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ABSTRACT 

A DIAGENETIC STUDY OF THE LO'VJER 
CORALLINE LIMESTONE (OLIGOCENE) 

THE MALTESE ISLANDS 

JOYCE M. BUDAI 

The Maltese Islands are located on a broad platform ex-

tending from northern Africa to Sicily which divides the 

Mediterranean Sea into an eastern and western basin. Strata 

exposed on the islands range from Upper Oligocene to Upper 

Miocene in age and are predominantly carbonates with one pelagic 

shale unit. This study focuses on the lowest formation, the 

Lower Coralline Limestone which is of Upper Oligocene 

(Chattian) age. The mid-Tertiary was a tectonically active 

time in the central Mediterranean. The western Mediterranean 

basin was forming during the Neogene and tectonic thrusr:~g 

occurred to the west, north and east of the study area. 

Malta's location on a shallow, relatively stable platform 

in the center of a tectonically active Mediterranean places 

it in an interesting setting for diagenetic study. 

Unlike Recent carbonate sediments, the original mineral-

ogic composition of the Lower Coralline Limestone was domi-

nated by high magnesian and low :r.tagnesian calcite with only 

minor amounts of aragonite. Such a mineralogic assemblage 

would stabilize to low magnesian calcite rapidly and could 

conceivably affect early marine cementation and later 

episodes of fresh-water diagenesis. 

Fine-grained, fibrous marine cementation is present, but 

poorly preserved and limited to packs tones and grains tones. 



Fresh-water, phreatic cements occurring in the Lower Coralline 

are more varied in crystal habit and abundant than the early 

marine cements. Three stages of meteoric cementation are rec

ognized. An early period of syntaxial rim cements on echinoid 

fragments, accompanied or followed by grain compaction, forms 

the dominant cement type found in these rocks. These over

growths display stratigraphically continuous luminescent zones 

like those reported in Mississippian limestones in New Hexico 

(Meyers, 1974). The second phase of meteoric cementation pro

duced fine- to medium-grained sca,enohedra cement that clearly 

follows compaction and echinoid overgrowth development. These 

cements do not luminesce and constitute less than 20 percent 

of the fresh-water cements. The final stage of fresh-water 

cementation produced fine to medium grained, equant granular. 

void-filling spar. 

Diagenetic features examined in the Lower Coralline Lime

stone indicate at least two separate episodes of emergence 

and fresh-water cementation. Timing of emergent periods can 

be limited by extent of phreatic diagenesis within the lower 

units exposed on Malta. Stratigraphic relationsofoverlying 

formations that have been down-faulted into subsidence struc

tures created by collapse of solution caverns within the Lower 

Coralline Limestone (Pedley, 1974) and limited erosional 

contacts in the lower part of the section provide possible 

times of fresh-water influence. In addition, proposed periods 

of subaerial exposure coincide closely with eustatic sea 

level drops described by Vail et al. (1978). 
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INTRODUCTION 

Purpose and Scope of Study 

This project was undertaken to determine the sequence 

of events that have affected Oligocene-Miocene strata exposed 

on the Maltese Islands with special emphasis on the basal 

unit, the Lower Coralline Limestone. The study is based on 

both field work and standard petrographic techniques as well 

as cathodeluminescent petrography. Discussion of overlying 

strata are included in order to explain the proposed sequence 

of diagenetic events utilizing stratigraphic relationships 

in additon to petrography. 

Five formations are recognized on the Maltese Islands 

which range in age from Late Oligocene (Chattian) to Late 

Miocene (Tortonian). The sequence exhibits a progressive 

deepening followed by shallowing of water during the 

sedimentation history. The exposed sequence begins with a 

shallow-water bioclastic limestone followed by a 

deeper-water globigerinid-rich marl and a pelagic shale unit. 

These strata are succeeded by a glauconitic clacareous sand

stone believed to mark an unconformable surface (Felix, 

1973). At the top of the sequence another shallow-water 

limestone occurs, similar to the lowest unit in overall 

lithology. 

Character of cementation found in the Lower Coralline 

Limestone is of interest because the majority of carbonate 

diagenetic studies have focused on cementation in Recent 

marine sediments. Morphological criteria are difficult, 

1 
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sometimes impossible to apply in the ancient record due 

to a myriad of diagenetic processes that affect carbonate 

rocks. The Lower Coralline shows evidence of both marine 

and fresh-water cementation based on cement morphologies, 

luminescent characteristics and general textural 

relationships. A detailed petrographic description of cement 

varieties associated with inferred environments of 

cementation may be of use to further diagenetic studies and 

provide additional criteria for the recognition of 

fresh-water cements in ancient rocks. This kind of study 

can be carried out more effectively when late generation 

cement development does not completely occlude primary 

porosity,as is the case for the Lower Coralline Limestone. 

Of additional interest is the possible control the original 

mineralogy of carbonate sediments might exercise over the 

form and abundance of early cement in limestones. Biotic 

constituents comprising the Lower Coralline had an original 

mineralogy high in magnesian calcite and very low in 

aragonite. This high and low magnesian calcite asse ~lage 

differs from that found in modern carbonate environments 

which are predominantly aragonite and high magnesian 

calcite. 

Malta's location on the stable Ragusa Platform during 

the time of active tectonic movement in the central 

Mediterranean area makes the stratigraphic succession found 

on the Maltese Islands of interest from a regional point 

of view. Equivalent, lithologically similar strata occurring 
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in southern Sicily and Italy have been deformed by 

imbricate thrusting and folding associated with the 

Apennine orogeny. Based on proposed sea level fluctuations 

(Vail et al., 1978) and known tectonic activity during 

the Neogene, multiple periods of emergence in this area of 

the Mediterranean are possible. The cementation patterns 

observed in the Lower Coralline Limestone as well as the 

lithologic sequence occurring on Malta seem to suggest 

this. 

Methods 

Field work was carried out in the su~~er of 1977 and the 

spring of 1978. Samples were collected and sections measured 

at 13 localities selected to give the best geographic and 

stratigraphic distribution. Sampling localities are shown 

in Figure 1. Due to the inaccessibility of the Lower 

Coralline and Upper Coralline Limestone cliffs, there is no 

single locality where a complete section of strata is exposed. 

Generally, the sections are either Lower Coralline alone or 

Globigerina Limestone with Blue Clay and Upper Coralline 

Limestone. Samples were collected from 7 sections of Lower 

Coralline Limestone. These outcrop samples have undergone 

extensive surficial weathering so that trace element 

analyses and degree of dissolution observed in the rocks 

must be considered in part affected by recent leaching 

and recrystallization. 

In addition to standard petrographic techniques using 
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a Zeiss Photomicroscope II, thin sections were examined 

with a Nuclide Corporation ELM-2A Luminoscope. Two 

hundred thin sections were examined in this study. One 

hundred and twenty-five thin sections of Lower Coralline 

Limestone were studied in detail. The remaining 75 thin 

sections are of Upper Coralline and Globigerina Limestone. 

They were completely scanned at least once with both the 

luminoscope and petrographic microscope. 

Staining for iron was done following the procedures 

outlined by Evamy (1963), but ferroan content of these 

cements is too low to produce ferroan results. Atomic 

absorption trace element analyses of 15 representative 

samples were carried out for iron, magnesium, manganese and 

strontium. Results are shown in Table 1 in the appendix. 

Because only 15 sa~ples were analyzed and statistical 

error is not known, no conclusions can be drawn from these 

data. The values are extremely low indicating that extensive 

leaching has occurred. 

Dunham's textural classification for limestones (1962) 

is used in the petrographic descriptions. Figures showing 

abundance and distribution of cement types are based on 

qualitative estimates. Tick-marks to the left of each 

lithologic column indicate sample locations. Every thin 

section was scanned to estimate abundance of each cement 

type or diagenetic feature. Each diagenetic characteristic 

was evaluated as: absent, very rare, rare, common, very 

common or abundant. These values do not correspond to 



Figure 1. Geologic Map of the Maltese Islands and 

collecting localities 1-13 (circled). 
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percentages. Grain counts were done for each lithologic 

group to check the accuracy of qualitative estimates and 

establish a range of values. In these samples cementation 

is generally not "abundant". A rating of very common 

indicates the cement type constitutes enough of the sample 

to be readily found when any random portion of the section 

is examined. A very rare rating indicates that the feature 

does coeur, but is extremely limited. 

Previous Work 

Literature on the Maltese Islands can be traced back 

to the middle of the seventeenth century. A bibliography of 

these early works as well as a summary of all more recent 

geologic work is given by Hyde (1955). The great majority 

of previous work is devoted to the stratigraphy and paleon

tology of the Maltese strata. Some of the most recent work 

presents more detailed paleoenvironmental interpretations. 

A brief summary of the major studies on Maltese geology and 

paleontology follows. 

Spratt (1843) presented the first comprehensive 

geologic description of the Maltese Islands. He divided the 

strata into four main units numbered 1 through 4, but no 

attempt was made to assign chronostratigraphic position to 

these units. Fuchs (1874, 1876) divided the Maltese 

strata into two major sections based on correlations with 

European type localities. Each smaller rock unit is named 

based on lithology or similarity to other known type 
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sediments in Europe. His correlations were~ based primarily 

on bivalves, gastropods, and brachiopods. The occurrence 

of echinoids and foraminiferans are given less importance 

in these earlier works. In 1890, Murray provided a more 

extensive list of foraminifera occurring in Malta and in

cluded a geologic map andanextensive bibliography. Again, 

no effort was made to place the Maltese strata into a 

geologic time framework. Following Murray's work, Cooke 

(1891-1896) published a variety of papers on the Blue Clay 

and Globigerina Limestone including a 9-fold division of the 

Globigerina Limestone (1896). Roman and Roger (1939) provided 

a comprehensive description of echinoid and pectinid 

bivalve species and assigned a chronostratigraphic position 

to the Maltese strata based on bivalves. Morris (1952) 

described the Maltese strata in its relationship to water 

supply on Malta. In 1957, Blow attempted a Transatlantic 

correlation of Maltese formations based on planktonic and 

large foraminifera with special interest in the Lower 

Coralline Limestone. In a related work, Eames and Clarke 

(1957) suggest contemporaneous deposition of the Lower 

Coralline on Malta and the Ragusa Limestone in Sicily, also 

based on similarity of large foraminiferal assemblages. 

A general geologic revi~w of the Maltese Islands is given 

by House, Dunham and Wigglesworth (1961). Felix (1973) 

presents a revised lithostratigraphic sequence based on 

biostratigraphic zonations utilizing benthonic and planktonic 

foraminifera. His correlation with international stages 
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are adopted in this study as are his lithostratigraphic 

divisions. A general geologic description and field guide 

is given by Pedley et al. (1974, 1976) as well as a more 

detailed paleoecological study of the Upper Coralline Lime-

stone based on bryozoan and brachiopod distributions within 

that unit (1976). Work by Rose (1975) and Challis (in 

p=ogress) on echinoid distribution and by Bennett (in 

progress) on a revised facies analysis of the lower two 

units provides the most recent information being published 

on the Maltese Islands. The most recent geological maps 

were prepared by the British Petroleum Company (1957, 

scale 1:31,680) and Pedley et al. (1976). 

