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AOSTiUhCT 

The Oligo Miocene Sediments of the Maltese Islands 

by 

H. IMIartyn'Pedley, B. Sc. P. G. S. 

The Maltese Islands are situated at the south-western end of the Nalta- 

Ragusa Rise, an area characterised by high gravity anomaly values and a 

ridge-like bathymetrical profile. The Islands lie 50-80km. south of Sicily 

and 282km. away from the north African coastline. 

The sedimentary sequence is entirely composed of shallow water carbon-- 

ates, dominantly marine, and with biohermal developments in the upper an 

lower exposed formations. The intermediate formations accumulated in some- 

what deeper water and are characterised by planktonic foraminifera. 

Subdivision of the Upper and Lower Coralline Limestone Formations into 

7 neu members and 11 new beds was found necessary, in order to appreciate 

fully': the local environments represented in these shallow water units. The 

Globigorina Limestone and. Blue Clay Formations are now considerec! as fairly 

shallow water deposits, the analysis of the associated phosphorite conglo- 

merate beds of the former indicating that dominant transport of clasts s"ras 

from the west, in an area of primary phosphorite and glauconi to dovelor)r:, ont. 

The Greensand Formation is re-defined on the basis of sedimentology, and 

the upper part of previous classifications is now included in the Upper 

Coralline Limestone Formation. 

For each of the Formations a total of 15 biofacies are proposed on the 

basis of faunal variation. The probable depth ranges of each are used to 

refine conclusions drain from the sedi. mon- ological interpretations, in 

order that the palaeoenviromnents may be reconstructed. The study of a ues-tly 

defined brachiopod marker horizon within the Upper Corailine Limestone has 

resulted in the prediction of the ecology of the four species involved, 

primarily with the aid of bryozoan groirth, form st: idi. es. A nov fossil f: i-rh 

horizon in western Malta is also discussed. 
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A number of tectonic structures previously referred to as `sinks" c,, re 

re-efined, and a prolonged episode of Cainozoic cavern develo; mcnt, assoc- 

fated with subaerial and submarine subsidence is postulated on the basis 

of structural and sedimentological interpretations. 
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CHAPTER 1 

I Ti OLUCTION 

(i) General 

The Maltese Islands lie on the southern extremity of a submarine 

rise which extends southwestwards from the Ragusa region of Sicily and 

forms part of the divide between the eastern and western I"lediterranean 

basins. The rise is nowhere covered by more than 260 metres of water 

with an average of less than 50 metres being present. The islands lie 

50-80 kilometres south of Sicily, 215 Km. southeast of the volcanic 

island of Pantellaria and 163 km. east of the island of Lampedusa. The 

African coast lies 282 km. away in Tunisia and 322 km. away in Libya, 

(Fig. 1b). 

Three main islands make up the Maltese group. Gozo, the most 

northerly one, is approximately 14.5 km. long in an east to west 

direction and 6.5 km. in width. Malta, the largest island, is 27.5 km. 

in a north-east to south vest direction and 13 km. wide at its widest 

point. The island of Comino lies between the two and consists of an 

almost bare rock some 2.5 Ivn. east to west and 1.6 km. north to south. 

Three smaller uninhabited islands surround the main ones; Corninotto, 

lying immediately to the west of Coinino, St. Faul's Island. lying immediatoly 

to the east of the l.: ellieha Ridge in northern -, alta, and the island of 

Filfla which lies some 4.8 lin. to the west of Torri Zurrieq, on the 

southern coast of Malta. The highest points on Gozo and Malta are 

respectively 743 ft. (226.5m. ) and 758 ft. (231m. ) 

The island group is entirely composed of Oligocene and 1iocene shallow 

water carbonates (Pig. 2). Shallow water limestone formations both cap 

and underlie the exposed stratigr; phis sequence. Softer limestones 

and. marls with a dominant planktonic element make up the middle form- 

ations of the sequence. The only islands to exhibit the full strati-- 

graphical sequence are i. alta and Gozo. The smaller is! a. nds, inc1udiug 

Comino, are entirely made up of the Upper Coralline limestone capping 
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sequence. Terrestrial gravels, marls and clays, now invariably calcreteri, 

complete the geology and occur as isolated pockets or thin spreads on all 

formations. A lacustrine tufa deposit containing leaves is preserved 

around Ghemieri bridge in the Piddien valley, 2km. west of Rabat, Malta. 

All the Oligo--ldiocene formations are richly fossiliferous both in 

macro and microfaunas. Floras are generally restricted to coralline 

algae and are responsible for biohermal developments in certain forma- 

tions. Several macrofossils, such as Terebratula and Scutelia are use- 

ful for correlation. Other fauna includes lamellibranchs, gastropods, 

nautilids, sepAds, corals, echinoids, bryozoans, sponges, ostracodes, 

foraminifera, pteropods, and crustaceans. 

Late Tertiary faulting often displays northeast-southwest graben 

structures and has preserved younger sequences which would have otherwise 

been removed by erosion. ! -lost faulting is of normal type with displace- 

ments of less than 70m. The Victoria Lines Fault of north-central Malta 

and the Maghlak Fault of southwestern Malta are noteable exceptions with 

maximum displacements of up to 132 metres. 

