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ABSTRACT

The study  of the M iddle Paleocene Beda Formation, in block NC74F 

of the  so u th w este rn  Sirte Basin, w as u n d ertak en  to investiga te  the 

environm ent of deposition, the geochem istry, the subsequent diagenetic 

history, and  the resu ltan t porosity  of p art of the low er m em ber of this 

fo rm ation .

Six lithofacies (F1-F6), characterized by shallow -m arine sedim ents 

(m udstones and  w ackestones), do lom ite , su lfates, and  arg illaceous 

carbonate w ith  thin shale interbeds, w ere recognized in these sedim ents 

show ing contrasting lateral and vertical distribution. These facies represent 

three small-scale shallow ing-upw ard cycles. The low er tw o cycles of the 

succession begin in the lagoonal p a rt and  accrete th rough  in tertidal to 

supratidal sedim ents, whereas, the third cycle at the top of the succession 

begins w ith a new  m arine transgression, and is term inated by a laterally 

w idespread evaporite sulfate unit.

Geochemical results show  strikingly high values of strontium  (Sr), 

while other trace elements (reported in their oxide forms), such as iron (Fe), 

m anganese (Mn) etc., are generally low. The high Sr values are due to the 

p recip ita tion  of m inor am ounts of celestite (detected by XRD) in the 

sedim ents. The Isotopic study shows that the Beda dolom ites are depleted 

in 180  w ith quite negative 5 ^ 0  values ranging between -1.5 to -5.7 per mil 

(PDB). The 5 val ues of these dolom ites tend to show  a m ore m arine 

8 isotopic signature, w ith an average of +3.27 per mil (PDB). The sulfur 

5 ^ S  isotope data m easured from the evaporite facies ranges between 19.8
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and 22.28 per mil (CDT), and these are generally w ithin the range of <5 34s 

isotope values characteristic of m arine evaporites of Tertiary age.

Diagenesis of the Beda sedim ents studied has resulted in a num ber of 

d iagenetic changes. These are dom inated  by cem entation, d isso lu tion , 

dolom itization, and compaction. Two generations of calcite cem ents were 

recogn ized . The firs t g en era tio n  of cem ent occup ied  the  o rig ina l 

in tergranular and  in tragranular porosity, w hile the second filled residual 

p rim ary  pores and m olds and  vugs resu lting  from  the firs t stage of 

d isso lu tion . D olom itization follow ed at least the first phase  of calcite 

cement, and 60-70% of the studied intervals have been dolom itized. On the 

basis of the sedim entological, petrographic, and geochemical evidence, the 

dolom ite is in terp re ted  as of early, near-surface origin, associated w ith  

hypersaline conditions. Evidence of a second stage of dissolution is found 

as secondary  voids and  m olds filled w ith  calcium  sulfates (gypsum - 

anhydrite). This postdates calcite cem entation and dolom itization. The late 

(or burial) diagenetic events recognized are developm ent locally, of baroque 

dolom ite cement, and Pb-mineralization.

Examination of porosity data from porosity logs show s a w ide range 

of variation in total porosity and shows a general increase in porosity in an 

eastw ard direction. This is because the porosity has been less affected by 

sulfates cem entation relative to the western part of the study area.
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CHAPTER ONE 

INTRODUCTION

The term  Beda Formation was first in troduced in the study of the 

subsurface of the w estern Sirte Basin, Libya, by Barr and W eggar (1972). 

Generally the Beda Formation of the whole basin varies in thickness from a 

few  m eters to h u n d red s  of m eters and it has locally been inform ally  

subdiv ided  into two mem bers. In m uch of the southw estern  p art of the 

basin (e.g. in the study  area) it is d ivided into an U pper m em ber and  a 

Lower m em ber, while in the Dahra-Hofra area, in the northw estern  part of 

the basin , it is d iv ided  into the Thalith m em ber and  the Rabia shale 

m em ber w hich are, respectively , equ ivalen t to the Low er and  U pper 

m em bers. Potentially, the upper p art of the Lower m em ber of the Beda 

Form ation of the study area (Zueitina Oil Com pany block NC74F), and  in 

particu la r in the Sabah oilfield, is considered a p rim ary  reservo ir for 

hydrocarbon accumulation.

1.1 Purpose of Study

The purpose of the p resen t research has been to exam ine the 

sedim entology, the petrography  and geochem istry of p art of the Lower 

m em ber of this form ation, including the reservoir interval, in an attem pt 

to understand  the facies distribution and the depositional environm ent of 

this p art of the Beda Formation, and the geochem istry and  the diagenetic 

processes influencing reservoir porosity. The study is based on the analysis 

of a num ber of core sam ples from five exploratory and production wells.
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These wells (E2, FI, D2, G41, and G4) penetrated  the Beda Form ation at 

various depths ranging from approxim ately 1316 to 1678 m etres (4318 to 

5505 ft) below sea level. These core samples represent m ostly, the upper part 

of the Lower m em ber and cover a total of approxim ately 30 m etres (=110 

fe e t).

1.2 S tudy Area

The study area (Fig. 1.1) is located in the southw estern part of the 

Sirte Basin betw een latitude 27° 45' and 28° 15' N and longitude 17° 20' 

and 18° 30' E. This area was probably dom inated throughout the deposition 

of the Beda Form ation by a generally fla t-topped and  gently subsiding 

platform  which is indicated by a fairly constant thickness of this formation, 

approxim ately 300 meters (=1000 feet ) thick, as determ ined from wells B1 

and H I. The area was probably sloping gently to the east-northeast w ith this 

slope m arked by a slight increase in thickness of this form ation in the same 

direction. The structural configuration of this area was changed during the 

rem ainder of Paleocene time, as faulting became evident, especially in the 

w estern and eastern parts (Fig. 1.2). D uring the Q uaternary  and probably 

very recently, the area has been affected by the eruption of volcanic activity 

represented by the A1 Haruj A1 Aswad formation. This volcanic activity has 

im portan t im plications, for example, on the diagenesis of Paleocene rocks 

in the study area. The present day structural confiquration of the study area 

is dom inated by the Zella trough in the west, the El-Haleigh H igh in the 

central part and the Gerad trough in the east.
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time of deposition of the Beda Formation to near the end of 
the Paleocene (e.g. the end of the deposition of the Zelten 
Formation).
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1.3 Previous Work

A great deal of work has been carried out in the past on the geology 

of Libya including the Tertiary and in particu lar the Paleocene deposits, 

both in outcrops and in subsurface. M ost of this w ork has described the 

Paleocene lithofacies in general and has studied the biotic constituents of 

these facies.

Jordi and Lonfat (1963) descibed the stratigraphic relationships and 

nam ed the Paleocene units which crop out in northw estern  Libya. Furst 

(1964) studied  in detail the same interval exposed along the w estern and 

southw estern m argins of the Sirte Basin. He attributed the deposition of the 

m id d le  Paleocene H ad  L im estone M em ber, equ iv a len t to the Beda 

Form ation, to the shallow ing of the early Paleocene sea. G ohrbandt (1966) 

also described the general stratigraphic relationships of the Paleocene rocks 

exposed on the western and southw estern margins of the basin.

C onley (1971) s tu d ied  the Paleocene un its  d ep o sited  in the 

subsurface of the Sirte Basin and described in some detail the low er and 

m idd le  Paleocene lithofacies. He concluded from  the stra tig raph ical, 

paleontological and lithological evidence that the Paleocene interval in the 

subsurface is equivalent to that in outcrops and that the sequences are 

similar, both vertically and laterally.

B erggren (1969 and  1974) d iscussed  the fo ram in ifera l b io ­

stratigraphy of the Tertiary deposits of the basin w here he has recognized a 

complete sequence of Paleocene foraminifera. He subdivided the Paleocene 

sequence into five planktonic foram iniferal zones (P1-P5), and assigned a
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M ontian age to the m iddle Paleocene u n it (e.g. the Beda Form ation). 

B erggren also recognized  tw o d istinc t lithofacies; shales and  m arls, 

containing m iddle  and outer-shelf fauna, and  carbonates contain ing an 

inner and m iddle-shelf fauna.

1.4 M ethods of S tudy

A brief outline of the various m ethods used in this s tudy  will be 

m entioned in this section. H ow ever, a m ore detailed sum m ary of each of 

these m ethods will be described at their relavent chapters.

The initial phase of investigation was carried out by describing all 

the core samples available under the binocular microscope. Following this, 

m ore than 130 thin-sections w ere p repared  and petrographically  studied, 

using conventional m icroscopy and cathodolum inescence (CL) m ethods. 

The scanning electron microscope (SEM) was also used to provide exquisite 

images of porosity and of the tiny clay components of the rock samples.

G eochem ical analyses, includ ing  calcite-dolom ite ra tio  d e te r­

m ination, trace elem ent com positions and major and m inor oxides, w ere 

carried out using X-ray diffraction (XRD), and X-ray fluorescence (XRFS). 

Carbon, oxygen and sulfur isotope analyses were also m ade on a num ber of 

samples. Porosity wireline logs were used to determ ine porosity data of the 

Beda Formation, and approximately 30 meters (-1 1 0  f e e t ) of this formation 

were analyzed.
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1.5 Problems

Since there is often some difference betw een depths recorded during 

drilling operations and those recorded during  w ireline logging operations, 

the depths of the considered cored intervals recorded by the driller were, 

w henever possible, depth-corrected to their depths on the w ireline logs. 

H ere the am ount of correction applied to these depths, is approxim ately 2.0 

m eters (~7 feet) in well E2, approxim ately 0.6 meters (=2 feet) in well FI, 

and about 0.3 meters (=1 foot) in well D2. No correction was applied to wells 

G4 and G41. The second problem  encountered during  the course of this 

s tu d y  was that some core sam ples had been either d isp laced  a n d /o r  

inverted. For example core 2 in well G4 is believed to be both displaced and 

inverted, and the upper m ost part of the cored interval in well D2 was 

probably displaced (see Appendix A).

Basically, these discrepencies were considered and corrections w ere 

applied. However, the lithologic and petrographic descriptions of core 2 of 

well G4 w ere only used as com plem entary data and w ere not considered in 

the correlation.
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1.6 Geologic History

1.6.1 General

Libya as a whole is a cratonic basin on the northern  fringe of the 

African shield between latitudes 20° and 33° N and betw een longitudes 10° 

and 25° E (Fig. 1.3), covering an area of about 1.6 million square kilometres. 

Its p resen t day  tectonic fram ew ork is the resu lt of several orogenic 

m ovem ents ranging from the C aledonian to the Alpine. The country is 

d iv ided  into five sedim entary  basins, nam ely the G hadam es, M urzuk, 

Kufra, M arm arica, and Sirte Basins w hich are separated  by in tervening  

uplifted arches.

Since the early Paleozoic, the country has been the site of several 

transgressions and regressions by the sea, resulting in the accum ulation of a 

w ide variety  of sedim entary  rocks (Conant and G oudarzi, 1967). The 

Paleozoic seas, up through the Carboniferous, were w idespread across the 

country and in late Carboniferous a general regression occured as a result of 

the H ercynian (Variscan) Orogeny. Throughout this tim e all the basins 

w ith  the exception of the Sirte Basin w ere active and received thick 

accum ulations of Paleozoic sedim ents varying from  continental sands to 

m arine carbonates and shales.

D uring the Perm ian and Triassic, only the tw o northern  basins; 

the G hadam es and the M armarica Basin were covered by the sea while the 

rest of the country rem ained em ergent. In the Jurassic the sea began to 

encroach covering an area further south in the G hadam es Basin and in
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Fig. 1.3, Location and general tectonic fram ework of Libya, 
show ing the distribution of basins and the main Caledonian- 
Hercynian axes of uplift, (after Conant and Goudarzi, 1966).
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C yrenaica w here terrigenous elastics, carbonates and  evaporites w ere 

deposited unconform ably over Paleozoic sediments.

In the early Cretaceous a regression of the sea took place in the 

G hadam es Basin area w hile the Cyrenaica area rem ained  covered by 

shallow  seas until the beginning of the late Cretaceous (Cenomanian). At 

this tim e a major tectonic event occured which resulted  in the collapse of 

the paleo-Sirte arch and the opening of the Sirte Basin. Consequently, the 

northern  half of the country was invaded and covered by the sea and as a 

re su lt the stra tig raph ic  section is dom inated  by deep m arine shales 

deposited in the trough and by shallow marine carbonates deposited on the 

high areas.

A t the beginning  of the Tertiary (Paleocene), the sea continued  

advancing southw ard, reaching almost as far south as the 22° parallel, and 

in early Eocene time, a partial regression occurred to about the 28° parallel 

(Desio, 1971). The Tertiary deposits, are generally dom inated by deep and 

shallow  w ater sedim ents, shales, carbonates, and evaporites bu t in the late 

Tertiary and particularly since Oligocene time, extensive volcanic activity 

occured covering a large area in the central and western part of the country, 

w here large basal plateaus were formed by abundant lava flows.

1.6.2 Sirte Basin.

The Sirte Basin is the youngest and m ost prolific (hydrocarbon) basin 

in north central Libya. This area was a broad upland early in the Mesozoic 

(Conant and G oudarzi, 1967) bu t during  the m iddle M esozoic the basin



began to form, and by the Cenom anian the pattern  of the Sirte Basin was 

established. Tectonically, it is a northw est elongated basin w ith a complex 

structural pattern  of northw est-southeast trending horsts and grabens. The 

w estern and eastern boundaries of the basin are considered to be the H un 

Graben and the edge of the Cyrenaican platform respectively (Fig. 1.4).

After the opening of the Sirte Basin, a late Cenom anian-Turonian 

transgression (Barr, 1972) spread southw ard into the subsiding grabens and 

eventually onto the low -standing highs which were subsiding at a slower 

rate. Subsidence was also relatively slow during the Coniacian-Santonian 

b u t du ring  the C am panian, a sudden  increase in the subsidence rate 

occurred (Gumati and Kanes, 1985; Gum ati and Naire, 1991). D uring this 

time, the transgression continued southw ard  and by the late Cretaceous 

(M aastrichtian)-Paleocene the sea had reached its southernm ost extent at 

the 22° parallel (Desio, 1971) and consequently, m ost of the major highs 

w ere  in u n d a te d . T hrough  the C en o m an ian -T u ro n ian  the  ra te  of 

sedim entation kept pace w ith the rate of subsidence and hence, shallow  

m arine  sed im en ta tio n  dom inated . The shallow  m arin e  cond itions 

continued until the Coniacian-Santonian w hen deeper m arine conditions 

prevailed and thick accum ulations of organic-rich shales and deep m arine 

carbonates were deposited in the troughs while deposition of open shallow 

m arine or reefoidal sedim ents continued on the highs.

D uring the Tertiary, the Sirte Basin continued to subside, reaching a 

m axim um  subsidence during  the Eocene (Berggren, 1974; G um ati and 

Kanes, 1985). Consequently, m arine sedim entation continued through the 

Paleocene and early to m iddle Eocene. Paleocene deposition became mixed 

and included both deep and shallow marine sedim ents as movements
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continued along the faults. D uring the early Eocene, a partial regression 

occurred creating restricted conditions and evaporite deposition over the 

south-w estern part of the basin, while open m arine conditions prevailed in 

the rest of the basin. In the m iddle Eocene, a m arine transgression  

e lim inated  the restric tions and  m arine sed im en ta tion  occurred . This 

transgression continued until the Q uaternary, w hen the basin was covered 

by continental sedim entation.

1.7 Paleocene Stratigraphy

Paleocene sedim ents are dom inated by thick sequences of shales and 

carbonates which w ere deposited in a transgressive sequence at depths of 

approxim ately 200 meters or slightly deeper (Berggren, 1974). The onset of 

the Paleocene (Danian) is characterized by the deposition of open m arine 

shales (the Hagfa Shale), and at the close of the D anian conditions often 

favored the deposition of shallow  w ater carbonates w hich exhibit a full 

range of variety  in biotic constituents, structural fabrics and diagenetic 

modifications (Colley, 1963).

In the late Paleocene, less ex tensive shale sequences; m ostly  

calcareous shales and carbonates, were deposited. These facies changes from 

w idespread deposition of shales to shallow-shelf carbonates and the return 

to shales m ay have resulted from changes in the sedim ent supply, from 

reactivation of faults, or from rapid subsidence (Conley, 1971).

Generally deposition from the late Cretaceous (M aastrichtian) to the 

early Paleocene (Danian) was continuous, but despite this continuity, the



Cretaceous-Tertiary boundary can be readily determ ined by the occurrence 

of large foram inifera such as O m phalocvclus m ac ro p o ru s  and S iderlites 

c a lc i t r a p o id e s  or the pelagic fo ram in ifera l assem blage in c lu d in g  

G lo b o tru n c an a  g an sseri and G lo b o tru n c an a  spp, tha t m arks the upper 

Cretaceous (Lehm ann, 1964). In contrast the Paleocene-Eocene boundary  

occurs w ith in  a calcareous shale and carbonate sequence, the Kheir 

Formation, and is som ew hat difficult to determ ine in some cases (Berggren, 

1969).