Geologic Setting 

The Maltese Islands are located in the central 

Mediterranean Sea, approximately 95 km south of Sicily and 

270 km north of Africa (Fig. 2). Malta, Comino and Gozo 

comprise the main islands with Cominotto, Filfla, St. Paul's 

Island and several smaller islands and isolated rocks 

completing the island group. The Islands are aligned along 

a northwest-southeast trend with a total length of 

44 kilometers. Malta, the largest of the islands, is 28 km 

long and 13 km wide. Gozo lies approximately 8 km to the 

northwest of Malta and is 14 km long and 7 km wide. They are 

separated by the small island of Comino which has a total area 

2 of only 1.5 krn • The islands are situated on the southwestern 

edge of the Ragusa Platform, a shallow marine shelf which 
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Figure 2: Location of the Maltese Islands 



10 

extends south from the coast of Sicily and has an average 

depth of less than 200 m. To the north of Malta the platform 

deepens to a basin and to the southwest Malta is bounded by 

a deep graben, separating it from the Pelagian Platform which 

extends north from the Libyan coast. This platform together 

with the Ragusa Platform effectively separate ther1editerranean 

into two large marine basins. The Ragusa Platform is con

sidered the stable foreland of the Apennine thrust belt 

(D'Argenio, personal communication) and records shelf sedi-

mentation during a time when extensive deformation was taking 

place to the north, east and west, 

Oligocene-Miocene strata on the Maltese Islands have a 

regional dip to the northeast and are cut by a system of 

normal faults trending east-northeast across the strike of 

the Islands. A second system of faults parallel the strike 

of the strata trending northwest. The Island of Malta can be 

divided structurally into two regions by the Victoria Lines 

Fault which extends from the west coast near Fomm ir Rih to 

the east coast at f·1adalena Tower (Fig. 1) • The area south of 

Victoria Lines has been upthrown relative to northern Malta, 

placing Lower Coralline Limestone in close proximity tc Upper 

Coralline Limestone in the western portion of the fault 

scarp. Throw along Victoria Lines ranges from 92 m in the 

northeast to 183 m in the west. Displacement on the fault 

is less apparent to the south and east. North of Victoria 

Lines faulting has divided Malta into a series of horsts and 

grabens creating a topography of valleys and ridges. Steep 
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cliffs of Lower Coralline Limestone crop out along the north 

and west coast of Malta as a result of the northeast regional 

dip. Gozo can be described structurally as a tilted block 

with a regional dip also to the northeast. As on Malta, 

very steep cliffs are formed on the west coast exposing 

almost 125 m of Lower Coralline along the southwest coast. 

Circular to elliptical fault features occur on both 

Gozo and in northwest Malta. Pedley (1974) has interpreted 

these as cavern collapse structures formed by the solution 

of Lower Coralline Limestone during an early episode of 

subaerial exposure. Following resubmergence, cavern roof 

collapse occurred producing round depressions that were later 

filled by younger marine sediments. Pedley (1974) has sug

gested an early Tertiary age of subaerial exposure which 

places the expected erosional unconformity well below sea 

level now. 



STRATIGRAPHY OF TERTIARY STRATA ON 
THE MALTESE ISLANDS 

Introduction 

The physical stratigraphy of the Maltese Islands is 

discussed by a variety of authors. Hyde (1955) and House 

et al. (1961) give general summaries of the Maltese strata. 

Felix (1973) concentrates on biostratigraphic aspects of the 

five units and Pedley (1974) presents the most recent 

stratigraphic description of the Islands. 

Five formations are recognized on Malta ranging in age 

from late Oligocene to Late Miocene. Their positions within 

the sequence are shown in Figure 3. All are norMal marine, 

open platform carbonate sediments with the exception of one 

pelagic shale unit, the Blue Clay. Tl· sequence of rock 

types reflects continuous deepening followed by a regressive 

period. The base of the lowest formation, the Lower 

Coralline Limestone, is now below sea level and no subsurface 

core data extends through the lower contact. Similarly, 

the top of the Upper Coralline Limestone, the uppermost unit 

exposed on the Islands, has been removed by erosion so that 

the nature of both the upper and lower contacts of the 

sequer, e are unknown. It is assumed that the middle Miocene 

Upper Coralline Limestone recorded a progressive shoaling 

upward and became emergent during the late Miocene (Messinian). 

Core descriptions of a well drilled by British Petroleum in 

central Malta indicate that pre-Lower Corall1ne strata of 

Eocene and Cretaceous age are intertidal to supratidal 

12 
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limestones and dolomites. The Oligocene strata above the 

cored interval, the base of the Lower Coralline, were too 

cavernous for core recovery. Tentative correlations can be 

made with Sicilian carbonates of the same age on the Ragusa 

Platform and in the Appenine thrust belt in southern Italy 

(B. D'Argenio, personal communication, 1979). 

Lower Coralline Limestone 

The Lower Coralline Limestone has been placed in both 

the Upper Oligocene (Chattian) and the Lower Miocene 

(Aquitanian). Recent workers have agreed it is of late 

Oligocene age (Felix, 1973; Pedley, 1974). This unit is an 

indurated, bioclastic limestone forming the characteristic 

cliffs that dominate the topography of both Malta and Gozo. 

Outcrops are primarily along the south and west coasts with 

limited inliers brought up by faulting in central and eastern 

Malta. There is no Lower Coralline exposed on Comino. 

Thickness of the formation has been estimated at greater 

than 200 m based on bore hole information in central Malta. 

Approximately 150 m are exposed along the cliffs of southwest 

Gozo. 

The Lower Coralline Limestone is harder and more 

resistant than the overlying formations so that the contact 

with the Globigerina Limestone is generally easy to pick 

based on the weathered slope of the two formations. The 

upper contact with the Globigerina Limestone is commonly 

marked by a layer of sea urchin shells called the Scutella 
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Bed by Spratt (1843) and Roman and Roger (1939). Scutella 

subrotundus and S. melitensis are the most common species 

found here (Rose, personal communication). This Scutella 

bed is not laterally persistent and where it is absent, 

Felix (1973) suggests the contact be taken at a hardground 

which marks the end of a detrital algal wackestone sequence 

at the top of the Lower Coralline Limestone. This hardground 

is always present at the base of a fining upward sequence 

which is gradational into the lower Globigerina Limestone. 

The Lower Coralline is commonly a massive, thick-bedded 

limestone with bed thicknesses ranging from 1 to 4 m. The 

unit varies in color from white to tan and yellow, though 

grey is most common. Extensive weathering has developed a 

hard crust over much of the limestone surface. Large scale 

cross-bedded packstone-grainstones (1 to 2 m thick sets) 

occur higher in the section and are best developed on the 

north coast of Gozo, though limited cross-st 1tified 

horizons occur in some of the Malta outcrops. Hardground 

surfaces, bored by the bivalve Kuphus, occur at several 

localities and at varying horizons within the sequence. The 

siphonal tubes are preserved as calcareous sheaths, up to 

15 mm in diameter and 10 to 20 em long. These borings are 

associated with small echinoids (Echinocyamus) and coralline 

algal debris. Bennett (in prep.) has referred to this as 

a Kuphus horizon and suggests its use as a time-correlative 

zone within the Lower Coralline. 

The Lower Coralline Limestone is composed of the debris 
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of normal, open marine organisms associated 1 with shallow 

platform deposition. The base of the unit eexposed on the 

Island tends to be micritic and contains more 1 limited fauna than 

overlying beds. Miliolid foraminifera are thhe dominant con

stituents in these grain-poor wackestones anend a somewhat re

stricted circulation is suggested by the text:ture and composi

tion. Most of the upper sequence is composed~d of coralline 

algae, a wide variety of benthonic and encr- stting foraminifera, 

echinoid plates and fragments, andmollusk fr~ragments. Bryo

zoans and brachiopods are less abundant. Coriral and dasycla

dacean algae occur in minor amounts and only t:traces of ooids 

are found. The unit ranges in texture from ve:ery micritic 

wackestones to grainstones and boundstones. WcWackestones and 

packstones are by far the dominant textural tyiYpes. Algae, 

predominantly Lithothanmium and Archeolithot~hamnium, occur as 

detrital fragments throughout the section anmd as rhodolites 

or algal nodules in discrete horizons, often in in association 

with encrusting foraminiferans and bryozoans.ts. These 

rhodoli tes, ranging in diameter from 2 to 6 em, :m, form bound

stones in north-central Malta suggesting limitmited patch reef 

development. Benthonic foraminifera are commommon throughout 

the section and include perforate and imperfo1forate species 

as well as large benthonic foraminifera genercerally associated 

with back-reef to reefal environments. Molluflusks include 

bivalves and gastropods. Limited developmentnt of corals, 

including Astraea, St:lopora, Porites, Monast1straea and 

Meandrina, have been reported in quarries nea1ear Mosta 
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(Pedley, 1974). In general, only rare, recrrystallized coral 

fragments are preserved in the rock so that: it is difficult 

to determine the actual importance of coralas during 

deposition of the Lower Coralline Limestone •. 

Petrographically, the Lower Coralline iis of great 

interest because it has a variety of cement : types and is 

composed of biotic constituents with an orig.ginal magnesian 

calcite mineralogy, unlike most modern carbo,onate sediments 

which are aragonitic. The majority of the S·Section can be 

described as foraminiferal-algal \'lackestones:s and packstones. 

Primary porosity has been partially preserve1ed by early 

marine cementation and secondary moldic and 1 solution

enlarged porosities are common throughout mu<uch of the unit. 

Overcompacted textures, including intergrainn penetration, 

planar contacts and grain breakage, occur att discrete 

horizons throughout the section. Matrix caldcite is 

commonly clotted in the algal boundstones reesernbling the 

"grumelous structure" of Cayeux (1935). 

Environmental interpretations of the Lo~wer Coralline 

Limestone have been made by Pedley (1974), F€elix (1973), 

and Bennett (in prep.). It is generally agr~eed that the 

Lower Coralline represents deposition on a boroad, shallow 

platform with algal patch-reef development e~xtending from 

western Gozo through north-central Malta. T~he sequence 

may be considered transgressive, showing deep~pening of water 

near the top of the section. 
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Globigerina Limestone 

Globigerina Limestone occurs over larg~e portions of the 

Maltese Islands and is quarried as the primruary building stone 

there. Felix (1973) places the Globigerina . Limestone in the 

Lower Miocene, ranging from Aquitanian to La.anghian. Two 

widespread horizons of phosphate pebbles divvide the formation 

into three members which show varying lithol,logy and thickness. 

Total thickness of the Globigerina Limestone.e ranges f~om 

approximately 20 m in southern Gozo to 60 m . in southern 

Halta. Isopach studies by Pedley (1975) ind:dicate thinning 

in southeast Gozo and northwest ~1al ta and ma:aximum deposition 

in east-central Malta. The upper contact wi1ith the Blue Clay 

Formation is taken at the gradational changee in rock types 

from bioclastic, fine-grained lime mudstoness to grey, 

pelagic shale and it is considered conformabble. 

Lower Globigerina Limestone 

The lowest member of the Globigerina Linmestone extends 

from the contact with the underlying Lower CCoralline Lime

stone through a hardground at the base of throe first pebble 

conglomerate bed. These lower beds are pale= yellow, fine

grained, bioclastic lime mudstones and wackeestones that 

commonly weather in a honeycomb fashion becarnuse of extensive 

Thalassinoides burrowing. Planktonic foramirinifera are the 

dominant constituents, with benthonic foramiriniferans and 

molluskan and echinoid fragments also commonbly occurring. 

Thickness of the Lower Globigerina is quite vvariable. It 
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is in excess of the 30 m in northeast Malta L near Valletta, 

but is considerably thinner in western Gozo > and may be 

absent in areas of northwestern Malta. 

Middle Globigerina Limestone 

A phosphorite pebble conglomerate bed, 1 Cl as mapped by 

Pedley et al. (1976), marks the base of the l middle member 

of the Globigerina Limestone. The conglomer1rate is composed 

of phosphatized coral, echinoid and bivalve : fragments and 

sharks' teeth. A white, marly, globigerinid·d-rich limestone 

succeeds the conglomerate. Chert nodules ancnd minor amounts 

of echinoid and mollusk fragments occur in tlthis member. As 

in the lower Globigerina Limestone, thicknes~ss varies through-

out the Islands. It is absent in southeaste~rn Gozo and 

attains a maximum thickness of 35 m in south~-central Malta. 

Upper Globigerina Limestone 

The contact between the middle and upperer Globigerina 

Limestone is taken at the base of the secondi main con-

glomerate zone (C2). This conglomeratic horkizon is co~monly 

bioturbated and is not underlain by a hardgrcound like the 

Cl unit. It varies laterally, becoming up teo 4 gradational 

pebble beds in western Gozo. Cross-bedding cand scour and 

fill structures occur at some locations withjin the C2 zone. 

Pebbles are coarsest at the base of the zone and exhibit a 

fining upward trend. Above the C2 zone, the Globigerina 

Limestone becomes a yellow, bioclastic, fine--grained lime 

mudstone similar to the lower Globigerina Linmestone. This 
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horizon is succeeded by a grey marl and thenn another 

yellow, globigerinid-rich, fine-grained limeestone. Goethite 

concretions are common in this upper intervaal. The upper 

Globigerina Limestone has a maximum thicknesss of 18 m in 

northern Malta. Thin development of the uppper member occurs 

in southwest Gozo and an area of minimum depposition is 

observed in east-central Malta. 

