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ABSTRACT

This research project is aimed at providing new information to the stratigraphy,
sedmentology, palaeontology and dexgsis of the Mzamba Formatiofhe study aress

located at the south of Port Edward, Eastern Cape. The methodologies employed in this study
include field geological investigation and sampling, stratigraphic measurement and Jogging
thin-section microscope study, powder samples of XRD analysis, andEfEManalysis of

rock textures and mineral compositions.

The stratigraphy of the Mzamba Formation can be divided into three newly established
members, i.ethe Lower ConglomerateMember, Middle Silt/MudstoneShell Bed Member

and UpperMudstoneShell Bed Member with a total thickness of 31.26m in an inland
borehole and 30.05m in the field measurement. The L&@waglomeratdMiember is 2.65m

thick and consists of pebbly conglomerate witharse sandstone, shell fragments and
silicified wood trunks, representing shallow marine nearshore deposits. The Middle
Silt/Mudstone and Shell Beldember is 9.5 m thick and consistshdfick mudstone and fine
grained siltstone alternated witiedium gramed pecten beds, which was deposited in a storm
influenced deeper marine environment. The UpdedstoneShell BedMember is 17.9m

thick and is made up of finmudstones with articulated pecten layers which were deposited

in a deep and quiet marine envinoent.

Petrology stutks showed that the Mzamba Formation consists of mixed sediments of
carbonate and siliciclastic rocks. Siliciclastic rocks include pebbly conglomerates, medium to
coarse sandstones and figained mudtones, whereas carbonate ®dRclude packstone,
wackstone andrginstone (pecten beds). The formation shows cyclical pattern of a series
fining-upward cyclicities, changing from bottom conglomerate to sandstone, then upward
repeated series of cyclotherms from pecten bed to mudstone.

Mineralogy of the Mzamba Formation consists of terrigenous minerals of quartz, orthoclase,
plagioclase, muscovite and various igneous and metamorphidittack, clay minerals of
smectite, illite and sericite, and carbonate minerals of calcite and doloniite;manor
diagenetic minerals of pyrite, glauconite, hematite, gypsum, albite and organic maceral of
vitrinite. Heavy minerals of garnet, zircon and rutile are minor minerals in the strata, which

were detrital in origin.



Mzamba Formation is a fossilifersisequence, and contains both fauna and flora fossils in
the strata. The pecten beds host we#lserved bivalve, gastropod, brachiopoda, ammonite,
and echinoderm; whereas trace fossils of copsyliveirrons and track, as well asplant

fossils ofsilicified wood trunks were also found in the formation. Some new fossil species
were collected and studied, which include Bivalve: Pteriaceae, Pinnacea and Ostreacea;
Gastropod:Cerithiacea and Mesogastopoda; Echinodethinocystoidea and Crinoidea.

The benthaic species predominate in the lower part in the succession, whilst the planktonic
species are abundant in the upper part of the sequence, which points to increase in water

depths of the depositional environment.

Based on lithology, sedimentary strucsjrand stratum architecture, seven different facies
have been distinguished. Facies Rat bedded pebbly conglomeratd-acie B Cross
bedded coarsealcareous sandstone facjefacies CBurrowed sandstone facie$acies D
(Sheltfragmental finegrained calcareous sandstone fadie$acies E Klorizontal bedded
calcareous mudstone faciedjacies F Calcareouspatch reef, Facies G (Wash oueef
facieg. Wash out reef facies is rich in algae, bivalve shells, broken oysters, coral fragments

and small pebles.

Four types of cementgerefound in the Mzamba Formation, including calcite, smectite, illite

and quartz. Calcite cement can be further classified into two types, micrite calcite cement and
sparite calcite cement. The clay cement consists of smaatitellite and mainly occurs as

matrix. The isopachous rim calcite and bright isopachous rim of silica cements indicate
diagenesis in a marine phreatic zone. Authigenic minerals which formed in early diagenetic
stage include quartz, plagioclase, glaucoaitd organic maceral of vitrinite. Three stages of
diagenesis have been recognised in the sequence, i.e. syndiagenesis, early and late diagenesis.
Glauconite pellets and worm faecal pellets were formed in syndiagenetic stage; cementation
and authigenic merals were formed in early diagenetic stagdiereas clay mineral
conversion ofsmectite to illie, quartz overgrowth, bioclast recrystallization and calcite

replacement took place during late diagenetic stage.

The pebbly conglomerate at the bottom of Meamba Formation presents high energy
deposits in a shallow marine environmetite grainsize gradually becomes finer in the
middle succession and finest mudstone facies at the top of the succession, which represents
deep marine deposits. Meanwhilenti®nic fossils are dominant in the bottom succession

while plankton fossils are more abundant in the top succession. These features indicate that



the Mzamba Formation constitutes a perfect transgression sequence, and the depositional
environments starteflom shallow marine near shore environment, and gradually shifted to a

deep marine quiet water environment.
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CHAPTER 1IINTRODUCTION

1.1 Background Information

The Mzamba Formation is a fossiliferous sequenc€refaceousage. Investigations on the

fossil content on th€reaceousocks of Zululand and Natal gave rise to the term Mzamba
Formation. Garden (1855) provided the first general account of the expdberesa number

of studies followed by other geologists. The deposits have been described in varying degrees
by other authors. Rogers and Schwarz (1902) described the oatictdpamba in some

detail, and attempted to determine field relationships. Thegdmut that there is faulted
contact with the Natal group. Lithological evidence showed that the section consisted of 13

beds, and shell bedgere impersistat throughout.

The first description of the microfauna from the Cretaceous rocks of the Tranakei w
produced by Chapman (1904); cited from Greyling 1991. He described 18 species of
foraminifera and 7 species of ostracodaurther studies were conducted, and more species
were recognized, citing their specific locations. Valuable contributions haverssnto the
knowledge of stratigraphy and palaeontology. The most recent reference to the Mzamba
Formation was frontwo borehole data that were drilled by a Transkei Mining Corporation,
just a few kilometers south west of the Mzamba River.

1.2 Location of study area

The study area isituatedalong the coast of the Sun Coast Casino beach, south of Port Edward,
Eastern Cape Province. The area covers approximately 3kilonadtoerg the beachand is
found about 4kilometers from the Sun Coast Holektretches to the West of the Casino and
the area contains a thickness of Cretaceous sediments to a maxinR@t2@f high, as
recovered from the borehole logs drilled around Mzarfha. population is made up of Pondo
people, one of the Xhosa peoptdes These people live and work hefdzamba and Port
Edward mark the northernmost boundary of the Transkei Wild Coast, and fathéfaomous
Pondoland Centre of Endernism and great Tourismattraction destination.



Accessibility is generally fair, with eeption of some exposures on the coast, whrehonly

accessible in low tideotherwise they can be totally covered by sea water.

The area is a summer rainfall area with most rainfall occurring in the spring and summer
months. The region experiences csobtropical conditions, whilst the neighbouring Province
the KwaZulu Natal is considered as warm-tudpical. The area generally experiences more
extreme inland temperatures to milder temperatures and higher rainfall along the coast. The

winters are mildand generally pleasant.

Mzamba area is dominated by a smooth cogéah surface. Rivers in this region have cut
impressive gorges straight through the sandstone region to the sea. Along the Pondoland coast
a regional uplift south of the Msikaba Rives the Mthamvuna River in the north has
influenced the landform, therefore resulting in a number of coastal terraces descending in steps

towards the sea.
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Figure2: Satellite image showing the topography of the afegr@atedfrom Google Earth2014.

1.3 Research Questions

The project wi focus onanswering the followingasearch questions:

i) What are the sedimentary facies of the sequence?
i) What new fossils can be discovered in the succession?
iii) What is the depositional environment of the sequence?

iv) Can a complete stratigraphic sectioralsbieve®

1.4 Problem Statement

Therewere a number of previous sigs on Mzamb&ormation; these studies mainly foaus
stratigraphic description, and palaeontold@yeyling, (1991, Liu & Greyling, (199§ Mathew

and McCarthy (1988)Thereis very limited literature which dealt with petagly, sedimentary

facies and depositional environments, and there was no publizehich contributed tothe

detailed diagenetic environmerdnd processesTherefore, Mzamba Formation is an
understudied sequence, much research and work need to be dtoelaplgr the sedimentary

facies, and diagenesis including cementation, diagenetic environments and diagenetic pathway

are still not understood and need to be investigated.



1.5 Aim of the study

Work has not been done extensively in the Formation, jgdgom the number gbublications

on the area. The maaim of my thesis research projecttsidentify and investigate different
sedimentary facies, depositional environments (marine or continental environment), fossil
types and percentage obnstituend, and its diagenetic environment and proce¥sesnain

aim of this study isthereforeto investigate the stratigraphic sequerared construct a
stratigraphic columnthe sedimentary facies, and particularly the diagenetic environment and
processesSedinentary facies include the classification of rocks according to texture, grain
size, colour and the sedimentary structures present. Diagenetic studies include diagenetic
textures, cement types and the diagenetic pathway.

The aims of this study also incluttes following=

1 To measure the stratigraphic sections and establish the stratigraphic vertical column of
the Mzamba Formation in the study areas;
To identify the different rocks types and recognize its petrographic characteristics;
To identify different types of sedimentary structures and fossils which were occurred in
the sequence;

1 To study the different types of the sedimentary facies of the succession and to restore
the depositional environments for the Mzamba Formation;

1 To investigate the mineral compiiens and partially the authigenic minerals during
diagenesis.

1 To investigate the diagenetic textures, cement types and the diagenetic environments of

the sediments;

1.6 Rationale

The purpose of this research is based on the following:

1. The Mzamba Formain is an understudied sequence, therefore, with that in mind, this
project includes detailed work on the area.