The Paleocene sequence (Fig. 1.5) shows broadly, two sedim entary 

cycles each of the order of 300 meters thick. These cycles are bound by abrupt 

stratigraphic contacts and show shale-based or shale dom inated units in the 

low er parts, passing up into lim estone-dolom ite in their upper parts. These 

cycles could well be the result of variable subsidence rates and local tectonic 

m ovem ents of the Sirte Basin which took place during  the Paleocene. The 

lithostratigraphic units of the Paleocene sequence penetrated  in the study 

area will be described below, following the nom enclatural scheme of Barr 

and W eegar (1972). These are, in ascending order, as follows,

1) Hagfa Shale Formation

Based on the p lanktonic foram iniferal assem blages (e.g. G lobo- 

co n u sa  d a u b je rg e n s is , G lo b o ro ta lia  p s e u d o b u llo id e s  etc. ), the Hagfa 

Form ation was in terpreted  by Berggren (1969) as corresponding  to the 

D anian stage. Stratigraphically, this form ation conform ably overlies the 

M aastrichtian Kalash Formation and is conform ably overlain by the Beda 

F orm ation.
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In the study area, the Hagfa shale is represented by approximately 22 

m eters of shale; grey green and black, soft, calcareous and fissile. A bundant 

planktonic and also smaller benthonic foram inifera, are present including 

V a lv u l in e r ia l , L e n t ic u l in a l , C h ilo g u e m b e lin a  sp and G v ro id in a  sp 

(Tmalla, 1987). The Hagfa Form ation becomes increasingly calcareous in 

eastern  and  sou th  central parts  of the Sirte Basin w here it passes 

respectively into the Lower Sabil Carbonate (e.g. in the H arash and Augila 

areas) and  the Defa Lim estone in the Defa oilfield. In the D ahara-H ofra 

area, north  of the study area, it becomes stratigraphically equivalent to the 

U pper M em ber of the Satal Form ation (Fig. 1.6). The abundance of 

planktonic forams indicates that this form ation was deposited  in a fairly 

deep, open m arine environm ent (Barr and Weegar, 1972).

2) Beda Formation

The Beda Formation is considered to be M ontian (middle Paleocene) 

in age (Berggren, 1969). It conformably overlies the Hagfa Shale, deposited 

in the central and w estern Sirte Basin, the Defa Lim estone in the Defa 

o ilfie ld  in the sou th  central Sirte Basin, and  the Satal Form ation  

(carbonates) deposited in the Dahra-Hofra area in the northw estern part of 

the basin. It is conformably overlain by the Khalifa Shale Formation in the 

central and eastern Sirte Basin (e.g. in the Ora and Samah oilfields), and by 

the D ahra Form ation  in the D ahra-H ofra area. L aterally , the Beda 

Form ation becomes equivalent to the H ad Limestone of Jordi and Lonfat 

(1963) and the Scedida Dolomite of Furst (1965) which are exposed along the 

southw estern border of the H un Graben on the w estern and southw estern 

m argins of the Sirte Basin. In the subsurface, the Beda Formation is
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equivalent to the Khalifa Form ation present in the W aha oilfield and  the 

Lower Sabil Carbonates of Barr and W eggar (1972) present, for example, in 

the Amal oilfield and the H arash and Augila areas in the eastern part of the 

basin (Fig. 1.6).

In the s tudy  area, the Beda Form ation conform ably overlies, 

u sually  w ith  an ab rup t contact, the Hagfa Shale Form ation and  is con­

form ably overlain by the Khalifa Shale Formation. The Lower m em ber of 

the Beda Formation is characterized by approxim ately 250 m eters (820 feet) 

of m ainly lim estone and dolom ite w ith abundant calcium sulfates, gypsum  

and  anhydrite , p resen t th roughou t a lthough their abundance decreases 

w ith depth.

The upper part of this form ation is represented by approxim ately 

50 m eters (164 feet) of anhydrites and shales w ith carbonate interbeds. The 

shales are dark grey in colour and pyritic. The carbonate units are generally 

light grey-grey in colour, argillaceous, and pyritic, occasionally becom ing 

m arly.

3) Khalifa Formation

The Late Paleocene (Landenian) Khalifa Formation of the study  area 

conform ably overlies the Beda Foram tion and is conform ably overlain by 

the Zelten Formation. The contact is often gradational at the base, while the 

top is m arked by a sharp  change in lithology (Barr and  W eegar, 1972). 

Laterally, the Khalifa Formation passes into the Lower Sabil Carbonates in
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the eastern Sirte Basin and western areas as the lower p art of the form ation 

becomes stratigraphically equivalent to the D ahara Formation (Fig. 1.6).

The Khalifa Formation is represented by approxim ately 182 meters of 

shale w ith m inor limestone interbeds. The shales are dark grey or black in 

colour, slightly calcareous, fissile and slightly pyritic. The lim estones are 

m ainly wackestones, argillaceous, grey or occasionally tan to off-white with 

ab u n d a n t ben thon ic  fo ram in ifera , inc lud ing  com m on m ilio lids and  

rotaliids. O stracods and echinoderm  fragm ents are also observed (Tmalla, 

1987). G enerally, this form ation represents a shallow  to open m arine 

environm ent of deposition (Barr and W eegar, 1972).

4) Zelten Formation

This form ation is also Landenian in age. It conformably overlies the 

Khalifa Form ation and is overlain by the H arash Formation. It is w idely 

distributed in m ost parts of the Sirte Basin, but in eastern and southeastern 

areas it becomes laterally equivalent to the U pper Sabil Carbonates.

In the study area, this formation consists of approxim ately 173 meters 

of lim esto n e  w ith  m inor am oun ts  of shale. The lim estones are 

predom inantly wackestones and occasionally packstones, ranging from off- 

w hite to tan to grey in colour. They are slightly argillaceous and locally 

become chalky. A bundant foram inifera are present, including larger forms 

such as N u m m u lite s  and C ib ic ides spp, (Tmalla, 1987). Bryozoan and 

echinoderm  fragm ents are also present.
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G enerally, the Zelten Form ation represen ts a variety  of shallow  

m arine to offshore environm ents of deposition. For m ore details, the 

reader is referred to Bebout and Pendexter (1975).

5) H arash Formation

The H arash Formation was deposited during  the Landenian stage, 

near the end of the Paleocene. In the study area, this form ation shows an 

ab rup t contact w ith the underlying Zelten Form ation and is conform ably 

overlain by the late Paleocene-early Eocene Kheir Formation.

The form ation is characterzed by approxim ately 39 m eters of lim e­

stone and shale interbeds. The limestones are predom inantly  wackestones 

and  occasionally  packstones. They are m ostly  tan to grey, and  are 

occasionally argillaceous and chalky. The low er p art is generally  shales 

which are dark grey, fissile, calcareous and pyritic.

The fossil assemblages of this form ation resemble very m uch those 

described  from  the Z elten  Form ation. H ence, the en v iro n m en t of 

deposition was probably also shallow to open marine.

6) Kheir Formation

The lowerm ost part of this form ation is considered to be Landenian 

in age and it marks the end of the Paleocene system. In the study area, this 

part is characterized by light grey to grey argillaceous wackestones which
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become m arly at the base. The fossil assem blages of this part represent a 

continuation from the underlying H arash Formation.
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CHAPTER TWO 

LITHOFACIES AND ENVIRONMENT 

OF DEPOSITION

This chapter docum ents the description of the different depositional 

facies of the stud ied  interval of the Beda Form ation, and  their inferred 

environm ents of deposition. These were revealed from  a detailed study of 

approxim ately 30 m etres of cores from  five wells in the study area, ranging 

betw een approximately 3 to 33 kilometres apart, and from the study of m ore 

than 130 thin-sections.

2.1 Methods and Technique

2.1.1 Microscopy

The cores w ere slabbed and the sam ples w ere exam ined in detail 

under a binocular microscope. After this initial exam ination, sam ples were 

then selected from which thin-sections were made. All thin-sections were 

im pregnated with blue colored resin, left uncovered and polished. One-half 

of each section was stained w ith Alazrin red-S and Potassium  ferricyanide 

A R S/PF  dual stain. This stain ing  differentiates calcite, dolom ite, and 

ferroan varieties of each. As a result of this stain, calcite accepts a pink 

colouration, ferroan dolom ite accepts blue colouration and  non-ferroan 

dolom ite rem ains colourless (D ickson,1966; F riedm an ,1959). The thin- 

sections w ere  then  s tu d ie d  usin g  co n v en tio n a l m icroscopy  and  

cathodolum inescence. The scanning electron m icroscope (SEM) was used
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on num ber of sam ples to p rov ide  de ta iled  in fo rm ation  on the pore 

geom etry and on the smaller com ponents present. The energy dispersive X- 

ray (EDX) allowed qualitative analysis and hence identification of clays.

2.1.2 X-Ray Diffraction (XRD)

The total calcite and dolom ite contents of sam ples in this interval 

w ere obtained using x-ray diffraction analysis. The use of XRD specifically 

for this purpose has been carried out by several workers (e.g., Tennant and 

Berger, 1957; Royse et al., 1971; etc.).

In this study , sam ples w ere selected at approx im ately  one-foot 

intervals and prepared by grinding a few fragments of the sam ple for a few 

m inutes. Enough acetone was then added to the pow der to form paste and 

the m ixture spread on one-half of one surface of a petrographic glass slide. 

The p repared  slides were then analyzed in a highly stabilized x-ray unit 

using Iron filtered Cobalt K-alpha radiation. The intensities for the 3.03 A 

calcite line, and the 2.88 A dolomite line were m easured at 34.31° 2 Q Co K- 

alpha position and at 36.14° 2 6 Co K-alpha position, respectively.

The m axim um  heights of the calcite and dolom ite peaks at these two 

2 Q positions were read off the x-ray produced chart and  the peak height 

ratios w ere determ ined  and p lo tted  on the experim entally  determ ined  

graph of Tennant and Berger (1957, Fig. 1) to determ ine the composition of 

each sam ple in term  of % dolomite. The use of this g raph  to estim ate 

dolom ite percentages has been confirm ed by Royse et al (1971) and they
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suggested that the graph can be used to estim ate a composition w ithin ± 6% 

dolom ite w ith 95% confidence level.

Thus, using the obtained dolom ite percentages, w ith the inform ation 

obtained from  samples and thin-sections descriptions, the intervals studied 

w ere classified into a num ber of distinct types of lithofacies.

2.2 Lithofacies

Six lithofacies are recognized w ithin the cored portion of the Beda 

Form ation in the study area. They include (1) foraminiferal wackestone, (2) 

argillaceous foram iniferal wackestone, (3) dolom ite m udstone, (4) Peloidal- 

fo ram in ifera l w ackestone, (5) evaporite  (gypsum -anhydrite ) an d  (6) 

argillaceous dolom ite m udstone. The characteristics inheren t to each 

lithofacies are sum m arized in Table (2.1).

1) Foraminiferal W ackestone Lithofacies (FI)

This facies is characterized by tan to light grey limestones, dom inated 

by an abundance of benthonic foram inifera, includ ing  M iliolids (e.g. 

O u in q u e lo c u lin a  sp.) and  sm aller rotaliids such as D isco rb is  sp. and 

com m on dasycladacean algae such as A c e ta b u la r ia  (A cicularia). The 

foram inifera and the dasycladacean algae make up the bulk of the fossils 

(Plate 2.1, B-D). O ther grains consist of echinoderm  fragm ents and  rare 

peloids (Plate 2.1, E) are also present. The facies is typically stylolitic. The
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Lithofacies
FI

lithofacies
F2

Lithofacies
F3

Lithofacies
F4

Lithofacies
F6

A C R A C R A C R A C R A C R
Forams X X X X X

Gastropods X X

Echinoids X X X X

Ostracods X X X

M ollusc
fragments

X

Algae X

Peloids X X X X

Intraclasts X X X

Color tan-
light grey

grey- 
dark grey

tan-brown tan-brown dark grey

Sed. Structs. burrow
m ottling

fenestrae,
thinly
lam inated

strom ato­
lites

Other
features

styloli tic pyritic,
stylolitic

pressure
dissolution

pyritic

Table 2.1, summarizing the characteristics inherent to each lithofacies; (FI) fora­

miniferal wackestone lithofacies, (F2) argillaceous foraminiferal wackestone, 

(F3) dolomite mudstone, (F4) peloidal-foraminiferal wackestone, (F6) 

argillaceous dolomite mudstone. Abundant (A); common (C); rare (R).
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stylolites are horizontally  oriented, generally irregular, serrated  having 

both high and low am plitude seams which interpenetrate the rock matrix. 

The lower part of this facies is off-white in color and chalky. Samples of this 

w ere studied  under the SEM bu t no fragm ents of coccoliths w ere found. 

H owever, it shows high intergranular porosity.

In terp re ta tion

Living dasycadacean algae inhibit mainly shallow m arine waters and 

occur m ost often in tropical and subtropical waters. As a group they seem to 

prefer norm al m arine salinities, bu t the Acetabulariae, for example, tolerate 

salinities ranging from hypersaline to brackish, and  w ide variations of 

tem perature. They are m ostly found only in low -energy regim es, either 

below wave base or in protected situations and are typical of the algal flora 

in m arine lagoons (Wray, 1977). The depth  of w ater can be inferred from 

the presence of the dasycladacean algae. The maxim um  abundance of living 

dasycladacean algae is in a depth dow n to about 5 meters, bu t they exist in 

dim inishing num bers dow n to 10 meters w ith rare occurrences to several 

tens of meters. Elliott (1968) concluded that the ecological reguirem ents of 

fossil dasycladaceans w ere essentially  the sam e as those of living 

descendants. They are capable of providing a more than adequate supply of 

aragonite to form the m ud present in the lithofacies.

M iliolid  foram inifera are also im p o rtan t as ind icato rs  of past 

environm ental conditions. M odern representatives appear to be m arkedly 

restricted  to certain habitats and flourish particu larly  in w arm  shallow  

waters.
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Thus, considering all this evidence, the presence of benthonic fora­

m inifera (i.e. miliolids), and the presence of dasycladacean algae together 

w ith  the relative rarity  of echinoderm s and  the lack of brachiopods, 

com m on bryozoans, and  red  algae, ind icative of fu lly  open m arine 

conditions, this facies was deposited in a shallow, w arm , low-energy, and in 

some w ay restricted m arine environm ent. The restricted conditions invoke 

the existence of barriers to form a lagoon. Such barriers m ay be shelf-edge 

reefs, coastal irregularities of the inner shelf, or sim ply an excessive shelf 

w id th  inhibiting  adequate w ater circulation. In epeiric seas, low -order 

slopes, great w idth of shelves, and shallow depth of w ater are sufficient in 

themselves to restrict or eliminate w ater circulation (Irwin, 1965).

2) Argillaceous foraminiferal W ackestone Lithofacies (F2)

This facies is generally grey-dark grey in color. The allochems are 

again  dom inated  by ab u n d an t foram inifera, includ ing  m ilio lids and 

sm aller ro ta liid s  (m ore ro ta liid s  than  m ilio lids), ra re  ech inoderm  

fragm ents, rare large m ollusc (bivalve) fragm ents, and some intraclasts. 

The upper part of this facies in well E2 is brecciated showing centimeter-size 

clasts (Plate 2.2, A).

Generally, this facies is argillaceous and pyritic bu t the sedim ents 

display m ottled structures, probably as a result of bioturbation (Plate 2.2, B). 

The pyrite crystals are scattered and mostly associated with gypsum  crystals, 

p re s s u re  d is so lu tio n  seam s an d  low  a m p litu d e  s ty lo lite s  (or 

m icrostylolites). The p ressu re  d isso lu tion  seam s and  m icrostylolites,
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generally occur w ith  dark  brow n to black insoluble residues (probably 

organic matter) concentrated along their surfaces (Plate 2.2, C,D).

In terp re ta tion

This facies probably represents the subtidal deposits of the lagoon 

form ed under reducing conditions. The dark grey color is due prim arily to 

the presensce of organic m atter, argillaceous m aterial, and pyrite  (iron 

sulfide). The environm ent in which this facies was deposited was probably 

calm or w ith little agitation. It is likely that during calm periods the w ater 

w ithin  the sedim ent became stagnant and eventually reducing and hence 

pyritic. The overlying w ater was sufficiently oxygen-rich for faunal and 

floral growth which is indicated by the different types of fossils present.

3) Dolomite M udstone Lithofacies (F3)

This facies is represented by dolomite m udstones to wackestones and 

form s approxim ately  60-70% of the stud ied  interval. The dolom ite is 

generally microcrystalline to finely crystalline (i.e. crystals less than .03 mm 

in d iam eter), and tan to brow n in colour. It m ay be lam inated  on a 

m illim etre scale (Plate 2.3, A,B) or m assive w ith abundan t sulfate (i.e. 

gypsum  and anhydrite) replacement. The laminations are generally present 

in the w estern  part of the s tudy  area (e.g. in wells FI and  D2). The 

allochem s found in this facies are rare foram s, gastropods, ostracods, 

peloids, and intraclasts. The intraclasts here include clasts believed to have 

been ripped up from the same sedim ent eroded from nearby exposed areas,
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and m ud lum ps (Plate 2.3, C,D). Sedim entary structures such as fenestrae 

(birdseyes) are also found, particularly in the upper part of this facies in well 

D2. The fenestrae (Plate 2.3, E,F) are generally planar and the fenestral pores 

are filled w ith either sulfates (mostly gypsum) or calcite.

In terp re ta tion

The characteristic set of depositional features (e.g. lam inations and 

fenestrae) present and the general paucity of fossils provide im portant clues 

to the depositional environm ent of this facies. Laminations, w hether thick 

or thin, are one of the m ost characteristic features of peritidal carbonates, 

and are restricted to supratidal and upper intertidal conditions in m odern 

tidal flats. They are found in sim ilar positions in late Paleozoic through 

Cenozoic sedim entary rocks (Shinn, 1982). The areas under tidal m argin 

conditions are m ore frequently exposed, and so are unsuitable for m arine 

burrow ers, thus there is little destruction of lam ination. In subtidal and 

low er in tertidal areas the lam inations m ay not be preserved because of 

bioturbation.