Petrographically the Globigerina can bee described as 

a very fine-grained, marly, bioclastic lime I mudstone to 

wackestone. Cement development is best in t~he base of the 

lower member where the limestone is still a r medium to 

coarse-grained bioclastic wackstone like thee underlying 

Lower Coralline Limestone. Above that inter~val the fine 

grain of the sediment limits cementation to 'very fine, 

drusy, void-filling spar occurring primarilyy within chambers 

of benthonic and planktonic foraminifers. P&orosity is 

primarily interparticle and solution-enlargerement is rare. 

The Globigerina Limestone represents de~position on an 

open shelf with normal marine salinities. W~ater depths 

are estimated at 40 to 150 m (Felix, 1973). Intermittent 

periods of non-deposition are suggested by hmardgrounds and 

gaps in the microfaunal record (Felix, 1973) .1. The origin 

of the conglomeratic beds is still a source oof disagreement 

among recent workers on Malta. Felix (1973) , suggests they 

are the result of shallow subtidal to subaeri~ial formation 

of hardgrounds. Pedley (1978) proposes extr~aformational 

influx of detritus as the result of erosion aand tectonic 
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instability in the central Mediterranean reg!gion. Both main 

conglomeratic zones show a decrease in mean 1 pebble size 

and bed thickness from the northwest to the southeast. A 

west to northwest source of detrital materiaal is indicated 

by these structures and textures. The phospphatic pebble 

beds might also represent lag deposits of ph1hosphatized 

fossil debris and concentrated concretionaryy nodules that 

formed during still-stands in sedimentation 1 under water of 

some great depth. 

Blue Clay 

The Blue Clay is the only non-carbonatee unit exposed on 

the Maltese Islands. Felix (1973) places itt in the f>,1iddle 

Miocene, ranging from the Langhian to SerravNallian stages. 

The Blue Clay serves as an impermeable seal j for the Upper 

Coralline aquifer and is used as a base forr artificial 

reservoirs on the Islands. It is a sequencee of stratified 

gray to bluish-gray shale. Goethite concret~ions are common 

in northern Malta. Microfaunal content is obf normal marine, 

pelagic sedimentation. The lower contact winth the Upper 

Globigerina Limestone is gradational and markked by a meter

thick zone of burrowing and transition from rrmarly Globigerina 

Limestone to Blue Clay. The upper contact \'li'li th the over

lying Greensand Formation is also gradationahl. The 

transition to the Greensand is marked by an uupward increase 

in the amount of glauconitic clay. Color gr~adually 

changes from gray to greenish gray and brown.1. In areas 
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where the Greensand is absent, the transition to the Upper 

Coralline is marked by an increase in algal layers within 

the Blue Clay until only minor patches of clay are found 

interbedded with algal limestone. Thickness of the Blue 

Clay varies from 0 in central and eastern Malta to 60 m 

in northwest Gozo and western Malta. At other locations 

it is approximately 20 m thick. 

An open marine, pelagic depositional environment is 

inferred with a supply of terrigenous material near the site 

of sedimentation. Jutson (1973) suggests gradually deepening 

water depths ranging from 150 m at the beginning of Blue 

Clay deposition to greater than 300 m in the upper sections 

of the formation. The transitional contact with the over

lying shallow-water units indicates a final shallowing 

episode at the end of the Blue Clay depositional history. 

The absence of the Blue Clay in eastern Malta is an unsolved 

problem. Both non-deposition and erosion have been proposed 

as possible explanations. Petrographic evidence presented 

in this study suggests an erosional episode associated 

with deposition of the Greensand Formation. 

Greensand Formation 

The Greensand is found in association with the Blue 

Clay and the Upper Coralline Limestone. Microfaunal content 

indicates it ra~ges from Serravalian to Tortonian in age 

(Felix, 1973). Greensand occurs on both Malta and Gozo, 

but is best developed on Gozo where it attains a maximum 
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thickness of 11 r. At other localities it jis generally no 

greater than 1 m in thickness. The Greensannd is a greenish

brown, coarse-grained, bioclastic wackestone characterized 

by common occurrence of green to black glauconite grains an( 

lesser amounts of detrital selenite gypsum. Heterosteginid 

foraminiferans are locally abundant as are bivalves and 

echinoids. House et al. (1961) report the remains of 

dolphins, whales and shark teeth preserved within the 

formation. Felix (1973) divides the unit into a lower, 

thin clayey horizon and an upper, coarse, calcareous sand 

which grades into the overlying Upper Coralline Limestone. 

Burrowing is common within this interval. The lower contact 

is often covered by debris, though where accessibl it is 

also gradational. 

Based on planktonic zone distribution within the Blue 

Clay and Greensand formations, ·Felix (1973) suggests that 

the Greensand represents a condensed sequence of strata 

which contain faunal gaps and indicate periods of non

sedimentation and reworking. Pedley (1976) and Bennett 

(in prep.) consider the Greensand a shallow-water, marine 

limestone which contains much transported r· terial reflecting 

erosion and periods of non-deposition and reworking. 

Upper Coralline Limestone 

In general lithology and weathered outcrop appearance, 

the Upper Coralline Limestone is similar to the Lower 

Coralline Limestone. It is exposed on Malta, Comino and 
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Gozo in thicknesses ranging from a few meter:rs to a maximum 

of 60 m on Comino. Exposures on Malta are C1commonly 30 m 

thick and are limited to the northwest part 1 of the island 

with the exception of a small outlier in eas·stern Malta. 

Felix (1973) places the Upper Coralline Lime:estone in the 

Upper Miocene (Tortonian) as do most previou:us workers. 

Pedley ( 1978) is the only author to do a det<tailed strati

graphic analysis of the formation and divide:es it into four 

members composed of 12 laterally discontinuo~us beds. 

Erosion of this uppermost unit makes correlaiation between many 

of the described localities impossible. Thee base of the 

Upper Coralline is divided into two members, , the Ghajn 

Melel Member in the west and the Mtarfa Membroer in the east. 

Ghajn Melel Member 

This member occurs in Gozo and western ~Malta as linear, 

ridge-like beds oriented both north-south anmd east-west. 

The succession varies from mudstones and for~aminiferal 

wackestones in central Gozo to yellow-brown r bioclastic 

packs tones and grains tones in western Hal ta c: and eastern 

Gozo. Heterostegina fragments and reworked (Greensand mat

erial occur within the brown packstones and s grainstones 

found on Gozo. 

Mtarfa Member 

Overlying the Gahjn Mele Member and ext~ending laterally 

to the east of it is the Mtarfa Member. Theese beds are 

lighter-colored lime mudstones, fine-grained j wackestones and 
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micritic algal boundstone. A north-south tr~ending coralline 

algal bioherm marks the westernmost extent obf this member. 

The bioherm extends 5 to 6 km south from thee northeastern 

coast of Gozo to the cliffs south of Dingli con Malta and has 

an average thickness of 16 m. Rhodolitic Liuthophyllum is 

the dominant constituent of these strata. B~ivalves, 

echinoids and brachiopods are also common. c Cream-colored, 

bioclastic mudstones and wackestones lie to t the east of 

the bioherm. 

Tal Pitkal Member 

The base of this higher member is markered by a decrease 

in algal rhodolite abundance and a change in 1 texture from 

lime mudstones and wackestones to bioclastic ~ packstones and 

grainstones. These massive, well-indurated bbeds contain 

abundant algal debris and occasional rhodolitites. Above 

this horizon the member is composed of lensobidal bioherms, 

patch reefs and large scale cross-bedded oolilitic packstones 

and grainstones. Patch reefs, 1 to 3 meters ; thick and up to 

30 m wide, commonly contain the corals Porite:es and 

Montastraea as well as bivalves, gastropods, , crustacea, 

serpulid worm tubes and foraminifera. Corall.line algae 

occur as encrusting forms in the reefs and Haialimeda is found 

in flanking deposits. The top of the Tal Pit~tkal Member is 

composed of thin-bedded, grey lime mudstones 1 and wackestones 

which are extensively recrystallized and havere been dolomitized 

in some places (Pedley, 1978). This horizon 1 is essentially 

unfossiliferous. 
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In eastern Malta one isolated outcrop o:of Upper Coralline 

Limestone rests unconformably on the Middle ~ Globigerina 

Limestone. It has been tentatively correlattted with the 

Tal Pitkal Member based on its faunal assembililage. 

Gebel Imbark Member 

Pedley (1978) divides the highest membeJer of the Upper 

Coralline Limestone into two horizons. A lo~ower bed of 

cross-stratified oolitic packstones and grai1instones g~nerally 

lies on an eroded contact with the underlyin~ng Tal Pitkal 

Member. Overlying this horizon the Upper CoDralline Limestone 

becomes finer-grained and more micriti Pa£le grey lime 

mudstones and wackestones complete the expos~ed sequence. 

Petrographically, the Upper Coralline d~iffers from the 

Lower Coralline Limestone in several respectts. Both are 

coralline algal-rich, shallow-water limestonenes. However, 

the Upper Coralline has a less varied microfafaunal content, 

echinoid and mollusk debris are not as conmamonandsignificant 

amounts of coral occur as patch reefs. Crosss-bedded, oolitic 

grainstones are common in the Upper Corallinae at several 

locations and the overall texture of the unitt is different 

from that of the Lower Coralline. Boundstonaes, lime mud

stones and grainstones all commonly occur at: various 

horizons, but are rare or absent in the Lowe~r Coralline 

Limestone. Because of its unprotected positiion within the 

sequence, theUpper Coralline is extensively ]leached. Shell 

fragments are poorly preserved and cement haas either been 

restricted or dissolved away by surface weatthering. 
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Ccmpacted textures like those observed in thhe Lower Coralline 

do not occur. The micritic matrix, particu~larly in the 

bioherm, is clotted as in the boundstones o£f the Lower 

Coralline Limestone. 

A shallow-water, open marine shelf is iinferred as the 

site of deposition. Substantial wave activi•ity is suggested 

by the occurrence of large-scale cross-strat.tified oolitic 

beds and patch reef development. More micri·i tic deposits 

occurring in the eastern part of the Islands.s are the product 

of a protected, back reef or restricted shellf environment 

created by the biohermal and patch reef deve:elopment to the 

west. 

Summary of Stratigraphy 

Based on the precedeing stratigraphic dtdescription, 

Oligocene-Miocene formations exposed on ~-ial tita can be 

characterized as normal, open marine sedimen1nts ranging from 

shallow marine limestones to open marine, mooderately deep 

pelagic shales. Ii intertidal sediments weroce deposited, 

they have since been removed by erosion. A gradual 

deepening of water is seen from the base of the Lower 

Coralline Limestone up through the top of thbe Blue Clay, 

which is followed by a regressive shoaling t~hrough the top 

of the Upper Coralline Limestone. 

A variety of stratigraphic relations wiuthin the 

Globigerina Limestone, Blue Clay and Greensaand Formations 

suggest that continual, uninterrupted sedimerentation on the 
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Ragusa Platform did not occur throughout thete time span 

represented by these formations. Note the vvariable thickness 

of the three Globigerina Limestone members. Hardground 

surfaces and phosphatized conglomeratic bedsls within the 

Globigerina Limestone as well as erosional c1contacts between 

the lower and middle members suggest fluctua:ating sea levels 

and breaks in sedimentation. The Blue Clay : is absent in all 

of central and eastern Malta. If this is at·ttributed 

to erosion, under what conditions did this e:erosion take 

place? Was it perhaps partly subaerial? ThEhe Greensand 

Formation is considered by several workers (](Felix, 1973; 

Pedley, 1974, 1976) to represent a consideralable hiatus in 

sedimentation. It marks a drastic shallowin~ng of water before 

the deposition of the Upper Coralline Lirnestctone and 

reworked fragments of the Greensand occur inn the base of the 

Upper Coralline. Pedley's hypothesis (1974) ) of extensive 

cavern formation within the Lower Coralline c during Oligocene, 

Miocene and possibly Eocene time suggests ma~jor unconformities 

that either are not exposed at the surface oror are not clearly 

evident from the rock record. These stratigJraphic and 

structural inconsistencies lend support to thtne idea of 

multiple periods of fresh-water influx and djdiagenesis, which 

the petrographic findings of this thesis seerrem to suggest. 