2. No studyof this kind has been doma the Formation.



3. The results of this research will add significantly on the existing literangtecan be
used for academic purposes.

4. The supervisor knowledge and expertise will be used to complete the research



CHAPTER 2 LITERATURIREVIEW

2.1. Introduction

The Mzamba Formation is an understudied sedimentary sequence of Cretaceous Age (Liu
Greyling, 1996). The sequence lacks literature, and mucleststdl need to be undertaken.

The first person to describe the succession was Garden (1855, cited from Liu and Greyling,
1996), followed by descriptions by several other geologists, in@udiesback (1871), Woods
(1906), Du Toit (1912), Plows (1921), Rennie (1929), Dingle (1969, 1985), Kennedy and
Klinger (1975), and Klinger and Kennedy (1980). The previous studies that have been
conducted dealt mainly with stratigrapfi@reyling, 1996)and palaeontology(Mathew and
McCarthy (1998) and Cooper and Greyling (199%hich led to the realization that the
formation is a marine unit of upper Cretaceous age. The exact age of the formation remains

debatable due to lack of isotope age study.

Biostratgraphic work on the Cretaceous deposits of Zululand and Natal led to a proposal by
Kennedy and Klinger (1972, 1975, 1979; cited from Greyling 1991) for the acceptance of the
|l ithostratigraphic term AMzamba Fomphyabdi ono.
palaeontology as her MSc project. Mathew and McCarthy (1988) investigated the orientation
of fossil logs and pebbles around Mzamba Riweuth. Liu and Greyling (1996) studied the
grainsize distribution and cementation of the Mzamba Formationttedfocused on some

aspects of the depositional mechanism and diagenesis of the sediments.

2.2. General and Regional Geology

In Southern Africa, Upper Cretaceous rocks are mostly encountered as narrow, discontinuous
coastal strips along the southeastshores of the subcontinent, from Mozambique to the
Transkei; whereas the Mzamba Formation is restricted only along the coastiineps from

Port Edward to East London (Greyling, 1991). The Upper Cretaceous Mzamba Formation lays
uncomformably on Lower d&aeozoic quartarenite of the Msikaba Formation, Natal Group or
Upper Palaeozoic diamictite of Dwyka Group (Liu and Greyling, 1996). At the Mzamba River
mouth the Cretaceous strata comprise calcareousgfameed sandstones interbedded with
shelly limesone and mudstone beds. The limestone at the lowermost bed of the sequence is

conglomeratic, ranging in grasize from granule to pebbles and it contains abundant fossil
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wood which now have been strongly silicified. The limestones are also crowded watalse
other species dbivalves,gastropodsaind echinodermwhilst the less resistant strata appear to
be sparsely fossiliferous. The latter hostsaety of ammonites, brachiopodadsome other
microfossils, as well as small crinoidead spongy which often occurredn small clusters
(Greyling, 1991).

The beds can be traced upstream along the Mzamba River mouth upward for about one
kilometer, where an in situ contact between fossiliferous sediment and Natal Group sandstone
was encountered. There welso two boreholes drilled inland south of the Mzamba River, at
which Cretaceous dements were encountered (Fig). TThe thickest development of the
succession is found from an inland borehole (Borehol@l®6m in Fig. ); and maximum

visible surfaceexposures are along the coast immediately north of Mzamba estuary.
Cretaceous sediments were penetrated some distance south of the Mphalane River, where the
sediments are resting on Natal Group strata. On the Natal coast, from Trafalgar Beach to Port
Edwad, sporadic small outcrops of fossiliferous Cretaceous beds were encountered, with a
basal conglomerate resting on a surface of charnockites of the Margate Metamorphic Complex
(Du Toit, 1912; Dingle et 411983 cited from Greyling 1991).
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2.3. Stratigraphy of the Mzamba Formation

The stratigraphy of the Mzamba Formation is best exposed along the cliff of the Mzamba River
mouth, sout of Port Edward. Description of the stratigraphy is based on the outcrop as it
appears. The beds strike N50°E and dif°2therefore it occurs nearly horizontal. Cyclical
sedimentation on different scales is evident throughout the succession. Gre98ig, @nd

Liu and Greyling (1996) noted that there are more than twelve fugneard cyclotherms
above the lowemost pebbly conglomerate making up the major part of the succession. The
cycles are composed of crassdded shelly limestone, overlain by mias, bioturbated, and
fine-grained, calcareous sandstone with interbedded shelly horizons. The interbedded shelly
horizons form minor finingipward cycles within the major cycles. Each of the cyclotherms
comprises a packstone/wackstone and a very finka@epus sandstone subunit at the top. The

two different lithologies recognized in each major cycle are characterized by remarkable
consistency in their internal structuring, bed thickness, and fossil preservation on a large scale
(Greyling, 1991)

Greyling (1991), Liu and Greyling (1996) divided the succession into 12 units 4Fi@s
exposed in the stratotyeea in Mzamba River mouth, south of Port Edward:

Unitl: this is the lowermost bed in the succession. It is made up of massivgrdined,
cdcareous sandstone with a pebbly conglomerate at the bottom. It is discontinuously exposed,
and it is partially exposed at very low tide and could be totally merged in the sea water during
high tide period. It is fossiliferous, with large fossilized wooahdomly orientated shell
fragments, and chert and sandstone pebbles concentrated in clusters.

Unit 2: this unit overlies unit 1 with a sharp contact zone. It comprises hard, well cemented,
medium to coarsgrained sandy limestone. This unit attains akimss of about 0.66m and it
is exposed at low tide along the coastline. The unit fines upwards. Quartzite and hornfels

pebbles are scattered throughout the unit.

Unit 3: this is the first unit that is continuously exposed along the coastal cliff duningaho
tide range. It is 1.46m thick and consists of soft, friable, gredmislvnish finegrained,
calcareous sandstone. Concretions occur discontinuously at the top of the unit. There is

horizontal layering of shells at the base.
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Unit 4: this unit is 23m thick, and is a hard, brown, crassdded, medium to coargeained
calcareous sandstone. Sparsely scattered pebbles are present in the strata, which are well
rounded and elongated, but not flat. Fossil density is very high, containing a large progfortion

shell species.

Unit 5: this is a unit of brownveathering, friable, fingrained, calcareous sandstone, with
interbedded shelly horizons. It attains a thickness of 1,20m, but varies in thickness across the

study area. Two weborted shell beds pers»ter the total length of the outcrop.

Unit 6: this unit is 53cm thick; it has brown, medugrained, wellcemented, sandy limestone
with erosive lower contacts. The limestone unit is not well defiasdcompared with the
limestone in the lower part of éhsuccession. Shell density is very high and pebbles occur

sparsely in the unit.

Unit 7: this unit attains a thickness of 3m. It is a composite unit that is soft, brewnish
weathering fine-grained, calcareous sandstone which is dgitegish when it was feh. The

unit was interbedded with shell lags.

Unit 8: from this unit onwards, till the last unit, they are mostly inaccessible, and severe
weathering of the cliff makes their accessibility risky. Therefore, observations were made at a
distance. This unitsicomposed of hard, buéblored, sandy limestone, with a scoured bottom
contact. The unit is 25cm and is fossiliferous, with vgelited coarse shell debris that is

randomly orientated at the base of the unit.

Unit 9: this is a unit of 1.50m thickness;s#Hiliferous, comprising of browweathering

argillaceous sandstone, with an even bottom contact.

Unit 10: this is a badly degraded unit which consists of 30cm of light brown, shelly limestone

displaying lowangle cross bedding. The bottom contact is sharp

Unit 11: this wunit is 3.20m thick, with a sh
clear that the unit underwent extensive weathering, the unit is brown weatheringyaiimed

sandstone, with a shelly horizon.

Unit 12: unit 12 is compsed of sandy limestone, with a thickness of 30cm and is in sharp
uneven contact with the underlying unit. It is hard, tmafoured with low angle cross

crossing.
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Unit 13: this unit measures 2.30m and it is the last composite unit at this type sedson. It
friable, greyishbrown, calcareous sandstone that is -fineined and fossiliferous. A

discontinuous concretionary horizon occurs at the base of the unit.

Unit 14: it is a well cemented unit of light brown, sandy limestone with a thickness of 35cm. it
has a sharp, erosive, lower contact with the underlying unit. The lower part of the unit is
packed with coarse shell debris, and the unit fines upwards into horizontally bedded gritty

sandstone.
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2.4. Paleontology of the Mzamba Formation

Britannica Concise Encyclopedia defines palaeontology as the dciesttifly of life of the
geologic past, which involves analyzing preserved animal fossils as well as plants fund in
rocks. It is mainly focused on all aspects of the biology of ancient life forms: their species,
shape and structure, evolutionary patteragphomic relationships with each other and with
modern species, its geographic distribution, and interrelationships with the environments.
Paleontology has played a vital role in reconstructing the Earth's history and has provided
evidence to support thbeaory of evolution. Palaeontology studies also assists in reconstructing
the age of a succession and the depositional environments, and through palaeontological
evidence, it has been concluded that Mzamba Formation is an Upper Cretaceous shallow

marine sucession

There has been extensive research on the different species found in the Mzamba. Palaeontology
of the Mzamba Formation was first studied by Baily in 1855, and then was studied by
numerous workers. Silicified wood and large vertebrate remains atso throghout the
succession. Initial gtlies of the Mzamba foraminifera were by Chapman (1904, 1923), more
recently late Cretaceis foraminifera of the KwaZulatal Basin and other coastal outcrops
have been detailed by Smitter (895De Gasparis (198), Lambart (1971, 1973), Stapleton
(1975), and Wright (1998) (cited from McMilla2008). Makrides (1979) comprehensively
examined the benthic aqpdlanktonicforaminifera of the Mzamba succession, and on the basis

of differences in the foraminiferal asselages was able to divide the succession into
Santonian and Campanion portions. Cooper and Greyling (1996) listed bemihptankbnic
foraminifera assemblages identified from the Mzamba Formation temporary exposure of the
Campanion succession in excavas for a new capark at the Wild Coast Casino. The
following species were found at the Mzamba cliff: Dicarinella asymmetrical, Sigalia deflaensis
and Sigalia sp. These species occur intermittently, and they support the age dating previously

gained fromthe ammonites by Kennedy & Klinger (1980).

