Microplankton Study 

Samples for this study were from core material 

donated by Petroleos Mexicanos at Tampico, Mexico. The loca

tion was Tanquian #1 (Tamaulipas Limestone) from depths of 

1300 feet to 1302 feet and from 1340 feet to 1341 feet. 

Fossil dinoflagellates and hystrichospheres were 

recovered from a cryptocrystalline, dark gray, very fine 

grained-limestone. 

A portion of the sample was broken and placed into 

separate 600 milliliter beakers with approximately 70 milli

liters of hydrochloric acid. After the lime had dissolved 

(about two hours), the acid was slowly decanted. Residue and 

remaining acid were then suspended in one liter of tap water 

and allowed to stand for two hours, after which the remaining 

suspended material and water were siphoned. This step was 

repeated five times. Then sodium pyrophosphate (Na4P207) was 

added as an anticoagulating agent and the sediment was 

allowed to stand for two hours before siphoning the remaining 

suspension. Some hydrochloric acid was added to the next 

washing to prevent floculation of sodium pyrophosphate. The 

remaining residue was washed three times at two hour inter

vals with distilled water and after completion of the final 

washing the residue was put into a petri dish and studied. 

Dinoflagellates and hystrichospheres were removed from the 

residue with a micropipette and mounted on a cover glass. 
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Thin Section Preparation 

A rectangular rock slice was cut from a preferred 

sample and one side was polished to remove any saw marks. 

The polished surface was mounted on a 26mm x 46mm glass 

slide with a mixture of epoxide hardener and resin. The 

mounted sample was allowed to harden for twenty-four hours. 

It was then polished to a preferred thickness using 240, 400, 

and 600 grit silicon carbide powder. The thin section was 

then labelled and prepared for study. 

Microscope Procedures 

The first part of the thin section study was to 

identify and record all components. Next, raw data charts 

were constructed to record the relative abundance of each 

component. Abundance of the components was recorded using a 

modification of the descriptive method proposed by Milner 

(1929). The descriptive classes employed were as follows: 

Abundant = 5 

Intermediate = 4 

Common " 3 

Intermediate = 2 

Rare - 1 

Ĵ umbers were assigned to each class to conserve space, but no 

numerical value was intended. Thin sections were systematic

ally described four times using the above method. This was 

done in order to attain a uniform description of the 
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components. The final raw data charts used in the study 

are listed in the appendix. 

The range of magnification used in this study was 

between xl9.5 and x400. High magnification was used to 

study the microplankton. Rock slabs were studied at low 

power to determine gross textures. A Bausch and Lomb micro

scope was used in the thin section analyses. 

Photomicrographs were taken with a Leica Ml camera 

body attached to a Leitz Ortholux microscope. 

Calcite-Dolomite Test 

Samples of the collected material were stained with 

alizarin red S to test for calcite. Calcite was stained a 

dark red, whereas dolomite was uneffected. In addition, 

samples of each microfacies and some selected samples were 

x-rayed for calcite and dolomite. 



CHAPTER IV 

EL ABRA REEF COMPLEX 

Investigation of the El Abra reef complex includes an 

integration of field observations with microscopic examina

tions of 310 thin sections and 35 microplankton slides. Basic

ally, there are three areas of the reef complex which can be 

delineated on the basis of lithologic components: 1) basinal, 

2) reef, and 3) backreef. The petrologic aspects of the 

reef complex described below include the ecological distri

bution of organisms, porosity, and mode of deposition. 

Basinal Facies 

The basinal deposits are composed of a pelagic micro-

faunal assemblage. The assemblage contains spinose Globiger-

ina foraminifera, gastropods, calcispheres, and sponge 

spicules with numerous species of dinoflagellates and hystri

chospheres. Pyrite, chert, and unaltered lime mud are also 

present. This assemblage is found in the dark gray, very fine 

grained Tamaulipas Limestone. 

The basinal facies is a low energy deposit containing 

a large quantity of lime mud. The presence of pelagic con

stituents indicates accumulation at a quiet depositional 

interface. 
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Reef Facies 

The most abundant framebuilders in the reef are 

caprinids. Maximum development of caprinids corresponds to 

the massive central portion of the reef. These aberrant 

pelecypods are present in growth position in some exposures, 

otherwise they form a major portion of the reef detritus. 

The size of the caprinids ranges from one-half inch in dia

meter by two inches in length to four inches in diameter by 

one and one-half feet in length. The most robust individuals 

are found in the reef proper and upper forereef beds. Their 

walls may attain as much as one-half inch in thickness. 

Other framebuilders such as Radiolites and Monopleura 

are not as abundant as caprinids, but aid in the development 

of the reef framework. Radiolites have a massive, thick 

wall, some of which are cemented to other similar forms. 

These, together with the caprinids form an inter-locking, 

rigid structure. Monopleura are observed mostly as fragments 

forming part of the reef detritus. Other framebuilders 

include corals and calcareous sponges which only represent a 

very minor part of the reef deposits. These organisms are 

always associated with rudistids. 

Sediment-binders present in much of the reef deposits 

consist of red algae (Solenoporaceae and possibly Corallina

ceae) and encrusting foraminifera. Red algae occur as 

rounded nodular masses in the reef matrix. The nodular 

masses are occasionally connected to form an extensive, 
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irregular crust with short protuberances. Preservation of 

the algal cell structure is highly variable due to recrystal

lization. However, a type of Solenoporaceae is observed with 

dominant vertical cell threads and only faint horizontal 

partitions. Others are observed with well developed hori

zontal layers. The vertical and horizontal partitions of 

these have approximately the same thickness. No conceptacles 

or sporangia are observed in any of the better preserved 

forms and only the perithallic tissue is present. Excluding 

the rudistids, red algae are the most widespread component 

of the reef. Red algae are also associated with rudistid 

patch reefs of the backreef area. They are not as common 

here as in the reef deposits. No apparent morphological dif

ferences exist among the Solenoporaceae in the different 

facies (reef and backreef). However, a type of red algae 

resembling Corallinaceae is observed only in the near back

reef deposits. These have much smaller cells than the Soleno

poraceae. Locally, encrusting foraminifera are important 

constituents of the reef deposits where they are observed 
1 

encrusting rudistids and red algae. Encrusting foraminifera 

are found most abundantly associated with the in situ rudis

tids and with red algal crusts. 

Green algae (Codiaceae and Dasycladaceae) are pres

ent in the reef and near backreef deposits. Codiaceae are the 

more abundant of the two groups. They increase in intensity 

from the massive reef proper to the backreef deposits. The 
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Codiaceae are associated with rudistids and red algae in the 

reef flat deposits. N-uir.erous fragments of green alfal blades 

are observed in the sedi.T.ent. The characteristic tube struc

ture of the lime-secreting Codiaceae is clearly visible. 

Most green algal fragments in the reef proper are probably 

transported from the reef flat. 

Voids among the framebuilders, sediment-binders and 

detrital infill are usually closed by fibrous calcite. This 

calcite is a common lithologic element only associated with 

the reef deposits. Carozzi (I960) states that fibrous calcite 

forms early in the diagenetic history of carbonates, probably 

a few inches below the growing organisms. The deposits of 

calcite in the framework are important in consolidation of 

bioconstructed sediment (Carozzi, I960). So.T.e voids are 

incompletely filled with fibrous calcite. If the pores are 

left unfilled primary porosity is fairly well developed. 

'However, most pores are closed with large, transparent, sub-

hedral crystals of calcite (sparry calcite.). Sparry calcite 

forms a very small part of ths total reef framework. It is 

observed mostly as cement in the reef derived calcarenites. 