Fenestral (birdseye) structures are m ost com m only associated w ith 

peritidal environm ents. Folk (1959) and Laporte (1967) suggested that 

fenestrae are associated w ith rocks deposited in very shallow  w ater or in 

areas interm ittently exposed at the time of deposition. Shinn (1968a,1982) 

noted that these features form in supratidal, intertidal, and even subtidal 

sedim ents, bu t that they are not preserved in the low er in tertidal and 

subtidal environm ents. They are commonly preserved in the upper part of
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the in tertidal and increase in abundance th rough  the transition  to the 

supratidal.

The paucity of fossils can also be used as a supporting indicator of the 

environm ent of deposition. Of course, on the basis of paucity  of fossils 

alone, one m ight object that paucity of m arine fauna could also be found in 

a subtidal environm ent. But if all the evidence (fenestrae, lam inations, 

paucity of fossils) is taken collectively it is highly probable that this facies is 

of intertidal (probably high intertidal) to supratidal origin.

4) Peloidal-Foraminiferal W ackestone Lithofacies (F4)

This facies is charac terized  by tan -b ro w n  w ackestones and  

occasionally  grainstones, locally dolom itic and  becom ing calcareous 

dolom ite in well G41 and dolom ite in its upper p art of well FI. The 

allochems of this facies are predom inantly  foram inifers and peloids w ith 

com m on echinoderm  fragm ents, rare gastropods and occasionally large 

bivalve fragm ents and ostracods. The forams are dom inated by Miliolids 

bu t agglutinating forams and rotaliids are also present. The peloids present 

in this facies (Plate 2.4, A,B) are of two types; (1) small, ranging between 

0.05-0.1 mm, and rounded  or ovoid in shape: these are probably inver­

tebrate fecal pellets, and (2) sand-sized grains with an average size of 0.34- 

0.85 mm, rounded to ellipsoidal in shape: these are too big to be fecal pellets 

as defined by Folk (1962). The term peloid, coined by Mckee and Gutschik 

(1969), is collectively used here as a purely descriptive term for both types.
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O ther sedim entary features such as strom atolites (Plate 2.4, C-F), are 

also present locally, particularly in the upper part of this facies, below the 

lower sulfate unit in well FI. A lthough, they appear to have been disrupted 

by the fo rm ation  of su lfate, gypsum  and  an h y d rite , their general 

m orphology resembles the LLH (laterally linked hem ispheroids) variety of 

Logan et al. (1964), which characteristically w rinkle into a series of small 

dom es or hem ispheroids linked laterally  to each o ther (Logan, 1961). 

Pressure dissolution seams are developed locally and these are generally 

non-sutured and show pervasive horse-tail dissolution features. A bundant 

sulfates (mostly gypsum), are present through m ost of this facies both as a 

replacem ent of the original matrix and as a pore filling.

In terpretation

The presence of foraminifers and echinoderm  fragm ents indicate a 

shallow  m arine environm ent and suggest that deposition was either in or 

close to essentially m arine salinities. This m ay have been as a result of 

subsidence or a change in sea level that gave rise to the developm ent of 

m arine sedim ents above the dolom ite m udstone lithofacies. Peloids are 

again im portant in shallow -m arine sedim ents and are typical of shallow, 

low-energy, protected marine situations.

The presence of strom atolites is also an indicator of the depositional 

env ironm en t. In p resen t day env ironm en ts  M at g row th  is m ostly  

precluded by the grazing activities of Cerithid gastropods. However, these 

gastropods cannot tolerate high salinities, so w here these occur, small 

dom al strom atolites form, in w aters up to 3 m eters deep (Tucker and
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W right, 1990). Recent stromatolites are essentially dom inant in the shallow 

w ater realm  and occur principally in supratidal, in tertidal and  shallow  

subtidal environm ents.

Logan et al (1964) classified strom atolites into three m ain types. 

These are, laterally linked hem ispheroids (LLH), discrete, vertically stacked 

hem ispheroids (SH), and discrete sphero ids (SS). They concluded that 

m odern strom atolites are features of intertidal or near intertidal zones and, 

based on their form arrangem ent, one can say that a certain arrangem ent is 

characteristic of a general intertidal location; protected intertidal, exposed 

in tertidal, or agitated lower intertidal. For exam ple, the LLH type are 

developed on protected intertidal m udflats, the SH type are developed on 

exposed intertidal headlands, and the SS type are developed in the agitated 

low er in tertidal conditions. Kinsm an and Park (1976) described small 

dom al stromatolites formed in slightly more restricted reaches in the lower 

intertidal zones.

In the present rocks, stromatolites were affected by the formation and 

grow th of sulfate minerals; gypsum  and anhydrite , and only patches of 

small domal and laterally linked stromatolites are still preserved. This type 

of stromatolites, generally suggests, following Logan et al. (1964), protected 

intertidal settings. However, their association with calcium sulfates w ould 

indicate that they were probably form ed in the upper intertidal to lower 

supratidal parts of the lagoon.
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5) Evaporite Lithofacies (F5)

Beds of anhydrite (with gypsum ), occur at three levels w ithin the 

studied  section. The lower two levels are represented by thin sulfate units 

and are mostly present in the western part of the area (e.g. wells E2 and FI), 

b u t a thin sulfate unit is also present in well G41 in the eastern area. The 

u p p er level is represen ted  by a relatively thick and w idespread  unit, 

covering the w hole area. The m axim um  thickness of these beds is 

approxim ately 3.0 meters whereas the thinnest beds are less than 1.0 m eter 

thick. In all this lithofacies occupies 16% of the whole section and its upper 

contact is locally erosional (e.g. in well FI).

In general, the evaporite  un its  of this facies exh ib it several 

m orphologies. These include thin interlam inations of anhydite-gypsum  

alternating with dolomite m udstone, centimetre size nodular masses (Plate 

2.5, A-D), and also vertically oriented crystals grow ing u pw ard  from  a 

depositional suface (Plate 2.5, E,F). Vertically oriented sulfate crystals are 

only observed in samples from the w idespread sulfate unit (e.g. in well G4). 

The anhydrite  nodules are partly  enclosed by dark  b row n dolom ite 

m udstones form ing a texture which resem bles the fam iliar "chickenwire" 

texture. They are com posed, as seen in thin-sections, of m asses of lath­

shaped elongated crystals, up to 1.0 mm in length, and arranged as clusters 

in which the crystals diverge into radiating sprays or m ay form bundles 

w ith  crystals stacked subparallel to one another and  locally enclosing 

patches of dolomite m udstone (Plate 2.6).
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In terpretation

Evaporites, gypsum  and its dehydrated form  anhydrite are relatively 

common in m arine rocks of various ages, especially Paleozoic and younger 

deposits. In general, the origin of these sulfate m inerals is attribu ted  to 

some form  of evaporation process and nearly all authors discussing their 

orig in  suggest an arid  to sem iarid  climate and  high evaporation  rates 

(W atson,1985; Bain,1990). In addition, if evaporites are to form, some type 

of circulation restriction m ust p reven t m arine w ater, concentrated  by 

evaporation, from return ing  to the open sea and rem ixing (Peterson and 

Hite, 1969).

Thinly interlam inated and in terbedded sulfate and nodular sulfate, 

generally forms through the evaporation of extrem ely shallow  w ater on 

extensive tidal flats. Examples of vertically oriented gypsum  crystals from 

the M iocene gypsum  of the M editerranean  (H ardie & Eugster, 1971; 

Schreiber et al, 1982) have been in terp re ted  as form ing in shallow , 

hypersaline  w aters by the m echanism  of com petitive g row th  from  a 

depositional surface. Studies of m odern gypsum  deposition support this 

in terpretation (Schreiber & Kinsman, 1975; Schreiber and Schreiber, 1977). 

The hypersaline lagoon in terpretation  confines the precip ita tion  of the 

prim ary gypsum  to a lagoon in which the deposition of carbonate sedim ent 

w as reduced  due to g radually  increasing restriction  and concom itant 

elevation of salinity. The crystals of gypsum  then grew on the floor of the 

lagoon w hen the w aters reached gypsum  saturation. In this study, the 

sulfates were probably precipitated in a shallow hypersaline lagoon. In this 

the low er sulfate units associated w ith peritidal deposits represent the 

supratidal landw ard area of the lagoon, while the w idespread sulfate unit at
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at the top of the succession, was probably precipitated as the lagoon as a 

w hole becam e m ore restricted and isolated and consequently  the w ater 

became hypersaline and eventually reached gypsum  saturation.

6) Argillaceous Dolomite M udstone Lithofacies (F6)

This facies is represented by argillaceous dark grey m udstones and 

dolom ite m udstones in terbedded with thin streaks, approxim ately 0.5 m 

thick, of calcareous, pyritic and subfissile shales. The dolomites of this facies 

are generally very finely to finely crystalline w ith scattered pyrite crystals 

and  very rare foram s, ostracods and echinoderm  fragm ents. The facies 

overlies an irregular surface on facies 5 in well FI and on facies 3 in well D2 

(Plate 2.7, A,B). EDX analysis of samples of this facies shows the samples 

consisting of Ca and Mg with Si, Al, I< and Fe, which represent the clay 

present in this facies. The flaky and filam entous m orphology show n in the 

photom icrographs (Plate 2.7, C,D) supported by the EDX spectra (Fig. 2.1) 

suggest that the clay minerals present are illite-smectite.

In terpretation

This facies is laterally extensive and readily correlatable throughout 

the study area. In general this facies was deposited in a relatively deep 

m arine environm ent and reflects a rap id  change in the conditions of 

deposition. The irregular surface betw een this facies and the underlying 

facies 5 of well FI and facies 3 of well D2, indicates subaerial exposure and a 

period of erosion followed by a marine incursion covering the whole area.



3 6

Fig. 2.1, EDX analysis of the clayey sedim ents of facies 6. Upper 
spectrum is from the analysis of the clay sedim ent shown in PLate 
2.7, C and the lower spectrum is from the analysis of the clay 
sediment shown in PLate 2.7, D.
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2.3 Lithofacies Sequences

In attem pting to construct a depositional m odel for this part of the 

Beda Form ation, it is necessary to know  the associations of the different 

lithofacies. Their association, specifically the vertical succession in which 

they are ordered, is far more diagnostic than individual lithofacies. In this 

s tudy  the vertical association of the different lithofacies has revealed a 

sequence of sediments which can be related to three small-scale shallowing- 

upw ard  cycles, ranging from 8 to 12 meters in thickness and spread over the 

study area. Stratigraphic cross-sections (Figs. 2.2, 2.3) were constructed to 

show the vertical sequence as well as the lateral distribution of these cycles.

A lithofacies relationship diagram  (Fig. 2.4) was constructed to show 

the num ber of times the different lithofacies are in vertical contact w ith 

each other. This sim ple visual m ethod was used by de Raaf, Reading and 

W alker (1965). From the model, it is clear that an idealized section contains 

facies 1 to 5 which represent an accreting sequence from deeper m arine to 

lagoonal through intertidal to supratidal sediments. This m odel provides a 

useful generalization. H ow ever, in the sequences studied , the succession 

begins in the lagoonal p art of a cycle and ends w ith  a new  m arine 

transgression. Three cycles are represented, but these are not all complete.

The first cycle begins w ith foram iniferal w ackestone lithofacies (FI) 

overlain by reduced grey subtidal deposits of the argillaceous foraminiferal 

w ackestone lithofacies (F2). The shallow er portion  of this cycle is the 

dolom ite m udstone lithofacies (F3). The basal unit of the overlying cycle 

(cycle 2) is represented by peloidal-foraminiferal wackestone lithofacies (F4), 

and the shallower part, over most of the study area (e.g. wells D2 and G41),
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->F5> F 3> F 2FI

Fig. 2.4, lithofacies relationship diagram showing the number of times the lithofacies 

are in vertical contact with each other. Numbers on the arrows indicate the number of 

times (e.g. 5 means the lithofacies are in contact five times). Note FI represents the 

base of the sequence examined and this part of the cycle is not repeated in the interval 

studied.

is again the dolom ite m udstone lithofacies (F3), w hereas, in the w estern 

p art (e.g. in well FI), sulfates (F5) in terbedded w ith  dolom ite m udstone 

m ake the shallower portion of this cycle. The third cycle is represented by 

relatively deeper m arine sedim ents, shales in terbedded w ith  argillaceous 

dolomite m udstones (F6) and is culminated by a laterally extent sulfate unit 

of the evaporite facies (F5).

Considerable attention has been devoted to shallow ing-upw ard seq­

uences deposited on carbonate shelves and platform s (e.g. Laporte,1967; 

Ginsburg,1975; W ilson,1975; Enos,1983; Hardie,1986a,b etc.). Small-scale 

shallow ing-upw ard cycles are common in carbonate sedim ents. The two 

m ain  types of sed im en tary  exp lanation  are cu rren tly  in vogue for 

shallow ing-upw ard cycles, generally taken as acting against a background of
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continuous subsidence a n d /o r  sea-level rise. The first is the autocyclic 

m odel of R. N. G insburg (e.g. reviewed in Hardie,1986b) and the second is 

the tidal island m odel of Pratt and James (1986). The other depositional 

process that leads to the form ation of shallow ing-upw ard  cycles is the 

vertical accretion of subtidal sedim ents into shallow depths which can take 

place w hen sedim ent production rates are high.

The first m odel calls on continuous steady basinal subsidence 

coupled w ith carbonate sedim ent supply rates that are self-regulated by the 

extent of progradation. The basic point of the m odel lies in the recognition 

that the carbonate sedim ent production rate will fall behind the subsidence 

rate as progradation drastically reduces the size of the subtidal carbonate 

factory until the sedim ent supply is choked off over the entire platform . 

W ith renew ed subsidence, a new cycle begins as the subtidal area once again 

becomes deep enough to re-establish the subtidal carbonate factory and 

allow efficient carbonate production. This factor introduces an autom atic 

lag time in deposition so that subtidal sedim ents lie directly on supratidal 

sediments. The time scale for cycle generation predicted by this m odel is of 

the order of tens of thousands to a few hundred thousand years, depending 

on the size of the platform and the rates of subsidence and progradation.

In the tidal island model, the platform  is never com pletely exposed 

or subm erged, bu t is dotted with tidal islands which accrete and m igrate 

laterally w ith time at variable rates, but keeping pace with sea level rising 

through eustacy or subsidence. The rate of accretion of each island will 

inherently decrease once the depositional surface has reached the supratidal 

zone. Lateral p rogradation  of these islands will take place until it is 

prevented w hen neighbouring sedim ent-generating subtidal regions have
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been reduced  in area and consequently , the supp ly  of sedim ents to 

m aintain island grow th ceases. H ydrographic forces will then shift the site 

of sedim ent accretion to a nearby area. After the form er area subsides below 

sea-level, the focus of sedim entation shifts back again to this area and 

another cycle is deposited above the underlying one.

A lthough shallow ing-upw ard sequences are the typical p roduct in 

both models, it is difficult to relate either to this part of the Beda Formation. 

The m ain evidence for the tidal island model is the lateral im persistence of 

facies and the cycles produced are of local rather than regional extent. It is 

equally  difficult to equate the shallow ing-upw ard  cycles of the Beda 

Formation w ith the autocyclic m odel of Ginsburg because of the form ation 

of laterally extentive sulfate units above the deeper m arine sedim ents of 

the third cycle. This rapid change indicates some change in the depositional 

setting, rather than the typical developm ent of shallow ing-upw ard cycles, 

proposed by the model.

2.4 D epositional M odel

On the basis of faunal content and  sed im en tary  features, the 

sedim ents exam ined can be interpreted as the products of deposition in a 

shallow  shelf-lagoon, dom inated by in tertidal to sup ra tida l sedim ents. 

Some parts of this m ust have been relatively open w hile others w ere 

clearly restricted. The sequence of how the shallow ing-upw ard units were 

produced is illustrated in figure 2.5, and will be discussed.
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The basal unit of the first cycle was probably deposited on a wide, 

shallow  shelf. The w ater m ay have been less than 10 m eters deep, bu t it 

allow ed free w ater circulation across the shelf-lagoon and prov ided  a 

suitable environm ent for a benthonic m arine fauna and  flora to flourish. 

Since shallow w ater carbonate sedim entation is an extremely rapid  process, 

a regressive ou tbu ild ing  occurred and consequently, the w ater becam e 

m uch shallower. This shallowness was sufficient in itself to restrict water 

circulation and to prom ote the lower hydraulic energy conditions necessary 

for lime m ud accum ulation above the shallow m arine deposits. As a result 

of circulation-restriction, salinity increased in the near shore zones due to 

evaporation and this led to the precipitation of calcium sulfates (Irwin,1965) 

and consequently extensive dolom itization of the lime m ud.

The onset of the second cycle is also represented by shallow  w ater 

lime w ackestones, reflecting an increase in the dep th  of w ater following, 

probably, a relative rise in sea level a n d /o r  a relative subsidence of the 

shelf-lagoon. The depth  of w ater became sufficient for faunal grow th and 

the area was probably more protected than it was during the deposition of 

the lower cycle. As in the lower cycle, this basal unit of shallow  m arine 

deposits is overlain by extensively dolom itized lime m udstone and by 

calcium sulfates as regressive outbuilding of the sedim ents occurred. The 

precipitation of sulfate units above the shallow  m arine sedim ents in the 

w estern portion of the study  area (e.g. wells E2 and FI), w here peloids 

(including faecal pellets) and strom atolites are present, indicates slightly 

m ore protected and restricted reaches, probably in landw ard  areas of the 

lagoon, w hile the relative absence of sulfates and absence of peritidal 

deposits to the east suggest slightly  deeper areas w ith in  the lagoon,
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reflecting differential subsidence a n d /o r  d ifferential accum ulation  of 

sedim ents which resulted in lagoon surface irregularities.