The gastropod and bivalve fauna were first described by Woods (1906) and Rennie (1929),
modern revision of the ammonite fauna have been undertaken by Van Hoepen (1965) and
Kennedy and Klinger (1975, 1980). Ammtan of the family Pachydiscidae occurs in the

SantoniarCampanion Mzamba Formation in Pondoland (Kennedy & Klinger, 1922). Makrides
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(1979) provided descriptions of the foraminifera and Dingle (1969, 1980, 1981, and 1985)
published extensively on thestraodafauna. Greyling (1991) investigated the fauna of the

Mzamba Formation. Fauna lists of all Mzamba species are included in the appendix.

McMillan (2003) gave a comprehensive review of ttoeaminiferal stratigraphy of the
Cretaceous successions in Sodtifiica, which also included the Mzamba Formation. He
proposed an Early Santonian age for the lower half of the formation, and an Early Campanian
age for the upper half. The stratigraphic position of the unconformity, however, was not
established and it shlal exist between the Early Santonian and the Early Camapanian (Maria
et al., 2009). The calcareous nannofossil assemblage identified in Mzamba Formation includes
73 species. The study concluded that ffedaeoenvironmentonditions were generally
unfavoumnble for the development of calcareous nannoplankton, this was because nannofossils
were found to be extremely rare throughout the section. However, species occur more

frequently in the lower part of the section.

Cooper (2002) conducted investigations Palaeolophid and.iostreine Qsters (Bivalvia:
Ostreidae) from the Cretaceous of southeast Africa, and he noted two species that occur in the
Mzamba Formation. These are:
a) Rastellum deshayesi
Locality - from lower stratigraphic levels (Lower to Middle Samiin) of the Mzamba
Formation at its strototype, and from excavations of the Mzamba Formation at the Wild
Coast Casino.
Palaeoecology this species occurs in the lower, highergy part of the Mzamba
Formation, associated with conglomeritic tempestitesnrhocky crossstratification,
fossil logs and diverse heterodont bivalves, including numerous pterotrigoniines and
diverse gastropods. Deposition was in an offshore neritic setting, well above storm
wave base, suggesting an inner shelf environment. In ofethe scarcity of these
oysters, it seems likely they represent an allochthonous component, flushed in from
nearershore environments by storm activity.
b) Curvostrea tevesthensis
Locality - the lower half of the Mzamba Formation at its stratotype, inasstBMiddle
Santonian age.
Palaeontology this species occurs in the lower part of the Mzamba Formation in the
background siltstones associated with proximal to medial tempestites, suggesting a mid

shelf environment.
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2.5. Lithology and Diagenesis

Diagensis encompasses all natural changes in sediments occurring from the moment of
sediment deposition, continuing through compaction, lithification and béystapping

shortly at the timef the onset of metamorphism.

The limitary boundarybetween diagenesisné metamorphism is not precise in terms of
pressure or temperature, nor is there a sharp boundary between diagenesis and weathering (Ali
et al, 2010). Diagenesis is both complex and easily misunderstood because natural systems of
water, geochemistry, cliate and a variety of other factors drive these processes (Nobles,
2010).

Relatively few studies have dealt wililageneishowever, Liu & Greyling (1996) investigated

the grainsize distribution and the cementation processes of the Mzamba Formation.
Conclusions on the study revealed the gisire distribution of two major lithofacies, the
packstone facies and very fine sandstone facies. The results okigmianalysis reveal the
influence of storm evds during depositiorilhe packstonelithofacies shws characteristics of

a wide range of graisize variation, negative skewness and bimodal eg@e distribution,
reflecting the mixed nature of the sediments that were presumably formed by storm, the current
and suspension processes. The very fine sameldithofacies showed a narrow range of grain

size variation and moderate to good sorting, reflecting a much simpler depositional mechanism
by current and suspension process only.

Their study included the investigation of cements found in the Mzamba esgdinand four

types of cements were identified 1) carbonate (calcite), 2) clay (smectite & illite), 3) phosphate
(carbonate flourapatite) and 4) hydrocarbon (bitumen). Among these four kinds of cement,
eight different cementation textures were also distished. Diagenetic environments were
distinguished, which included the marine phreatic, meteoric phreatic, meteoric vadose and
burial diagenetic environments, which were implicated from the four kinds of cements and the
eight types of cementation textumsscountered.

With the above knowledge of what has been done already in the area concerning diagenesis,

this research project will focus on investigating the mineral composition and partially
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authigenic minerals during diagenesis, find more/ new cemeass tifppossible, and lastly

establish diagenetic environments of the study through microscope studies.

The Mzamba Formation contains both siliciclastic and carbonate rocks; therefore, the

following literature is a summary of diagenesis of carbonates.

Most carbonate sediments are deposited under marine conditions, although carbonate rocks can
also form under some nanarine conditions. Diagenesis of carbonates begins at deposition
and continues during burial and uplift .When carbonates are brought intatosittawaters of

varying chemical composition, they have a great susceptibility to mineralogical and textural
change, cementation and dissolution (www.sepmstrata.org). Carbonate minerals are generally
more susceptible to dissolution, crystallization agglacement than most silicate minerals. For

an example, an original aragonite mud may be altered to calcite completely during early
diagenesis or burial (Boggdr, 2001). Thus, diagenesis is greatest near the sediment surface
and during shallow burial, ere most variation in mineralogical composition of the carbonates
and ground waters occurs. As carbonates are buried more deeply, they are commonly in
equilibrium with the adjacent subsurface waters; nevertheless, significant diagenetic changes
can occu(Machel, 199).

2.6 Regimes of Carbonate Diagenesis

I.  The seafloor and shallemarine subsurface regime which is characterized mainly by
marine waters of normal salinity, although hypersaline waters are present in the

evaporative environments.

II.  The meteoricregime is distinguished by the presence of freshwater. It includes the
unsaturated, vadose zone above the water table and the phreatic zone, or saturated zone

below the water table.

lll.  The deep subsurface zone. In the deep subsurface, sediment poregdasgtiilgaters
that were either marine or meteoric waters in the beginning. The composition of deep
pore water is commonly different, however, from either marine or meteoric waters

owing to burial modification.
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2.6.1. Diagenetic Processes and Changes

2.6.1.1. Biogenic Alteration

Organisms present in carbonate depositional environments rework sediment by burrowing,
boring, and sedimenngesting activities. These activities tend to destroy primary sedimentary
structures in carbonate sediments and leaventdehbttled bedding and other kinds of organic
traces. Many kinds of small organisms such as fungi, bacteria and algae create microborings in
skeletal fragments and other carbonate grains. Fine grained aragonite may then precipitate into
these holes. Thisdoing and micriteprecipitation process may be so intensive in some warm
water environments that carbonate grains are reduced almost completely to micrite, a process
called micritization. If boring is less intensive, then only a thin micrite rim or mientelope

may be produced around the grain. Larger organisms asighstropoda and shrimgreate
macroborings in skeletal grains and carbonate substrates and other organisms such as fish and

mollusksmay break down carbonate grains in vasisays to smér pieces (Boggdr, 2001).

2.6.1.2. Cementation

Cementation is a very important process in all diagenetic realms. On the ocean floor,
cementation usually occurs mainly in wawater areas within the pore spaces of grah
sediments or in cavities. BEs, carbonate sand shoals on the margins of platforms, and
carbonate beach sands are favored areas for early cementation. Seafloor cement is commonly
aragonie, less commonly higmagnesiuncalcite. Seafloor cement can take several textural
forms. Isopacbus rinds, which completely surround grains, forms under subaqueous
conditions wherebthe grains are constantly surrounded by water. Aragonite cements may also
occur as a mesh of needles or as fibrous radial crystals that have a botryoidal form. In the
meteoric realm, dissolution is a more important process than cementation; however,
cementation does occur. The cement is almost exclusively calcite. Calcite cementation may
also take place during deep burial, although the conditions that control cemeattatamth are

poorly understood.

Cementation occurs during the formation of oolites, grapestones, and hardened pellets. For
example, the oolites occurring in high energy zones are formed by the precipitation of calcium
carbonate around a nucleus. Grapaes$) found to the lee of oolite shoals in a quieter water

setting, are formed by the precipitation of carbonate cement at points of contact between sand
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sized grains and by partial disaggregation of cemented crusts by storms. Further evidence of
cementatia is the hardening of pellets on open shelf environment, whereas in protected water
environment of the hardened pellet zone on the Great Bahama Bank, lime mud pellets remain

uncemented (www.sepmstata.org).
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Figureb: Component®f carbonate rocks (from SEPM STRARDA3)

2.6.1.3. Dissolution

Cementation is a very common diagenetic process in carbonate rocks, yetwlsaime
paradoxically so is dissolution. Dissolution of carbonate minerals requires conditions

essentially opposet to those that lead to cementation. Dissolution is favored by unstable

19



mineralogy, cool temperatures, and low pH pore waters that are undersaturated with calcium
carbonate. Dissolution takes place especially in chemically aggressive pore waters highly
chaged with carbon dioxide and/or organic acids. Dissolution tends to be concentrated
particularly along the water table, which accounts for the common presence of caves in

carbonate rocks at the level of the water table.