Calcarenites represent reef derived lime sands most 

of which are well rounded and well sorted. Individual grain 

identification is 'greatly hindered by recrystallization. 

Occasionally, the grains can be identified as rudistid frag

ments separated by clear void-filling calcite cement. No 

lime mud is present. Absence of lime mud is attributed to 
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winnowing prior to deposition of the sediment. Megascopi-

cally, the deposits contain crossbedded units. 

The size of the calcarenite grains ranges from one-

half to one millimeter in diameter. This measurement repre

sents only the apparent diameters which are measured at ran

dom from thin sections. 

Calcarenites occur interbedded with reef deposits. 

They are also associated with rudistid patch reefs where they 

form the fringe deposits. 

The greatest development of porosity occurs in the 

reef proper. Primary porosity is due to incompletely filled 

voids in the reef structure and voids created by multicham-

bered organisms. Leaching of these organisms, mostly capri

nids, develops extensive zones of secondary porosity. 

Reef and related detrital deposits indicate shallow 

and turbulent water at the depositional site. These sedi

ments contain a very small quantity of lime mud. Most organ

isms in the reef are either encrusting or have a robust shell, 

These growth developments are attributed to high energy con

ditions. 

Backreef Facies 

Miliolids and a mixed foraminferal assemblage repre

sent the dominant facies components in the backreef deposits. 

Miliolids are a group of calcareous, benthonic foraminifera 

which can be identified by their characteristic chamber 
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arrangement. The most common forms of the lagoonal deposits 

represent the nummoloculine, quinqueloculine, and triloculine 

types. NiMmoloculina is the single most abundant foramini

fera in the backreef sediment. Often it is the only com

ponent in the rock except for a small quantity of lime mud. 

Miliolids are associated with isolated deposits of pelecypods, 

ostracods, algal stromatolites, and other foraminifera of 

the lagoon. They are very rarely found in the reef proper. 

The miliolids are observed in a white to dark gray, fine 

grained, medium bedded limestone. 

A diverse group of calcareous, benthonic foramini

fera is present in the backreef environment. This assemblage 

contains numerous types of foraminifera, but there is no 

dominance of any particular form. This is in contrast to 

the miliolid group which is characterized by the presence of 

a large number of specimens of only one type. The mixed 

group is composed of foraminifera with uniserial and biser-

ial arrangement of chambers. Coiling of chambers in the 

different types are both planispiral and trochospiral. Some 

groups represented are textularids, orbitolinids, and rota-

lids with mixed types of miliolids. This assemblage is not 

associated with the reef proper. 

Observable differences exist between the skeletal 

elements of the patch reefs and the reef proper. The patch 

reefs represent bioconstructed sediments which are discordant 

with the bedding. Rudistids in the patch reefs have thinner 
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walls than reef forms. Red algae are not commonly observed 

in the patch reefs. Miliolids are always present in the 

patch reef deposits, Megaforaminifera are usually associa

ted with patch reefs together with other foraminifera. They 

are found in the patch reef' proper and in the detrital 

fringe. In a transverse section megaforaminifera measure 

approximately one inch in diameter. They belong to a group 

of orbitolinid foraminifera. 

Ostracods are present in both miliolid and mixed 

foraminiferal sediments, but are not found in reef deposits. 

They may have occurred in the reef environment, but are not 

preserved there due to the high initial porosity and energy. 

Algal stromatolites and oncolites occur separately 

within the dominant backreef components. Stromatolites are 

associated with the miliolid deposits. Algal stromatolites 

represent blue-green algal sedimentary structures which 

develop in continuity with the substratum (Klement, personal 

communication). They are composed of thin wavy layers of 

alternating dark and light gray, fine grained sediment. Mil

iolids and ostracods are sometimes concentrated between the 

individual laminae. Algal oncolites are found only in mixed 

foraminifera deposits. They contain poorly developed con

centric laminae which are formed around a nucleus. The 

nucleus is most commonly a pelecypod shell fragment, Oncol

ites represent unattached blue-green algal sedimentary 

structures which are formed in conjunction with currents and 

wave action. 
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Pelecypods, mostly pectens and oysters, form only a 

small part of the backreef sediments and are never restricted 

to any particular environment. Individual deposits are 

localized occurring with both miliolids and the mixed fora

minifera assemblage, Chondrodonts and pectens are most com

monly associated with reef deposits as isolated fragments in 

the sediment and with rudistids and green algae of the reef 

flat. 

A portion of the backreef contains a crystalline 

limestone in which the depositional texture and fossil com

position is destroyed by recrystallization. Detailed exam

ination of these thin sections shows some fossil ghosts or 

shadows, but no definite identification can be made. The 

recrystallized fossils are composed of microcrystalline cal

cite with the same texture as the surrounding groundmass. 

The common feature of this limestone is calcite in the form 

of equidimensional crystals that appear grayish in color and 

measure approximately 20^-^ in diameter. There is no evidence 

to indicate the crystals represent carbonate silt. The crys

tals do not follow bedding planes or occur as lenses or as 

cross-beds. They represent recrystallization of the deposit

ional composition. 

The backreef deposits indicate shallow water and low 

energy environments. The presence of lime mud and delicate 
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ostracod shells is evidence of low energy conditions. Blue-

green algal structures indicate accumulation in a shallow 

water environment. 

The lagoonal deposits are composed of white to dark 

gray, thinly to medium bedded, fine grained limestones. The 

beds are mostly impervious forming an effective seal behind 

the highly porous reef rock. 



CHAPTER V 

• MICROFACIES ANALYSIS 

Delineation of the Microfacies 

The microscopic examination of the thin sections 

includes the identification of the lithologic elements and 

description of their relative abundance. This information 

is recorded on raw data charts (for method see chapter 3). 

The charts indicate that some components are dominant in 

certain areas in the reef complex. They are assigned a des

criptive value of abundant (5). These dominant components 

consist of caprinids, miliolid foraminifera, mixed foramini

fera assemblage, and pelagic microfauna. Other dominant 

elements in the reef complex are calcarenites and recrystal

lized limestone. 

Some components are never the dominant rock-forming 

constituent, but they are intricately associated with other 

elements in construction of the reef complex. The secondary 

organisms restricted to the reef deposits include Radiolites, 

Monopleura, corals, calcareous sponges, red algae, encrust

ing foraminifera, and green algae. Those occurring only in 

the lagoon consist of megaforaminifera, ostracods, algal 

stromatolites, algal oncolites, and some pelecypods. 
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Additional organisms present in all environments of 

the reef complex, recorded on the raw data charts, include 

deposits of gastropods and pelecypods. They are always 

associated with other organisms and never represent the 

dominant rock-forming component. 

Gastropods are associated with reef deposits where 

they form part of the reef detrital infill. Types of gas

tropods in the reef deposits are difficult to identify, but 

the ones present have one feature in common and that is a 

thick wall. Thin shelled gastropods are rarely preserved 

in the reef sediments. Backreef deposits contain both thin 

and thick shelled forms. Some gastropods have rounded aper-

atures, spiny shells, and folded inner walls. The forms 

commonly observed are Nerinea, Cerithium, Turitella, and 

others. 

Other components such as lime mud are also widely 

distributed in both reef and backreef deposits. Lime mud is 

associated with all components, except reef derived calcar

enites. The greatest quantity of lime mud is recorded in 

the pelagic microfauna assemblage. This occurrence is 

attributed to mechanical abrasion of the reef material. 