The third cycle of this interval reflects an incursion of the sea which 

flooded the shelf-lagoon following some period of subaerial exposure and 

evaporation . D ark grey  lim e m udstones and  shales w ere deposited  

throughout the area and were capped by a laterally extensive sulfate unit. 

This w idespread evaporite is clearly different from those in the two cycles 

below. The rap id  change from  deeper m arine sedim ents into evaporite 

implies some type of barrier developm ent which was high enough to check 

any free w ater circulation into the lagoon. The rap id  developm ent of this 

c ircu la tion-restric ting  barrie r led to a general salin ity  increase and  

consequently, to the formation of a shelf-wide evaporite lagoon.
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Plate 2.1

A) Slabbed core sam ple of facies 1 show ing abundant fossil fragm ents. Scale 

bar = 2 cm.

B-E) Photom icrographs of this facies show  foram inifera (B), dasycladacean 

algae (C), foram inifera and  algae (D), and  rare peloids cem ented by calcite 

(arrow, in E). Scale bar = 1 mm. PPL.
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Palte 2.2

A) Slabbed core sam ple of facies 2 show ing centim eter-scale clasts (a) 

surrounded by dark  brow n mud(b). Scale bar = 2 cm.

B) Slabbed core sam ple  show ing  the argillaceous n a tu re  and  m ottled  

structure of this facies. Scale bar = 2 cm.

C,D) Photom icrographs show ing rotaliids foram inifera (a), and  dissolution 

seams (arrow). Scale bar = 1 mm. PPL.
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Plate 2.3

A,B) Slabbed core sam ples of facies 3 show ing finely lam inated dolom ite. A) 

Scale bar = 2 cm. B) Scale bar = 1 cm.

C, D) Photom icrographs show ing scattered rip-up clasts (arrow). Scale bar = 

1 mm. PPL.

E,F) Slabbed core sam ples show ing fenestral structure. The fenestrae are 

filled w ith sulfates and calcite cements. Scale bar = 2 cm.
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Plate 2.4

A,B) Photom icrographs of peloids of facies 4 show ing the different sizes of 

peloids. A) Shows sand  size pellets. B) Shows sm aller size (or fecal) 

pellets (arrow). Scale bar = 1 mm. XPL.

C) Slabbed core sam ple of this facies show ing dom es (arrows) of laterally 

linked hem ispheroids. Scale bar = 1 cm.

D-F) Photom icrographs of these strom atolites show ing sulfates (w hite areas 

in the photograph) deposited  w ith in  and betw een dom es. Scale bar = 1 

mm. PPL.
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Plate 2.5

A-D) Slabbed core sam ples of facies 5, show ing the n o d u lar form  of this 

evaporite facies. The nodules are partly  enclosed by dark  brow n surfaces 

of dolom ite m udstone. Scale bar = 2 cm.

E,F) S labbed core sam ples show ing  vertically  o rien ted  su lfate  crystals 

(arrow) grow ing on a dark  brow n surface of dolom ite m udstone. Scale 

bar = 2 cm.
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Plate 2.6

A,B) Photom icrographs of facies 5 show ing elongated laths of crystals of 

gypsum  and anhydrite. Scale bar = 0.2 mm. XPL.

C,D) Photom icrographs show ing gypsum  and anhydrite  w ith  th in  streaks 

and  patches of dolom ite (a). C) Scale bar = 1 mm. D) Scale bar = 0.2 mm. 

XPL.

E,F) Photom icrographs show ing rosettes of anhydrite . Scale bar = 1 mm. 

XPL.
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Plate 2.7

A,B) Slabbed core sam ples of facies 6 showing the argillaceous nature  of this 

facies (a). They also show  the erosional surface (arrow) betw een this facies 

and  the underlying facies 5 in well FI (A) and facies 3 in well.D2 (B). Scale 

bar = 2 cm.

C,D) SEM -photom icrographs show ing the filam entous and flaky m orpho­

logy of the clay of this facies.
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CHAPTER THREE 

GEOCHEMISTRY

This c h ap te r  su m m arizes  the  re su lts  of th e  g eo ch em ica l 

investigations carried out on the sedim ents of the Beda Form ation for this 

s tudy . These include, the analyses of the elem ental an d  com pound  

com position and concentrations, and the analyses of carbon, oxygen, and 

sulfur isotopes of these sediments. Carbonate samples w ere analyzed by X- 

ray  diffraction (discussed in C hapter 2) for calcite and dolom ite contents. 

M ore than  70 sam ples w ere p repared  to determ ine the trace elem ent 

contents, and  about 40 of these samples, m ostly those from  the dolom ite 

in tervals, w ere p repared  to determ ine the major and  m inor com pounds 

(oxides) of the sedim ents. Stable isotope analyses of carbon and oxygen 

isotopes, and sulfur isotopes were also m ade on 16 dolom ite samples and 10 

calcium sulfate samples, respectively.

The aim of this geochemical investigation was to determ ine the bulk 

com position of the Beda sediments, and to obtain some inform ation, using 

the abundance of trace elements like stronium, iron and m anganese, on the 

origin of the dolom itizing fluid and the constraints on the dolom itization 

m odel for this formation. The stable isotope analyses of <5^C and 5 ^ 0  

w ere also used to determ ine the conditions of the origin of this dolom ite 

and  the source of the dolom itizing fluids, and to attem pt to discrim inate 

betw een dolomites. This, was necessary because some dolomites are seen to 

be related to probable dow nw ard m ovem ent of evaporite-derived w aters 

(derived from the overlying evaporite sulfate units) w hereas others show
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no com parable pattern . The purpose of stable isotopic analyses of sulfur 

5 was to obtain inform ation on the evaporite units.

3.1 M ethods and Technique

3.1.1 X-Ray Fluorescence (XRFS) Analyses

A total of 16 trace elements (i.e. Zr, Y, Sr, Rb, etc.) and 10 major oxides 

(i.e. SiC>2, A1 2 0 3 , MgO, CaO, Fe2 0 3 , MnO, etc.) w ere determ ined  using a 

Phillips PW 1450/20 sequential autom atic X-ray spectrom eter, following the 

technique described by Leake et al. (1969). This m ethod was chosen in 

preference to m icroprobe analysis becaused optical exam ination suggested a 

general chemical uniform ity. The detection limits are generally low, .165% 

for MgO, .006% for CaO, .045% for Fe2 0 3 , .012% for MnO, and 1.5 ppm  for 

Sr. H ow ever, the accuracy of the results is generally dependen t upon  the 

accuracy of calibrations used and the effect of m ineralogical variations 

w ithin  the samples analysed. The analyses of major oxides w ere perform ed 

on fused glass beads m ade of 0.375 g of 100 mesh rock pow der and 2.0 g of 

spectroflux (Lithium tetraborate). For precision, the beads w ere p repared  in 

duplicate. The trace elem ent analyses were perform ed on pressed pellets, 

m ade of 6.0 g of 250 mesh rock pow der and 1.0 g of therm al binder (phenol 

form aldehyde). All major oxides are reported in w eight percent (wt.%), 

w hereas, the trace elem ent data are reported in parts per m illion (ppm). 

The elem ental and com pound com positions and concentrations obtained 

are given in Tables 3.1-3.4.
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E-l-2 E-l-3 E-l-6 E-l-9 E-l-12 E-l-16 E-l-22 E-l-25 E-l-27 E-l-29
6912’ 6913' 6914’ 6916' 6918' 6921’ 6925' 6926’ 6928’ 6929’

Y 4 b.d.l. 4 b.d.l. 1 b.d.l. b.d.l. 3 b.d.l. 4
Sr 1079 14292 587 34846 5488 38212 22275 4903 20514 7000
U 3 b.d.l. 9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Rb 3 b.d.l. 6 b.d.l. 3 b.d.l. b.d.l. 5 b.d.l. 4
Th 3 2 5 b.d.l. 0 b.d.l. b.d.l. 3 b.d.l. 7
Pb b.d.l. 1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Ga 1 20 2 76 7 117 45 5 40 8
Zn 2 2 0 15 2 43 8 5 6 3
Qi 0 29 b.d.l. 114 5 162 67 4 58 8
N i b.d.l. 3 0 25 4 33 14 0 11 3
Co b.d.l. b.d.l. 2 b.d.l. 1 0 b.d.l. b.d.l. 1 b.d.l.
Cr 1 1 3 8 b.d.l. 7 7 17 14 8
Ce 8 58 2 251 21 373 142 23 120 35
Ba 86 0 24 b.d.l. 45 23 3 25 b.d.l. b.d.l.
La b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

E-l-32 E-l-34 E-l-37 E-l-39 E-l-40 E-l-43 E-l-45
6931’ 6933' 6935' 6936’ 6937' 6940' 6942’

Y 8 5 2 6 3 4 4
Sr 476 428 5809 303 286 344 225
U 3 7 b.d.l. 8 4 5 6
Rb 9 16 2 3 4 3 3
Th 7 10 5 8 6 7 5
Pb 1 3 b.d.l. 1 2 5 1
Ga 3 2 6 0 1 b.d.l. 0
Zn 11 4 0 b.d.l. 1 2 2
Qi 2 b.d.l. 8 b.d.l. 0 0 b.d.l.
N i 4 7 b.d.l. 1 2 0 b.d.l.
Co 0 1 0 0 1 1 b.d.l.
Cr 20 26 3 2 4 2 2
Ce 8 12 20 0 0 b.d.l. 2
Ba 15 6 6 22 8 52 50
La 5 6 b.d.l. 3 6 b.d.l. 1

E-l-3 E-l-9 E-l-12 E-l-16 E-l-27 E-l-29 E-l-34 E-l-39 E-l-45
6913’ 6916’ 6918’ 6921' 6928’ 6929’ 6933’ 6936' 6942'

S i02 _ _ _ 1.06 1.14 4.68 _

Ti02 .02 .01 .01 .01 .45 .04 .09 .01 .02
A1203 .21 .34 .22 .25 1.09 1.0 2.51 .24 .29

Fe (tot) .09 .19 .06 .24 .60 .38 .85 .04 .24
MnO .02 .01 - .01 .07 .02 .02 .04 .06
MgO .83 15.85 8.49 17.56 17.36 8.51 2.01 .95 12.78
CaO 53.70 24.50 44.64 23.65 29.47 43.27 48.87 54.92 39.30

N a20 .23 .12 .40 .17 .11 .04 .04 .16 -

K 20 .04 .05 .06 .04 .15 .16 .44 .05 .05
P205 .01 .01 .01 .01 .01 .01 .02 .01 .01

43.05 36.53 44.30 37.73 42.08 43.25 40.32 44.14 44.79

Total 98.20 77.61 98.19 79.67 92.45 97.82 99.85 100.56 97.54

T ab le 3 .1 , the ch em ica l a n a ly ses  o f the Beda se d im en ts  m ea su red  from  the cored  in terv a l o f
w e ll E2. (b .d .l) b e lo w  d etection  lim it. (-) v a lu es are le ss  than zero  o n  the ca libration
chart. E quations for C O 2  ca lcu lation  are listed  in A p p en d ix  B.
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F-l-2 F-l-3 F-l-5 F-l-8 F-l-9 F-l-12 F-l-16 F-l-18 F-l-21
5785’ 5786' 5787’ 5789' 5790’ 5792' 5795’ 5798' 5803’

Y 10 6 5 6 6 7 0 4 b.d.l.
Sr 720 1309 7130 931 1368 732 9071 226 69978
U 3 1 b.d.l. 2 2 4 b.d.l. 5 b.d.l.
Rb 20 3 10 2 10 10 b.d.l. 2 b.d.l.
Th 1 0 10 b.d.l. 1 9 b.d.l. 1 b.d.l.
Pb 2 3 2 1 4 2 2 3 b.d.l.
Ga 6 1 12 0 4 4 11 0 353
Zn 17 35 78 1 14 40 9 9 76
Qi 6 3 11 5 1 3 30 b.d.l. 861
N i 7 1 6 b.d.l. 4 1 4 b.d.l. 111
Co 3 0 4 b.d.l. 1 2 b.d.l. 0 b.d.l.
Cr 30 5 26 2 24 20 2 7 28
Ce 24 15 50 15 19 16 36 6 1016
Ba 37 7 41 10 27 13 30 28 155
La 12 3 5 b.d.l. 7 12 b.d.l. b.d.l. b.d.l.

F-l-27 F-l-30 F-l-32 F-l-35 F-l-38 F-l-40
5806’ 5808' 5809’ 5811’ 5813’ 5814’

Y b.d.l. b.d.l. b.d.l. 0 5 b.d.l.
Sr 57282 20999 24301 7471 3431 17198
U b.d.l. b.d.l. b.d.l. b.d.l. 0 b.d.l.
Rb b.d.l. b.d.l. b.d.l. 2 b.d.l. b.d.l.
Th b.d.l. b.d.l. 0 b.d.l. 6 4
Fb b.d.l. b.d.l. b.d.l. b.d.l. 1 b.d.l.
Ga 254 31 42 8 4 26
Zn 56 12 8 17 7 20
Cu 601 83 63 25 3 36
N i 99 15 17 4 b.d.l. 8
Co 4 b.d.l. 4 1 b.d.l. b.d.l.
Cr 19 7 4 11 4 11
Ce 726 92 134 24 15 83
Ba b.d.l. b.d.l. b.d.l. 293 0 b.d.l.
La b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

F-l-2 F-l-3 F-l-8 F-l-9 F-l-16 F-l-18 F-l-21 F-l-27 F-l-30
5785’ 5786' 5789’ 5790' 5795’ 5798’ 5803' 5806’ 5808’

S i02 12.30 2.13 .75 5.90 .22 7.70 - .13
Ti02 .19 .03 .03 .11 .02 .03 .02 .02 .02

A1203 4.10 .42 .18 2.32 - .23 - .04 .12
Fc (tot) 1.49 .73 .21 1.33 .08 .21 .06 .12 .16

MnO .03 .01 - .03 .02 - .01 - 0
MgO 16.53 16.17 1.64 15.05 14.77 20.74 8.46 11.84 6.56
CaO 25.81 31.66 49.80 31.50 30.68 29.07 10.01 15.47 40.86

N a20 .40 1.58 1.47 .13 .82 .41 .63 .13 1.35
K 20 .54 .06 .03 .22 .02 - 0 - .01
P205 .05 .01 .02 .02 .02 .01 .01 .01 .01

C 02cai 38.3 47.25 40.87 41.15 40.2 45.45 17.09 25.06 39.23

Total 99.74 100.05 95.0 97.76 86.63 96.37 43.99 52.69 88.45

F-l-24
5804'

5
485

4
b.d.l.

8
0

b.d.l.
6

b.d.l.
b.d.l.
b.d.l.

2
3
10

b.d.l.

F-l-35
5811’

1.38 
.05 

1.02 
.58 
.01

19.85
29.38 

.25 

.12 

.01

44.72

97.37

T ab le 3.2, the ch em ica l a n a ly ses  o f the Bcda se d im en ts  m ea su red  from  th e cored  in terva l o f
w e ll FI. (b .d .l) b e lo w  d etection  lim it. (-) v a lu es  are le ss  than zero  on  the calibration
chart. E quations for C O 2  ca lcu lation  are listed  in A p p en d ix  B.
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D-l-1 D-l-3 D-l-6 D-l-7 D-l-8 D-l-10 D-l-12 D-l-16 D-l-20 D-l-21
5900' 5901' 5903’ 5904’ 5905' 5906’ 5907’ 5910' 5912’ 5913'

Y 4 b.d.l. 7 5 1 3 b.d.l. b.d.l. b.d.l. b.d.l.
Sr 320 45081 2008 243 4500 203 26875 28794 30043 52766
U 8 b.d.l. 4 6 b.d.l. 4 b.d.l. b.d.l. b.d.l. b.d.l.
Rb 22 b.d.l. 16 7 5 4 b.d.l. b.d.l. b.d.l. b.d.l.
Th 3 b.d.l. 9 3 2 3 b.d.l. b.d.l. b.d.l. b.d.l.
Pb b.d.l. b.d.l. 3 b.d.l. 1 0 b.d.l. b.d.l. b.d.l. b.d.l.
Ga 5 163 8 1 7 0 69 60 67 185
Zn 13 39 5 15 0 11 17 9 257 219
Cli b.d.l. 276 1 b.d.l. 4 b.d.l. 113 99 111 318
N i 5 41 3 b.d.l. b.d.l. b.d.l. 12 13 12 45
Co 1 b.d.l. 2 b.d.l. 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cr 25 15 27 8 8 4 10 8 9 5
Ce 16 479 24 1 21 4 200 182 190 566
Ba 36 b.d.l. 27 10 b.d.l. 28 b.d.l. b.d.l. b.d.l. b.d.l.
La 3 b.d.l. 5 4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

D-l-22 D-l-23 D-l-26 D-l-28 D-l-30 D-l-34 D-l-39 D-l-42 D-l-45 D-l-47
5914' 5915' 5916’ 5917' 5919' 5921' 5924' 5925' 5927' 5928’