2.6.1.4. Neomorphism

Neomorphism isa term used to cover the overall processes of inversion and recrystallization.
Inversion is the change of one mineral to its polymorph, such as aragonite to calcite. Inversion
strictly takes place in the dry (solid) state. During diagenesiost aragorgt is eventually
changed to calcite Recrystallization refers to the change in size or shape of a crystal, with
little or no change in chemical composition or mineralogy. Neomorphism may occur in all
three diagenetic realms but is particularly importanthi;» meteoric and subsurfadegentic
environments. Neomorphism may affect both carbonate grains and micrite and usually

increases crystal sizes.

2.6.1.5. Replacement

Replacement involves the dissolution of one mineral and the nearly simultaneoudgtir@cipi

of another mineral of different composition in its place. Replacement of calcium carbonate
minerals by other minerals is a common diagenetic process. Replacement may occur in all
diagenetic environments. Dolomitization of calcium carbonate sedimsntge kind of

replacement process.

2.7. Carbonate Classification

Two carbonate classification systems are in common use, one is by R.[1B6% and the
second is by R.J Dunha(h962) Carbonate rocklassifications have been changegidly, as

compaed with sandstone classificat®n

2.7.1. Folk Classification (1962)

Fol ks <classification requires definite kno

grains (allochems) and the relative abundance of micrite and sparry calcite cement. The
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clasgfication requires the following steps to be followed: 1) Determine the relative abundance

of carbonate grains (allochems) as a percentage of the total rock, that is, >10 percent grains or
< 10 percent grains. 2) Determine the relative abundance of naodtsparry calcite cement,

that is sparry calcite abundance > micrite abundance or micrite > sparry calcite. 3)Normalize
the carbonate grain types to 100 percent grains, that is determine the abundance of each major
kind of carbonate grain (intraclast, ids, pellets, oncoids, fossils) as a percentage of total
grains. 4) Enter the appropriate row in the classification: a) if intraclasts exceed 25% of total
grains, the rock is an intraclastic limestone b) if the intraclasts make up less than 25% of total
grains, but ooids exceeds 25%, the rock is an oolitic limestone. 5) Select the appropriate name

on the basis mentioned above.

The rock name is derived by combining the appropriate abbreviation for the dominant allochem
(e.g intra for intraclast) with the atgviation for micrite (mic) or sparry calcite cement (spar)
as seen to be appropriate. To this name a sidfedded denoting the dominant size of the

carbonate grains. The suffix is eithiéte, shortened from arenite (Fig).

INTERSTITIAL MATERIAL
Micrite Matrix Spar Cement
Fossils Biomicrite Biosparite
Chfites Clomicrite Closparite
Pellets Pefmicrite Pelsparite
3 Intraclasts Intramicrite Intraaparite

Figure6Y C gL962)€k&sification.

Limestones that contain 10% or less carbonate grains are micritic limestones. For limestones
containing 310 percent grains, Folk assigns names based on dominant grain type. Biogenic
limestones that that were balimogether at the time of depositieng. coral reef rock, are

called biolithites. Folk classification can also be used for dolomites. He suggests that fine
grained primary dolomites be classified with limestone. Suchdragmed dolomite is called

dolomicrite.
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Folk also provides a textural maturity classification for limestones that is based on the

percentage of carbonate grains in the total rock and the relative abundance of micrite and

sparry calcite.
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Figure7: Textural matuity classification of Folk (1962) (extracted from Tucker & Wright, 1990)
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Dunhamdés 1962 <classification focuses upon de
of specific kinds of carbonate grains. In ordeuse this classification, one must first determine

if the original constituents of the limestone were or were not bound together at the time of
deposition. For rocks composed of components not bound together during deposition, the rocks
are further dividd into those that contain lime mud (micrite) and those that lack mud. Rocks

that contain lime mud are either madpported or graksupported. Mud supported limestones

are mudstones, if they contain less than 1@¥banate grains, and wackestaohthey catain

some micrite and matrix aggackstoneGrainsupported limestones that lack mud matrix are

grainstones. Graigupported grainstones that lack mud matrix are boundstone.
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2.8. Conclusion

Previous work was mainly concentrated on the stratigraphy and palaeontology of the Mzamba
Formation. There is limited previous research and publicatelated to sedimentology of the
Mzamba Formation; particularly it is lack of research on its sedimentary facies, depositional
environments and diagenesis. Therefore, this research project is aimed at the weak point of the
previous work, and is to provide mew insight into sedimentary facies, depositional
environments and diagenesis of the Mzamba Formation. Of course, we are also going to
provide new work on the stratigraphic aspects. This thesis will contribute to the present
knowledge and attempt to proeidnew and more detailed information to the studies of

Mzamba Formation.

Diagenesis plays a vital role in controlling hydrocarbon exploration, production and field

management. Diagenesis can affect the ways in which geologists and engineers interpret,
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evallate and develop hydrocarbon reservoirs. Therefore, this research is further aimed at
providing a detailed diagenetic study of the sequence since diagenetic changes have a major
effect on porosity and permeability of groundwater and hydrocarbon resethenefore, this
research may be of economic significance for exploration of hydrocarbon and groundwater
hosted in the sediments.
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CHAPTER SMETHODOLOGY

The methodology employed in this study is closely related to the aims and tas&puodjétct.

To address the tasks of this research, the following methodologies have been employed:

3.1 Field geological investigation

Field exposures of the Mzamba Formation were observed and data was docuftested.
following observations where made:

1 Measurements were taken to construct the stratigraphic succession of the Mzamba
Formation along the coastal cliff located in the south of Port Edward.

1 Identification of lithological variation of the strata, sedimentary structures presenting in the
formation, ad particularly the graksize changes and the biological features of the
sequence.

Field measurement of bedding occurrence, i.e. Dip directions and dip angle were recorded.
Systematically collecting rock samples during field visits where it was possible.

Field photos were also taken.

3.2 Sample preparation

Rock samples were systematically collected from the study area, and the samples were selected
for making thinsections.

Powder samples for XRD were prepared in the lab, whereby rock samples were ibtoken

chips using a hammer. The chips were further crushed manudihetpowder using a pestle
andmortar.

Rock chips for SEM analysis were prepared by cutting the rocks using a hammer, acquiring a
nearflat surface on one side. The ndiat surface $ glued to a glass slide and left for a few
minutes to dry. The slide was then mounted on a carbon coating machine, and the samples

werecoated with multiple coats of carbon.
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3.3 Laboratory Work

3.3.1 Thin Section Analysis

50 thin sections were createand analyzed. Microscogyetrography was undertaken to
identify lithologies and rock types of the rocks, cement types and cementation textures of the
rocks. Constituent minerals and cements were identifisgtrystallization, neomorphism,
dissolution, remcement textures and processes were also analysed. ldentification of the
diagenetic envonments ancestablisiment of the diagenetic pathway for the sediments was
done.Microscope photographs were taken to illustrate the different minerals and diagenetic

textures present. The optical study was conducted using a Reflected Light Microscope.

3.3.2 SEM study

Scanning Electron Microscopy was employed for m@nalysis of mineral types and
diagenetic textures since the higtagnification properties of the SENhalysis and its Energy
Dispersive Xray (EDX) facilities. Surface textures of rocks were analyzed using small, near

flat pieces of the natural rock surfaces and the samples were carbon coated. Observations were
made using SEM, model JEOL JS3890LWvith a working voltage of 15KV andt uses the
secondary electron detectddinerals and textures of the four samples from the study area were

investigated to assist in lithology and diagenetic modification.

3.3.3 XRD analysis

Four samples from the research at®ay mudstones and two sandstones were chosen. The
samples were crushed to powder form using a pestlaremthr. X-ray powder diffraction,

using Xray detectiorModel D8 Advancenachinethe scanning angle range2 Thethaand is
between 6B0°, scanningspeed being 30/min artbe software package Diffrac.Suite was used

to analyze the samples. This was conducted in order to verify the presence of minerals
observed undempetrographial microscope, and more importantly, to identify new and
unrecognized minats, alsothe crystalline properties of a mineral, such as clay mineral
crystallinity. XRD provides unambiguous mineral identification and data interpretation is

straight forward.
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3.3.4. Grain Size Measurements

In this study, grains were measured ushng microscoperThis will help in clasifying the rock
types of the drmation.Two classification schemege r e u s e d (1962)@Glassifitaton k 6 s
and Du n ljlaad)nClassification because the rocks of the Mzamba arboocates,

specifically limestoneas well as mixed siliciclastic sedimentary rocks.
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CHAPTER 4STRATIGRAPHY

4.1. Introduction

Stratigraphy is a branch of geology dealing with the form, arrangement, geographic
distribution, chronologic succession, classification, e&atron, and mutual relationships of

rock strata, especially sedimentary rocks (McGraw, 2003). Mostly here, the vertical and
horizontal distribution of the Mzamba Formation will be studied. Stratigraphy is based on the
principle of superposition, which $&s that in a normal sequence of rock layers the youngest is

on top and the oldest at the bottom. Location exposure of rock sequences are studied in the
field, and after considering such factors as the average rate of deposition of the different rocks,
thar composition, the width and extent of the strata, the fossils contained, and the periods of
uplift and erosion, it is only then that the geological history of the sequence is reconstructed
There are other stratigraphic classifications that are used ascHithostratigraphy,

biostratigraphy, chronostratigraphy and magnetostratigraphy.