Lime mud content decreases in the reef proper. Its presence 

is due to mechanical disintegration of the reef which occurs 

in a higher than normal energy environment. Lime mud 

increases in abundance through the lagoon because of low 

energy conditions at the time of deposition. 
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Microscopic examination of the relationships between 

dominant and secondary components reveals six discrete groups 

with definite discontinuities among them. The basic composi

tion of the groups is discussed below, 

1) The rudistid reef group includes rudistids, red 

algae, encrusting foraminifera, calcareous sponges, corals, 

and fibrous calcite. These contribute to the reef build-up. 

Caprinids represent the dominant component. 

2) Skeletal calcarenites represent lime sands with 

a size range of one-half to one millimeter in diameter. They 

are composed of well rounded and well sorted grains with 

sparry calcite cement, 

3) The miliolid group contains only miliolid fora

minifera with a lime mud matrix. The dominant form is Num

moloculina. 

4) The mixed foraminifera group is composed on many 

different types of foraminifera. Among the forms represented 

are textularids, orbitolinids, rotalids, and miliolids. 

5) The recrystallized limestone is composed of uni

form crystals of calcite approximately 20>^ in diameter with 

a few relic constituents. 

6) The pelagic microfaunal group forms a distinct 

natural assemblage. It consists of exclusively pelagic ele

ments. 
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These six groups are well represented in thin sec

tions of the reef complex. However, definite variations and 

mixtures occur among part of them. 

Mixtures of components in the reef complex are 

recorded by the following method. All thin sections are 

re-examined using the six groups. Each thin section is 

placed within the group in which composition and texture is 

the same or very nearly the same. A series of samples are 

observed that contain a distinct mixture of components. They 

can not be assigned to any one of the six groups previously 

discussed because they represent different compositions. Two 

additional groups are discerned. One is composed of reef 

elements with some miliolids and other foraminifera, Rudis

tids represent the dominant component. The other group con

tains miliolids with rudistid fragments and other foramini

fera. Miliolids are always the dominant component here. 

These eight groups represent microfacies in the reef complex. 

Additional components locally modify the composition 

of the microfacies. These organisms are gastropods, ostra

cods, and pelecypods (excluding aberrant forms). They are 

placed within the group of the dominant component in which 

they occur. 

Mixtures of components can be shown graphically using 

the miliolid group, the mixed foraminiferal group, and the 

rudistid reef group as end members of a triangle. Samples 

are represented by points in this triangle (Figure 9). 
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Miliolid Group Mixed Foraminifera Group 

Figure 9. Triangular plot showing 
different compositions of 
the facies. 
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Points which are located near the apices represent rela

tively pure facies. Those near the central portion are 

specific mixtures of the end members. Arbitrary boundaries 

can be chosen to separate the groups. These boundaries are 

utilized in construction of some facies maps. 

The pelagic microfaunal group, skeletal calcarenites, 

and recrystallized limestones are excluded from the graph 

because mixtures do" not occur with any group. The skeletal 

calcarenites and recrystallized limestone invariably attain 

a descriptive value of abundant (5), otherwise their compon

ents can be recognized and assigned to another group. 

Descriptions of the Microfacies 

Eight different microfacies are delineated on the 

basis of their depositional texture, fossil content, matrix 

or cement, and diagenesis. A diagrammatic cross-section of 

the reef complex is shown in Figure 10, The eight micro

facies patterns are shown in figures 11, 12, and 13. These 

maps represent the regional distribution of microfacies in 

the type locality of the El Abra Formation, 

Microfacies 1 

This accumulation is composed of exclusively pelagic 

microfauna together with lime mud and sponge spicules (pi. 

I, figs, a, b). The fossils are usually well spaced within 

a grayish groundmass of lime mud. The rock is mud supported. 
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The over-all particle size is smallest in comparison with 

other microfacies. Pelagic fauna include spinose Globiger-

ina foraminifera and gastropods. Insoluble residues contain 

numerous species of microplankton. Dinoflagellates identi

fied are Leptodinium subtile Klement, Gonyaulax serrata 

Cookson and Eisenack, G. nealei Sarjeant, Odontochitina 

operculata Deflandre, and Wetzeliella neocomica? Eisenack. 

Hystrichospheres represented are Systematophora orbifera 

Klement, Baltisphaeridium sp, Taeniophora sp, together with 

Tasmanites. This assemblage occurs in the basinal Tamauli

pas Limestone. 

Microfacies 2 

Rudistids are the dominant component of this micro

facies (pi. I, figs, c, d). Thick wall caprinids are the 

most abundant form which occur as whole or broken shells. 

Red algae are commonly associated with the rudistids as 

extensive crusts or as isolated fragments in the matrix. 

Other elements occasionally associated with these deposits 

are green algae, encrusting foraminifera, calcareous sponges, 

corals, gastropods, and usually fibrous calcite. A very 

small quantity of lime mud may be observed. In general, the 

particles are very 'coarse and highly recrystallized. 

This microfacies includes the greatest development of 

porosity, Megascopically, the rock contains numerous voids 
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formed by leached fossils creating a vugular appearance. The 

microfacies corresponds to the massive reef proper, 

Microfacies 3 

These deposits represent skeletal calcarenites (pi, 

II, figs, e, f), They consist of well rounded, well sorted, 

and densely packed grains with sparry calcite cement. These 

deposits are reef derived and occur associated with it. Most 

grains are moderately altered by recrystallization, but 

individual particles can occasionally be recognized as rudis

tid fragments. The grain size ranges from one-half to one 

millimeter in diameter. Primary porosity is fairly well 

developed as small pores between grains and cement. Often 

the pores are filled with a bituminous material. Local var

iations in this composition may be observed where whole gas

tropods are found with the lime sand. The shells are usually 

filled with the same type grains as the surrounding sediment. 

Microfacies 4 

The dominant components are rudistids. The charac

teristic feature is the occurrence of well preserved milio

lids and other foraminifera (pi. II, figs, g, h). Other 

elements associated with these deposits are green algae, red 

algae, and megaforaminifera. Green algae (Codiaceae) are 

more abundant and better preserved than in the microfacies 

2. This facies contains some lime mud and is moderately 
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recrystallized. Stylolites are often visible where two 

rudistid fragments are welded together. Locally, porosity 

may be well developed due to leaching of megaforaminifera. 

Individual particle size is generally very coarse (calci-

rudite), which is attributed to abundant rudistid shell 

debris. Variation in this microfacies includes the local 

occurrence of gastropods or pelecypods (excluding aberrant 

forms). 

Microfacies 5 

These deposits contain mixtures of miliolids, rudi

stid fragments and other foraminifera, Miliolids always 

represent the dominant component (pi. Ill, fig. i). Other 

components associated with these are red algae, green algae 

(Codiaceae), and a small quantity of lime mud. Recrystal

lization is variable effecting mostly the small fossil frag

ments and lime mud. Porosity is usually poorly developed. 

The variation observed in this microfacies includes pelecypod 

shells, gastropods, or ostracods. 

Microfacies 5a 

These deposits are composed of mixed foraminifera 

and occasionally ostracod tests, Miliolid foraminifera are 

always the dominant component. No rudistid fragments are 

observed in contrast to microfacies 5 (pl. III> fig* j)* 
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Algal stromatolites occur locally in these deposits, but are 

not found in any other microfacies. Local variations in 

composition of this microfacies includes gastropod and 

oyster shells, 

Microfacies 6 

The outstanding feature of this deposit is the 

abundance of miliolid foraminifera. The dominant form is 

Nummoloculina (pl. III, figs, k, l). Other components may 

occur in smaller quantities such as Quinqueloculina and Tri-

loculina together with small fragments of ostracod shells. 