Y 1 b.d.l. 0 b.d.l. 2 4 4 b.d.l. b.d.l. 4
Sr 5463 7971 4804 28573 357 304 724 12749 60364 293
U b.d.l. b.d.l. b.d.l. b.d.l. 1 b.d.l. 13 b.d.l. b.d.l. 2
Rb 4 2 4 b.d.l. 3 3 0 b.d.l. b.d.l. b.d.l.
Th 2 0 b.d.l. b.d.l. b.d.l. b.d.l. 7 1 b.d.l. 6
Pb b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1 0 b.d.l. 2
Ga 6 12 6 65 1 0 1 19 328 1
Zn 8 20 3 8 10 3 13 21 49 6
CU 9 13 7 94 b.d.l. b.d.l. b.d.l. 31 544 b.d.l.
N i 2 0 b.d.l. 10 b.d.l. b.d.l. b.d.l. 6 96 b.d.l.
Co b.d.l. b.d.l. b.d.l. 6 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cr 3 1 3 1 1 3 3 4 24 5
Ce 19 29 13 187 b.d.l. 5 6 57 993 6
Ba b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 7 2 b.d.l. b.d.l. 15
La 3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1

D-l-3 D-l-8 D-l-10 D-l-12 D-l-16 D-l-20 D-l-28 D-l-39 D-l-42 D-l-45
5901* 5905' 5906' 5907' 5910' 5912' 5917' 5924' 5925’ 5927'

S i02 .52 - . . - . . . _

Ti02 .03 .03 .02 .01 .02 .03 .02 .01 .01 .01
A1203 .55 .81 .59 .30 .30 .22 .29 .28 .20 .13
Fe (tot) .23 .28 .25 .24 .07 .05 .08 .32 .23 .10

MnO .02 .05 .01 .03 .07 .03 .04 - .04 .02
MgO 12.71 11.52 17.17 16.22 1.36 1.1 .89 17.39 14.13 11.37
CaO 24.54 39.0 29.91 26.83 46.46 47.19 47.62 30.94 30.49 16.45

N a20 .14 .06 .29 .31 .27 - .16 .24 - -

K 20 .09 .10 .07 .05 .04 .04 .04 .05 .04 .04
P205 .01 .01 .01 0 0 .01 - .01 .01 -

C 02cai 33.13 43.18 42.21 38.76 37.95 38.23 38.34 43.26 39.35 25.32

Total 71.45 95.59 90.53 82.75 86.54 86.90 87.48 92.50 84.50 53.44

T able 3.3, the ch em ica l a n a ly ses  o f the Beda se d im en ts  m ea su red  from  the cored  in terval o f
w ell D2. (b.d.l) b e lo w  d etec tion  lim it. (-) v a lu es  are le ss  than zero  on  the calibration
chart. E quations for C O 2  ca lcu lation  are listed  in A p p en d ix  B.
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C-l-3 C-l-5 C-l-7 C-l-11 C-l-16 C-l-18 C-l-20 C-l-21 C-l-24 C-l-26
5556’ 5558' 5560’ 5562’ 5565’ 5568’ 5570’ 5572' 5573' 5576’

Y 1 4 b.d.l. b.d.l. b.d.l. 1 4 5 b.d.l. b.d.l.
Sr 8026 3592 20501 15446 15030 8734 558 432 26305 28249
U b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 3 5 b.d.l. b.d.l.
Rb 0 0 b.d.l. b.d.l. b.d.l. b.d.l. 4 1 b.d.l. b.d.l.
Th 1 4 b.d.l. b.d.l. 0 3 6 5 b.d.l. b.d.l.
Pb b.d.l. 2 b.d.l. b.d.l. b.d.l. b.d.l. 0 b.d.l. b.d.l. b.d.l.
Ga 11 5 45 27 23 12 0 0 66 72
Zn 2 b.d.l. 5 1 b.d.l. 0 b.d.l. b.d.l. 8 47
Qi 11 b.d.l. 67 40 33 14 b.d.l. b.d.l. 102 111
N i 1 b.d.l. 14 1 6 1 b.d.l. b.d.l. 16 20
Co b.d.l. 1 b.d.l. 0 b.d.l. 1 2 b.d.l. b.d.l. b.d.l.
Cr 7 6 8 3 6 2 6 3 10 8
Ce 32 17 130 79 69 36 1 6 191 226
Ba b.d.l. 1 b.d.l. b.d.l. b.d.l. b.d.l. 11 6 b.d.l. b.d.l.
La b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1 1 b.d.l. b.d.l.

C-2-1 C-2-4 C-2-7 C-2-10 C-2-13 C-2-15 C-2-19 C-3-1 C-3-3 C-3-5
5577’ 5579’ 5580’ 5582’ 5584’ 5586’ 5589’ 5599' 5600’ 5601'

Y 3 b.d.l. 3 4 b.d.l. b.d.l. 4 5 0 6
Sr 2874 26506 573 216 36083 27705 4554 981 13850 1482
U b.d.l. b.d.l. 2 0 b.d.l. b.d.l. b.d.l. 6 b.d.l. 2
Rb 1 b.d.l. 1 1 b.d.l. b.d.l. 6 12 5 10
Th 4 b.d.l. 4 4 b.d.l. b.d.l. 6 5 2 2
Pb 0 b.d.l. b.d.l. 0 b.d.l. b.d.l. 1 3 1 0
Ga 3 66 b.d.l. b.d.l. 115 74 8 4 23 3
Zn 0 116 b.d.l. 9 14 11 4 68 10 6
Qi b.d.l. 106 b.d.l. b.d.l. 186 111 6 b.d.l. 33 1
N i b.d.l. 16 b.d.l. b.d.l. 30 12 2 1 13 6
Co b.d.l. b.d.l. 0 b.d.l. 2 1 1 0 0 1
Cr 3 5 5 11 7 13 20 22 34 17
Ce 8 193 0 2 345 219 27 18 81 19
Ba b.d.l. b.d.l. 10 10 b.d.l. 15 b.d.l. 9 2 9
La b.d.l. b.d.l. 3 b.d.l. b.d.l. b.d.l. b.d.l. 1 b.d.l. 8

C-3-10 C-3-13 C-3-19 C-3-22
5604' 5607’ 5614’ 5618'

Y 4 4 4 3
Sr 373 4875 333 391
U 7 b.d.l. 6 6
Rb 5 4 2 2
Th 5 6 2 5
Pb 3 1 b.d.l. b.d.l.
Ga 2 7 1 b.d.l.
Zn 0 1 1 3708
Qi b.d.l. 11 b.d.l. b.d.l.
N i 3 5 b.d.l. 1
Co b.d.l. b.d.l. 0 0
Cr 17 10 4 7
Ce 1 18 4 6
Ba 8 12 b.d.l. b.d.l.
La b.d.l. b.d.l. 1 3

Table 3.4, the chemical analyses of the Beda sediments measured from the cored interval of 
well G41. (b.d.l) below detection limit.
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C-l-3 C-l-7 C-l-11 C-l-16 C-l-24 C-l-26 C-2-4 C-2-13 C-2-15 C-2-19
5556’ 5560' 5562' 5565' 5573’ 5576' 5579’ 5584’ 5586’ 5589’

S i02 .02 _ _ _ _ 2.39
Ti02 .02 .02 .01 .01 0 .01 .01 .01 .01 .07

A1203 .71 .34 .18 .15 .24 .21 .23 .24 .24 1.81
Fe (tot) .31 .17 .25 .10 .1 .12 .10 .14 .24 .49

MnO .01 .05 .06 .05 .02 .03 .03 .04 .02 .01
MgO 16.31 16.14 15.43 5.05 15.91 16.31 15.43 15.39 17.74 3.03
CaO 26.83 25.81 25.58 47.32 25.37 26.16 23.94 23.72 26.19 48.65

N a20 - .02 .01 - .07 - - - - -

K 20 .08 .08 .04 .03 .04 .03 .03 .03 .04 .22
P205 .01 .01 .01 .01 .01 0 .01 - .01 .01

C 0 2 c a i 38.86 37.86 36.92 42.65 37.28 38.33 35.63 35.41 39.97 41.49

Total 83.16 80.50 78.49 95.38 79.03 81.20 75.41 74.98 84.41 98.20

C-3-3 C-3-22
5600' 5618'

S i02 4.50
Ti02 .12 .02

A1203 2.85 .19
Fe (tot) .89 .03

MnO .02 -

MgO 6.17 1.04
CaO 40.90 55.83

N a20 - .06
K 20 .35 .04
P205 .02 .01

C 02caj 38.83 44.95

Total 94.65 102.17

Table 3.4, Continued. (-) values are less than zero on the calibration chart. Equations for CO2 
calculation are listed in Appendix B.
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3.1.2 Stable Isotope Analyses

The isotopic analyses of dolom ite and sulfates w ere carried out at the 

Isotope Laboratory of the Isotope Geology U nit at the Scottish U niversities 

Research Reactor Center (SURRC). The isotope analyses of ( 5 1 3 q  anct 

( 518q) were m ade by a VG Isotech Sira 10 m ass-spectrom eter and  the acid 

reaction of carbonates part was based on the procedure described by McCrae 

(1950). For precision, the isotopic analyses of oxygen and carbon w ere m ade 

in duplicate. The isotope analyses of <534$̂  were m ade by a VG Isotech Sira 

2 m ass-spectrom eter and the extraction of SO2 part of the analysis was based 

on the technique described by Coleman and Moore (1978).

In the case of the dolomite, all the samples w ere analyzed by X-ray 

diffraction before the carbon ( ^ 1 3 q  and oxygen ( 518q) isotopic analyses 

w ere m ade. This was basically to check the im purities of these dolom ite 

samples. A few samples were found to contain m inor am ounts of calcium 

sulfates, anhydrite-gypsum , and m inor traces of celestite (SrS0 4 ). Since the 

dolom ite samples are very fine grained and hence did  not perm it physical 

sep a ra tio n  of the do lom ite  from  celestite or an h y d rite , a chem ical 

separation technique was used. Following this, the carbon dioxide (CO2) gas 

was extracted for mass spectrometer analyses. The extraction of CO2 gas was 

obtained by reacting the pow dered dolomite samples w ith 100% phosphoric 

acid at 25°C for three days. After three days, the CO2 gas was collected and 

then analyzed, by the mass spectrom eter, for carbon ( 5 1 3 q  and oxygen 

( S 18o) isotopes, and the data (Table 3.5) are reported as per mil deviation 

relative to the Chicago CO2  standard PDB. The oxygen data are also reported 

in SMOW standard. However, for carbonate oxygen, the PDB standard  is 

m ore commonly used than SMOW. The conversion betw een the two scales
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can be m ade using the equations given by Coplen et. al. (1983) and listed in 

A ppendix B, but for convenience both scales are given in listing results (see 

Table 3.5).

In the case of the sulfur isotope analyses, the calcium sulfate samples 

w ere analyzed for £34g isotopes by heating a m ixture, consisting of about 

15-20 m g of pow dered calcium sulfate sample, 600 mg of fine silica, and 200 

m g fine copper (CU2O ) to 1120°C. The liberated gases other than SO2 w ere 

vacum ed out, and the extracted SO2 gases w ere then analyzed for ^34g 

isotopes. The data  (Table 3.6) are reported  as per m il relative to

troilite of the Canon Diablo meteorite (CDT).

3.2 Results and Discussion

3.2 1 Trace elements

The m ost strik ing  feature of the trace elem ent contents of Beda 

sedim ents in this study, are the anom alously very high values of Sr and 

Zr, w hereas, the Fe, Mn, Si, and Al contents (presented in oxide form) are 

generally  low. These elem ents will be discussed below  and the vertical 

distribution of their concentrations are plotted in figures 3.1-3.4.

1- Strontium  (Sr)

Strontium  is an im portan t constituent of the p recursor carbonate 

sedim ents and is usually used as an indicator of precursor carbonate
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Well No. Depth (ft) g 13c (PDB) 5 180 (P D B )  g 18Q(SMOW)

E2 6912 3.24 -3.83 26.96
6921 3.11 -5.23 25.52

FI 5795 2.97 -1.5 29.36
5796 2.99 -1.78 29.08
5801 3.64 -2.84 27.95
5804 3.13 -4.99 25.77

D2 5905 3.52 -2.16 28.69
5908 3.75 -3.26 27.55
5925 3.15 -5.73 25.01

G41 5558 3.28 -2.22 28.62
5561 3.39 -1.86 28.99
5570 3.49 -2.68 28.14
5572 3.28 -4.29 26.49
5583 3.71 -5.48 25.26
5587 3.73 -5.28 25.46

G4 5408 2.05 -5.41 25.33

Table 3.5, the results of carbon and oxygen isotope analyses of 
dolomite, results are expressed in parts per mil.

Well No Depth (ft) <534S (CDT)

E2 6908 21.86
6914 22.88

FI 5792 20.87
5793 20.99
5797 20.61
5811 21.96

G41 5555 22.24

G4 5413 20.59
5422 20.32
5433 19.82

Table 3.6, the results of sulfur isotope analyses 
of calcium sulfates, results are expressed in 
parts per mil.
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MgO _  
CaO — 

(w i% )

Fc203 _  
MnO

(wi% ) 

0 .0  0 .5

Si02 
A1203
(ivS"%dolFACIES (ppm)

10050
6907

6917

6927

6937

F ig . 3 .1 , S h o w s  th e  v e r t ic a l d is t r ib u t io n  o f  m ajor a n d
trace e le m e n t  c o n c e n tr a t io n s  o f  th e  c o r e d  in te r v a l o f
W ell E2.
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Si02 
A1203 

(w t 7 c )

Fe203 
MnO -
(wt%)

MgO _  
CaO -  

(\vl%)
FACIES %dol

(ppm)

eooco5 0100
5 7 8 2

5792

5802

F ig . 3 .2 , S h o w s  th e  v e r t ic a l d is t r ib u t io n  o f  m a jo r  a n d
tra ce  e le m e n t  c o n c e n tr a t io n s  o f  th e  c o r e d  in te r v a l o f
W e ll F I.
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MgO _  
CaO — 

(\vt%)

Si02 _  
A1203 - 

(w t7 c )
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m ineralogy, being enriched in m arine aragonite w ith an average Sr content 

of about 9800 ppm  (Kinsman, 1969) relative to high-M g calcite w ith  Sr 

contents ranging from 400-1000 ppm  (Land and G oreau, 1970) to typically 

less than 4000 ppm  (Land and Hoops, 1973). In the case of dolom ite, the Sr 

con ten t has been used to place constrain ts on the com position of the 

do lom itiz ing  fluids and  on the do lom itization  m odel (Veizer, 1983a). 

Dolom ites believed to have precipitated  from  a m ixture w ith  m ore than 

20% seaw ater could have a typical m arine Sr content of around  550 ppm  

w hile those w hich form ed from hypersaline solutions w ould  have m uch 

m ore Sr than this. This is because (1) when the salinity of the seaw ater rises 

so that calcium sulfates, gypsum -anhydrite, are precipitated, the S r/C a  ratio 

rises slightly (Kinsman, 1966, 1969), and (2) a decrease in the precipitation 

ra tio  of gypsum  to celestite will increase the S r/C a  ratio . The o ther 

im portan t factor in determ ining the dolom ite Sr content, is the tim e of 

dolom itization . As a generalization, early diagenetic finely crystalline 

dolom ites have higher Sr contents than later diagenetic coarse dolom ites 

(Veizer et. al., 1978).

The Sr concentrations of the Beda sed im ents in this s tu d y  are 

generally high. In m ost of the samples analyzed, the Sr content ranges from 

around 200 to 9000 ppm , and about 22 samples have anom alously very high 

Sr contents, ranging, approximately, from 13000 to 70000 ppm . In this study, 

the S r/C a  ratios w ere plotted  (Fig. 3.5) against the M g /C a  ratios. The 

relationship between S r/C a and M g/C a ratios, as revealed from this plot, is 

that the S r/C a  ratio increases as the M g/C a ratio increases, indicating a 

positive relationship between Sr and Mg content. H ow ever, this is unusual, 

because it has been suggested that because of relative ionic sizes, Sr w ould 

substitute prim arily for Ca rather than for Mg in the dolom ite crystal
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structure and therefore, Sr is usually depleted in dolom ite relative to calcite 

(Behrens & Land, 1972; Kretz, 1982; A ndrew s, et. al., 1987). This unusual 

re la tionsh ip  is probably  caused by the presence of m inor am ounts of 

celestite (SrS04) in the sedim ents, detected by XRD (Fig. 3.6, 3.7). Therefore, 

these high Sr contents are probably the result of celestite precipitation.

The sedim entological observations discussed in C hapter 2 suggest 

that periodically hypersaline conditions were prevailing during  deposition. 

A dditional support for such ideas is given by the high Sr contents and by 

the presence of celestite. Celestite precipitation com m only, occurs as an 

early  diagenetic phase in hypersaline sequences (Braitsch, 1971), and  is 

especially abundant in areas of intense dolom itization, being largely a by 

p ro d u c t of replacem ent of aragonite by dolom ite. A nalogous H olocene 

h y p ersa lin e  en v ironm en ts  con tain  u b iq u ito u s  arag o n itic  m uds. For 

example, along the Trucial Coast of the Arabian (Persian) Gulf, aragonite is 

the dom inating m ineral in hypersaline lagoonal facies (e.g. Bathurst, 1975; 

Veize and Rudolf, 1974; Veizer et. al., 1978). Thus, the Sr in these sedim ents 

w as derived  from  dolom itization and dissolution of a Sr-rich aragonite 

precursor.

2- Zirconium  (Zr)

Zirconium  is generally scarce in carbonate and  evaporite rocks but, 

very  high Zr contents (up to 3500 ppm ) have been m easured  from  the 

s tud ied  carbonate sedim ents of the Beda Form ation. These anom alously 

high values show a positive relationship w ith the Sr content. W here the Sr 

content increases, the Zr content also increases (Fig. 3.8). A similar
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Fig. 3.6, X-ray diffraction pattern, showing the presence of 
celestite (Cel) with the dolomite (Dol). Sample E-l-16, 
well E2 (Sr=38212 ppm, determined by XRF).