The stratigraphy of the Mzamba Formation is clearly observable in the cliffs of the Mzamba
River mouth. The outcrops of the Mzamba Formation are now not extensively exppased
covered by sand dunes and bushes. Description of the stratigraphy is based on the outcrop as it
appears at the locality. Threections were measured, and the longest section is about 10m
high, and the other exposures are sparsely distributed #tencoastal area. The locality has
evident largescale fining upward cycles of crebsedded shelly limestone, overlain by massive
bioturbated, fineggrained calcareous sandstone with interbedded shelly horizons. Near the
bottom, there is a conglomeratedbehich is rich in fossils and different sizes of pebbles.
Three sections were measured to help describe the lithology and construct the stratigraphic

column.

4.2. Detailed Stratigraphy

The stratigraphic sections of the Mzamba Formation are well exptseglithe coastal cliff. It
shows alternating coarse fossgh packstone bed with fine fosgibor mudstone bed, which

constitutes a various thickness of multiple upward fining cyclotherms in the field. Cyclical
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sedimentation is evident, but it has diffiet scale and it is evident throughout the type section.
Each cyclotherm is composed of different rock unit with different lithologies, sedimentary
structures and fossil contents. The two differing lithologies that were recognized in each cycle
are charaerized by consistency in the bed thickness, internal structure and the fossil
reservation. The type section is located on the beach at the south of Wild Coast Sun near Port

Edward, and is described as below.

4.2.1. Measured section 1-The type section

Unit 1

This is the lowermost bed in the section and iantyeexposed. The bed attainsheckness of

2.55m. This conglomerate is fossiliferous, with randomly orientated small to meatiech

chert and sandstone pebbles, some laminated siltstone pelblals@rfound. At the type
section, the pebbles are varied betweekrDdm in grain size, and the conglomerate contains
calcium and clay minerals as cement. The fossils that are found here are well preserved, which
include bivalve, gastropod and oyster ftsssas well as silicified wood trunks as large as 35cm

in diameter which were orientated aligent in a weseast direction.

Unit 2

This unit attains a thickness of 10cm, and it overlies unit 1 with a scoured bottom contact
surface. At the type section shinassive sandstone bed is fgrained, soft and gregreen in

colour. The bed is strongly bioturbated, with wa#iveloped burrows. Sedimentary structures
including parallel bedding and lamination are prevalent, indicating the sediments were
deposited ima relatively deep water environment. The unit is fossiliferous with smedlium

sized shells thtaare concentrated in clusters.

Unit 3

This mudstone bed unit overlies unit 2 with an unegsssional bottom contact. This unit
extends all the way to the &eh. It is finegrained and grayishlue in colour. It attains a
thickness of 12cm, and keeps increasing in the southward direction. Inside the mudstone bed,
there are dispersed shell fragments. The unit is exposed at low tide along the coastline. The
secton starts fining upwals from this mudstone bed unit.

Unit 4

This unit attains a thickness of 18cm, it overlies unit 3 with a scour erosional bottom contact. It
is a hard, brownish, massiedded, mediungrained pecten bed. This unit is fossiliferous and

the shells have not suffered extensive abrasion and removing, and therefore are clearly
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observable in the original growing position at which they were deposited. Gastropoda, bivalve,
sponge and oyster fossils are among the most abundant species iratdeTs$te different
species tend to be concentrated in clusters. The bottarmding surfaces are erosional.

Unit 5

This is a rather thick unit of very fihgrained mudstone bed, with a thickness of 37cm. The
contact with Unit 4 is gradational. Bioturbatstells are common. Low relief hummocky
crossstratification has also been noted in this unit. Horizontal and vertical burrows are
encountered; the shell fragments in the strata are generally small and occur randomly. This bed
thickens slightly southward.His unit is laterally the most persistent succession and can be
traced continuously for about 500m.

Unit 6

This unit overlies Unit 5 and the bottom contact is erosional. It attains a thickness of 10cm and
slightly decreases in thickness as going to soutthabong the succession. This pecten bed is
well-cemented and is concentrated of the fossils as clusters, and the bed is persisting
horizontally. The fossils are well preserved. Tted is thin bedded and the rock is coarse
grained and is mostly made upsifell fragmental fossils with the shell fragment to mud ratio
being 80%.

Unit 7

This is a 32cm thick, grayishlue, fine to mediungrained mudstone bed. It is well defined in

the bottom boundary with very fine shell fragments setting in matrix. The fshgthents are
dislocated and dispersed evenly throughout the bed. The mudstone bed with the underlying
rock (Unit 6) comstitutes a fining upward cycle.

Unit 8

This unit attains a thickness of 15cm. It is medigrmined and contains lesser fossils as
compaed to all the other pecten beds. This pecten bed contains eroded and dislocated shell
fragmental fossils which are not clearly observable. The fossils are poorly sadedrex
horizontally orientated.

Unit 9

This is the thickest mudstone bed found ingbecession of the Mzamba Formation, nowhere
else does it appear so thick. It is 68cm thick, soft-§reened, and grayishlue in colour. It
contains small to mediwsized shell fragmestthat are randomly orientated.

Unit 10
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This pecten beds 12cm thi&, which overlies the Unit 9 with an erosional bottom contact. It
contains abundant fossils that are orientated horizontally and distributed in clusters. The most
abundant fossil species are bivalve, gastropodboyster fragmental fossils.

Unit 11

This wit overlies Unit 10 with a clearly visible erosional bottom contact surface. This
mudstone bed unit is 22cm in thickness, it is hard,-graned, and laminated, with shell
fragments occurred in the bed which are slightly coarser than matribarantdorzontally
orientated.

Unit 12

This unit attains a thickness of 31cm. It is a rather thick bedded, maptained unit, and is

rich in well preserved shell fragmental fossils. This pecten bed is hard, brownish and overlies
the Unit 11 with a sharp erosidri@ottom surface. The fossils are concentrated in clusters, and
are sometimes aligned as threadlines or stripes. The most abundant species ystkrde o
gastropod and bivalves.

Unit 13

This is a highly weathered mudstone rock unit that attains a ttaskafe7rcm. It is blugrey,
fine-grained, and bounded by a sharp but even bottom contact with the Unit 12. It can be
continuously traced for about 200m in southward direction. It contains less shell fragments and
the shell fragments tend to be smalleriresam are orientated very randomly.

Unit 14

This is the top unit of the succession. It is easily accessible even in high tides. It is overlain by
thick vegetated sands and bushes. It has a sharp but even bottom contact surface with the
underlying unit.This is a 70cm thick, hard, buébloured rock unit, with lowelief hummocky
crossstratification. This finegrained pecten bed contains fossils that are horizontally

orientated at the lower part, and shell fragments are dispersed unevenly near the top.
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Figure9: Stratigraphic columnf the type section at MzambEver coast
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FigurelO: Measured section of the Mzamba Formation. Note the fining upward cycles, consisting of
crossbedded sandsine alternated with mudstone.
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Figurell: Burrows encountered in the greyreenish mudstone of Unit 2. The coin is 2.3cm for scale.

4.2.2. Section 2 (paratype section)

This sectiorwas measured at elevation of 3m, with cooaithis S310 6 12.1 10 and
45 .7

Unit 1

This is the bottom bed at this paratype section that attains a thickness of 45cm. It is a mudstone
bed, very fineegrained, dark colored with shell fragments that are clustered horizontally. The

conglomerag bed is now buried deep in the water, and does not appear as the bottom bed here.
Unit 2

This is a pecten bed; it is relatively thick with a thickness of 33cm. It is hard; buff coloured and
is rich in fossils that are clustered. It is concentrated in #lagiments of differing sizes and
differing orientation. This unit overlies Unit 1 with a sharp erosional bottom contact surface.

34



Unit 3

This is a rather thick unit of calcareous mudstone, attaining 40cm in thickness. lIt-is fine
grained and overlies Unit with a gradational bottom contact surface. It contains smaller shell

fragments and some isolated chert and quartz pebbles could be found in the strata.
Unit 4

This is a 28cm thick, brown colored pecten bed. It overlies Unit 3 with a clear erosionai botto
contact surface. It is very similar to the previous pecten bed in composition, with shell
fragments that are clustered, aligned parallel to the bedding surface.

Unit 5

This is the thickest mudstone bed encountered, with a thickness of 2.1m, andisozenés it
is traced for a few meters in the southward direction. It is dark grey andrimed. It
contains a layer of small clustered shells, orientated horizontally and is continuous. This unit

overlies Unit 4 with a gradational contact surfacehwilear different graisize and textures.
Unit 6

This is a rather thin layer of pecten bed, with a thickness of 17cm. It is hard; light colored and
is rich in shell fragments of different sizes. The shells aBrm in size and they are
concentrated in akters. This unit overlies Unit 5 with an erosional bottom contact surface.

Unit 7

This is a calcareous mudstone bed that attains a thickness of 27cm. It overlies unit 6 with a
gradational contact surface. This unit is medgrained, greygreen with scagred shell

fragments.
Unit 8

This is a light coloured, pecten bed of 19cmin thickness. It overlies Unit 7 with a sharp
erosional contact surface, and contains a lot of shell fragments of differing sizes and

thicknesses and gastropoda fragments.