CARBONATE CEMENTATION 

The subject of carbonate cements, where·e they precipitate, 

why they form, what they look like and why tthey look that way 

is still a controversial topic. Criteria fo'or recoqnition 

of marine vs. meteoric and vadose vs. phreat.tic cements are 

somewhat .equivocal for ancient rocks. Stuudies in modern 

environments over the past 2 0 years have est.tablished some 

general characteristics of cements found in · the marine, fresh

water phreatic and vadose zones, but excepticions and variations 

occur in many cases. In his introduction too a paper on 

diagenetic environments, Matthews (Bricker, led., 1969) makes 

the following observation about distributionn of cements, 

"In short, just about anything can be expecttt.ed to happen 

within a few hundred feet of just about anytlthing else." 

The reader is referred to a comprehensive re~view of the 

carbonate cement problem by Bathurst (1975),, a collection of 

papers on carbonate cements edited by BrickeEr (1971) and 

Folk (1974) for a more complete treatment off the subject. 

The following discussion is meant to be a verery brief summary 

of carbonate cement processes and morphologiaes as related 

to precipitating environments. 

Temperature, salinity, ionic strength obf the pre

cipitating solution, carbon dioxide fugacity { and kinetics of 

the system all affect the form of carbonate ccementation. 

Although calcite is the most stable polymorp~h of calcium 

carbonate, metastable magnesian calcite and aaragonite are 

the most common minerals precipitating in morodern marine 

29 



30 

carbonate environments. High degrees of suppersaturation with 

respect to calcium carbonate in the solutioron, elevated 

temperature and rapid rate of nucleation witthin the system 

encourage the precipitation of aragonite or high magnesian 

calcite over low magnesian calcite (Kitano, et al.,l962). 

Folk (1974) suggests that high ionic concentttrations of Mg++ 

and so4 have a significant effect on the ca~alcium carbonate 

polymorph formed. The presence of Mg++ in tthe solution,and 

to a lesser extent so4, inhibit the formatio:on of calcite and 

further, enhance the precipitation of crysta.al habits elongate 

parallel to the c axis by selectively limitiling side growth 

perpendicular to the c axis. 

In shallow marine water, supersaturatioJon of Caco3 and 

high ionic strength are common so that rapidd precipitation 

of aragonite or magnesian calcite with fibro1ous, elongate 

crystal habits are the dominant cement types.s. Fresh 

water solutions are lower in calcium carbona1ate concentrations, 

ionic strength is weak and rate of nucleatioton is slower 

relative to sea water precipitation. These c conditions tend 

to produce coarser, more equant crystals of stable, low 

magnesian calcite. Ultimately, most aragonititic and 

magnesian calcitic cements revert to the mor~e stable low 

magnesian calcite upon contact with meteoricc water. The 

effect of the inversion or recrystallizationn is variable. 

In some cases (Pingitore,et al., 1976) fines shell structure 

and crystal habit are preserved. Commonly amragonitic 

constituents are dissolved with reprecipitat~ion of low 
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magnesian calcite cement in its place. Inv&ersion of high 

magnesian calcite to stable, low magnesian ccalcite is 

accomplished by incongruent dissolution (Landld, 1967) or 

solution-reprecipitation on a micro-scale CmFriedman, 1964). 

Both are texturally non-destructive processees. 

The distribution and occurrence of minaor elements in 

carbonate cements are related to the originrual mineralogy of 

the cement crystal and its environment of pr,recipitation. 

Aragonite preferentially incorporates strontttium into its 

crystal lattice. Strontium values are corre~espondingly low in 

calcitic cements and in aragonitic sediments:s that have 

undergone recrystallization. Iron and mangtganese are found 

in calcitic meteoric cements and appear to b1be associated 

with fresh water diagenesis. Techniques inc!cluding staining 

and cathodoluminescent petrography are based~d on the variation 

in iron and manganese incorporated within a c calcite crystal 

during precipitation from changing pore wateJers. 

Oxygen and carbon isotope values are li~ighter or more 

negative for fresh water, meteoric precipita1ated cements 

than for cements of marine origin~ This relaiationship is due 

to the lighter carbon isotope cc12 > introducEced to the 

precipitating fluids from soil co2 and isotop:opically lighter 

values of meteoric water than sea water. 

Marine cements are characterized by a fifine,fibrous to 

bladed habit or are micritic. They are often:en clouded by 

inclusions and are of aragonite or high magnernesian calcite 

mineralogy. Marine cements generally form 
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isopachous coatings around carbonate grains.s. Contacts 

between cement fringes within primary void s spaces are even, 

polygonal lines (Shinn, 1975). 

Meteoric, fresh water cements can be dtlivided into two 

major environments: phreatic and vadose. I In the vadose 

environment, pore space is filled by a gas are.nd solution phase 

which affects the morphology of cements prec:ecipitated there. 

Meniscus cements may be the best criteria of -,f vadose 

cementation, especially when accompanied by !Y pendant or gravity 

cements. Cementation is patchy and fine-grairained in general. 

Low magnesian calcite precipitates as granulcular, equant 

crystals. Preferential growth of meniscus CE cements at grain 

contacts causes pore rounding. 

Cementation in the phreatic environmentnt may be the 

most difficult to distinguish from other cemrement types. Rock 

pores are saturated with meteoric water whicmch may or may not 

be oxygenated or may or may not have high iomon concentrations. 

Saturation with respect to calcium carbonate te is inferred 

from the widespread cementation occurring in in modern 

meteoric phreatic environments. Cement crys~stals are commonly 

coarser than those found in the vadose envirolronment and 

range from drusy void-filling or equant granuanular cements 

to dog tooth spar or scalenohedral-shaped cr~rystals. In 

this thesis drusy cement is distinguished frofrom 

granular cements in the following way. Drusy~sy cements 

are euhedral to subhedral crystals that line ~e intragranular 

or intergranular pores and increase in size a~ away from 
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the grain substrate. A mosaic of equant, suubhedral to 

euhedral, pore-filling cement crystals are ddescribed as 

equant granular (Horowitz and Potter, 1971).). In the 

phreatic environment distribution of fringinng crystals is 

irregular and size of adjacent crystals can vary greatly. 

Where fringing scalenohedra meet in primary voids, the 

contact is an irregular suture. Original poore shape is 

commonly preserved. Though not yet an accep~pted criterion, 

the presence of luminescence in carbonate ce:ements may be an 

indication of reducing conditions generally not possible in 

the vadose zone but common in the phreatic eenvironrnent. 



CEMENTATION IN THE LOWER CORALLINE LI,IMESTONE 

Varieties and Abundance 

Cementation vlithin the Lower Coralline Limestone is 

not extensive, though a variety of cement forms representing 

varying diagenetic environments are recognized. Total 

amount of cement present in any sample does not exceed 

30 percent with the exception of some packstones and grain

stones that contain up to 40 percent cement. In most cases 

primary porosity has not been completely occluded by 

cementation and commonly secondary enhancement has occurred 

as a result of meteoric leaching. Grainstones have an 

average of 2.5 percent porosity, boundstones range from 2.5 

to 8 percent porosity and wackestones range from 1.5 to 5 

percent porosity. Packstones are the most co~mon texture 

occurring in the Lower Coralline and have a range of 2.5 

to 18 percent porosity. Ten percent porosity is most 

common. Cementation is least common in rhodolitic bound

stones and bioclastic wackestones, ranging in abundance 

from 6 to 15 percent in boundstones and from 7 to 15 percent 

in muddy wackestones. Packstones have from 12 to 30 percent 

cement and grainstones range from 12 to 40 percent cement. 

With the exception of syntaxial overgrowths on echinoid 

fragments which are coarse-grained, cements in the Lower 

Coralline are subhedral to euhedral, fine- to medium-grained 

crystals (10-50 microns). 

Fine-grained, fibrous cements occur as thin, isopachous 

crusts on algal, coral and foraminiferal fragments. This 
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PLATE 1 

la. Sample 7-37. Algal packstone with common fine, 

fibrous cement coatings on coralline algal frag

ments. Sample is from upper 50 feet of Lower 

Coralline Limestone, Section 7, Weid Anglu, Malta. 

x 10, crossed polars, scale bar= .7 mm. 

lb. Sample 7-37. Algal packstone. Coralline algal 

fragment has thin coating of fine, fibrous cement. 

Cement crystals are indistinct and appear fuzzy 

at all magnifications. Sample is from upper 

50 feet of Lower Coralline Limestone, Section 7, 

Weid Anglu, Malta. 

x 40,plane light, scale bar = .2 'IDPl. 
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PLATE 2 

2a. Sample 2-30. Foraminiferal grainstone with common 

micrite rims and leached mollusks. Early micrite 

geopedally fills micrite rim of bivalve in upper 

right corner of photo. Scalenohedral cement 

fringes foraminiferans and other bioclasts. A 

final episode of micrite fills void in upper 

left portion of photo and coats terminations of 

fringing scalenohedral crystals. Sample is from 

upper 50 feet of Lower Coralline Limestone, 

Section 2, Weid Babu, Malta. 

x 63, crossed polars, scale bar= .7 mm. 

2b. Sample 2-30. Close-up view of micrite-filled 

bivalve from 2a. 

x 10, plane light, scale bar = .35 mm. 
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fragments are the most abundant cement type. These over

growths occur in all textures throughout all sections. 

Distribution and relative abundance of echin- d overgrowths 

are shown in Figure 5. As with other cement types, over

growths are the least common in the wackestones and in 

some rhodolitic boundstones. This is in part due to a 

similar distribution of echinoid fragments, though not 

entirely. Development of overgrowths is commonly inhibited 

by high micrite content in the wackestones. In some cases 

the overgrowth is extremely thin, but large overgrowths do 

develop by neomorphic growth in the micrite matrix. Over

growth shape varies from rounded, equant crystals to 

irregular crystals with serrated edges and is related to the 

crystallographic orientation of the c axis in each echinoid 

fragment (Evamy and Shearman, 1965). Saw-toothed edges 

have grown parallel to the c axis of the host grain and 

rounded, equant overgrowths are perpendicular to the c axis. 

In some samples overgrowths appear to be pendant or gravity 

cements because preferential cementation occurs on one side 

of a fragment. This is due to the orientation of the c axis 

and the cut through the echinoid fragment in thin section 

and not to lack of thorough aqueous saturation of the 

sediment. In plane light two to three generations of over-

growth can be discerned. The earliest overgrowth has an 

irregular saw-toothed outline and is clouded by dark 

inclusions. Plates 3a, b and c show good examples of the 

early marine generation of this cement type followed by a 
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PLATE 3 

3a. Sample 2-3. Bioclastic wackestone. Syntaxial 

overgrowth cement on echinoid fragment exhibits 

early, clouded marine cement followed by a clear, 

meteoric overgrowth in optical continuity with 

earlier cement and echinoid fragment. Sample is 

from lower 15 feet of Lower Coralline Limestone, 

Section 2, Weid Babu, Malta. 

x 16, plane light, scale bar = .4 rnrn. 

3b. Sample 2-3. Close up view of center-left portion 

of 3a. 

x 40, plane light, scale Dar= .2 mrn. 

3c. Sample 7-15. Foraminiferal echinoid packstone. 

Syntaxial overgrowth cement on echinoid fragment 

exhibits clouded marine cement followed by a later, 

clear, meteoric overgrowth. In all three photos, 

syntaxial overgrowth cement has grown neomorphically 

into micrite matrix. Sample 7-15 is from lower 

50 feet of Lower Coralline Limestone, Section 7, 

Weid Anglu, Malta. 

x 40, plane light, scale bar = .1 rnrn. 



411 

a b 

c 



42 

clear, meteoric rim. A thin dust line separates the second 

phase of overgrowth from later cement development in some 

samples. Younger overgrowths are clear and in optical 

continuity with the host grain and first generation over

growth. These syntaxial cements commonly grow poikilo

topically in packstones and grainstones, enveloping other 

bioclasts and encompassing earlier fibrous fringing cements. 