7 2

20 25 35 VS SO E S

Fig. 3.7, X-ray diffraction pattern, showing the presence of 
celestite (Cel) with the dolomite (Dol). Sample E-l-27, 
well E2 (Sr=20514 ppm, determined by XRF).
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relationship  betw een Sr and Zr has been observed by Leake et al. (1969). 

They found  tha t w hen about 1000 ppm  Sr w as ad d ed  to Zr, the Zr 

concentration was increased by about 46 ppm  Zr above the m ean Zr value 

of 76 ppm  (the m ean value was determ ined from  four m easurm ents , not 

considered to be affected by added trace elements). Their in terpretation  is 

that Zr suffers interference from the SrKEl peak w here the Zr and Sr peaks 

overlap. Since, Zr is generally scarce in carbonate rocks and also since such 

very high concentrations are uncom m on, the Zr values are not considered 

reliable here. They probably only represent interference from  the SrKfil 

peak.

3- Iron and M anganese

Iron (Fe) and M anganese (Mn) are generally  presen t in very  low 

concentrations in seaw aters, relative to fresh waters. Fresh w aters contain 

m ore soluble Fe and Mn than do seaw aters (Freidm an, 1969). The two 

elem ents tend to be picked up by carbonate precipitates during  diagenesis 

and are preferentially incorporated in the dolom ite lattice, relative to Ca.

In this study , the Fe and Mn contents of the Beda dolom ite are 

generally very low. The Fe concentrations, given as total Fe in the form  of 

Fe2C>3 include both the ferric (Fe2 0 3 ) and ferrous (FeO) iron, and range from 

.03 to approxim ately 0.9 wt%. Because of the low  Fe concentrations, no 

attem pt was made to distinguish between the two oxidation states. The Mn 

contents, given as Mn oxides (MnO), range from <.01 to .07 wt%. These 

very low Fe and Mn concentrations of the Beda dolom ites are in line w ith 

those expected from early near-surface dolom ites, w hich tend to have low
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Fe and M n contents, contrasting w ith later, burial dolom ites, w hich m ay 

have h igh contents of Fe and Mn (Land, 1985). For exam ple, the early 

diagenetic fine-grained dolom ite of the Trenton Form ation in the M ichigan 

Basin has .06-.34 mol% Fe ( = .05-.29 wt%) (Taylor & Sibely, 1986). This is 

because, m ost early near-surface dolomites are form ed under the oxidizing 

conditions characteristic of shallow  w ater carbonate shelves. A slight 

increase in iron concentration (>1 .0  wt%) has been recorded from  facies 6  in 

well FI (Fig. 3.2), while the Mn contents rem ain low. This is probably due to 

the presence of clay m aterials and pyrite.

4- Si, Al, and K

The Si, Al, and K elem ents, given in their oxides; Si02, A1203, and 

K 2 O are p resen t in very low concentrations, generally  less than 1 wt%. 

These low concentrations are due to the general absence of clay m aterials. 

H owever, samples from facies 2 in wells E2 and G41, and facies 6  in well FI, 

show  concentrations greater than 1 wt% for Si0 2  and AI2O 3 (Figs. 3.1, 3.2, 

and  3.4), w hile the K2O contents show  only a slight increase and  rem ain 

less than 1 wt%. The increase of these elements across these facies is due to 

the presence of argillaceous (clay) materials represented particularly by the 

clay m ineral illite-smectite (see Chapter 2, Plate 2.7).

3.2.2 Oxygen and Carbon isotopes

A nalyses of stable isotopes of oxygen and  carbon have becom e 

increasingly used in the interpretation of dolom ites and, w hen com bined
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w ith  trace elem ents and  p e tro g rap h y , can help  to g ive clarify ing  

explanation on the origins of these rocks. Several w orkers (e.g. Epstein et 

al., 1964; Degens and Epstein, 1964; Land, 1980; etc) have used these isotopes 

in dealing w ith this problem.

The isotopic analyses of oxygen and carbon m ade on the dolom ite of 

this study, show  that this dolom ite is generally depleted  in 1 ^ 0  isotopes, 

having quite negative values. These <5180  values tend to be lighter

(more negative) w ith depth  (Table 3.5), and range betw een -1.5 to -5.7 per 

mil (PDB). The values range between +2.05 to +3.64 per mil w ith  an

average of +3.27 per mil (PDB), and are w ithin the range of isotope

values characteristic of m arine w ater isotopic signature ( 5 ^ C = 0  to +4 per 

mil). G enerally, the c>180  and results show ed no discrim ination

betw een the dolomites of this study. Plot of the carbon-oxygen isotope data 

(Fig. 3.9), shows a wide range of distribution in the <5 1^0  data, w hereas, the 

<5 values show much less variation and hence have a narrow  range of 

distribution. An equilibrium  relationship betw een the 5 ^ 0  of dolom ite, 

the 8 1 ^0  of w ater, and tem perature was constructed (Fig. 3.10) to predict 

the precipitating tem perature of the Beda dolomite. Given a constant range 

of 8 1 ^ 0  values (25, 28, and 30 per mil vs SMOW), w hich represen t the 

range of 5 ^ 0  values m easured from the Beda dolom ite of this study, the 

8 values of the w ater w ere calcu lated  for each value, over a 

tem perature range of 20 to 100°C, using the dolom ite-w ater fractionation 

equation given by Fritz and Smith (1970) (see A ppendix  B). This figure 

suggests that p recip ita tion  from m arine w ater (<5l8 O=0 per m il), of 

dolomites with such an isotopic range ( <51^0=25-30 per mil) w ould have to 

have taken place at a tem perature, which varied betw een 30 and 60°C. If, 

how ever, salinities were higher then the tem perature derived from
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The curved lines represent constant 8 1^0 (SMOW); (1) 5 ^ 0 = 3 0  
per mil, (2) 8 1^0=28 per mil, and (3) 8 1^0=25 per mil.
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w ould also be higher.

In general, the oxygen isotopic com position of do lom ite  m ainly  

reflects the tem perature of precipitation and the isotopic com position of the 

do lom itiz ing  fluids. It has been suggested  by Land (1985, Fig. 7) that 

dolom ites m ore depleted  than about -2  per mil m ust have either form ed 

from  or been affected by either w ater dep leted  in 1 8 0  w ith  respect to 

seaw ater, or by elevated tem peratures. For exam ple, m eteoric w aters are 

norm ally  d ep le ted  in l s O, w hereas, w aters  w hich  have u n d e rg o n e  

evaporation tend to be isotopically enriched in 180 . This is because during  

the  early  p h ases  of ev ap o ra tio n  the lig h te r oxygen  iso to p es  are 

p referen tia lly  rem oved and the residual fluid becom es enriched  in the 

heavier ^80  isotopes. However, in the case of extreme evaporation to halite 

facies and beyond, the progressive enrichm ent of 180  does not continue 

indefin itely  and the <5 ^ 0  starts to decrease (Fallick, 1991; H olser, 1979; 

K nauth and Beaunas, 1985, Fig. 4). The other factor that m ight affect the 

isotopic com position of the dolom itizing fluids is the w a te r /ro ck  ratio, 

w here in low w ate r/ro ck  ratio the isotopic com position m ay be influenced 

by the isotopic com position of the CaC03 m inerals (aragonite or calcite) 

being replaced. H ow ever, this is unlikely since do lom itization  requires 

substantial am ounts of water.

In this study, the m ost likely reason for the negative <51^0 values 

w o u ld  be elevated tem peratu res ra ther than m eteoric w ater. This is 

because, on the basis of the other evidence, such as the precip ita tion  of 

sulfates; gypsum  and anhydrite (chapter 2), and the high Sr contents and 

the low Fe and Mn concentrations (section 3.2.1), meteoric w ater influence 

w ould be the least expected, since the addition of m eteoric w ater norm ally
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results in Sr depletion  (Bein and Land, 1983) and such w ater tends to 

contain m ore soluble Fe and Mn than seaw ater (Freidm an, 1969). Also, no 

halite precipitation, except for less than 2.0 wt% (determ ined by XRFS) was 

found in these sediments. There is no independent evidence to suggest that 

an extrem e evaporation  to halite facies m ight be responsib le  for these 

negative <5 ^ 0  values, positive values w ould be expected from  evaporated 

seawater. H owever, the study area was affected by volcanic activity during  

the Q uaternary  and probably very recently (chapter 1). This supports  the 

idea tha t elevated tem peratures w ere the m ain factor resposible for the 

change of the isotopic com position of the s tud ied  dolom ite, tow ards 

negative 5 ^ 0  values. These 5 ^ 0  values represent the m odification of 

original l^O  by lighter derived by hotter water.

The <513C value of dolom ite is generally strongly influenced by the 

isotopic com position of the precursor CaC03 (aragonite or calcite) ra th e r  

than by tem perature or the isotopic com position of the pore-fluids. This is 

because so m uch m ore carbon resides in the carbonate precursor m inerals 

than in the pore fluids and, in contrast to oxygen isotopes, the equilibrium  

fractionation of carbon isotopes is less tem perature  sensitive. Thus, the 

8 13c value of the CaCC>3 m ineral being dolom itized is com m only retained 

by the dolomite.

3.2.3 Sulfur isotope

The sulfur isotope data m easured from the evaporite facies of

this s tudy , vary from 19.8 to 22.28 per mil (CDT) w ith  an average of 

approxim ately 21.21 per mil. These values are generally w ithin the range of
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5 34s isotope values characteristic for m arine evaporites of Tertiary age 

w hich give a 8 34s range between 19 to 22 per mil (Claypool et al., 1980, Fig. 

4). It has also been suggested by Thode and  M onster (1965) that ancient 

evaporites w ould  reflect the isotopic com position of their contem porary  

seas. Thus, the 8 34s values of sulfate evaporites are directly related to the 

5  3 4 s  values of the aqueous su lfate reservo ir w here  c ry sta lliza tio n  

occurred.
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CHAPTER FOUR 

DIAGENESIS

The rocks stud ied  vary in general from m udstones to w ackestones. 

D iagenetic alterations have in parts m odified  and  locally obscured  the 

depositional textures of these rocks, which makes the in terpretation  of the 

original texture sometimes quite difficult. However, the rem aining and  less 

affected intervals, are p redom inantly  w ackestones and vary  from  sparse 

biom icrite to packed biom icrite to packed bio-pelm icrite (following Folk, 

1962), and are generally fine-grained.

Thin-section petrography, cathodolum inescence (CL), and SEM w ere 

used to investigate the possible diagenetic processes that took place in these 

sedim ents and w hich w ere probably responsib le for these changes. A 

num ber of diagenetic events are inferred from this study  w hich vary from  

early fibrous calcite cement grow th through dissolution and the grow th of 

blocky calcite to dolom itization and the grow th of sulfates cem ents to late 

diagenetic changes such as compaction, developm ent of baroque dolom ite 

cem ent, and  Pb-m ineralization. The relative tim ing of each diagenetic 

event is presented in Figure 4.1.
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Diagenetic Event Time -  ►

Calcite cementation —  —

Dissolution —  —
Dolomitization — —
Sulfate cementation —
Compaction —
Mineralization

Fig. 4.1 , summary of the observed diagenetic events and their relative timing.

4.1 Diagenetic Events

4.1.1 Cem entation

Two m ain types of cement w ere found to affect the sedim ents of the 

Beda Form ation and to lead to porosity reduction, . These are (1) calcite and 

(2 ) calcium sulfates, dom inated by gypsum.

1- Calcite cement

From  thin-section petrography two possible generations of calcite 

cem ents can be inferred from the sedim ents studied, and  are particularly  

com m on in facies 1 and facies 4. The first genera tion  of cem ent is 

represented by fibrous calcite cement, seen to be grow ing on the walls of 

foram inifera (e.g. Miliolids) and ostracods. Crystals in this fibrous calcite 

cement tend to increase in size, both inw ards and outw ards, aw ay from the 

surface of the test, occluding the prim ary in tergranular and in tragranular
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porosity (Plate 4.1, A-C). In general these calcite crystals are fine grained and 

the crystal size seems to be controlled by the original size of the pore spaces, 

which they occupy. The fact that the fibrous cements w ere preserved while 

aragonite shells were dissolved suggests that these w ere calcite rather than 

aragonite. Early m arine cements are commonly high-M g calcite. The second 

generation of calcite cement is represented by the form ation of large, blocky 

calcite crystals. These crystals are m ostly found filling residual p rim ary  

pores, m olds of dissolved m olluscan shell fragm ents (commonly aragonitic 

shells), and  vugs, developed after the p recip ita tion  of the first calcite 

cem ent (Plate 4.1, D,E).

Calcite also occurs as syntaxial calcite overgrow ths on echinoderm  

fragm ents (Plate 4.1, F). However, these are rare.

2- Calcium sulfate cement

Calcium sulfates (dom inated by gypsum ), occurring both  as cements 

and  as rep lacem ents, are com m on th ro u g h o u t m ost of the s tu d ied  

in terva ls , bu t are m ore abundan t in facies 3 and  facies 4. They fill 

intercrystalline pores, molds, and vugs, and form large poikilotopic crystals 

(commonly of gypsum ), engulfing fossil fragm ents, peloids, calcite crystals, 

and dolom ite rhombs (Plate 4.2, A-C). This suggests that the calcium sulfate 

cem entation and replacem ent postdates calcite cem entation  and  dolo- 

mitization. This is also indicated by the form of contact betw een the calcite 

crystals and gypsum  crystals when they occur together. Plate 4.2, D-F, shows 

the contact relationship between the calcite crystals and the gypsum .
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4.1.2 Dissolution

Petrographic investigation indicates that the sedim ents have been 

affected by probably two, or m ay be m ore, stages of dissolution. The first 

stage probably occurred after the precipitation of the first calcite cem ent 

(discussed above) and prio r to dolom itization. This is ind icated  by the 

p resence of m olds of large bivalve fragm ents (w hich w ere  p robab ly  

aragonite) and  vugs w hich are filled by large blocky calcite crystals, 

in terpreted  as representing a second generation of calcite cem entation. The 

fact that d issolution was not caused by m eteoric w aters, is d iscussed in 

sections 3.2.2 and  4.2.1. The second stage of dissolution occurred after or 

m ay be during  dolom itization, probably as a result of brine reflux through 

the sedim ents. This caused the dissolution of the undolom itized  parts  of 

the m atrix and allochems including fossil fragm ents and peloids, creating 

high intercrystalline and moldic porosity. Some of these pores and m olds 

w ere either partially or completely occluded by the precipitation of sulfates 

(m ostly gypsum ), bu t m any pores and m olds rem ained open. This was 

probably either because the am ount of sulfate was not enough to occlude all 

the porosity, or because these open pores represent dissolution at relatively 

later times.

4.1.3 Dolom itization

Dolomitization was the most im portant diagenetic event in the Beda 

F orm ation. In the area s tud ied , 60-70% of the fo rm ation  has been 

dolom itized. Petrographic investigation reveals that the dolom ite generally 

occurs as a replacem ent of the CaC0 3  m atrix, this was probably aragonite- 

dom inated, because the Sr contents are high (see C hapter 3) which suggests
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a Sr-rich aragonite precursor and w here calcite cem ent is also present, the 

dolom ite also replaces this calcite. The dolom ite crystals are euhedra l to 

subhedral and very finely to finely crystalline, generally less than .03 m m  in 

diam eter. Scanning electron m icroscope (SEM) exam ination show s the well 

developed rhom bohedral form of these crystals, having sm ooth surfaces, it 

also show s the well developed intercrystalline porosity  (Plate 4.3, A,B). 

Coarser dolom ite crystals (up to 0.35 mm in diam eter) are also present. 

These are generally rare and m ainly occur as a pore-filling cem ent in m olds 

and  vugs (Plate 4.3, C,D). They have curved crystal faces and  show  

undulatory  (sweeping) extinction (termed saddle or baroque dolomite).

U nder cathodolum inescence, m ost of the dolom ite crystals have a 

uniform  dull to m oderately  bright orange lum inescence w ith  no zoning, 

b u t sam ples from  well FI close to the w estern m argin show  a few  crystals 

w ith  faint zones, darker centers and brighter rim s (Plates 4.3, E,F). This 

generally  hom ogenous cathodolum inescence and  lack of com positional 

zoning of the dolomite crystals may reflect replacem ent by a solution which 

rem ained  uniform  for some tim e (Folk, 1965) or hom ogenization  from  

neom orphism  (Sommer, 1972). Staining w ith  po tassium -ferricyn ide d id  

not reveal the presence of Fe in the dolom ite structure. This is because the 

iron  concentrations of these dolom ites are too low  (less than  1 wt%, 

determ ined by XRFS) and it has been suggested (Lindholm and Finkelm an, 

1972) that such concentrations in the dolom ite structure  are too low  to be 

detected by the staining technique.
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4.1.4 Com paction

Com paction is a common diagenetic process in carbonate rocks and 

com pactional p rocesses are generally  d iv id ed  in to  tw o catagories; 

m echanical and  chemical processes. M echanical com paction begins soon 

after deposition  w hereas chem ical com paction m ostly  requ ires several 

h u n d re d  m etres of buria l. Shallow  b u ria l com paction  of the  Beda 

sedim ents was probably prevented by early cem entation of these sedim ents. 

This is indicated by the presence of bioclasts, birdseye fenestrae and  peloids, 

none of w hich show  signs of compaction, retaining their original shapes. 

Chem ical com paction and pressure dissolution are com m on in the Beda 

sedim ents and two styles of pressure dissolution response are recognized, 

stylolites, and dissolution seams. These are equivalent respectively, to the 

su tu red-seam  solu tion  and the n o n -su tu red  seam  so lu tion  of W anless 

(1979).