Lime mud and miliolids are commonly replaced by either micro-

spar or pseudospar calcite. Locally, porosity is well 

developed due to incompletely filled miliolid chambers. 

Microfacies 7 

This assemblage contains many types of foraminifera. 

The most common groups are textularids, orbitolinids, and 

rotalids. Miliolids and algal oncolites are associated with 

these deposits in smaller quantities (pl. IV, figs, m, n), 

Oncolites are not found in any other deposits. Most of these 

sediments are highly recrystallized and porosity is poorly 

developed. The variation in composition includes local 

occurrences of gastropods and ostracods. 
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Microfacies 8 

This recrystallized limestone consists of uniform 

crystals of calcite which are approximately 2 0 in diameter 

(pl. IV, figs, o, p), Recrystallization reaches maximum 

abundance in these deposits. It destroys most of the orig

inal texture and fossil composition. Fossil ghosts can be 

seen, but they are also replaced by microcrystalline calcite 

(microspar), Some fossil ghosts appear to be miliolid fora

minifera, ostracod shells, and pelecypod fragments. 

Energy Factors 

Energy of carbonate deposition is based on an inter

pretation of water agitation at the depositional site as 

recorded by textural and compositional features. Presence 

or absence of lime mud is a useful criterion in determining 

energy of limestone environments from thin sections. Large 

quantities of lime mud are normally present in low energy 

carbonate environments. In high energy zones lime mud is 

winnowed from the sediments. Additional criteria used to 

delineate energy conditions are grain versus mud support, 

sorting, rounding, and energy indicators in organisms. The 

energy index employed is low, intermediate, and high energy. 

Microfacies 1: The facies represents a low energy 

deposit which contains a large quantity of lime mud together 

with small pelagic constituents. The occurrence of pelagic 
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elements indicates accumulation at a quiet depositional 

interface. Sponge spicules are oriented parallel with the 

bedding which is the normal position if the elements are 

allowed to settle (Carozzi, I96O). The organisms are small, 

spinose, and appear to be floating in a lime mud matrix. 

The rock is mud supported. This basinal facies occurs out

side direct influence of coarse reef derived sediment, 

Microfacies 2: Reef and related detrital deposits 

indicate shallow and turbulent water. They contain a very 

small quantity of lime mud. The presence of lime mud is 

probably due\ to skeletal disintegration of rudistids. The 

facies represents a poorly sorted, and grain supported lime

stone. Most organisms in this deposit are either encrusting 

or have a thick wall. These growth features are attributed 

to high energy conditions. 

Microfacies 3: Calcarenites show evidence of high 

energy. Grains are fairly well rounded and well sorted. 

The rock is grain supported with no lime mud remaining, 

Megascopically, the rock contains cross-bedded units, 

Microfacies 4: The deposits probably represent low 

energy to slight agitation in a shallow water environment. 

A small quantity of lime mud is present. The facies repre

sents a poorly sorted, grain supported calcirudite. The 

rudistids occur as angular to slightly rounded fragments in 

the sediment. Green algae are found abundantly and are 

indicative of shallow wave-sheltered reef flat areas. 
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Microcafies 5' The facies contains features indi

cative of low energy conditions. Lime mud and benthonic 

miliolids are abundant. The presence of thinly laminated 

algal stromatolites and delicate ostracod shells reflects a 

shallow water and low energy depositional environment. The 

rock is grain supported. 

Microfacies 6: Miliolid limestones represent shallow, 

low energy deposits. Some lime mud is observed. The absence 

of faunal mixing is attributed to a sheltered area of accumu

lation. The rock is grain supported. 

Microfacies 7: This facies indicates low energy at 

the depositional site. The deposits contain lime mud and 

mixed types of foraminifera. Algal oncolites are observed 

in some samples which are formed in conjunction with current 

and wave action. The deposits are poorly sorted and grain 

to mud supported. The presence of mixed fauna supports an 

unrestricted shelf environment, 

Microfacies 8: No energy interpretation is given for 

the recrystallized limestones, but their association with 

backreef deposits may denote low energy. 
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Explanation of Plate I 

a. Microfacies 1—Lime mud containing sponge spicules 
and foraminifera. 

b. Microfacies 1—Lime mud containing Globigerina 
foraminifera. 

c. Microfacies 2--Caprinid fragment in contact with 
fibrous calcite. 

d. Microfacies 2—Reef rock containing red algae (RA) 
and rudistids. 
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PLATE I 
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Explanation of Plate II 

e. Microfacies 3—Calcarenite well sorted, slightly 
rounded grains with bituminous residue. 

f. Microfacies 3—Calcarenite. 

g. Microfacies 4--Calcirudite containing green algal 
blades (Codiaceae). 

h. Microfacies 4—Calcirudite with miliolid 
foraminifera and green algae. 
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Explanation of Plate III 

i. Microfacies 5--Miliolid limestone containing 
scattered fragments of rudistids (ru), 

j. Microfacies 5a—Dominantly miliolids together with 
mixed types of foraminifera. 

k. Microfacies 6--Miliolid foraminifera, chiefly 
Nummoloculina, 

1, Microfacies 6—Axial and sagittal views of miliolid 
foraminifera. Note the recrystallized 
matrix. 
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Explanation of Plate IV 

m. Microfacies 7—Mixed foraminifera assemblage with 

partially recrystallized matrix. 

n, Microfacies 7—Mixed foraminifera assemblage. 

o. Microfacies 8--Recrystallized limestone containing 
fossil ghosts. 

p. Microfacies 8--Microcrystalline texture with miliolid 
ghosts remaining. 
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CHAPTER VI 

DIAGENESIS 

The problems involved in identification of deposit

ional textures and composition of limestones are complicated 

by the susceptibility of these deposits to diagenetic alter

ation. The alteration processes may range from only slight 

recrystallization to almost complete destruction of the 

original texture and composition. Some of these effects are 

discussed below. 

Recrystallization 

Recrystallization is widespread in the reef complex. 

Sediments of the pelagic microfaunal assemblage are least 

effected. In these, the fossils are replaced by coarse 

crystals of calcite, but the lime mud is usually unaltered. 

Most reef deposits are highly recrystallized. Fossils as 

well as the matrix are effected, Recrystallization reaches 

maximum abundance in the recrystallized limestone of the 

backreef. Almost the entire original texture is replaced by 

microspar. Other components in the backreef facies are 

light to moderately recrystallized, Miliolids and other 

foraminifera may be partially replaced by either microspar 

or pseudospar. 
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Microcrystalline Calcite (Microspar) 

Lime mud is considered to range from l-4x^ in crystal 

size and has a diverse origin (Folk, I965). Some lime mud 

crystals increase in size during calcite diagenesis and micro-

crystalline calcite (microspar) is produced (Folk, I965), 

A microcrystalline texture is also produced by recry

stallization of foraminiferal tests and rudistid shells. 

The texture closely mimics true lime mud. Various degrees 

in recrystallization of this type are discerned, Microcry

stalline calcite is observed replacing pelecypod shells with 

small, grayish crystals that always have a uniform size 

(Figure 14). Recrystallization of miliolid tests forms a 

texture which is indistinguishable from the surrounding 

matrix. An earlier stage of coarsely crystalline calcite 

occurring in the miliolid chambers is also degraded to micro

spar (Figure 15). Recrystallization sometimes almost com

pletely obliterates the original composition leaving only a 

few fossil ghosts. This occurrence corresponds to the 

recrystallized limestone of microfacies 8" (p. 45). The 

limestone resembles a low energy lime mud devoid of fossil 

material, 

Microcrystalline calcite or microspar has a larger 

crystal size than true lime mud (Folk, I965). Other features 

such as grain diminuation and fossil relics indicate recry

stallization of the sediment. 
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Figure 14* Recrystallization of a 
pelecypod shell to produce 
microspar. 