It is reported in the literature (Evamy and Shearman, 

1965) that overgrowtt., commonly have an early non-f,erroan 

stage followed by later stages of varying ferroan c1ontent. 

Staining with potassium ferricyanide in weakly acid 

solution, following the method described by Evamy (.1962), 

produced no results in these overgrowths. It must be 

concluded that they contain less than 1 mole percent 

ferrous iron and are essentially non-ferroan. Cathodo

luminescence reveals a complicated history for these cements. 

Three, and in some samples four, different zones of 

luminescence commonly occur in the overgrowths. The reason 

for zoning is tied to changing pore-water chemistry at 

the time of overgrowth precipitation. Luminescent ~haracter

istics and distribution will be discussed more fullW in a 

following section. 

Fine- to medium-grained scalenohedral cement·i$ less 

abundant than syntaxial overgrowths on echinoid fra~ments, 

but occurs in discrete, somewhat correlatable horizons 

throughout the Lower Coralline Limestone. Relative 

abundance and distribution of scalenohedral cement are shown 
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in Figure 6. These cements occur in all textures, but are 

least common in the wackestones and do not occur in the 

echinoid-rich packstone-grainstones of northwest Gozo 

(Section 12). Grain-fringing and interparticle void-filling 

scalehohedra occur on all bioclasts, in solution-enlarged 

voids and rarely on echinoid overgrowths or fine, fibrous 

cement coatings. Plate 4a shows an irregular rim of 

scalenohedra coating three coralline algal grains. Plate 4b 

is a similar view, but an early generation of fine, fibrous 

cement is seen preceding later scalenohedra. Crystals vary 

greatly in size, ranging from 10 to 50 microns. Finer 

scalenohedra crystals tend to be more elongate, appearing 

needle-like. Nhen occurring as grain coatings, size of 

crystals is irregular and coatings are not isopachous 

(Plate 4b). Scalenohedra do not luminesce and clearly 

follow compaction. 

A final episode of cementation occurs as fine to 

coarse, equant granular and drusy spar that partially to 

completely fills inter- and intragranular pores. This 

cement is non-luminescent and occurs very commonly in all 

textures throughout the section. It is least common in 

northwest Gozo (Section 12) and southeast Malta (Section 13). 

In samples with limited scalenohedra and syntaxial over

growths, drusy and granular cement are the dominant void

filling and grain-encrusting cements. Plates Sa and Sb 

show examples of intragranular (a) and intergranular (b) 

pore-filling cements. Plate Sc cements are equant granular 
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PLATE 4 

4a. Sample 1-5. Algal grainstone. Scalenohedral 

cement irregularly coats red algal fragments and 

partially fills interparticle void. Sample is 

from lower 25 feet of Lower Coralline Limestone, 

Section 1, Qala San Marcu, Malta. 

x 40, crossed polc.~s, scale bar = .1 mm. 

4b. Sample 7-37. Red algal packstone with good cement 

development. Early fibrous cement isopachously 

coats algal fragments. Coarser scalenohedral 

cement follows early fibrous cement and grows 

irregularly into interparticle voids. Algal 

fragment in upper right has been partially 

dissolved by meteoric leaching. Sample is from 

upper 45 feet of Lower Coralline Limestone, 

Section 7, Weid Anglu, Malta. 

x 40, crossed polars, scale bar = .2 mm. 
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PLATE 5 

Sa. Sample 7-20. Rhodolitic boundstone. Granular 

equant spar fills voids in encrusting foraminifera. 

Sample is from the middle of Lower Coralline 

Limestone, Section 7, Weid Anglu, Malta. 

x 50, plane light, scale bar = .1 mm. 

Sb. Sample 7-37. Red algal packstone. Drusy spar 

fills interparticle void between algal fragments. 

Crystal size increases away from substrate. 

Sample is from upper 45 feet of Lower Coralline 

Limestone, Section 7, Weid Anglu, Malta. 

x 50, plane light, scale bar =.08 _mm. 

Sc. Sample 6-11. Rhodolitic boundstone with 

extensive microborings. Drusy spar fills inter

particle voids in coral skeleton. Thin, dark 

lines are microborings which cut across skeletal 

material as well as cement crystals. Sample is 

from upper 40 feet of Lower Coralline Limestone, 

Section 6, Naxxar Gap, Malta. 

x 40, plane light, scale bar = .15 rnrn. 
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and drusy crystals that have been extensively bored by 

microborings. Figure 7 is a diagramatic sketch of the 

six cement types occurring in the Lower Coralline Limestone 

with proposed environments of cementation indicated. 

Matrix material in the Lower Coralline Limestone is 

a combination of micrite and finely comminuted bioclastic 

debris. Commonly micrite has been neomorphosed to microspar 

(Folk, 1965) in patches, and a clotted or grumelous structure 

occurs in the rhodolitic boundstones. Micrite partially 

to completely fills intragranular pores and is present as 

a thin coating over scalenohedral crystal terminations in 

some samples, as seen in Plate 2a. 

Cathodo-Luminescence in Carbonates 

The emission of light induced by electron boronardment 

of carbonate minerals is known as cathodo-luminescence 

(Pierson, 1977). The term luminescence refers to cathodo

luminescence herein. Carbonate minerals luminesce when 

certain impurities are incorporated in the crystal structure. 

These inpurity ions act either as luminescent centers, 

activating light emission, or as inhibitors, quenching 

luminescence. The color and intensity of luminescence 

produced are related to the chemical compositon of the 

mineral and to the concentration of impurity ions. Calcite 

and dolomite luminesce a characteristic yellow-orange to 

orange-red color. It is thought by most authors (Sippel 

and Glover, 1965; Meyers, 1974; Oglesby, 1976; Pierson, 1977; 
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Glover, 1977) that manganese in the reduced Mn++ state 

is the activator ion responsible for luminescence in 

carbonates. It is further thought that iron acts as an 

inhibitor to luminescence, but the valence state of the ion 

is a source of disagreement. Pierson (1977), Oglesby (1976) 

andMeyers (1974) all agree that Fe++ is the quenching species. 

Glover (1977), in agreement with Medlin's work (1959), 

suggests that Fe+ 3 is the ~rimary luminescence inh1bitor in 

calcite and dolomite. Oglesby (1976) and Glover (1977) 

+3 ++ 
concede that Fe as well as Fe have been shown to quench 

luminescence. The study of cathodo-luminescence is still 

in the early stages and precise, quantitative information 

on the reasons for luminescence or lack of it have not 

been established. +3 ++ In this study both Fe and Fe are 

assumed to be possible luminescence-quenching ic s. 

Manganese concentration in the calcite lattice suf-

ficient to cause visible luminescence is reported t~o range 

from 0.1 percent to 1 percent. Based on luminescence 

reported in the literature at that time, Meyers (1974) 

++ 
ascertained that a minimum of 1000 ppm Mn is nece:ssary 

for distinct luminescence to occur. Glover (1977) and 

Pierson (1977) have found luminescence in calcites with 

manganese concentrations ranging from 100 ppm to 10100 ppm. 

No data are available for concentrations less than lOO ppm. 

The amount of manganese incorporated into the calcite lattice 

is directly related to the Mn++;ca++ ratio of the pre-

cipitating solution. In normal marine water the low 
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++; ++ . . . 1 . t . h ++ f Mn Ca rat1o prec1p1tates ca c1 e w1t a Mn value o 

10 to 50 ppm (Meyers, 1974). Fresh surface and subsurface 

. h . h ++/ ++ . h waters conta1n 1g er Mn Ca rat1os and are thoug t to 

be more likely precipitating environments for luminescing 

carbonate cements (Meyers, 1974). However, Glover's 

work (1977) on DSDP samples indicates that the mechanism of 

Mn++ enrichment in the calcite lattice is more complicated 

and does occur in the marine environment. 

Iron concentrations necessary to quench luminescence 

are in part dependent on the manganese concentration, but 

it has been established that with values of one percent 

iron or greater, luminescence will be quenched (Pierson, 

1977) . Figure 8 shows the relationship of manganese and 

iron concentrations in the carbonate lattice to luminescence 

characteristics. Incorporation of iron into the calcite 

lattice is controlled in a similar manner to manganese in 

carbonates, i.e., it is related to the Fe/Ca ratio of 

precipitating fluids. 

Clarification of the terms quenched and non-luminescent 

should be made. As used here, a cement or zone within a 

cement crystal is said to be quenched when it appears black 

under luminescence compared to the slightly luminescing 

allochem it encrusts or brightly luminescing cement zone 

adjacent to it. Quenching implies the presence of iron 

in sufficient quantities to inhibit any manganese-induced 

luminescence. A cement or carbonate grain is non-luminescent 

when it appears dull to dark, but shows no sharp contrast 
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to adjacent luminescing grains or cement. Non-luminescence 

suggests that either manganese is not present in high enough 

concentrations to activate luminescence in the crystal 

lattice or that luminescence is being inhibited by the 

presence of iron. It is a less definitive term than 

quenched. 

Luminescent studies of modern and Holocene carbonate 

sediments suggests the follovdng tentative conclusions: 

(1) vadose diagenesis does not produce luminescing carbonate 

cements, and in fact reduces luminescence of constituent 

grains (Glover, 1977); (2) phreatic diagenesis does produce 

luminescent cements, though not consistently in either the 

modern or ancient rocks studied (Glover, 1977; Meyers, 1974); 

(3) there is a general trend of increased luminescence 

with age of sediment and a relationship between diagenetic 

alteration and manganese enrichment, with corresponding 

luminescence. Determining which iron species is the 

quenching agent is important if luminescence characteristics 

are to be used as criteria of cementation environments. 

Virtually all iron in marine and aerated surface waters 

+3 ++ 
is present in the oxydized Fe state. Reduced Fe occurs 

in reducing phreatic zones or in deep subsurface waters. 

If both species are effective inhibitors of manganese-

induced luminescence, then the environmentally significant 

factor will be a locale of Mn++ enrichment. These questions 

remain to be answered by quantitative, geochemical studies 

beyond the scope of this thesis. 



Cathodo-Luminescence in the 
Lower Coralline Limestone 
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Luminescence in Lower Coralline Limestone samples was 

examined using a Nuclide Corporation Luminoscope which 

consists of a vacuum chamber with an attached cathode-ray 

tube mounted on a standard microscope. Uncovered thin 

sections are placed in the chamber and bombarded with 

electrons from the attached electron gun. Luminescence 

is visible in these samples at 7 or 8 kv, but best observed 

between 11 and 14 kv and 70 to 80 microamps. 

Three to four luminescent zones occur in the syntaxial 

overgrowth cements. These zones grow sywmetrically around 

host echinoid fragments and have a consistent sequence of 

color bands in most samples. The earliest syntaxial 

overgrowth, which appears clouded in plane light, luminesces 

a very dull orange color. This is generally followed by a 

quenched dark zone of variable thickness; then a thin, 

bright orange-yellow zone and in some samples a final, thick 

dull orange zone. Distribution of luminescent zones in 

the Lower Coralline is shown in Figure 9. Figure 9 indicates 

that these zones are most common on Gozo (12, 5) and north-

central Malta sections (1, 6, 7) and disappear entirely 

in eastern Malta (13) and in the lower half of section 2 in 

south-central Malta. Figure 10 shows the relationship of 

syntaxial overgrowth distribution to luminescent zone 

abundance and distribution. Note that syntaxial overgrowths 

do occur in samples with little or no luminescence. Zoned 
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Relationship of Compaction to 
Cements and Compaction 

Compaction in the Lower Coralline Limestone is 

57 

demonstrated by overcompacted textures (planar contacts, 

over-tight packing, grain deformation), grain inter-

penetrations and grain fractures. Plate 6 shows three 

examples of compaction in algal-foram packstones with common 

planar contacts, some intergrain penetration and grain 

breakage. Distribution and abundance of compaction is 

shown in Figure 11. Compaction is most common in the 

packstones and grainstones and rarely occurs in boundstones 

or wackestones. Cause of compaction is probably due to 

both overburden pressure and solution-compaction, though it 

is suspected that solution-compaction played an important 

role early in the diagenetic history of these sediments. 