S ty lo lites occur locally  and  are p a rtic u la rly  p re se n t in  the  

foraminiferal wackestone facies (FI) in wells E2 and G41 and also present in 

facies 3 in well FI (see C hapter 2, Fig.). They are irregular w ith low -very 

h ig h  am p litu d e  seam s, in te rp en e tra tin g  the m atrix  and  occasionally  

affecting skeletal grains (Plate 4.4, A-D). Dissolution of m atrix and grains led 

to the accum ulation of black insoluble residues, concentrated along stylolite 

surfaces. D issolution seams are relatively m ore com m on in the s tud ied  

intervals than stylolites. They are mostly unserrated except for some micro- 

stylolites, and form irregular seams of brow n to black insoluble residue. 

They generally occur in swarm s forming horsetail structures w hich m ostly 

pass around and betw een skeletal grains, rather than cutting them , and 

locally, forming swarms w rapping over carbonate nodules (Plate 4.4, E,F).
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C hem ical com paction  an d  p re ssu re  d is so lu tio n  in v o lv e  the  

reduction  of the bulk volum e of the sedim ents w ith  a resu ltan t loss in 

porosity  (Rittenhouse, 1971), coupled w ith reprecipitation of the dissolved 

CaCC>3 as a cem ent either in the im m ediate vicinity or in a m ore d istan t 

site, carried aw ay in an active pore-fluid system  (Bathurst, 1984; Scholle and 

H ailey, 1985). A num ber of authors have argued tha t this is a significant 

source of C aC 03 for burial cementation.

4.1.5 M ineralization

A very late stage of burial diagenesis is represen ted  locally by the 

occurrence of som e Pb-m ineralization in the m olds of d isso lved  fossil 

fragm ents (Plate 4.5). Figure 4.2, shows the EDX analysis of this m ineral. 

This m ineralization was probably caused by the circulation of hydrotherm al 

fluids through the sedim ents, since the area has been affected by some m ore 

recent volcanic activity (Chapter 1).

4.2 Dolom itization Model

There are two major considerations in the form ation of dolom ite (1) 

the source of the m agnesium  (Mg2+) ions and (2) the process w hereby the 

dolom itizing  fluid is pum ped  through the carbonate sedim ents. These 

considerations will be discussed in the forthcom ing sections, s tarting  by 

discussing the source of m agnesium  and then the in terp re ta tion  of the 

dolom itization model.
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Fig. 4.2, EDX spectrum showing a lead peak. Left and right spectra 
are respectively, the result of the analysis of the bright areas shown 
by the arrow on the back-scattering photomicrographs A and B of 
Plate 4.5.
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4.2.1 M agnesium  Source

Potential m agnesium  sources w ere d ivided into static and non-static 

sources by Given and W ilkison (1987). Static sources com prise m agnesium - 

enriched rocks, including shales and some carbonates (m agnesian calcite), 

and  nonstatic sources com prise earth  surface fluids tha t are continually  

rep len ished  in m agnesium , includ ing  m eteorically  d eriv ed  subsurface  

fluids, m arine-derived subsurface fluids, and seawater.

1) Static Sources

Shales are considered  the m ost m agnesium -rich , no n carb o n a te  

sed im en tary  rock type w hich m ight serve as an im p o rtan t source of 

m agnesium . One possible process that could liberate significant shale- 

re lated  m agnesium  is the transition  from  sm ectite to illite, w hich m ay 

liberate enough m agnesium  to dolom itize adjacent carbonate (e.g. M orrow, 

1982). The im portance of this process as a source of m agnesium  for 

dolom itization was questioned by Land (1985), because the sm ectite-illite 

transition is accom panied by the release of m ore calcium than m agnesium , 

and  the m agnesium  released is consum ed in the form ation of chlorite, a 

com m on diagenetic m ineral (H ow er et al., 1976). H ow ever, this source 

cannot be im portan t in this study  because only thin shales (less than a 

m etre thick) are observed in the studied  interval of the Beda Form ation, 

and apart from these, the only clay-m inerals p resent occur as authigenic 

clays.
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The other possible rock-reservoir source of m agnesium  for dolom ite 

form ation is the initial m agnesium  incorporated  in m agnesian calcite or 

M g-calcite. W ith time, the M g-calcite loses its M g and  is converted into 

calcite. The im portance of this source d ep en d s  b o th  on  the in itia l 

com position of the M g-calcite and on the am ount of this m aterial in an 

average carbonate  sedim ent. In general, the average sha llow -m arine  

carbonate contains approxim ately 30% M gC03 (e.g. Drever, 1974; M illiman,

1979). The sedim ents of the Beda Form ation rep resen t shallow -m arine 

carbonates w ith  dom inant benthonic foram inifera w hich contain MgCC>3 

in the range 0-15 mol% MgCC>3. These values indicate that little dolom ite 

could originate through the release of m agnesium  from  m agnesian calcite.

2) N onstatic Sources

The nonstatic sources of m agnesium , m entioned  above, are also 

variable and  of these sources, seaw ater is considered the only abundan t 

source of M g^ + ions for early  d iagenetic  surface and  near-su rface  

dolom itization. It contains 1290 ppm  Mg and 411 ppm  Ca, and by w ay of 

contrast, m eteoric w ater, although variable, has m uch low er values of 

m agnesium  and calcium (e.g. average river w ater has 4 ppm  Mg and 15 

ppm  Ca). H ow ever, dolom ite rarely precipitates out of norm al seaw ater, 

probably  for kinetic reasons (Lippm an, 1973; M orrow , 1982a), and m ost 

authors advocate som ew hat m odified seaw ater as being a m ore effective 

dolom itizing agent than unaltered  seaw ater. Thus seaw ater, m odified in 

the various dolom itization m odels in vogue, is considered  the p rim ary  

agent responsible for the form ation of the vast quantities of dolom ite in the 

rock record (Morrow, 1982; Land, 1983). In this study, the Beda dolom ite has
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a high  Sr content, w hich is sufficient evidence for rejecting fresh w ater 

diagenesis and also negates the possibility of m eteoric-m arine w ater mixing 

w hich norm ally results in Sr depletion (Bein and  Land, 1983). It suggests 

th a t the m ost likely source of m agnesium  for the fo rm ation  of this 

dolom ite was seawater and m arine derived brines.

4.2.2 The Model

D ifferen t m odels of d o lo m itiza tio n  have  been  p ro p o sed  for 

carbonates physically  a n d /o r  genetically  re la ted  to evaporites. These 

include; an evaporitic (sabkha) origin (e.g. McKenzie, 1981; Patterson and 

Kinsm an, 1982), deposition from precipitating brines (e.g. Friedm an, 1980; 

Bein and Land, 1983), and the m ixing zone of saline w ith m eteoric w ater 

(e.g. Magaritz, 1980 and 1987).

The sedimentological, petrographic, and geochemical evidence from 

the Beda dolom ite in this study, includes the fine grained  natu re  of the 

rhom bs, the high Sr content, the low Fe and Mn concentrations, and  the 

association of this dolom ite w ith fenestral structures, strom atolites and 

calcium sulfates (gypsum-anhydrite). These together indicate an early, near­

surface dolom itization associated w ith a hypersaline setting, w hich was 

generated  th rough  the restriction of m arine w ater circulation and  the 

evaporation  of the resulting lagoon w ater. This caused an increase in 

salinity and the precipitation of calcium sulfates and as a result raised the 

M g /C a  ra tio  and increased  the density  of the ev ap o ra ted  w ater. 

C onsequently , the dense M g2+ -rich hypersaline  b rine  in filtra ted  the
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underly ing  aragonite m uds, displacing less dense m arine pore w ater and  

eventually dolom ites were precipitated.

D olom itization of CaCC>3 by reflux of hypersaline brines was first 

p roposed  by A dam s and Rhodes (1960) to account for P erm ian  reef 

dolom ites associated w ith evaporative lagoonal deposits. Recently, Simms 

(1984) has dem onstrated that even w aters of slightly elevated salinity, such 

as those covering the Bahama Bank today, are capable of reflux. In m odern 

settings, the m odel was applied  by Deffeyes et al. (1965) to studies of a 

su p ra tid a l, g y p su m -p rec ip ita tin g  lake (the P ekelm eer) on Bonaire. 

H ow ever, later w ork by Lucia (1968) and M urray (1969) show ed that there 

are no dolom ites beneath  the Pekelmeer. A lthough there seem  to be no 

good m odern analogues, the m odel has frequently been applied  to ancient 

dolom ites associated w ith evaporites.

A lthough one w ould expect the dolomites form ed in such settings to 

be relatively enriched in isotopes as a resu lt of p recip ita tion  from 

evaporated  seaw ater, the 5 ^ 0  isotope data from  the Beda dolom ite are 

quite negative, and the <5^^C has a m ore normal m arine value (see section 

3.2.2). Sim ilar isotopic values have been rep o rted  from  the ancient 

dolom ite in the U pper D evonian M iette Buildup (M attes and  M ountjoy,

1980). However, trace elements (e.g. Sr: 30-100 ppm) in the M iette dolomites 

are low  and they have been in terp re ted  as of buria l origin. A second 

exam ple from  the Triassic Latem ar dolom ite (W ilson et al., 1990), has 

values for <5 1 ^ 0  w hich vary from -1.85 to -9.57 per mil (PDB) and the 5 

vary  from  1.57 to 4.1 per mil (PDB). W ilson et al. (1990) suggested  that 

hy d ro th e rm al circulation  of w arm  to ho t seaw ate r re su lted  in the 

p roduction  of the m ushroom  shaped dolom ite body, and  the oxygen
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isotope values in particular indicate that a strong therm al g rad ien t was 

present during  dolom itization.

The study area has been affected during the Q uaternary (and probably 

very recently) by volcanic activity represented by the Al H aruj Al A sw ad 

form ation. Thus, the baroque dolom ite, together w ith  the lead  m iner­

alization probably reflect higher (deeper burial) tem peratures. In addition, 

the negative <5 - ^ 0  isotope values of the Beda dolom ite in general m ay 

indicate a late neom orphism  of this dolom ite by hydrotherm al circulation 

of w arm  to hot connate w ater rather than deep burial dolom itization, since 

all o ther ev idence m entioned  above indicates an early , n ear-su rface  

do lom itization . There is, how ever, no pe tro g rap h ic  ev idence of such 

replacem ent which m ay only be reflected in the diffusion of lighter
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Plate 4.1

A,B) Photom icrographs show ing fibrous calcite cem ent g row ing  on the 

walls of foram inifer in A, and ostracod in B. The crystal size increases 

away from the walls. Scale bar = 0.1 mm. A) PPL. B) XPL.

C) Photom icrograph show ing in terg ranu lar porosity  partia lly  filled w ith  

calcite cement. The calcite crystals increase in size inw ard  into the pore 

space (arrow). Scale bar = 0.1 mm. PPL.

D,E) Photom icrographs showing blocky calcite crystals (arrow) in vugs. Scale 

bar = 0.2 mm. D) XPL. E) PPL.

F) Photom icrograph show ing calcite overgrow th  (arrow ) on echinoderm  

fragm ent (a). Scale bar = 1 mm. XPL.
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Plate 4.2

A) Photom icrograph show ing poikilotopic gypsum  crystal (w hite area in 

the m iddle of the photograph) engulfing the matrix. Scale bar = 0.2 mm. 

PPL.

B) P hotom icrograph show ing poikilotopic gypsum  crystal (w hite areas) 

engulfing peloids (arrow). Scale bar = 1 mm. XPL.

C) Photom icrograph show ing poikilotopic gypsum  crystal (the whole field 

of view) engulfing bioclasts and filling large bivalve fragm ents (a). The 

black m old  of foram  (b) is also gypsum  (d ifferen t o rien ta tio n  of 

extinction). Scale bar = 1 mm. XPL.

D-E) P hotom icrographs show ing gypsum  cem ent (a) p o std a tes  calcite 

cem ent (b). N ote the shape of the contact (arrow) betw een the gypsum  

and calcite. D) Scale bar = 0.1 mm. E) Scale bar = 0.2 mm. XPL.

F) Photom icrograph showing m old of dissolved bioclast w ith calcite crystals 

(arrow) form ed along the wall and residual pore filled w ith gypsum  (a). 

Scale bar = 1 mm. XPL.





Plate 4.3

A,B) SEM photom icrographs show ing euhedral dolom ite crystals of facies 3. 

They also show good intercrystalline porosity.

C) Photom icrograph show ing two coarse baroque dolom ite crystals. Scale 

bar = 0.1 mm. XPL.

D) Back-scattered photom icrograph show ing the same as C.

E,F) Photom icrograph of dolom ite crystals u n d er cathodolum inescence. 

The dolom ite crystals generally have single zone w ith b righ t rim  and 

dark center. Some crystals have two zones (arrow). E) Scale bar = 0.2 mm. 

F) scale bar = 0.1 mm.
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Plate 4.4

A) Slabbed core sam ple show ing high and low am plitude stylolites w ith  

black insoluble residue (arrow) concentrated along their surfaces. Scale 

bar = 2 cm. PPL.

B) Photom icrograph showing the same as A. Scale bar = 1 mm. PPL.

C.D) Photom icrographs show ing pressure dissolution and m icrostylolites 

penetrating the m atrix and cutting through foram iniferan grain (arrow). 

Scale bar = 1 mm. PPL.

E) Slabbed core sam ple show ing horsetail dissolution seams. Scale bar = 2 

cm.

F) Slabbed core sam ple show ing pressure dissolution (a) form ing sw arm s 

w rapping over carbonate nodules (arrow). Scale bar = 2 cm.
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Plate 4.5

A,B) Back-scattered photom icrograph show ing lead m ineralization (bright 

areas of the photograph) in molds.
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CHAPTER FIVE 

POROSITY ANALYSIS

From the previous chapter, it is clear that the porosity  developm ent 

in these rocks was the result of a num ber of diagenetic processes that can be 

d iv ided  in  term s of their relative effect on porosity  into those related  to 

po ro sity  enhancem ent, includ ing  do lom itization  and  d isso lu tion , and  

those related to porosity  destruction, including cem entation and  perhaps 

com paction. In this chapter quantitative analyses of this porosity  will be 

m ade, using a num ber of porosity wireline logs, including density, neutron, 

and sonic logs.

W ireline logs have becom e increasingly  im portan t, in subsurface 

studies, as a com plem entary tool to the geological data obtained from core 

sam ples. They can give a nearly  con tinuous analysis of the d rilled  

fo rm atio n  and  can also  p ro v id e  in fo rm atio n  on the p e tro p h y sica l 

characteristics such as porosity and perm eability, of a formation.

In the s tudy  area a num ber of porosity  logs have been recorded 

through the Beda Formation, and these logs (from wells A l, E2, FI, D2, G41, 

and G4) were utilized to quantitatively determ ine the porosity percentages, 

includ ing  total porosity  and the isolated  pore spaces, of the s tud ied  

in terva ls of this form ation. H ow ever, no a ttem p t has been m ade to 

m easure the perm eabilities of these intervals, because of the lack of core 

sam ples large enough to make the plugs necessary for such m easurem ents.
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5.1 M ethod of Analysis

A complete package of porosity logs, including neu tron  and density 

(LDL-CNL) logs, and sonic (LSS or BHC) logs has been recorded in the study 

area. The neutron log m easures the hydrogen concentration in a form ation 

and  therefore ind irec tly  m easures liqu id-filled  porosity , w hereas, the 

form ation density log m easures the electron density of the form ation by use 

of a gam m a source. Both neutron and density curves are norm ally recorded 

in lim estone porosity  units (e.g, porosity  = 0 at lim estone m atrix  = 2.71 

g /cc). Besides being essential tools in m easuring the total porosity  of a 

form ation, the neutron  and density logs are also used in cross plots w ith 

sonic logs to determ ine the mineralogical com position of the rock.

Sonic logs, m easure the interval transit time ( AT) of a com pressional 

sound w ave travelling through one foot of form ation and are often run  

com bined w ith electrical logs (m easuring resistivity). The in terval transit 

tim e (AT) is dependent upon both lithology and porosity, and therefore the 

m atrix interval transit time (ATma) of a form ation m ust be determ ined to 

derive sonic porosity  (W yllie et. al., 1958). The sonic derived  porosity  

represen ts the m atrix (connected pore spaces) porosity  ra ther than  the 

iso lated  pores. Therefore, w hen used  w ith  n eu tro n -d en sity  logs, the 

percentage of isolated pore spaces can be determ ined. Sonic logs, in addition 

to their value as a porosity  tool, are also very useful in well to well 

correlation (see Fig. 2.3).
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5.2 Log Correction

Before any analysis is u n d ertak en , the reco rd ed  logs; neu tron , 

density, interval transit time and gam m a-ray curves, of each well are depth- 

m atch ed  w ith  each  o ther. Since m o st m o d e rn  logs are  bo reho le  

com pensated devices, m ost of the corrections necessary because of borehole 

irreg u la ritie s , have been au to m atica lly  ap p lied  d u rin g  the logging  

operation and  the effects of borehole size variations are greatly  reduced 

(Schlumberger,1972).

Generally, m ost of the calliper logs across the relevant p art of the 

Beda Form ation show  no significant borehole size variations except in two 

wells, FI and D2. In these wells the calliper logs show  enlarged hole sizes 

across the intervals 1766 to 1772 m (5794-5812 ft) in FI and 1802 to 1809 m 

(5912-5936 ft) in D2. However, no clear explanation can be m ade from these 

logs and the log readings from these intervals are probably affected by this 

hole enlargem ent. In addition , no corrections have been applied  to the 

neu tron  log, for salinity, m ud cake thickness or tem perature, since the 

overall correction is usually quite small (Schlumber-ger,1972).