Figure 15. Depositional composition 
altered by recrystallization 
of both miliolids and the 
matrix. 
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Coarse Crystalline Calcite (Pseudospar) 

This form differs from microcrystalline calcite in 

size and possibly in formation of crystals (Folk, I965). 

One variety of coarsely crystalline calcite (pseudospar) 

resembles the appearance of true pore-filling sparry calcite. 

These crystals are glassy clear, large, and occur in many 

sizes as does precipitated calcite. Crystals having these 

properties form the matrix in some miliolid limestones of 

the backreef facies. Thin section examination indicates 

that miliolid tests are altered by recrystallization. 

Destruction of the test wall in the foraminifera is clearly 

visible (Figure I6), Most glassy appearance in miliolid 

limestones of the El Abra Formation is attributed to recry

stallization rather than true precipitated calcite. 

Coarse crystalline calcite (pseudospar) is common 

as matrix in the reef flat deposits. The small grains and 

lime mud are partially recrystallized in some of these 

deposits. The larger grains appear to be floating in a 

crystalline matrix (Figure 17). Diminuation of grain boun

daries and undigested grains in the crystalline matrix sup

ports recrystallization rather than precipitation. As dis

cussed by Plumley (et al, I962) recrystallization normally 

eliminates the smallest grains first incorporating them into 

the matrix. This is explained by smaller grains being more 

reactive chemically (Plumley, et al, 1962). 
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Coarse calcite crystals (pseudospar) sometimes 

replaces only the original fibrous aragonite of pelecypod 

shells, leaving the surrounding lime mud matrix unaltered 

(Figure 18). This phenomenon is produced either by inversion 

of aragonite in the so.lid state (in the presence of liquid 

film) or by solution of aragonite and replacement by calcite 

(Folk, 1965). If inversion takes place no cavities are pro

duced as an intermediate state (Folk, I965), 

Void-Filling Calcite (Sparry Calcite) 

True void-filling calcite (sparry calcite) occurs as 

a precipitation into pores left after winnowing or nondepo-

sition of lime mud. This form of calcite is commonly found 

as a cementing agent in skeletal calcarenites. These are 

grain supported with distinct separation of grain and cement. 

Sparry calcite cement most commonly occurs in limestones of 

high energy environments. 

Void-filling calcite can be distinguished from coarse 

recrystallized calcite by its pure, transparent, and inter

locking mosaic texture; by having a distinct contact with 

the grains; and by the pronounced variation in crystal size 

(Folk, 1965), The rock particles are usually closely packed; 

sometimes well rounded and well sorted. 

Essentially, there are two end member shapes of cal

cite crystals (Folk, I965). These are either equidimensional 

or fibrous, Equant calcite crystals are recognized as a 
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common feature of microcrystalline calcite. Large fibrous 

crystals are found lining voids in much of the reef depos

its. These crystals are usually oriented perpendicular to 

cavity walls (Figure 19). The distinct separation of grain 

and cement suggests that fibrous calcite develops from pre

cipitation. Voids which are not completely filled with 

fibrous calcite are usually closed by clear subhedral cal

cite crystals. Carozzi (I96O) described fibrous calcite as 

an abundant feature in most bioconstructed limestones. 

These crystals are believed to accumulate in primary voids 

in the reef framework under conditions which prevent simul

taneous accumulation of detrital sediment (Carozzi, I96O). 

Carozzi (i960) suggests deposition from solution in the form 

of aragonite. This process is believed to occur early in 

the depositional history of sediments. Fibrous calcite is 

recognized as an important factor in consolidation of reefs 

and it also reduces primary porosity of the reef framework. 

Dolomitization 

Results of .the staining t ests and x-ray analyses 

indicates that no detectable dolomite exists in the El Abra 

Formation. These tests show the complete dominance of cal

cite in the reef complex. However, miliolid limestone of 

the El Doctor Formation is dolomitized ranging from very 

slight to almost complete obliteration of the original 
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Figure 1,8. Depositional texture altered 
by replacement or inversion 
of aragcnite. Note distinct 
lime mud and fossil contact. 

Figure 19. Void-filling fibrous calcite. 
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texture and organism content. The process is highly selec

tive, probably dependent on the supply of magnesium being 

available. 

Compaction and Solution 

No substantial deformation due to compaction can be 

observed in the El Abra Formation. Delicate ostracod shells 

are uneffected by compaction, as are miliolids. 

Distortion of miliolids and production of tension 

cracks in the El Doctor Formation are probably related to 

pressure and strain of uplift. The El Doctor Formation is 

extremely folded and faulted in the Sierra Madre Oriental, 

Solution is an important factor in alteration of 

limestone because of the high solubility of carbonate min

erals. Some compositional changes of the El Abra and El 

Doctor limestones may be related to silica or magnesium rich 

solutions. Locally aragonite pelecypod shells of the El 

Abra limestone are replaced by silica. 

Solution processes are responsible for secondary 

porosity in the El Abra Formation. Rudistids along the 

central portion of the reef are leached forming an inter

connecting complex of channels. Morphology of the rudis

tids and initial porosity in the reef framework provides 

access for solution and facilitates leaching. The greatest 

development of secondary porosity generally coincides with 

microfacies 2 (Figure 20). 
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Figure ,20. Reef rock showing 
porosity. 



CHAPTER VII 

SUMMARY AND CONCLUSIONS 

Stratigraphic relationships.--The El Abra reef com

plex is composed of three distinct time-equivalent deposits 

of Albian age. The Tamaulipas Limestone consists of basinal 

deposits. The El Abra Formation contains two different mem

bers, the Tnninul Member which represents the reef facies 

and the El Abra Member which denotes the backreef deposits. 

The basinal Tamaulipas Limestone consists of fine 

grained deposits of foraminifera, gastropods, calcispheres, 

and lime mud. The deposits are present in the subsurface 

east of the Sierra de El Abra. 

The Taninul Member contains the massive rudistid 

reef proper and associated reef derived deposits. Isolated 

remnants of the upper forereef talus are exposed along the 

eastern margin of the Sierra de El Abra. The forereef beds 

dip basinward 35° to 40°. In all probability the lower 

forereef talus is present in the subsurface due to faulting. 

Cores from the adjacent coastal plain contain fossils and 

have a texture very similar to the surface reef talus. 

The El Abra Member is a medium bedded, white to gray, 

fine grained limestone which represents the backreef facies. 
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The principal component of this facies is benthonic foram

inifera, chiefly miliolids. 

Conclusions.—The existence of an extensive rudistid 

reef along the Sierra de El Abra is documented: l) by a 

pronounced lithological break between basinal deposits and 

shallow water lagoonal deposits, 2) by steep basinward dip 

of the upper forereef b«ds (35° to 40° east), 3) by the 

association of organisms in the massive unstratified deposits 

separating the lagoon and basin. 

The ecological distribution of organisms in the El 

Abra reef complex reflects four different environments: 

1) basinal, 2) reef and forereef, 3) reef flat, and 

4) lagoonal. 