Distribution of compaction is irregular and discontinuous 

in all sections and is not uniformly distributed as would 

be expected if compaction is a response to simple overburden 

pressure. Compaction is most common in samples which also 

have abundant syntaxial or scalenohedral cement. This is 

puzzling unless cementation is in some way related to com-

paction. Figures 12, 13 and 14 show an apparent correlation 

between occurrence of compaction, luminescence, scalenohedra 

and syntaxial overgrowths. Figure 12 shows syntaxial over-

growth distribution and abundance in the lithologic column 

with compaction to the right ot the column. Figures 13 and 

14 compare luminescence and compaction, and scalenohedral 



PLATE 6 

6a. Sample 1-5. Foram-algal grainstone which ex

hibits common compacted textures. Planar contacts, 

grain fracture and intergrain penetrations (middle 

right of photo} occur in this sample. Sample is 

from lower 25 feet of Lower Coralline Limestone, 

Section 1, Qala San Marcu, Malta. 

x 4, crossed polars, scale bar= 1.5 rom. 

6b. Sample 7-12. Algal-foram grainstone-packstone 

with well-developed compacted textures. Red algal 

fragment is fractured and together with adjacent 

fragment is penetrating miliolid foraminifera 

(lower right of photo) • Sample is from lower 

70 feet of Lower Coralline Limestone, Section 7, 

Weid Anglu, Malta. 

x 12.5, plane light, scale bar = .45 rom. 

6c. Sample 5-10. Bioclastic packstone-grainstone. 

Nummulitic foraminifera are tightly compacted 

against echinoid fragment which has a thin 

syntaxial overgrowth. Foraminifera and mollusk 

fragment have fine, fibrous cement coatings which 

precede compaction. Sample is from lower 55 feet 

of Lower Coralline Limestone, Section 5, 

Qala, Gozo. 

x 12.5 plane light, scale bar = .5 rom. 
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cement and compaction in the same way. All four diagenetic 

features appear to be related to pore water movement within 

the rock and are perhaps the product of water lenses 

either marine or fresh, within the Lower Coralline Limestone. 

In all sections, horizons which show good cementation or 

compacted textures have also undergone extensive solution. 

In addition to the discovery of luminescent zones in 

syntaxial overgrowth cements, use of the luminoscope 

clarified a timing relatior..·~ip between overgrowths, com

paction and other cement types. It is clear from observation 

in plane and polarzed light that fine, fibrous ce:ment 

precedes compaction and that both scalenohedral and granular, 

pore-filling cements generally follow compaction. In 

Plate 6, early fibrous cement is compacted between algal 

fragments. In contrast, it is uncertain whether compaction 

precedes, follows or is synchronous with syntaxial over

growth development in plane light (Plate 6c}. When examined 

with the luminoscope, luminescing zones in syntaxial over

growths can be seen to precede grain compaction and fracture 

in most cases. The relationship is still equivocal in many 

samples and suggests that compaction and syntaxial cementa

tionmayhave occurred over a long, overlapping period of 

time. The final zone occurring in syntaxial overgrowths 

does appear to follow compaction, but the first three zones 

either precede or are synchronous with compaction. 

Confusion over timing of compaction vs. overgrowth 

development may be explained if there is more than one 
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episode and cause of compaction. An early, solution

related compaction episode could occur synchronously with 

the precipitation of syntaxial overgrowths in a fresh-

water phreatic environment. This early stage of cementation 

and solution-compaction most likely occurred before and/or 

during deposition of overlying units with the exception of 

the Lower Globigerina Limestone which contains luminescent 

overgrowths in its base. Timing of this compaction and 

syntaxial cement development would be difficult to deter

mine petrographically. Depositon of overlying strata would 

cause later compaction due to overburden pressure and evi

dence of this later compaction would be preserved in 

fractured overgrowth cements that clearly precede compaction. 

An alternate hypothesis places syntaxial overgrowth 

development and compaction at a later time, during the 

interval represented by the Greensand Formation. Studies 

of Maltese stratigraphy (Felix, 1973) have concluded that 

the Greensand marks a hiatus in sedimentation and may 

suggest an erosional unconformity. If this is the case, 

compaction could be a combination of both solution and 

overburden pressure acting together during a period in 

which phreatic cementation of the Lower Coralline Lime

stone was occurring. This sequence of diagenetic events 

would also pror1 'Jce ambiguous petrographic relationships 

between syntaxial overgrowths and compaction features. 

Scalenohedra and granular spar would then occur at some 

later time, either before or after deposition of the Upper 
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Coralline Limestone. Textural relationships of 

scalenohedral and granular cements to both syntaxial over

growths and compaction indicate that they are the latest 

cementation events. 

There are problems with both explanations. In the 

first hypothesis, an episode of fresh-water phreatic 

diagenesis is proposed to have occurred before deposition 

of overlying strata. This requires subaerial exposure 

somewhere on the Ragusa Platform at the end of Lower 

Coralline or during Globigerina Limestone depositon in 

order to form a fresh water lens. There is limited field 

evidence for such a period of subaerial exposure on Gozo. 

Bennett (in prep.) reports Cl conglomerate filling fractures 

in lower Globiq~rina Limestone suggesting some erosion of 

lower Globigerina Limestone before deposition of overlying 

strata. Whether this erosional episode is subaerial or 

submarine in nature is unclear. It is also possible that 

strata now below sea level would show such an erosional 

unconformity. 

Two questions are raised by the second hypothesis. 

The preferential occurrence of compaction in packstones 

and grainstones and sparse occurrence in micritic wackestones 

suggests solution-compaction rather than overburden pressure 

as the primary cause of compaction. Secondly, this 

hypothesis would require some compaction to precede 

syntaxial overgrowths and there is no clear petrographic 

evidence for this. 
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Microborings and Solution 

Micrite-filled microborings occur in limited hhorizons 

within the Lower Coralline Limestone. Microboringsrs are 

straight, generally ranging from .2 to .4 mm in lenngth and 

are 0.2 mm in diameter (Plate Sc). They commonly ooccur 

in bundles or clumps and are concentrated in portio.ons of 

samples. Distribution and abundance of microboring.gs in 

Figure 15 shows that they are geographically restriicted to 

north-central Malta. It is uncertain whether they . are of 

algal or fungal origin, but are believed to form inn either 

submarine or fresh-water phreatic environments. Un•nder 

cathodo-luminescence the borings luminesce a dull o:orange 

in some samples, but are commonly dark. Microborin~gs 

occur after all cement types and compaction. Borin~gs do 

not extend above the Lower Globigerina Limestone anod are 

very rare in this member. 

Solution occurs throughout the Lower Corallinee 

Limestone and is considered the final diagenetic ep~isode 

preserved in these rocks. All ceme·t types and biooclasts 

are cut by solution. Fractures, interparticle and j intra

particle void are commonly solution-enlarged. Soluution 

occurs in overlying sections as well a:. 3. is more prcronounced 

in the Upper Coralline Limestone than in the Lower CCoralline 

or Globigerina Limestone. 
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Lateral Distribution of Diagenetic Fabrics 

From the foregoing discussion of cements, luminescence 

and compaction in the Lower Coralline Limestone, it is 

apparent that diagenetic alteration of these limestones took 

place over a long period of time and under a variety of 

conditions. There is no consistent vertical increase or 

decrease in cementation or other diagenetic features in any 

of the sections. Lateral variations are of more interest 

and may serve to explain probable mechanisms of cementation. 

The following is a brief summary of the lateral 

distribution of diagenetic characteristics examined in the 

study: 

1. Fine, fibrous cements and micrite rims are limited 

to grainstones and packstones occurring primarily in 

north-central Malta (sections 6, 7) and southeast 

Gozo (section 5). 

2. Syntaxial overgrowth cements occur throughout all 

sections, but are least common in southeast Malta 

(sections 2, 13). 

3. Luminescent zones are most common in Gozo (sections 

5, 12) andin north-central Malta (sections 6, 7); 

are much less common in south-central Malta 

(section 2) and are essetially absent in southeast 

Malta (section 13} 

4. Scalenohedral ceTientisabsent in northwest Gozo 

(section 12}; is most common in southeast Gozo 

(section 5) and north-central Malta 



69 

(sections 1, 6 and 7) and has limited occurrence 

in southeast Malta (sections 2, 13). 

5. Compaction is most common in southeast Gozo 

(section 5) and north-central Malta (sections 1, 

6 and 7); is less common in northwest Gozo (section 

12); rare in south-central Malta (section 2) 

and is absent in southeast Malta (section 13). 

6. Granular and drusy cer nts are common in all 

sections, though least abundant in northwest 

Gozo (section 12) and southeast Malta (section 13). 

7. Microborings are concentrated in north-central 

Malta {sections 6, 7) and are rare to absent in 

all other locations. 

Figure 16 shows diagramatically the lateral distribution 

of the above diagenetic features in sections arranged from 

northwest Gozo (12) to southeast Malta (13). Two patterns 

are noted: (1) abundant occurrence of overgrowths and 

luminescence extends from northwest Gozo (section 12) to 

north-central Malta (section 7), and (2) all other diagenetic 

features are most common in the sections located from 

southeast Gozo to north-central Malta {sections 5, 1, 6 and 

7). Southeast Malta (sections 2 and 13) has poor development 

of early diagenetic features and less common occurrence of 

later diagenetic features. 

This geographic distribution, when paired with the 

apparent textural control exercised by muddier, less 

permeable horizons, suggest that all diagenetic features 
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are to some extent related to pore water migration withinn 

a marine or fresh-water phreatic lense. It is not clear 

why southeast Malta was less afffected by diagenetic 

episodes. Texturally, sections 2 and 13 are more micri ti~ic 

overall than the other sections examined and this may 

control cementation to a great extent. The absence of tlthe 

Blue Clay and Upper Globigerina Limestone in southeast 

Malta has been variously attributed to either non-deposit~ion 

or erosion. Both alternatives suggest that this part of 

Malta was a paleo-high area and in the vadose zone duringg 

the Miocene. In addition, the absence of parts of the 

Globigerina Limestone and the Blue Clay may also have 

restricted cement development by limiting sources of calc~ium 

carbonate and trace metal ions for cementation. Such 

explanations are, of necessity, speculative when the relaative 

size of Malta is compared to the rest of the Ragusa Platf&orm 

or the central Mediterranean area. Diagenetic patterns 

observed on the Ualtese Islands may be related to a regioonal 

hydrologic system. Variations from one section to anothe~r 

on Malta may be of little significance when a larger 

geologic setting is considered. 



DIAGENETIC HISTORY OF THE 
LOWER CORALLINE LIMESTONE 

Where and When Did Cementation Occur? 

Cementation in the Lower Coralline Limestone began in 

the marine environment and continued into fresh-water 

phreatic and possibly vadose environments. Early marine 

cements were essentially syndepositional and are represented 

by fine, fibrous cements that isopachously coat algal 

fragments and a first, clouded generation of syntaxial 

overgrowths on echinoid fragments. Micrite rims around 

later-leached aragonitic mollusks also occurred in the marine 

environment. Later generations of syntaxial overgrowths, 

scalenohedral cements and fine to coarse-grained granular 

and drusy spar are interpreted to be products of fresh-

water phreatic cementation. 

Micrite rims and fibrous, isopachous cement crusts 

are common marine cement types in both the modern and ancient 

rock record {Bathurst, 1976). Cements clouded by inclusions 

are also reported in marine environments. Meyers {1974a) 

described an early generation of clouded syntaxial over-

growth on echinoid fragments which he interpreted as marine 

and syndepositional. Early dissolution of aragonitic 

constituents in marine environemnts has been reported 

from cooler-water settings in Oligocene-Miocene carbonates 

of New Zealand (Nelson, 1978) and in modern deep water 

sediments (Schlager and James, 1978). Because Lower 

Coralline biotic constituents appear to represent the 
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temperate-water, foramol assemblage described by Lees 

(1975), it is thought that the precipitating marine waters 

were cooler than in modern carbonate environments, contained 

more co2 and possibly were undersaturated with respect to 

calcium carbonate at various times during deposition of the 

Lower Coralline Limestone. Upwelling along the margins 

of the Ragusa Platform is suggested as a possible cause of 

cooler temperatures. 

Abundant coral reefs with diverse faunas occur through

out the Mediterranean during Oligocenetime (Frost, 1977). 

This precludes a general cool-water Mediterranean during the 

mid-Tertiary. The upwelling cooler water provides a mechanism 

for possible early dissolution of aragonitic allochems. 