Unit 9
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This is a rather thick mudstone unit, with a thickness of 61cm. It is meglaimed, and
contains oval shaped calcareous nodules in the size betweEsctO Small isolated slate
pebbles are present in the strata. This unit overlies Unit 8 with a gradt@mnbobntact

surface.
Unit 10

This is a pecten bed that attains a thickness of 34cm; it overlies Unit 9 with an erosional bottom
contact surface. It is hard, light brownish and is rich in shell fragments that are well preserved

and are of different sizes.
Unit 11

This is a unit of brownish coloured mudstone, with small shell fragments that are scattered
throughout. The unit has a thickness of 30cm, and contacts Unit 10 with a gradational bottom

surface.
Unit 12

This is a light coloured pecten bed, fully certex, with a thickness of 33cm. It overlies Unit
11with a clear erosional bottom surface. It is rich in shell fragments that are aligned parallel to
the bedding. The shell fragments are clustered and-aoelin size. The unit also contains

smallpebbles<0.5cm in grain size.
Unit 13

This is a unit of very fingrained calcareous mudstone. It is 57cm thick, dark/black colored,
overlying unit 12 with a gradual contact surface. It is dominated by mud material, with very

fine shell fragments that are embeddie the mudstone. Iron modules are also found.
Unit 14

This pecten bed is 22cm thick, overlies unit 13 with an erosional bottom contact surface. It is
concentrated in shell fragments of deferring sizes, with shells that are aligned-cpmexl.

Some pebles of quartz arenite, igneous rock and slate are found. Some pebbles are big, small
and plated. Lots of burrows are noted that are parallel to bedding.
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Unit 15

This is a relatively thick unit of calcareous mudstone, attaining a thickness of 66ciimaet is
grained, with lenticular shell fragments that are scattered throughout the bed. It also contains

small pebbles. This unit overlies Unit 14 with a gradational contact surface.
Unit 16

This is a pecten bed, with a thickness of 29cm. It has small gebblaented by sands and

mud materials. It contains well preserved shell fragments, and gastropoda fossils. These shells
are clustered together, with some being vertically orientated; some are -egneexbedded.

The shell fragments are3cm in size. Thiaunit overlies Unit 15 with an erosional bottom

contact surface.
Unit 17

This calcareous mudstone bed is 52cm thick and overlies unit 16 with a gradational contact
surface. It is finggrained, well cemented, greyeen in colour and has dispersed shell

fragments. Lenticulacalcareous nodules, with different shapes and sizes are found in this unit.
Unit 18

This is a rather thin unit of pecten bed, with a thickness of 17cm. It is very rich in shell
fragments that are aligned parallel to bedding. The unitigles graded bedding with the
grainsize finning upward, and contains small pebbles of quartz and chert at the bottom. This

unit overlies Unit 17 with an erosional contact surface.
Unit 19

This is a very finegrained mudstone bed, with a thickness of 25¢ns. light coloured due to
weathering, appears dark colored when it is fresh which indicates that it was formed in a
reducing environment. It contains articulated shell fragments and iron nodules. This unit

overlies Unit 18 with a gradual contact surface
Unit 20

This is a light colored pecten bed, attaining a thickness of 35cm and it overlies Unit 19 with a

clear erosional bottom contact surface. It contains clustered, very thin shells that occur
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throughout the unit. The shell fragments mixed with gastla fragments. Some nodules are

found, there are also very big broken shells (>14cm), that are aligned parallel to bedding.

Unit 21

This is the top unit, and it is accessible if one climbs up the cliff. It is a composite calcareous
mudstone unit. It is aut 50cm thick and is very finegrained, and is fossiliferous. It is poorly
sorted and overlies Unit 20 with a gradational contact bottom surface. Occasional pebbles
occur, with shell fragments that are randomly orientated, and the top is covered vggh den

vegetation.
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Strata E Thickness Sedimentary Structure Lithology
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meoeiiun bees aeocwr thirougho ut
Fime—grained mudstone, Ezht
Pud stone bed with articulated she = iy
19 0.25 f'a:rr's'éar-: S == ool owred due to weathering.
= d ES.
.17 - § Brownish colowred, medium-
13 Rich in shell fragments, and contains ra n: ccte bn:
- small pebbles of guark, chert and EraiNed pecien bed.
= sand stone Fthics.
17 GErey-green mudstone bed and
¥ 1 o
Contains lenticular cakareous nodules, | fine-grained.
with different shapes and sizes.
18 0.2 Hand, buff coloured pecten bed.
pecten bed with smallpebbles B we
preserved shell fragments, incleding
068 bivalves B gastropod a.
15 Fime-grained, grey mudstone
Has scattered shells and small pebbles. | bed.
1a 0.22 Rach in 5|'9. £, well-devdoped bumows | park coloured and brownich
and, contains pebblesof guartz after weathering, medium-
srenite, slate and igneows ithics. grained pecten bed.
057 hwd stone bed with fineshe
13 fragments, contains some iron nodules Dark/black coloured, very fine-
S grained mudstone bed.
12 0.33 pecten bed rich in shel fragments that Light-brown, medui m-grained
are aligned parallel tothe bedding, pecten bed
with some no dules.
11 0.30 Contains small shell fragments that are | grown coloured, fine-grained
= attered throughout the bed. msdstomne bed
10 034 :'E'H_Er bed rich in shell frrgments and Hard, light colowred pecten bed.
ossils.
0.61 hudstone bed, contains big lenticuar | psedivm-zrained mudstone bed.
q calcareou s nod ules, . Small slate
pebbles are presented in the bed.
018 Rich in chell and gastropoda Light coloured pecten bed.
8 fragments.

(Continue next page)
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Stratum Columin
" ﬁ E E
qEta | | z gl 2 B E Thidk ness Sedimentary Structure Lithology
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T 2] 8|8
7 b7 027 | Contains scattered shell fragments. | Medium-grained, grey-green
P coboured mu dston e bed.
-'.ull
g ﬁ"ﬁf‘ﬁﬁh“ﬂ 017 F'E:t.er bed, '.'{r'r shell fragments | Pectenbed, hand; light colowrsd
| — of different size [1-3cm).
3 It containg 3 |ayer of sma Carkgrey 2nd fine-grained mudstone
5 : | 21 clustered shells, orientated bed.
R haorizontally and iz continuous
PR extended
¥
T
i
Rich in clustered shell fragments Brown coloured, meduim-grained
T, 028 . i
E'NE'E"EM that3re aligned parallelto bedding | pectenbed.
4 AL Ry plane,
3 i 080 | contains smaler shell fragments Fine-grained mudstone bed.
AT el and some guarts and chert
= mn |
TR pebbies.
2 ‘;m;gﬂgl.sa‘sﬁ'! 033 | Pecten bedrich in fossils such as
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clustered together,
1 A 7,45
- i
i ' Containzshell fragmentsthat are | Mudstone bed, very fned-grained,
L A clustered horizontalhy dark colored .
N
Mot exposed

Figurel2: 2" stratigraphic section at the paratype locatianthe south ofMizambaRiver
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Figurel3: Pecterbed of Uhit 2 in the paratype sectiorshowing a cluster of small shell fragnten
aligned parallel tdoedding alsothe inverse graded bedding. The psil3cmfor scale

Figurel4: Paratype section ndstone bedUnit 9, showingvery fine shell fragments and some
nodules. Isolated pebbles are found in the stratergw). A coin for scalis 2.3 cm in diameter.
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Figurel5: Lenticulatbedded,fine grainconglomerate and pecten bed of the rock Unit 18 (top), and
oval shaped calcareous nodularrow) encountered in the rock Unit 17 (bottom).

Figurel6: Alargebroken shelin the pecten bed in the rock Unit 21. Also showing the shell fragments
occurringas clusteland are mostly concave upward in the position.
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Fgurel7: A largeammonite in the Mzamba Formation. The ammonite has been partially dissolved
and refilled withmuddy-silt material, but the original shape of the ammonite can still be seen

4.2.3. The third paratype section

A third sectionwas measured at elevation S5boge the sea level, at coordinates816 6 13 . 4 0,
and3010639. 60.

The lower part of the section was measured while the upper part of the section was observed
from distance, a# was a cliff, and theccessibility was difficult. A satigraphic column was
produced as below (Figure J18vhich can be divided into 45 bed units, and the lithologies,

sedimentary structures, fossil contents and other characteristics are list in the figure.
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Stratum Column
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t = 0.70 Thin scale of shell fragments very fine-grained, dark
35 2 that are convex wp, iron cobouned medstone bed.
L)
L nodules are present.
[=] |
L | - - .
3B M':l_"p B 0.40 Full of wel-preserved she hedium-grained, hard,
- fragments, zmall pebbles. brownish pecten bed.
37 q ol 0.50 Has fine shell fragments Dark colowred, fine-grained
AL zetting in matriv. mudstone bed.
Has lots of burrows, shels are|  Medium-grained, buff
5 l._ll._l'JI- ey
35 A u"'-: if - 030 convex up, pebbles arefound.|  coloured pecten bed.
- Emall to medivm-zized she Soft, bluish ool owred, fine-
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(Continue next page)
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S ratum Column
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bed.

(Continue next page)
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Stratum Column
Strata 2| _ w E Thickness Sedimentary Structure Lithology
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13 045 Contains leser shells, has smal | Greyish, oft, fine-grained
iron nodules, rivied st ome bed.

12 0.10 Rich im shell fragments. Thin bedded pecten unit.

11 025 Contains wneven by distribu ted Fine-grained, fight ool owred
shell fragments. mvied =t omes boed.

10 027 Conoentrated in shell we Hard, medium-grained
preserved fragments, pecten bed.

0.20 Contains shells & small pebbles. | Dark coloured, finegrained

3 Rich in convex-up shells & small | medstone bed.

8 025 sized nodules. Light, hard, pecten bed.