Basinal environment: The deposits are composed of 

Globigerina foraminifera, gastropods, calcispheres, and 

sponge spicules. Among the dinofl^^rellates identified are 

Leptodinium subtile Klement, Gonyaulax serrata Cookson and 

Eisenack, G. nealei Sarjeant, Odontochitina operculata 

Deflandre, and Wetzeliella neocomica? Eisenack. Hystricho

spheres represented are Systematophora orbifera Klement, 

Baltisphaeridium sp., Taeniphora sp., together with Tasman

ites. These forms are recorded for the first time in the 

Tamaulipas Limestone, Organisms indicative of shallow 

water environments are not observed in these deposits. The 

water was probably too deep for existence of rudistids or 

algae. Algae need sunlight for photosynthesis. This 
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basinal assemblage is analogous to accumulation of organ

isms in recent open marin*̂  envir^Miments. 

Reef and for̂ iPf̂ f environment: Numerous organisms 

endemic to the reef environment ;̂ re noted. The caprinids 

are the dominant component in the reef and represent the 

framebuilders. Other rudistids, corals, and calcareous 

sponges also occur as framebuilders. Encrusting foramini

fera and red algae (Solenoporaceae) act as sediment-binders. 

The association of Solenoporaceae with the reef is equiv

alent to the Corallinaceae red algae of recent reefing 

environments. Encrusting foraminifera, calcareous sponges, 

and corals are restricted in distribution and are not 

observed anywhere except the reef and forereef deposits. 

Reef flat environment: The T'eef flat deposits are 

composed predominantly of rudistids with numerous green 

algal blades (Codiaceae), red -̂̂ Igae, and a few miliolid 

foraminifera. The green algae are endemic to the shallow 

water and wave-sheltered areas behind the main body of the 

reef. This occurrence of green algae is analogous to recent 

reef flat environments where Dasycladaceae and Codiaceae are 

found in the sheltered areas behind coral reefs. Most green 

algal fragments in the reef deposits are transported from 

the reef flat, 

Lagoonal environment: The dominant organisms observed 

in the lagoon represent benthonic foraminifera, chiefly milio

lids. Other organisms associated with foraminifera include 
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pelecypods, ostracods, gastropods, and organosedimentary 

structures of algal st:romatolites and oncolites. The pure 

deposits of miliolid foraminifera are attributed to shel

tered areas of the backreef, whereas the mixed foraminiferal 

assemblage reflects op'̂ n shelf conditions. 

The El Abra reef complex is composed of eight dis

crete microfacies including one basinal facies, three reef 

facies, and four backr̂ êf facias. These are determined by 

microscopic examinations of fossil distribution, abundance, 

and content; t^yJur^; matrix or cement; and diagenesis. 

The criteria establisli^d by this investigation which can be 

used to delineate the microfacies are as follows: 

Microfacies I - These d̂ î nsits are identified 
by the ĵ elngic components which are embedded 

Basin in a dark gray lime mud matrix. Insoluble 
residues of tJie deposits contain dinoflagel
lates and hyst richosphems. 

Microfacies 2 - The fnc'es is composed of 
rudistids, chiefly caprinids, with red algae, 
green alr;'̂ e, encrusting foraminifera, cal-^ 
careous sponges, -̂ nd cor-as. Fibrous calcite 
is abundant, as matrix. No miliolid foramini
fera are observed. These features are also 
used to identify the forereef deposits. 

Reef 
Microfacies 3 - These deposits represent skele
tal calcarenites that are well rounded and 
well sorted with sparry calcite cement. 

Microfacies 4 - Rudisf ids are dominant in 
these deposits which include green algae, 
miliolids, and other foraminifera. A lime 
mud matrix is observed. Miliolids are observed 
here in contrast to microfacies 2. 
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Microfacies S' - Miliolids are the dominant 
rockforming component with some rudistid 
fragmonts and ottier foraminifera. A lime 
mud matrix is observed. 

Microfacies 5a - Miliolids represent the 
dominant component, of the deposits which 
include other foraminifora and lime mud. 
No rudistid fragm'̂ nts are observed. 

Microfacies 6 - Miliolid foraminifera repre-
Backreef sent the on'ly component except for a small 

quantity of lime mud. The lime mud is 
usually partially recrystallized. 

Microfacies 7 - These deposits are composed 
of a mixed foraminiferal assemblage with 
oncolites and a lime mud matrix. The lime 
mud may be replaced by microspar or pseudo
spar. 

Microfacies 8 - The facies is a recrystal
lized limestone containing small and uniform 
crystals of calcite with some fossil ghosts. 

The different textures and fossil compositions of 

the microfacies denotes energy environments of deep marine, 

shallow-turbulent, and wave-sheltered conditions. 

Specific recrystallization phenomena are responsi

ble for alteration of some depositional textures, Recrystal

lization produces a microcrystalline texture resembling true 

lime mud and a coarsely recrystallized calcite mimicing pre

cipitated sparry calcite. 
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APPENDIX A: SAMPLE LOCAtJTIES FOR THE EL ABRA FORMATION 

Locality A-I 

Readout 165 feet south from El Abra, Tamaulipas and 
extends 2.7 miles tiirough the Sierra de El Abra, 

Sample Level 

1, 2, 3, & 4 White t,o gmy, porous, coarse grained, 
limestone with large rudistids. The 
stGcjvly dipping beds (35° to 40° east) 
represent, the uĵ por forereef talus. 

5, 6, 7, 8, 9, Liglit gray t<.) whit.n, massive limestone 
10, 11, & 12 with numerous rudistids. Locally the 

deposits contain a bituminous residue. 
These samples v/ore taken from the unstrat
ified reef deposits, 

13 DrTrk grny, com J'act, thickly heeded, 
medium grnin'd limestone. The beds con
tain TMidistid shell hash. 

11^ Dark gr-Ty, com]>nct, thickly heeded, par-
ti^^lly I ecrystallized limestone. 

ic ^ 15 Dark grny, compace, thickly heeded lime
stone with higli conic;^ gastropods and 
miliolid foraminifera. The deposits are 
medium gr^^ined except for the isolated 
gastropod shells. 

27 Light gray, fine grained limestone with 
numerous miliolid foraminifera. The 
individual beds are approximately three 
feet in thickness. 

Locality A-I 

Quarry 2.7 miles south of the village of El Abra, 
Tamaulipas. 

80 



81 

Sam^leJ ievel Thickness 
( fee t ) 

26 & 25 Whitn to light tan, medium 
Viedder] miliolid limestone 
with glass clear calcite 
cement ,, 11.0 

24 Gray to brr̂ vnri.sh, medium 
bedded limestone v/ith pelecy
pods 4.1 

23, 22, & 21 White, medium berjded, milio
lid limestone v;ith glass 
clenr calcite cement. A 
typical lagoonal deposit 26.0 

20 Light gray, meriium bedded 
lime mud with visible 
miliol ids 5,1 

19 Light gray, medium bedded 
i ime mud witli scattered 
pelncypods and yisiî le 
miliolid foraminifera 5,1 

18 Light /:ray, medium bedded, fine 
grained liniostf̂ ne with numerous 
miliolid foraminifera base 

Locality A-II 

Quarry 0,2 mile northwest of the entrance to Hotel 
Taninul, S.L.P. Samples vrere collected from the east-facing 
exposure of the El Abra Foramtion. 

Sample Level Thickness 
(feet) 

7 White to gT'ay medium bedded 
calcarenite overlying the 
massive reef coî e , 9*0 

6 White to gray, massive 
calcirudite with numerous 
rudistids 15.0 

5 White, massive, highly porous 
limestone with abundant 
rudistids in growth position... 18.0 



82 

^ Wiiite, massive, highly porous 
lime:;! one with numerous large 
rudistids. CV̂ mples were col
lected from the reef ]̂ roper..,. 45.6 

3 (̂rray, medium bericjed calci-
'̂ Ĵditn ;̂ 3̂ 

^ ^'^r^y, mer]ltim borjrjor] c a l c a r e -
n i t e 9^3 

1 Whit n to gray, medium bedded 
calcarenite 6,0 

Base Wiiite to gray, algal lime
stone 

Locality A-III 

Quarry 1,1 miles west of the entrance to Hotel 
Taninul. Samples were coilected from the south face of the 
quarry wall. 