Most micrite rims, however, are intact indicating either that 

aragonite mollusk fragments were still present at the time 

of compaction or that the micrite rim was cemented tightly 

enough to withstand compaction. The sparse occurrence of 

originally aragonitic biota (corals, green algae, mollusks) 

and the absence of non-skeletal constituents (ooids, 

aggergates, pellets) is explained by selective dissolution 

of aragonitic bioclasts, in either the marine or meteoric 

environments, and an initial lower abundance of these 

constituents in the sediments. 

Later generations of syntaxial overgrowths are con

sidered phreatic in origin because they possess luminescent 

zones generally associated with fresh-water phreatic rather 

than vadose or marine environments {Meyers, 1974; 
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Pierson, 1977). The precipitation of four luminescent zones 

with varying iron and manganese contents suggests the 

fluctuating water chemistry of a ground-water system rather 

than the stability of a marine water-saturated environment. 

Scalenohedral cement is also interpreted as phreatic 

because the crystals are coarser and less regular than 

would be expected in the marine environment (Plate 4). 

They clearly follow early marine cements, syntaxial over

growths and compaction of sediments which places them at 

a much later time in the diagenetic history of the Lower 

Coralline Limestone. In addition, the early marine cements 

luminesce a very dull orange, but scalenohedral cement is 

very dark, appearing quenched. Scalenohedra are not con

sidered vadose in origin because their occurrence is not 

patchy and meniscus cements due to preferential cementation 

at grain contacts do not occur. When fringing scalenohedra 

have grown into open intergranular cavities, the contact 

between adjacent crystals growing from grains is an 

irregular, sutured line (Shinn, 1975). Original pore shape 

is preserved and no pore rounding or pendant cements are 

observed. 

Granular and drusy spar cements may be products of both 

phreatic and vadose environments, though as with other 

cements described, no typically vadose characteristics occur. 

Drusy cement partially to completely fills pores and coats 

grains following early fibrous marine cement, micrite rims 

or scalenohedral cement. Drusy spar increases in size 
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away from the substrate and can become quite coarse 

{.10 mm} in larger pores. Granular cements are equant, 

subhedral to euhedral crystals that form a mosaic of 

void-filling cement. Granular and drusy cements are non

luminescent, clear and in general fine-grained. These 

cements are more common in intraskeletal voids than inter

particle pores. Based on textural relationships it is 

possible that this cement type both precedes and follows 

scalenohedra development. Drusy spar commonly fills voids 

surrounded by micrite rims and intraskeletal voids. This 

cementation could have occurred anytime after leaching of 

aragonitic allochems, possibly even in the marine environ

ment, though the clarity and lack of luminescence of these 

cements argues against a marine origin. More commonly 

drusy and granular spar occur after scalenohedral fringing 

cements. Extremely fine-grained {5 to 15 microns), 

granular, void-filling microspar clearly follows all other 

cement types. It commonly has a brownish tint in plane 

light and may be separated from earlier cement crystals by 

a fine line of micrite. The overall character of this latest 

cement suggests some degree of recent weathering in the 

vadose environment. 

Relative timing of these cementation events can be 

determined based on petrographic textural relationships. 

Figure 17 lists the order in which cementation and other 

diagenetic events occurred and places these events in 

sequential diagenetic environments. Tying this sequence 
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of cement episodes to the geologic record of the Maltese 

Islands is not as straightforward. An obvious change in 

cementation occurred between early marine and late meteoric 

cements. Pre-compaction cements are clearly separated 

from post-compaction cements. However, echinoid overgrowths 

in the Lower Coralline Limestone are interpreted by the 

wr~ter to be both marine and meteoric, pre- and post

compaction. There may not be a clear break in cementation 

for syntaxial overgrowths which certainly exhibit the longest 

and most complicated diagenetic history of cements occurring 

in the Lower Coralline. 

Based on changing cement morphologies, relationship to 

compaction and luminescent variations, meteoric diagenesis 

must be divided into at least two episodes of phreatic 

cementation which succeed early marine cementation. 

In order to have phreatic cementation, a fresh-water 

phreatic lens must form in the Lower Coralline Limestone. 

This requires influx of meteoric water somewhere near or 

on the Maltese Islands. There are four possible times for 

fresh-water recharge to occur based on the stratigraphic 

sequence exposed on Malta and Gozo. The earliest possible 

time of subaerial exposure is during deposition of the Lower 

Coralline Limestone. Pedley (1974) hypothesizes a period 

of intense uplift and erosion in western Gozo during the 

early Tertiary to explain cavern formation and subsequent 

collapse in the early Miocene. Stratigraphic relationships 

reported within solution subsidence structures on Gozo 



78 

{Pedley, 1974) indicate that cavern formation and collapse 

took place before deposition of the Blue Clay, Greensand and 

Upper Coralline Limestone, which lends support to an early 

Tertiary period of subaerial exposure. Rose {1979, personal 

communication) and Bennett {in prep.) report erosional 

contacts between the lower Globigerina Limestone and the 

overlying middle member of the Globigerina Limestone on 

Gozo. Bennett {in prep.) is interpreting this as a 

subaqueous feature, but a period of subaerial exposure at 

this time is in agreement with the vertical extent of 

luminescent zones in~he syntaxial overgrowth cements 

interpreted in this study to be of meteoric origin. 

A third interval of possible fresh-water influence 

occurs at the beginning of or during Greensand deposition. 

The Greensand is a horizon of known slow sedimentaion 

rates which has a condensed microfaunal record {Felix, 

1973), suggesting breaks in sedimentary history. An 

erosional surface preceding Greensand deposition is reported 

on Gozo. In addition, bothBlue Clay and Greensand are 

absent in eastern Malta suggesting a possible erosional 

unconformity there. 

A final period of subaerial exposure began after 

deposition of the Upper Coralline Limestone at the end of 

the Miocene, probably in connection with the Messinian 

crisis {Hsu et al., 1977). Estimated original thickness 

of the Upper Coralline is in excess of 160 m based on 

borehole information from the Bingemma area of Malta 
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(House et al., 1961). In most locations Upper Coralline 

thickness is 30 m or less indicating extensive erosion of 

this uppermost unit. This erosion could be in part late 

Miocene and in part Pleistocene or Holocene. 

In addition to petrographic and stratigraphic indi

cations of repeated emergence of the Maltese Islands, 

eustatic sea level fluctuations proposed by Vail et al. 

(1978) provide an interesting parallel between regional 

sea level drops and the shallowing reflected in Oligocene

Miocene strata on Malta. A major drop in sea level occurred 

in early Chattian time, which would correspond to Lower 

Coralline Limestone now below sea level. Two rapid sea 

level drops occurred at the Chattian-Aquitanina-Burdigalian 

boundaries which roughly correspond to the end of Lower 

Coralline deposition and the first phosphatized conglomerate 

zone at the top of the lower Globigerina Limestone. A 

progressive rise in sea level continued from early 

Burdigalian through late Serravallian-Tortonian boundary. 

This deepening interval is represented on the Maltese 

Islands by the middle and upper Globigerina Limestone and 

Blue Clay; the Greensand Formation corresponds to the pre

Tortonian drop. These sea level curves (Vail et al., 1978) 

are shown with the stratigraphic succession exposed on the 

Maltese Islands in Figure 18. 

Such apparent correlations are appealing, but must be 

considered speculative. The stratigraphic sequence on 

the Maltese Islands does appear to reflect accurately 
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regional sea level fluctuations, but this study can pr~esent 

no field evidence for subaerial exposure during either tthe 

late Oligocene or early Miocene intervals. The two 

phosphatized pebble beds, referred to as conglomerate 

zones by Pedley (1974), Bennett (in prep.) and Felix (1~973) 

suggest support for cooler water and possible periods obf 

very slow sedimentation. Baturin and Bezrukov (1979) 

report phosphorite deposits occur on continental shelvees 

in areas of cool, upwelling water. Further, they suggeest 

the phosphorites form during high stands of sea level, bbut 

are reworked as lag deposits during low stands of sea leevel. 

Birch (1979) interpreted Tertiary phosphatized conglomer!rates 

occurring on the western margin of South Africa in a simmilar 

manner. These zones in the Globigerina Limestone may 

represent lag deposits of phosphatized debris formed in the 

same way. The first phosphatic conglomerate zone (Cl) is 

underlain by a burrowed hardground, its position in the 

stratigraphic column corresponds to a minor drop in sea 

level (Fig. 17) and there is some evidence of an erosionnal 

episode before deposition of the Cl zone and middle 

Globigerina Limestone (Bennett, in prep.). Felix's {19773) 

suggestion of subaerial exposure during the formation off 

phosphatiized conglomerates zones seems unlikely when 

studies of modern phosphorites are considered. 



Sources of Calcium Carbonate, 
Manganese and Iron 
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There are several possible sources of calcium carbonate 

for meteoric cementation in the Lower Coralline Limestone. 

Cavern formation within the Lower Coralline itself would 

have released sizable amounts of calcium carbonate to the 

groundwater system. Leaching and dissolution of overlying 

units could potentially contribute a great deal of calcium 

carbonate during later periods of phreatic or vadose 

flushing. The Globigerina Limestone shows evidence of 

extensive leaching. Solution-enlarged pores and fractures 

are common and silicification of foraminifera tests and 

mollusk fragments occur locally within the Globigerina 

Limestone. Chert replacement of calcite bioclasts would 

contribute small amounts of calcium carbonate, but dissolution 

of overlying formations could release substantially 

more. If estimates of original Upper Coralline Limestone 

thickness are correct (Pedley, 1975; House et al., 1961), 

then 100 to 130 m of limestone have been eroded and would 

provide an ample supply of calcium carbonate for cementation 

in lower units. Solution compaction and pressure compaction 

within the Lower Coralline Limestone would reduce porosity 

and redistribute calcium carbonate as cement, though these 

processes would not introduce new calcium carbonate to the 

system. Only minor compaction occurs in overlying formations 

and cannot be considered a potential source of calcium 

carbonate for cementation in lower units. 
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Leaching of the Blue Clay and Greensand formations 

provides a convenient source of iron and manganese for 

incorporation in Lower Coralline cements during late phreatic 

diagenesis, but possible sources for an earlier phase of 

phreatic cementation are uncertain. The Globigerina 

Limestone contains minor amounts of glauconite and could 

conceivably have contributed some amount of iron to early 

phreatic cementation if the early period of meteoric 

diagenesis occurred after deposition of at least the Lower 

Globigerina Limestone. If cavern-forming solution within 

the Lower Coralline Limestone is one source of calcium 

carbonate, marine-derived manganese incorporated into bi•io-

clasts and marine cements would be added to the phreaticc 

system, though admittedly in low concentrations. 

High concentrations of iron and manganese are not 

present in the Lower Coralline Limestone. These cements 

do not contain enough iron to stain calcite ferroan blue, 

but a sufficient amount is present to cause quenching in 

one zone of the syntaxial overgrowths and in the scaleno-

hedral cement. Manganese concentrations need not be unusually 

high. Both Glover (1977) and Pierson (1977) have established 

that luminescence does occur with concentrations as low as 

++ 100 ppm Mn . Intensity of luminescence has been partly 

linked to concentration of manganese within the cement 

crystal (Pierson, 1977; Meyers, 1974; Glover, 1977). Lower 

Coralline samples are not brightly luminescent, and commonly 

have a low intensity suggesting that manganese content may 
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be corresponding low. 

The possibility of an allochthonous source of iron 

and manganeseisraised by Pedley's (1974) suggestion of 

emergent areas nearby, to the west or north of the Maltese 

Islands. He bases this idea on derived material occurring 

throughout the sequence and in particular the nature and 

distribution of phosphatized conglomerate beds in the 

Globigerina Limestone. There is no direct field evidence 

for this because such proposed emergent areas are now well 

below sea level and a phosphatized lag deposit is an equally 

plausible explanation for these zones. 