7 05% Dizperzed shell fragments Grey-greenizh, wery fine-
throughout the unit, with some | grained, soft mod stone bed.
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with small sized iron nodules. brownish pecten bed.
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fragments, which are medivm-grained mudstone
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the top of the unit & at the
bottom of the unit. Pebbles are
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4 | 0.13 Full of gstropods, & bivalves. | Light, hard, pecten bed.

3 0.10 Has pressrved shell fragments. | Fine, dark mudstone bed.

2 0.10 Rich im shell fragments. hedivm-grained, ight

pecten bed.

1 018 Dark,/black, fine mudstone

S B bed
Mot e posead

Figurel8 The3" stratigraphic paratype section of thdzamba Formatiomt the south othe
MzambaRiver
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Figurel9: Longest measured section of the Mzamba Formatioa cliff is about 12nin height. Note
the vegetationcovelingthe top exposure
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F|M]| B Stratigraphic C Th Sedimentary Structure [repositional
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r | m d C C Lithology Envircnment
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i o EE
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P 17.o | Pecten bed. The mudstone bed with | guist
p the wnd erlbying rock forms an SMVironment s.
upw ard fining-up sequence.
E The contact between the wnits is
R(T erpsonal bottom contact=s.
| o Somee iron niodu les ane found
Fi Continental shelf.
2
A
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D g5 | fine-grained, has verticaland Environments.
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B [L} T =maller sized shel fragments.
o
E
The pecten bedis hard, mediom to | Deep waters,
A 3 coarse-grained, rich infossls such continenta
a2z bivalve, sponge, gastropods and shelf.
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2 0.10 | Sandstone bed, soft, fine-grained. Shallew marine
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W
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R rand omlby arientsted pebbles. The shallow Waters.
2355 | pebbles vary in size betwesn 1-
10crn. Has wellpreserved fossils of
gastopod 3, bivalve ovstar &
siticifiad wood.

Figure20: Integratedstratigraphy of the Mzamba Formatipwhichcan be divided intdéhree
members and each member constitutes a fining upward cycle.
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Key for Stratigraphy Columns

?

EROSITIONAL SURFACE

J)
s BIOTURBATION

FOSSILS

&
A FINING-UPWARDS SEQUENCE

0S PEBBLES
PECTEN BED

S -

TR CONGLOMERATE

MUDSTONE BED

SANDSTONE BED

Based ortheabove four stratigraphectiors (Figures9, 12, 18 & 20, the Mzamba Formation

can be divided into three members, i.e. the Lower Conglomerate Member, Middle
Silt/mudstoneShell Bed Member and Upper MudsteBbkell Bed MemberThetotal thickness

of the formation was measured a%.26m in an inland borehole and 30.05m in the field
outcrops. The Lower Conglomerate Member is 2.65m thick and consists of pebbly
conglomerate with coarse sandstone, shell fragments and silicified wod, trepresenting
shallow marine nearshore deposits. The Middlg¢NsiltstoneandShell Bed Member is 9.5 m
thick and consists of black mudstorime-grained siltstone alternated with medium grained
pecten beds, which was deposited in a storm influeneepgest marine environment. The Upper
MudstoneShell Bed Member is 17.9m thick and is made up offm&lstones with articulated

pecten layers which were deposited in a deep and quiet marine environment
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CHAPTERS SEDIMENTARY PETROLOGY

5.1. Introduction

Mzamba Formation consists of mixed deposits of both carbonate and siliciclastic rocks.
Carbonate rocks are defined as containing more than 50% of carbonate minerals, among which
calcite and dolomite minerals are predominated. The term limestone is uskeds®rocks in

which the carbonate fraction is composed primarily of calcite, whereas the term dolomite is
applied to both rock name and also mineral name. Considering the rock of dolomite, this is
composed primarily of the mineral dolomite (Carozzi, 19@0alcite is the stable form of
calcium carbonatemineral in normal temperaturenvironmers, and may be regarded as the
principal mineral ofimestones. The other carbonate minetiadg can beresent are aragonite,
siderite, and magnesite but they aréenon minerals and less important than calcite and
dolomite. The carbonate minerals in general include aragonite, calcite, cerussite, dolomite,
magnesite, malachite, rhodochrosite, siderite, smithsonite and witherite. Limestones, which
represent the finalndurated product of carbonate sediments, range from the Precambrian to
Present (Carozzi, 1993). Their petrographic study reveals the evolution and extinction of
numerous marine organisms, which either precipitated calcium carbonate from sea water or
secreed carbonate skeletons, which upon death of their respective organisms, released skeletal

particles, bioclasts of greatly variable shape and sizes.

Petrograpical analysis was conducted by light microscopy and SEM techniques, to study the
texture, gran size, porosity and the mineralogy. The slides were stained with Alizarin Red S,
which is a chemical solution and can stain calcite to red whereas dolomite has no colour
change, thus can be used to distinguish dolomite from calcite. Grain size is dbasefubr
subdividing clastic rocks and limestones and for their classification according to the
dominating allochem50 thin sections were analysed and major constituent minerals were

guantified for each sample.
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5.2. Observations in thin -sections

5.2.1. Grain Size

Grain size is a basic descriptive measure of sediments.-8rairdistribution patterns may be
characteristic of sediments deposited in certain environments and can yield information about
depositional processes and hydrodynamic conditiongirh, they are a major control factor on
porosity and permeability (Fligelt al, 2010). The grain size determination was based on
Fol koés carbonate cl| assi f isedanentsoonsjstoftaliochem i s
framework grains. The sediments alsonsist of a mixture of micrite and sparite cements.
Carbonate grains can be broadly divided into two types, sketgtalr¢pods molluscs) and

nonskeletal grains (ooids, peloids, intraclasts).

5.2.2. Mineralogy

Limestones and dolomite, the princigallcareous rocks are composed essentially of the lime
carbonates calcite and dolomite. Aragonite, siderite and magnesite are other carbonate minerals
which may be present, but they are not essential minerals, they are rarely recognized where
they are intinately associated with calcite or dolomite. The terrigenous sandstone and
mudstone contain mainly quartz and feldspar minerals, whereas the carbonates consist of
mainly calcite, with minor quartz, plagioclase, gypsum and rock fragments. Clay minerals such
as glauconite, illite and smectite constitute the matrix. Cements include calcite micrite and

calcite sparite (discussed in chapter 8, Diagenesis)

5.2.2.1. Quartz

Thin section analysis has revealed that quartz is the most abundant mineral, as it cotfiebute
vast of the rock volume. Quartz appears colourless, with low relief and low interference
colours when viewed undéne microscope. The grains shamdulatoryextinction when the
stage is rotated, which indicates the source of the quartz mineratomasnietamorphic rocks,
probably from the bottom and surrounding area of Natal Metamorphic Belt. Quartz grains vary
from angular to rounded, showing various energy levels of transportation affecting the quartz

grains prior to being dumped into the relayvl®w-energy carbonate environment.
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Figure21: Photomicrograph of Uni2 (type section).Monocrystaine quartz grain (arrowin
calcareous sandstonwith calciteasthe cement(red). The whole scale (5 gradients) is|2@, the
scale in all thether photomicrograpls belowisthe same.

5.2.2.2. Plagioclase

Plagioclase is also an abundant mineral, but not as much as quartz. Plagioclase shows weak
birefringence, exhibits twinning under the microscope. Most of the plagioctasearrse
grained and exhibit the distinct polysynthetic twinning and areasiginlar to subrounded in

shape. Plagioclase occurs dominantly as detrital grains.

R~ b
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Figure22: Photomicrograph of Unit 13 (type sectioRPlagioclasgrains with cleavagevinning
(arrows).
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5.2.2.3. Gypsum

Gypsum in these sediments occurs as an authigenic mineral. It is colourless, has low
birefringence, and shows weak interference colours similar to quartz. Gypsum exhibits
cleavage and it still matains its original flake shape, which is euhedral and ndiale

Gypsum occurs as a minor mineral in rock and it occurs in small sizes.

Figure23: Photomicrograph of Unit Ipératype section)Gypsum showing its euhedral giea(arrow).
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Figure24: Photomicrographof Unit 1 (paratype sectionisypsunmshowing euhedral flakegs shape
(arrow).

5.2.2.4. Vitrinite

Vitrinite is one of the primary components of coals aedimentary kerogen. It is ap&y of
maceral, a common constituent of organic soumeks. Vitrinite formsdiagenetally by
thermal alteration of lignin and cellulose in plant cells. This means that it is common in
sedimentary rocks that are rich in organic matters. But carbonate gedlerally contain very

low vitrinite composition. In our slides, vitrinite appears as-sumded to welrounded
granules, bright red or pinkish pellets. It is not abundant in the Mzamba sediments, as it is
found only in few slides. Vitrinite is formedluring burial diagenetic process due to

temperature increase with the increase burial depth.
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Figure25: Photomicograph of Unit 2 (type sectigncontainingpinkish vtrinite pellet (middle arrow).

5.2.2.5. Glauconite

Glauconite is a hydrous potassium aluminium silicate containing both ferrous and ferric iron
and some magnesium. It is a typical sedimentary mineral, formed in shallow marine
environment through authigenetic alteration. It usually occurs as greesigarmtlets, which

are microcrystalline and have a generally low birefringence. This is a highly informative
mineral type, it is green, round and small in size and is scattered throughout the slide. The

mineral is very fine, has faint pleochroism and an outl¥a¢ temains more or less ovoid.