Sample Level Thickness 
(feet) 

19 Gray to browni^^h, coarse 
grained limestone with pele
cypods. Top of section in the 
talus 

18 Dark gray, comp-qc':, medium 
gr-̂ ined .limestone with 
abundant rudistid hast, 3.7 

17 & 16 Dark gray, medium bedded 
fine grained limestone with 
n̂ iJioJ-id foraminifera 23.8 

15 Dark gray, medium bedded, fine 
grained limestone 10.9 

14 Dark gray, medium bedded, 
fine grained limestone with 
milolids 10.4 

13 '̂'T'ay, medium bedded coarse 
grained limestone with rudistid 
shell debris 7.7 

12 Light gray to browiii sh , 
medium bedded limestone 7.2 
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11, 10, 9, & 8 Dark gray, well bedded, fine 
grained miliolid limestone. A 
typieni backreef deposit 15,1 

^ ^ ^ Dark to li/̂ clit gray indis
tinctly bedded, coarse grained 
limestone of rudistid deposits. 
The thick rudistid zone grades 
laterally into calcarenites 
and miLiolid berjs respectively. 
Samplf^s from the patch reef 
consist of numerous megafor
aminifera and rudistids I4.6 

iTfhite to light tan, compact, 
very fine gr'iined limestone 5.6 

4 Light grny, compact, medium 
î edded calcarenitr>. The 
deposit, represents patch reef 
fringe 7.8 

3 Cray, thickly ledded calcirud
ite wlt,h numerous rudistids 
and intraclast s .,....., 2,5 

2 & 1 Gray, well bedded, fine 
graineri limestone with 
miliolirJs 18,6 

LcH:ality A-IV 

Readout 0.4 mile v/est of the entrance to Hotel 
Taninul and extends 175 feet along tlie exposure. 

Sample Level 

1, 2, 3, & 4 Light gray, massiye, coarse grained 
limestone with abundant rudistids. 

5 & 6 Dark gray, massive calcirudite with 
numerous rudistids. 

Locality A-IV-H 

Bluff 0.5 miles west of the entrance to Hotel 
Taninul. Samples were collected on the south side of high
way 110. 
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Sample Level Thickness 
(feet) 

4 D'lrk gny, thickly bedded 
co'n'se grained limestone with 
rufiistid shell i'-̂sh and large 
fragments of oysters. 

3 Dark pr-ay to l̂ ln'dc, medium 
herjded calcr-̂ renit o . The 
hi nek color is due IQ D bitum
inous redisue, Tho beds 
cont̂ fin cross-bndrind units 15.0 

2 & 1 Brownish to rrny^ medium 
bedded, partially recrystal
lized calcirudite with rudistid 
fragments 40,0 

Locality A-V 

Quarry 0.1 miles v/est of the village of El Abra, S. 
L.P. Samples were collected from the north face of the quarry 
wall. 

Sample Level Thickness 
(feet) 

7 Gray, medium t>edded lime mud... 20.0 

6 Gray, medium bedderj, fine 
gmined limestone with 
numerous miliolids 15.0 

5 Brownish to gray, medium 
bedded, very fine grained 
limestone 5.0 

4, 3, & 2 Light gr^y, medium bedded, 
fine grained limest one with 
ini raclasts 50.0 

1 Dark gray, medium bedded, 
fine grained limestone with 
numerous miliolids. 

Locality A-VI 

Quarry 0.6 miles east of the village of El Abra, S. 
L.P. Samples were collected from the north face of the quarry 
wall. 
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Sample Level Thickness 
( f e e t ) 

'7» 6, & 5 Gray io v/hito, medium 
bedded, fine grained lime
stone wit}) miliolids 31,5 

ii'"" ,'-• c' -•-_ 9 t3n. '"''dl-'.'Ti bedded 
i ir*̂  .'i* OH'' vi"h •-• •« i I ra-'ro-
pod P'i .P 

3^ '•' gi'' /'j'ay , me,I i nm b'-dded , 
Cine grained lii'iestone with 
numerous milioLlds 15.0 

3a tight grny, mecjium bedded, 
highly fractured limestone 
with miliolids '̂ nd pelecypod 
shells , 5,6 

2 Gray, thickly \'f^6(]('d limestone 
Wit.h numerous miliolids. The 
beds are composed almost 
entirely of saufi-sized 
miliolid foraminilera 10,3 

1 Light grny, medium bedded, 
fine grained Limeĵ tone with 
visii\le pelecypods, gastropods 
and intr^cl^sts .,.., 5.1 

Locality A-VII 

Quarry 0.7 mile east of the village of El Abra, S.L, 
P, The samples were collected from the north face of the 
quarry wall. 

Sample Level Thickness 
(feet) 

10 & 9 Dark gray, medium î edded, 
very fine grained limestone,,, 15.0 

8 Dark gray, medium berided 
lime mud 10.0 

7 Light gray, thinly bedded 
fine grained ."limestone. The 
deposit represent s one of four 
stringers in the exposure. 
The individual seams are five 
to six inches in ti i ickness, . . . 1.0 
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hir l i t gr^qy, medium bedded , 
•fine g r a i n e d l i m e s t o n e w i t h 
numerous m i l i o l i d s 

5 Light gray, medium bedded, 
limes' one 

2 & 1 

L i g h t g?\ay t o brox^mish, 
medium t>edded c ^ ^ l c i r u d i t e 

Dark gray, medium bedded, 
very fine grained limestone.,,. 

Gray, thickly bedded, fine 
grained limestone with 
numerous miliolids 

4.3 

10.3 

4.3 

2.5 

14.0 

Locality A-VIII 

Quarry 0.85 mile east of the village of El Abra, S. 
L.P. Samples were colincted from the north face of the 
quarry wall. 

Sample Level 

8 

7 

6 

Gray f,o brownish, meclium 
bedd<'(], very .fine grained 
limestone , . 

Î rrnvnish, medium br-dded, very 
fine grained lime^f r̂ p̂ 

(Tray to brownish, st.romato-
lif i c limestono 

Light nray, medium bedded, 
miliolid limestone . 

Gray, thickly bedded, coarse 
grained limestone with 
numerous mili'ilids, mega-
foraminiPera and rudistid 
fragments 

Dark gray, thickly bedded, 
very coarse grained limestone 
with rudistids. Porosity is 
well developed due to leaching 
of megaforaminifera 

Thickness 
(feet) 

15.0 

5.1 

7.1 

6.8 

5.0 

6.0 
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2 ';-J•.'̂ y iQ t i rownish , t h i c k l y 
bedded, partially recrystal-
li'/'.ef] C a l c i r u d j f e yj\ t h' 

numerous calcit,c. stringers 5,0 

1 Whit n -to gray, thickly bedded 
calcirudite with rudistids 10.3 

Local it-y A-IX 

Quarry 1.45 miles west of the entrance to Hotel 
Taninul. Samples were collected from the south face of the 
quarry wall. 