Summary of Diagenetic Interpretaion 

There is evidence for early marine cementation followed 

by at least two episodes of phreatic cementation in the Lower 

Coralline Limestone. Fine, fibrous cements, micrite rims 

and an early, clouded generation of syntaxial overgrowth 

cement are believed to be of marine origin. Dissolution 

of aragonitic allochems is interpreted as a possible early 

diagenetic feature for two reasons. Preservation of micrite 

rims around leached aragonitic bioclasts is very rare. The 

lack of preservation due to an early period of solution 

might explain why mollusks seem rarer than would be expected 

under normal marine conditions. If mollusks were present 

and preserved through the early marine period of diagenesis, 

then some evidence of such in the form of leached molds or 

replaced skeletal material would be expected. This kind of 
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petrographic evidence occurs only rarely in the Lower 

Coralline samples. The faunal assemblage preserved in the 

Lower Coralline Limestone is very similar to a cool-water, 

temperature climate assmeblage described by Lees (1975). 

Under these conditions of cooler water, undersaturation 

with respect to calcium carbonate can periodically occur and 

dissolution of aragonite at or near the sediment-water 

interface in the marine environment would result. It is 

considered more likely, though, that dissolution of aragonitic 

bioclasts with simultaneous reprecipitation of low magnesian 

calcite cement occurred in a fresh-water environment. The 

unbroken and uncompacted state of micrite rims around 

leached bioclasts supports this interpretation. 

Later generations of syntaxial overgrowths on echinoid 

fragments are of phreatic origin and appear to have formed 

both before and during compaction of Lower Coralline sediments. 

Three luminescent zones commonly occur in syntaxial over

growths, but do not exist in other cement types or extend into 

overlying units. Distribution of compaction textures indicates 

compaction is primarily a solution-related event and its 

relationship to syntaxial overgrowths suggests that both 

comp~.~tion and overgrowths occurred before deposition of 

overlying strata. Limited compaction due to overburden 

pressure occurred during or after the deposition of overly:ying 

units, but appears to precede the precipitation of 

scalenohedral and granular cements. 

Scalenohedral, granular and drusy cements occurred 



86 

in a separate phreatic event that followed compaction. 

These cements are non-luminescent and do not exhibit 

vadose characterisitcs. Micrite-filled microborings occur 

in limited horizons within the Lower Coralline Limestone. 

It is uncertain whether they are of algal or fungal origin, 

but are br:lieved to form in water-saturated sediment and 

rocks. In the Lower Coralline all bioclasts and cement 

types are bored. Mircoborings do not occur above the Lower 

Globigerina Limestone and are very rare in this member. 

Solution is considered the latest diagenetic feature 

in the Lower Coralline Limestone. It cuts all cement types 

and partially dissolves bioclasts. Solution-enlarged 

fractures, intergranular and intragranular pores are common 

throughout the Lower Coralline as well as in overlying 

units. Solution is more pronounced in the Upper Coralline 

Limestone than in the Globigerina Limestone or the Lower 

Coralline. 

Figure 17 summarizes the proposed chronological 

sequence and extent of dia~,netic features examined in the 

Lower Coralline Limestone. 



COMPARISON OF DIAGENESIS IN THE 
LOWER CORALLINE LIMESTONE TO 

CARBONATES ORIGINALLY HIGH IN ARAGONITE 

The faunal assemblage preserved in the Lower Corallline 

Limestone differs from many modern carbonate assemblages 

reported in the literature. Original mineralogy of Lower 

Coralline sediments was dominated by high magnesian and 

low magnesian calcite. Skeletal and non-skeletal aragonite 

constituents are sparse to absent. In modern carbonate 

environments, aragonite and high magnesian calcite are the 

predominant minerals found. Calcareous red algae, benthonic 

foraminifera and echinoderms are the most common groups 

represented in the Lower Coralline Limestone with bryozoans, 

brachiopods and mollusks occurring less commonly. Corals 

and calcareous green algae are very rare. In modern 

tropical and subtropical environments corals and green 

algae are the dominant sediment-formers. This variation 

in mineralogy and biotic constitutents reflects a cooler-

water environment during deposition of the Lower Coralline. 

Lees (1975) described three faunal assemblages occurring 

in modern carbonate environments that vary in geographic 

distribution based on mean annual temperature and salinity. 

His chloragal and chlorozoan assemblages are warm-·,·ater, 

tropical to subtropical faunal groups dominated by coral 

and green algae and include ooids, aggregates and pellets 

as non-skeletal constituents. The fora '~)1 assemblage is 

a temperate climate, ~ool-water group names for the 
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dominance of benthonic foraminifera and mollusks. 

Bryozoans, coralline red algae and barnacles commonly 

occur in the foramol assemblage as well as echinoderms, 

sponge spicules and worm tubes. Non-skeletal constitutents 

are absent with the exception of pellets in regions where 

temperature and salinity maximum values are sufficient, 

to allow inorganic precipitation. 

Even if selective dissolution of aragonitic particles 

is considered a significant diagenetic process in these 

sediments, it appears that the Lower Coralline Limestone 

biotic assemblage is representative of a cooler-water 

environment similar to that described by Lees (1975) in 

modern environments and by Nelson (1978) in Oligocene

Miocene carbonates in New Zealand. The Mediterranean 

as a whole did not have cool water during Oligocene time. 

Coral reefs flourished throughout the region indicating 

optimum conditions of temperature and salinity. The 

apparent cool water assemblage of the Lower Coralline could 

be the result of cold, upwelling currents along the Ragusa 

Platform margins. 

The majority of modern carbonate studies are carried 

out in tropical to subtropical environments (Bahamas, 

British Honduras, Barbados, Yucatan, etc.), with almost 

no attention given to carbonate deposition in higher 

latitudes and cooler waters. When trying to apply 

diagenetic criteria formed on the basis of a warm, shallow 

carbonate model to ancient, cool-water limestones certain 
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variations must be considered. Differences in original 

mineralogy may influence the rate and kind of diagenesis 

occurring in the Lower Coralline Limestone. Selective 

dissolution of aragonite allochems and preservation of 

magnesian calcite constituents clearly occurred. Skeletal 

strucutre of red algae, echinoderms and benthonic foramini

fera are well-preserved. Aragonitic fragments, when 

preserved, occur as molds filled with drusy spar or as 

cement-filled micrite rims. The very rare occurrence of 

replaced, originally aragonitic bioclasts suggests an 

original low abundance that was further diminished by 

selective dissolution during marine diagenesis. Evidence 

of aragonitic consti tutents in the form of molds or micrite 

rims has been greatly reduced by later compaction and 

cementation. 

In general, it can be said that cementation throughout 

the Lower Coralline Limestone is poorly developed. 

Whether this is related to original mineralogy, high 

micrite content or a combination of diagenetic events 

cannot be determined on the basis of this one study. 

Coarse recrystallization of shell structure does not occur 

in most samples. Cement is confined to inter- and intra

granular voids. Aggrading neomorphism occurs in micritic 

matrix material, but does not appear to affect allochems. 

Perhaps the most significant variation in terms of early 

diagenesis is the difference in faunal assemblages and the 

cooler temperature of marine water during depositon of the 
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Lower Coralline. Inferred lower temperatures paired with 

probable periods of very low sedimentation rates suggest 

intervals of undersaturation with respect to calcium 

carbonate. In addition, abundant magnesian calcite

secreting organisms would tend to reduce the magnesium 

concentration in the precipitating waters. These chemical 

conditions facilitate rapid inversion of magnesian calcite 

to stable, low magnesian calcite and may enhance early 

dissolution of aragonitic particles. 



CONCLUSIONS 

Diagenetic patterns in the Lower Coralline Limestonone 

suggest early marine dissolution and cementation followeqed 

by at least two periods of fresh water phreatic 

cementation. Fine, fibrous cements, micrite rims and antn 

early, clouded generation of syntaxial overgrowth cementt 

are believed to be of marine origin. Later generations 

of syntaxial overgrowths on echinoid fragments are of 

phreatic origin and appear to have formed both before annd 

during compaction of Lower Coralline sediments. 

Luminescent and morphological characterisitcs of over

growths suggest a phreatic rather than vadose origin forr 

these cements. Scalenohedral, granular and drusy cementts 

occurred in a separate phreatic event that followed 

compaction. These cements are non-luminescent and do noot 

exhibit vadose characteristics. 

Relative timing of phreatic diagenesis is deterrnineed 

by vertical and lateral exten~ of luminescent zones in 

echinoid overgrowths and relationship of cement types 

to compaction. Distribution of all cement types and 

compacted textures suggest a relationship to pore water 

movement through the Lower Coralline Limestone and are 

interpreted to be the product of phreatic lenses occurrting 

at various times during the diagenetic history of the 

Maltese Islands. Evidence for timing of proposed 

emergence is depe~dent on regional field relationships 

which can only be inferred from strata now largely belo~ 
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sea level. The stratigrpahic sequence exposed on the 

Maltese Islands reflects fluctuating sea levels with 

shallowing occurring at times of proposed subaerial 

exposure. Solution subsidence structures described by 

Pedley (1974) are indications of an early period of sub~

aerial exposure and solution of the Lower Coralline 

Limestone. Stratigraphic relationships of infilling se&di

ment indicate solution, and collapse occurred before 

deposition of the Blue Clay, Greensand and Upper Coralli.ine 

Limestone. Reported erosional contacts between the lowerer 

and middle Globigerina Limestone (Bennett, in prep.) lerund 

further support to a possible unconformity before 

deposition of overlying strata. A third proposed period,d 

of subaerial exposure occurred preceding or during 

deposition of the Greensand Formation. Extensive erosio.on 

of the Upper Coralline Limestone occurred at the end of ' 

Miocene time. Sea level curves (Vail et al., 1978) showw 

that eustatic drops in sea level correspond to the 

shallowing within the Maltese sequence and the proposed 

times of emergence. 

The faunal assemblage preserved in the Lower 

Coralline Limestone is similar to a foramol group descri'ibed 

in modern environments by Lees (1975) and to Oligocene

Miocene ca ~onates in New Zealand (Nelson, 1978). 

Composition of the Lower Coralline Limestone is dominated 

by a high magnesian and low magnesian calcitic biota 

with only rare occurrences of originally aragonitic 
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allochems or non-skeletal constituents. This variation 

in skeletal and non-skeletal constituents with associated 

mineralogic differences reflects a cooler-water, temperate 

climate setting for carbonate deposition. Such an 

environment enhances rapid stabilization and good 

preservation of magnesian calcite allochems and possible 

early dissolution of aragonitic constituents on the sea 

floor. 
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APPENDIX 1 

Table 1: Trace Element Analyses of 15 Samples from 
Sections 2, 7, and 4, the Maltese Islands (in ppm) 

Sample Formation Manganese Iron Magnesium Strontium 
No. 

2-39 Lower Coralline 69 60 2,830 180 

2-30 " 67 52 3,000 176 

2-25 " 36 35 3,000 167 

2-16 " 39 88 2,750 159 

2-6 " 26 25 4,250 224 

2-1 " 8 37 5,000 252 

7-40 " 98 65 2,950 232 

7-31 " 30 38 2,820 227 

7-23 " 22 19 2,700 160 

7-15 " 23 15 2,800 223 

7-12 " 36 44 2,820 180 

7-5 " 25 44 2,650 164 

4-23 G1obigerina Ls. 67 581 4,150 1,027 

4-16 " 38 52 7,250 995 

4-5 " 78 35 5,000 390 
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APPENDIX 2 

Summary of Collecting Localities 

Measured 
Section Formation(s) Location 

1 Lower Coralline Limestone Qala San Marcu, Malta 

2 Lower Coralline Limestone Weid Babu, Malta 

3 Upper Coralline Limestone Hoffert ir Rizz, Malta 

4 Globigerina Limestone Ras ir Raheb, Malta 
Upper Coralline Limestone 

5 Lower Coralline Limestone Qala, Gozo 
Globigerina Limestone 

6 Lower Coralline Limestone Naxxar Gap, Malta 

7 Lower Coralline Limestone Weid Anglu, Malta 

8 Upper Coralline Limestone Rdum il Hmar, Malta 

9 Globigerina Limestone Qanunieh Coast, Malta 
Upper Coralline Limestone 

10 Upper Coralline Limestone Golden Bay, Malta 

11 Vpper Coralline Limestone Dingli Cliffs, Malta 

12 Lower Coralline Limestone Ghar il Qahm, Gozo 

13 Lower Coralline Limestone Marsaskala Bay, Malta 