Fresh glauconite pellets are bright green, where it is exposed to weathering it appears
brownish. The green colour of the mineral is one of the most distinctive properties. It is easily
observable because of its brightneBbis mineral is strictly marine in origin and indicates
shallow marine environment. Similar to any other authigenic mineral, glauconite may be
transported from its original burial place and incorporated in sediments elsewhere. Because the
mineral is readil weathered, it is unlikely to survive strong erosion and long distance
transportation, and therefore glauconite usually occurs in the close areas to its original
environment and thus a good palaswironmental indicatoMost of the glauconite observed

a e unstable and are easy to be weathered if
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Figure26: Photomtcrograph of Unit 1 at the basshowing gey-greenish tauconite pellet(arrow).

5.2.3. Lithics

Lithic means rock fragment and aflechanically broken pieces of pegisting rocks. Lithic
fragments can be derived from sedimentary, igneous or metamorphic rocks. Rock fragments
could be very useful in provenance studies, because they carry all the chemical, mineral,
isotope and textursignatures of the parent rocks and can provide useful information on the
provenance analysis. Some rock fragments, like the argillaceous ones arieasinid,

therefore cautionary measures need to be taken when using them for provenance studies.

Types d lithic fragments

Lithics in the Mzamba Formation can be divided into two types, i.e. Igneous and Sedimentary
rock types. The lithic fragments vary in size, also differs in shape, some asagulbr to sub
rounded, and some are wedunded due to dérent distance of transportation and erosion.

The overall percentage of lithics in the limestone is <5%.

Siltstone rock fragment his one appears as dark coloured,-fing@ined, with small to slightly
large quartz grains. They occur as varying shapesoaedtations, with the majority being

angular.
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Mudstone rock fragmentThis one occurs as bright, brownish, and yfamg-grained
fragments. They contain tiny quartz grains inside,ntagority of the fragments occas sub

rounded tavell-rounded in shap

Figure27: Photomicrograph of Unit 3 (type sectioiltstone rock fragments (darijith quartz grains
inside (white points).

Figure28: Photomicrograph of Unit 2 (type sectiohjudstone rock fagment(middle) with small
quartz grains inside (white).
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5.2.4. Matrix

The matrix consists of either firgrained carbonate mud or micrite of which the micrite results

from recrystallization of mud during diagenesis. The matrix of most limestones tsooSis

dense, finggrained calcite crystals, known as micrite. The crystal size is usually less than 4um,

but a variety of terms have been used to describe the different crystal sizes. For most
sedimentological purposes the term matrix is used to destibeomponent under 62um in

size, which normally corresponds to the usage of mud in descriptions of modern sediments
(Tucker & Wright, 1990). The micrite is dtiboking with unclear crystals and is prone to
aggrading recrystallization. If the rock consistsstly of finegrained mud matrixit implies
deposition in a | ow energy environment si nce

been washed out, therefore, lavater energy environment.

Table 1: Classification of crystalline sizesfor limestones anddolomite (extracted from
Tucker & Wright, 1990).

Extremely Coarsely Crystalline >4mm

Very Coarsely Crystalline 1-4mm
Coarsely Crystalline Imm-250um
Medium Crystalline 62-250um
Finely Crystalline 16-62um
Very Finely Crystalline 16-4pm
Aphaniticor Cryptocrystalline 1-4pm

5.2.5. Allochems

This refers to sediments formed by chemical or biochemical precipitation within a depositional
basin; includes intraclasts, oolites, fossils and pelletdite3 are mainly availablen ancient

marine limestones. They form in a wide variety of environments, from shallow marine settings
to lagoons, lakes, rivers, caves and even calcareous soils. They have no direct environmental
significance beyond indicating formation in a setting rghealcium carbonate was available
(Tucker & Wright, 1990).
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The carbonates in Mzamba formation are rich in allochems, indicating marine environments in
low energy. Two types of pellets are found, (1) organic pellets that are black/dark, that exhibit
no internal structure with varying sizes, and (2) faecal pellets that have a clear internal structure
and are sparsely distributed in the slides. Ooliths (small) exhibiting concentric / radial internal

structure, some even contain quartz as a nucleus. Sorttesasicountered look broken.

5.3. Sorting

Sorting describes the distribution of grain size of sediments. The degree of sorting may indicate
the energy, rate and duration of deposition, as well as the transport process. Microscopic
observations show thgediments are moderately sorted to vgelited, which show that the

sediments travelled quite a distance before deposition and the environment was a quiet water

depositional environment.

5.4. Porosity

Porosity of a rock is the ratio of pore volume to titgal rock volume and is given in
percentages (Tucker, 1990). The holes in the limestones make the rock so important in
hydrocarbon exploration. Hal f or more of t
reservoir rocks. The importance of a carbenaservoir really dependsore on its porosity

and permeability, which is the features that controls the recovery of hydrocarbons. Some rocks
are porous but have low permeability; therefore, it is the effective porosity which is important.
Porosity is prae to error duringestimation, especially if the point counting technique is

employed.

It is said that porosity in limestones is rather different from that in sandstones. It is generally
much lower than in sandstone reservoirs. Most porosity in limestasead to be diagenetic in

origin. It is important to understand which type of porosity is represented in that particular
limestone, as there is a variety of porosity types. The size and the shape of pores in carbonate
sediments are more influenced bylska& materials, which can be as varied as the assemblages

of organisms that create them.
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BASIC POROSITY TYPES
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Figure29: Porosity types based on Choquette & Pre§70) (from SEPM Strat2013).

Most carbonate rocks have primary porosities of as much-d48%0 and seawates the first
fluid to fill the pores. Filling of primary pores by internal sediments and marine carbonate
cements is the first form of diagenesis to take place in this setting, and it leads to significant

reductions in porosity.

5.5. Maturity

It descibes themineral composition and the texture of grains, resulting from different amounts
of sediment transportation. Textural maturity is a property that relates to the amount of
mechanical energy input on transported sediments through the abrasive poweemts and

tides. It is observed in characteristics such as rounding and sorting of grains. The rocks of the
Mzamba are generally compositionally mature, as they contain quartz, plagioclase and rock

fragments.
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Quartz is the most abundant and mat@direent, as it is more uniform in appearance and has
similar sizes. The clay minerals are also stable because they are the same size and appearance

in every thin section.

5.6. Major Rock Types

The Mzamba Formation consist of different rock types, alinfng part of the Mzamba

sediments.

5.6.1Terrigeneous Rock s

This refers to sandnud and gravel weathering products formed atBher t durface from
exposedre-existing igneous, metamorphic and sedimentary rocks. In the study area, this refers
to mudsbnes, sandstones and conglomerate rocks that are fba@dinderlying sedimentary
character is the cornerstone for classifying terrigenous rocks, with the grain size of sediments
being generally translated into a corresponding rock type. Claysteitisones, mudstone

(mixed clay and silt), sandstones and conglomerates (gravels) repteseeatrigenous rock

group.

The classification of a particular rock is partly related to the distribution of its composite
grains, therefore, conglomerates and sandstoran be further classified on the basis of

mineralogical components.

The UdlenWentworth grairsize scaleused for the objective description t¢érrigenous
sediments and this scheme is regarded as standardc@leeexplains in detail the mud and

sand factions.This scheme further extends to particles coarser than boulders.
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Table 2: The UddenWentworth grain size classification scheme (1922).

Millimetars (mm) Micrometers (um) Phi(p)  Wentworth size class Fock type
4096 12,0
Boulder
256 1 -B8.0 _
Cobble g Conglomerate/
64 ' 6.0 e Breccia
Pabble O
4 20
Granule
2.00 . -1.0
Very coarse sand
1.00 { 0.0
Coarse sand
1/2 0.50 i 500 1.0 -
Medium sand 5 Sandstone
1/4 0.25 i 250 2.0 uw
Fine sand
/8 0.125 125 | 3.0
Very fine sand
1/16 0.0825 | 63 4.0
Coarse silt
1/32 0.031 | £ { 5.0
Medium silt -
1/64 0.0156 — 15.6 1 8.0 u=j Siltstone
Fina silt
1/128 0.0078 — 7.8 | 70
Very fine silt
1/256 0.0039 — 3.9 a.0
4
0.00006 0.06 14.0 Clay 2 Claystone

5.6.2Carbonate Rock

The Dunham(1962) classification was used to recognise carl®nacks, based on the
sediment fabric and the presence of any biological binding. The significance of each rock type

as regards tenergy levels is somehow clear.
Grainstone

This slide is very informative. It is mostly made up of grains, namely bioctasitdss andsome
pellets.The spaces Hbetween the grains is filled with sparite cement. There is a green grain,

glauconite which isnarinein origin and is an indicator of reducing environment
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Figure29: Photomicrograph of bit 4 (type section)Grainstone with sparite calcite cement.

Packstone

This slide is a limestone in which sparite cement is dominant, but with some micrite found
between some grains. The sparite is easily distinguished iascdarse andas abright
crystalline character. The slide contains curved, wavy and long bioclasts, probably deposited in
a relatively high energy environment, lithics (sedimentary) and geel@rganic and faecal
pellets) may also present in the bed.
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Figure30: Photomicrograph of Unit 8 (paratype sect)oRackstonavith bioclasts, quartz grains and
pellets

Wackestone

There is a detrital quarts and plagioclase incorporated withingfamieed limestone. The
guartz varies from sulngular to rounded gins, showing different energy levels affecting the
quartz prior to it being dumped into the relatively emergy carbonate environment. The slide

contains bioclasts, pellets in micrite cement between the grains.

20pum

Figure31: Photomicrograph of Unit 15 (paratype sectiowjackestonewith bivalve fragments, grains
are cemented bynicrite.

65















































































































































































