Sample Level Thickness 
(feet) 

12 Light g r a y , medium bedded , 
mi . ] in l i f l l i m e s t o n e 5 .0 

1 1 Liglit, g r a y t o bi 'ov/nish, 
medium bedded, fine grained 
limestone with miliolids 5.0 

10 Gray, t.hickly î edded, calci-
j'udi ' e v/Iih ruriistids 15.5 

9 & 8 Cray to brownish, medium 
l̂ edded, ^̂ ery fine grained 
limestone 19.0 

7 Grny, tliickly î edded calci
rudite with rudist ids 7.1 

6 & 5 While, medium bedded, fine 
grained, part.j.ally recrystal
lized limestone with 
miliolids 29.0 

4 Tan, medium l̂ edded, fine 
grained limestone with some 
pelecypod shells 10.3 

2 Tan, medium bedded, very fine 
grained limestone 9.1 

Gray, thickly î edded, recrystal
lized limestone with rudistid 
fragments 5*1 



APPENDIX B: RAW DATA CHARTS 

Key to Abbreviations 

Ra--Radiolites 

Ca--Capri nids 

RA--Red algae 

Mp-"Monopleura 

M--Miliolid foraminifera 

MF--Megaforaminifera 

EF--Encrust,ing foraminifera 

0F--0ther foraminifera 

Os--0st,racods 

LM--Lime mud 

PC--Precipitated calcite 

C--Calcarenites 

G--Gastropods 

OP—Other pelecypods 

GA--Green algae 

Co—Corals 

S--Calcareous sponges 

SO—Stromatolites and oncolites 

R--Recrystallization 

P--Porosity 

E--Energy 

^S 
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[lAW DATA GliART 
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RAW DATA CHART 



RAW DATA Clb'F..T 9 1 

^^rjm 

•-JII 1 r. ( 
III 16 t 
in 17 c 
III 171 
lU 18c 
III 18 t 
III 18 r 
III 18 c 
III 19 c 
ni r^t 
m 20f 
III 20t 
III 20r 
ni 2 0 
III 20c 
III ?nf 

IV 1 n 
IV 1 b 
IV 2 n 
lV-2 b 
IV 3 ' , 
IV 3 b 
IV 3 c 
IV An 
IV 4 b 
IV 5 n 
IV 5 b 
IV 6 

IV Ho, 
JV Hoj 
IVH03 
IV HI a 
IVHIb 
IV̂  H2a 
IVH2b 
JVH3a 
IV H3b 
IV H4 

V. 1 
V 2 a 
V 2t^ 
V 3 
V 4 
V 5 
V 6 
V 7 

vr 1 
VI 2 
VI .^ni 
\'l 3n? 
M 3 b 
VI 4 n 
\1 4 b 
VI 5 n 
Vi 6 
VI 7 

VH 1 
vn 2 
vn 3(1 
vn ?b 
V D ^ o 
VO 4 b 

RaCo 

3 1 
1 

] 

1 

J 1 
7 1 

i 
) 
) 
J 3 

4 
3 3 
1 

' 3 

5 
4 
4 
4 

3 1 
3 1 
1 4 

4 
4 1 
1 3 

3 
4 

5 
5 
4 
4 
5 
4 
4 

4 

1 
2 
3 
3 

RA Mp f,1 MF E 

3 
4 
3 

1 4 
2 4 

1 2 2 
1 3 2 

"̂  2 
3 
4 

? 1 
1 1 

1 
1 

4 

1 
2 
1 1 
1 1 
1 ? 
1 
1 
1 
1 1 
1 1 
1 1 
1 

2 
2 
1 

1 

1 

3 
3 
2 

1 
3 
4 
2 

2 
4 
3 
2 
4 
1 

4 
2 

. 4 

4 
5 

1 
1 2 

2 

' OF OS LM PC C G 0"^ GA Co S SO R P E 
~> 1 

; 3 1 1 
- 1 , ^ ' ' 

2 ? 1 1 
1 i I 

1 1 V. 
^ ' ' 
5 1 1 

' ' ' 3 I I 
1 ^ — . . ^ 3 : 1 

I I I ^ -^ ; 2 3 1 1 
' ' 3 1 3 

1 m ' 32 3 
1 - • _ _ _ _ ' 3 3 3 
1 3 3 1 3 
• ? 3 ^ 3 

1 4 ^ 5 
I I 4 5 5 

1 1 1 3 3 5 
1 • 3 3 5 
1 1 3 3 5 
1 2 3 3 5 
1 1 3 ^ 5 
1 2 3 3 5 
1 2 3 '1 5 
1 1 1 4 3 5 
1 1 2 3 3 5 
' 3 3 5 

1 ^ T. s 

I I 1 3 ', 5 
I I I 1 ^ 3 5 
I I I 2 ', 5 

I I 1 ;• 3 5 
1 3 3 5 
1 3 '•S 

1 5 4 3 5 
1 5 4 3 5 

1 1 3 ^ ^ 

1 2 4 11 
3 1 1 1 3 11 
^ 1 1 2 3 11 
3 1 1 4 I I 
5 1 1 3 11 
3 1 1 4 11 

I I 1 3 11 
3 1 1 1 3 1 1 

4 1 1 I I 3 1 1 
I I 3 11 
1 2 2 3 11 
1 2 3 3 11 

I I I ^M 1 
I I 2 '111 
I I 1 4 11 

I I I 3 1 1 
I I I 4 1 1 

I I ^ 1 1 

I I I 3 1 1 
I I I 2 1 1 

2 3 4 11 
2 2 4 11 

I I I 1 3 2 3 
I I I 3 2 5 
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RA\-J DATA C H A R T 

Sam 

Vlf 
VII 
VII 
VII 
vn. 
VII 
vn 
VII 
VII 
VII 

5n 
5b 
5c 
6a 
6b 
7a 
7b 
8 
9 
10 

VIII 
vin 
vm 
VIII 
vm 
vin 
vm 
vm 
vm 
vm 
vm 
vm 
vm 
vui 
vm 

I a 
I b 
2a 
2b 
3a 
3 b 
3c 
Aa 
4b 
4c 
5 
6a 
6b 
7 
8 

^aCa RAMp M MF EFOFOsLMPC CG OPGACoS SO R P E 

VHt Oa 
V l Ob 
vm Oc 

IX 
"IX 
IX 
IX 
IX 
r-' 
IX 
IX 
IX 
IX 
IX 
IX 

I a 
I b 
I r 
?a 
?.b 
3 
4 

(-. 

in 
7 b 
7 c 

IX 
IX 
IX 
IX 
TX 
IX 
IX 
.IX 
IX 

R 
M 
|()n 
lOb 
lOc 
Ma 
l ib 
l̂ n̂ 
12 b 

3 
3 
2 

4 
2 
2 

3 
4 
4 
2 
2 

I 4 
I I 
I 2 

2 
3 
I I I 

4 
4 
4 

2 
2 
2 
4 
4 

5 
2 

2 

:̂  
3 
2 
I 
2 
4 

4 
2 
2 

2 

4 
2 

4 
4 

I I 

4 
4 
5 
5 

2 
2 
2 

3 
3 

3 
3 
3 
3 
2 
4 
4 
5 
2 
4 

3 2 
3 I 
3 I 
3 I 
3 2 

2 3 
2 3 
I 3 

2 
2 
3 
3 
3 
2 
2 
2 
4 
4 
3 
3 
4 

4 
3 
2 
5 
5 
2 
2 
2 
2 
2 
2 
2 

3 
3 
3 
I 
3 
3 
3 
3 
3 

I 
2 3 
3 3 
I 3 

3 I 3 
3 3 
3 I 3 
2 I I 
4 I I 
5 I I 
3 I I 

3 
3 
3 

3 
3 
3 

I I 

I I 