In general, the am ount of error in porosity  values is no t of m uch 

concern here, because this study is concerned m ore w ith  the presence and 

distribution of porosity rather than w ith specific values.
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3.3 Procedure

Twelve porosity logs from six wells in the study area w ere analyzed 

for porosity determ ination. M ore than 30 m eters (=110 f e e t ) of interval per 

log w ere read  on a one-foot increm ent and the data from  each well w ere 

analyzed  usin g  C ross-p lo tting  techniques and  m athem atica lly  solved 

equations (A ppendix B). A com puter program m e is w ritten  to solve these 

equations (Appendix C).

All these porosity logs; neutron, density and sonic logs w ere used to 

quan tita tive ly  determ ine both total (0 N D ) porosity  and sonic derived  

porosity (0 s ) , and the secondary porosity index (SPI). Here the total porosity 

(0 N D ) represen ts the m atrix (connected pore spaces) porosity  p lus the 

isolated pores of the form ation and the sonic porosity (0 s )  represents the 

m atrix porosity only. The secondary porosity index (SPI) represents isolated 

pore spaces.

The calculation of density porosity and sonic porosity  requires that 

the m atrix density  ( P ma) and the in terval transit tim e of the m atrix  

(ATma) of a form ation be identified. The s tandard  approach adop ted  to 

identify  these m atrix param eters is (1) by cross p lo tting  the form ation 

density and neutron points, read off respectively from  the density log and 

the neutron log, on a neutron-density  crossplot (Fig. 5.1), and (2) by cross 

p lo ttin g  the in terval transit tim e (aT ) and  n eu tro n  po in ts, read  off 

respectively from tire sonic log and the neutron  log, on a neutron-sonic 

crossplot (Fig. 5.2). These respectively, identify the ( P ma) and (ATma) of a 

form ation. The resulting m atrix param eters of each well are listed in Table 

5.1.
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These m atrix param eters; P m a and  ATma are used  w ith  o ther 

param eters such as fluid density  and interval transit time of the fluid to 

calculate the density, porosity (0 d ) and the sonic porosity (0s) respectively. 

The calculated density porosity values are then used  to calculate the total 

p o ro sity  ( 0 n d )  percentages. The secondary  po rosity  (SPI) values are 

calculated by subtracting the sonic porosity  (0 s)  from  the total porosity  

values (appendix B). Figures 5.3-5.5, illustrate the total ( 0 n d )  and sonic (0 s )  

porosity percentages plotted at their respective depths .

Well N um ber ^ m a ATma

A1 2.71 47.6

E2 2.88 45.5

FI 2.88 43.5

D2 2.88 43.5

G41 2.86 45.0

G4 2.77 46.0

Table 5.1, values of matrix density and interval

transit time of the matrix.

3.4 Results

The porosity  plots show vertical changes in porosity  developm ent, 

subdiv id ing  the studied  interval of the Beda Form ation into two porous 

units; U nit 4 and U nit 2, separated  by a low  porosity  unit; U nit 3. The 

upperm ost unit, Unit 2, of this interval is capped by a further unit, unit 1,
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which is dom inated by sulphate and dolom ite interbeds, very argillaceous 

and exhibiting variable porosity  values. Laterally, these units are easily 

correlated  and  they show  some lateral changes in porosity , w hich are 

show n by a southw est-northeast oriented cross-section (Fig. 5.6). This cross- 

section shows that in all three units there is a rap id  increase in porosity 

betw een wells A1 and E2 and then, northeastw ards from  E2, the porosity 

generally increases but w ith a gentler gradient. The highest porosity  values 

are recorded from wells D2, G41 and G4. The average total ( 0 n d )  p orosity  

percentages of the Beda Formation shows w ide range of variations, ranging 

betw een less than  1% to approxim ately  30%, and  the average porosity  

percentages of the m ain three units; units 2, 3 , and 4, of this interval are 

show n in Table 5.2.

U nit No. A1 E2 FI D2 G41 G4

U nit 2 5.8 21 23.5 28.3 29.9 26.2

U nit 3 0.9 8.2 8.8 10.4 11.2 11.5

U nit 4 4.4 14 20.6 26.5 30.3 31.7

Table 5.2, summarizing the average porosity percentages.
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CONCLUSIONS

From  the ev idence and  d iscussions p re sen ted  in the d ifferen t

sections of this study, a num ber of concluding points are accom plished.

These are sum m arized below.

1- A total of six lithofacies have been described from the studied p art of the 

Beda Form ation in the study area. These are (1) foram iniferal wackestone, 

(2) argillaceous foram iniferal w ackestone, (3) dolom ite m udstone, (4) 

Peloidal-foram iniferal wackestone, (5) evaporite; gypsum -anhydrite , and 

(6) argillaceous dolom ite m udstone. These lithofacies are in terpreted  as 

hav ing  been deposited  in a sem i-open to restricted  and  hypersaline 

lagoon, dom inated by intertidal and supratidal sediments.

2- The facies reflect three small-scale shallow ing-upw ard  cycles, probably 

fo rm ed as a resu lt of either d ifferen tia l subsidence or d ifferen tia l 

accum ulation of sedim ents, a n d /o r  sea level changes.

3- A sequence of significant diagenetic changes are inferred from  petro- 

graphic observations. These diagenetic changes vary from  early fibrous 

calcite cement grow th through dissolution of aragonite and the grow th of 

blocky calcite to dolom itization and the grow th of sulfates cements to late 

d iagenetic  changes such as com paction , d ev e lo p m en t of baroque 

dolom ite cement, and Pb-m ineralization.

4- The association of the Beda dolom ite w ith evaporite  sulfates, the fine 

grained rhom bic character of the crystals, the high Sr contents, and the
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low Fe and Mn concentrations, all indicate that dolom itization took place 

during  early and near-surface diagenesis, as a result of hypersaline brine 

refluxion.

5- Oxygen isotope analyses indicate that this dolom ite is depleted in 1 ^0  

and has negative <5 1 ^ 0  values. These values contradict values expected 

from  dolom ite occurring  in evaporative  env ironm ents. This oxygen 

isotopic change of the Beda dolom ite tow ards negative <5 1 ^ 0  values is 

in terpreted  as suggesting a late neom orphism  which has been caused by 

h y dro therm al circulation of w arm  to hot flu ids, resu lting  from  the 

occurrence of volcanic activity in the area.

6- A nom alously high Sr have been m easured  by XRFS. These are in ter­

preted as having been caused by celestite precipitation.

7- Porosity in the studied part of the Beda Formation is generally secondary 

porosity  created by dolom itization and dissolution, and it was partly  

reduced by cem entation and replacem ent. This porosity increases in an 

east-northeastw ard direction w ith the highest porosity values occurring 

in wells D2, G41, and G4, where porosity has been less affected by sulfates 

cements relative to wells E2 and FI.
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FUTURE WORK

D uring the course of this study  some assum ptions have been m ade, 

and in the light of the present data, these assum ptions are valid. However, 

further investigations need to be m ade. These include (1) The developm ent 

of a barrier controlling deposition in the area. W hat type of barrier could 

this have been and where was it in relation to the study area?. (2) W ere the 

negative oxygen isotope values of this study influenced by m eteoric w ater 

inpu t, or w ere they sim ply the result of high tem peratures?. To answ er 

these questions, the following studies are intended to be made:

1- A num ber of cores from wells outside the study area will be investigated. 

This investigation will include the sedim entology and petrography of the 

Beda Form ation in these wells. Regional well to well correlation will 

then  be m ade to de term ine  facies changes and  m ap their lateral 

d istribution.

2- Sr isotope analyses (a few sam ples are currently under investigation at 

SURRC) will also be im portan t to verify the source of the strontium , 

because variations in the 87S r /86Sr ratios record changes in the geology of 

the drainage basin such as volcanic activity.

3- The analysis of oxygen and hydrogen isotopes of form ation waters is also 

desirable. This w ould be to investigate the source of the fluid and to find 

out if there was m eteoric w ater input, which m ight have influenced the 

oxygen isotope composition.
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APPENDIX A

D uring the course of this study, it was suspected that core 2 of well G4 

was inverted and displaced, and that the upper part of the cored interval of 

well D2 w as probably displaced also. In the case of well G4 core, this was 

im plied  by the com plete m ism atch betw een the core m easured  porosity  

data and the log derived porosity data, plotted at the reported core interval 

1666-1671 m (5467-5482 ft) (Fig. A-l). This plot clearly shows that the two 

porosity curves have opposite trends in porosity w ith depth, suggesting that 

this core w as possibly disoriented. On this assum ption the core porosity  

data  w as inverted and plotted  again. This resulted  in the correction of the 

core porosiy trend, and the two curves began to show  a sim ilar trend  in 

porosity  w ith  dep th , bu t there w ere still som e obvious differences in 

porosity  values. H ow ever, the porosity differences becam e m inim al w hen 

the core porosity curve was shifted dow n about 2.5 m (8 ft) deeper than the 

reported core top at 1666 m (5467 ft). This shift establishes the top of the core 

at 1669 m (5476 ft).

Since there is often some problem  in porosity  data  derived  from  

w ireline logs, one m ight of course argue the validity of this assum ption. 

How ever, the validity of using log porosity data in calibration was checked 

using porosity data m easured from core 3 of the same well, w hich show ed 

excellent m atch in porosity data betw een core m easured porosity  and log 

derived porosity (Fig. A-2), verifying, in this case, the reliability of using the 

log derived porosity data in the calibration.
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In the case of well D2, the upper p art of the cored in terval was 

probably displaced, because there was a disagreem ent betw een the lithology 

described from  this p art of the core and its w ireline log responses. For 

example, w hen this part was draw n at the reported core interval 1799-1807 

m (5901-5929 ft), the shale unit of this part neither correlates w ith the high 

gam m a-ray (GR) peak at 1798 m  (5900 ft) nor w ith the shale unit at 1765 m 

(5790 ft) of well FI. Instead, this shale un it correlates w ith  the low er 

readings of the GR curve at approxim ately 1800 m (5905 ft) of well D2, 

w hich indicate non shaliness, and laterally correlates w ith  the evaporite 

sulfate unit of well FI (Fig. A-3), suggesting that the upper part of well D2 

core w as probab ly  displaced. F igure A-3, also show s the  m ore likely 

orientation of the upper part of well D2 core after correction. It also shows 

that a good line of correlation w ith well FI can now  be seen.
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Fig. A -l, Correlations of log derived porosity (solid) with  
core measured porosity (dashed). (1) plot of porosity data 
before correction, showing clear mismatch, (2) plot of core 
porosity after have been invertad, but not depth-matched, 
showing a matched porosity trends, and (3) plot of the core 
porosity data after have been both inverted and depth- 
matched, showing good correlation.
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(diamonds), and core 3 porosity (open circles) data, 
show ing good correlation between the log calculated 
porosity and core 3 measured porosity data.
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(top) and after correction (bottom).
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APPENDIX B

B-l) Abbreviations

PDB
SM OW
CDT
PPM
LDL-CNL*
LSS*
BHC*
SPI
DEP

B-2) Symbols

Standards Program. Description
symb. symb.

0 N NEU neutron log porosity.

P b DEN bulk density of the form ation.

P ma MD density of matrix.

P f DF density of fluid.

AT SON nterval transit time of the form ation.
ATma MT interval transit time of matrix.
ATf TF interval transit time of fluid.
0  (phi) POR porosity.
0 D PORI density derived porosity.

0 ND POR2 neutron-density derived porosity.
0 S POR3 sonic derived porosity.

SPI POR4 secondary porosity index.

Pee Dee Belemnite 
standard  m ean ocean w ater 
troilite of the Canon Diablo m eteorite 
parts per m illion
litho-density and neutron com pensated logs
long space sonic.
borehole com pensated sonic log.
secondary porosity index.
depth

(*) M ark of Schlumberger
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B-3) Calculation of total CO2 (results are listed in Tables 3.1-3.4)

XI = MgO(XRF) x Y 
X2 = CaO(XRF) x Z 
C 0 2(cal) = XI + X2

w here:
Y = CO2 (mol. wt.) + MgO (mol. wt.) = 1.0915 
Z = CO2 (mol. wt.) + CaO (mol. wt.) = 0.7848

B-4) Conversions betw een PDB ans SMOW Standards,

5 = 1.03091 x 8 + 30.910

5 ̂ 8O poB  = 0.97002 x 5 18O s m o w  - 29.98

B-5) Calculation of 8 1^0 of w ater

10^ In oc dolom ite-water = 2.78 x 10^ T“^ +.11 

w here:
10^ In oc dolom ite-w ater= <5^0dol~ 5 ^ 0 water

T = tem perature in °K 

B-6) Porosity Calculation

1) Density derived porosity: (Schlumberger, 1972)

0£) = ( P ma - P b ) + ( P ma - P f)

W here:
P m a = matrix density (Table 5.1,p. 105)
P f = 1 . 0
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2) N eutron-density derived porosity: (Bateman & Konen, 1977)

a) if 0 n  < 0p)

0 n d  = ( 0 n  - 0 d  x y) +y

Where:
y = 2.06 x 0 N  + 1.17 + 10x 
x  =  16 x 0 ^  x 0.4

b) if 0 j\j >= 0p>

0 N D  = (z x 0 N  " 0 D x y) +(z - y)

Where: 
y = 0.7 x 10X 
x = 5 x 0 j^  + 0.16

z = ( P m a - 4) +( P m a - P f)

3) Sonic derived porosity and SPI: (Schlumberger, 1972)

0 g  = ( AT - A T m a ) + ( A T f -  ATma)

SPI = 0 ND - 0 S

W here:
ATma = nterval transit of the m atrix (Table 5.1,p. 105) 
ATf = 189
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APPENDIX C

This p rogram  was w ritten  to facilitate the calculation of porosity  

values. Logs required  for this purpose are neutron-density  and  sonic logs. 

The program  calculates the density derived porosity ( 0 d ), neutron-density  

derived  porosity  ( 0 n d )/ and sonic derived porosity  (0s)* The program  

operational coding are listed below

10CLS

20 LET DEP = 0: LET NEU = 0

30 LET DEN = 0: LET SON = 0

40 LET MD = 0: LET MT = 0

50 LET DF = 0 : LET TF = 0

60 INPUT "ENTER WELL FILE NAME :";NM$

70 OPEN NM$ AS #2 LEN=124

80 FIELD #2,8 AS DEP$,8 AS NEU$,8 AS DEN$,8 AS SON$

90 PRINT "ENTER WELL LOG DATA"

100 LOCATE 2,1

110 INPUT "TO END ENTERING OF DATA, INPUT 0 (zero) FOR DEPTH DEP

120 LOCATE 5,1 : INPUT "DEPTH DEP

130 LOCATE 6,1 : INPUT "NEUTRON (On ) NEU

140 LOCATE 7,1 : INPUT "DENSITY ( P  b ) DEN

150 LOCATE 8,1 : INPUT "SONIC ( AT) SON

160 LOCATE 10,1 : INPUT "IS INPUT DATA CORRECT? (Y or N)";Y$

170 IF Y$ = "Y" THEN GOTO 180 ELSE GOTO 120 

180 IF DEP=0 THEN GOTO 260

190 LSET DEP$ = STR$(DEP) : LSET NEU$ = STR$(NEU)

200 LSET DEN$ = STR$(DEN) : LSET SON$ = STR$(SON)

210 PUT #2,1

220 LET I = I + 1

230 LET DEP = 0 : LET NEU = 0

240 LET DEN = 0 : LET SON = 0

250 GOTO 120
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260 CLS

270 LOCATE 2,1 : PRINT " ENTER RESERVOIR AND FLUID PARAMETERS "

280 LOCATE 5,1 : INPUT "Density of the matrix:"; MD

290 LOCATE 6,1 : INPUT "Interval transit time of the matrix:"; MT

300 LOCATE 7,1 : INPUT " Density of the fluid :"; DF

310 LOCATE 8,1 : INPUT " Interval transit time of the fluid :"; TF

320 LOCATE 10,1 : INPUT "IS INPUT DATA CORRECT? (Y or N)";Y$

330 IF Y$ = "Y" THEN GOTO 340 ELSE GOTO 280 

340 CLS 

350 LET I = 1

360 PRINT "POROSITY CALCULATION"

370 PRINT TAB(5);"Depth"; TAB(13);"Phi-D"; TAB(19);"Phi-ND"; TAB(26);"Phi-S"; 

TAB(32); "SPI"

380 GET #2,1

390 LET DEP = VAL(DEP$) : LET NEU = VAL(NEU$)

400 LET DEN = VAL(DEN$) : LET SON = VAL(SON$)

410 IF DEP = 0 THEN GOTO 600

420 LET NEU = NEU/100

430 LET PORI = (MD-DEN) /  (MD-DF)

440 IF NEU < PORI THEN GOTO 490 

450 LET Z = (MD-4)/(MD-DF)

460 LET X = -(5 * NEU + 0.16)

470 LET Y = 0.7 - 10X 

480 GOTO 520 

490 LET Z = 1

500 LET X = -(16 * NEU + 0.4)

510 LET Y = -(2.06 * NEU + 1.17) + 10X

520 LET POR2 = (Z * NEU) - (PORI * Y) /  (Z - Y)

540 LET POR3 = (SON - MT) /  (TF - MT)

550 IF POR2 <= POR3 THEN LET SPI = 0 : ELSE LET POR4 = POR2 - POR3 
560 LET FF$ = #### ##. ## ##. ## ##. ##

570 PRINT USING FF$; VAL(DEP$), PORI, POR2, POR3, POR4

580 LET I = I + 1

590 GOTO 380

600 CLOSE #2

610 CLS

620 END . :