Erosion has reduced the area of outcrop of the higher formations to 

the western third of Malta and to isolated buttes and mesas on Gozo. The 

geomorphology of the islands owes its development to the dominant fault 

trends, which ofteu bring weak and incompetent strata downs to sea level, 

thus facilitating rapid erosion of those areas. Quite recent graben 

development may be responsible for the inundation of -the ýýt. Yaul's and 

Mellieha bays in 3n. lta. 

Variations in resistance to erosion within the formations reflect 

the degree of cementation of the sediments. The effect is to produce 

hard ledges where limestones occur and hollows at marl outcrops. Karst 

topography is the dominant weathering form in the more crystalline 

formations. 
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(ii) Previous Literature 

Perhaps the earliest reference to IMaltese geology was made by erophane-, 

of Colo )hon (c. 540-5108. C. ) He observed the remains of marine life high above 

sea level and other evidence for the former presence of the sea on what is 

now land. He attributed these phenomena to periodical invasions of the 

sea during which time man and his dwellings must have been submerged. 

Abella (1647) discussed certain geological aspects and dcilla (1747), 

an artist, sketched a few of the commoner fossils. Dolomieu (1791) gras 

the first worker to describe the formations. 

Spratt (1843) was the earliest worker to record 4ccur4tely data of 

the geology and palaeontology of the islands and established. the following 

stratigraphy: 

Upper Limestone 

Yellow Sand, Sandstone and Marl 

Freestone 

Lower Limestone 

Spratt (1867) was also the first to publish on the Quaternary mammal 

remains of the islands. A map of the geology of the islands by Sprü. ttt 

and Earl Ducie, drawn shortly afterwards, was published with a more coni- 

prehensive report on the geology by Adams (1864). Fuchs (1874) followed 

this by the first significant contribution to knowledge of the iialtese 

faunas and from this gave quite accurate age deter! ninations for the 

strata. 

The most important synthesis of information to this date was mt>, c. e 

by Murray (1890) who produced a full description of the geology of the 

islands, including conditions of deposition of the formations. He 

included several maps showing the tcpogra by of the islands and their 

surrounding bathy-metry including the geological map of t1: 3 Y: altaae 

Islands which was reproduced from ; revious worn by Spratt, i: arl Dade 

and Adams. A year later ; iregory (1891) presented a detailed study cf 

the : ialtese echinoids and their possible uses in correlating hot. reen 
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neighbouring European areas. Cooke (1393a), (1893b), (1894) rand (1596) 

wrote a great deal of detailed work on the Globigerina Limestone and 

Blue Clay formations. lie described the varied marine mammal remains 

from these formations and re-estimated depositional depths. Cooke con- 

cluded that much of the faulting within the islands was of recent date. 

The early 20th century saw little advancement of knowledge on Mial;; ese 

geology, although Hobbs (1914) produced an important tectonic study 

of the islands and was first to comment on the origin of the puzzling 

circular faults of Ilurray's map. Roman and Roger (1939) produced a 

useful paper on the pectinid faunas of PN: alta together with a correlation 

chart for the Mediterranean showing the time ranges and the inter-relatio_i- 

ships of the species. 

Attention was drawn to the islands again, after a lull in publi- 

ialta; cations, by Norris (1952), with a report on the water supply of 

this contains much borehole data. This interest in water and oil 

potential within the islands was continued by Cooper eimal. (19`; 2), 

Harrison (1954) and Durham Colleges (1955). Hyde-(1955) sum. rised most, 

of the data then known about Maltese geology and this remains today as 

the best general reference on the subject. In the same year 3ritish 

Petroleum Co. Ltd., produced 2 inch to the mile maps of 'b., e solid geology 

of the main islands. These replaced the earlier maps of Sprat-L and 

Murray which were on far too small a scale to convey anything more than 

general details. A BP report at this time by Russell drew to ether much 

borehole data on the islands. In 1957 R. Costain Ltd. produced a detailed 

private report on Malta's groundwater supply in whic,, the Upper Corallino 

Limestone areas were carefully examined for reservoir potential. All 

faults were also carefully located and a great deal of new bcrehole data 

was obtained. 

Two Ph. D. theses stand out as the most significant contributions of 

recent date. Wiggrlesworth (1964) produced a detailed study of tage stra:. ti- 
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graphy and echinoid palaeontology of Gozo including a, geological map of 

the island, wich unfortunately remains unpublished.. The Durham Colleges 

survey (1955) had succeeded in subdividing the Globigerina Limestone 

for the whole of Malta and as an extension to this ltigglesworth made a 

similar subdivision of the Gozo sequence. The significance of the 

Scutella Bed as a stratigraphic marker horizon was confirmed as was the 

more general significance of Schizaster. The thesis of Felix (1973) 

is a detailed study of the stratigraphy of the i. 1altese rocks based on the 

study of their contained foraminifera. This has enabled the O). igo- 

Pliocene succession within these isolated islands to be correlated 

accurately on an international basis. It was, However, found difficult 

to correlate parts of the lowest and highest formations present Lue to 

the difficulty of extracting suitable foraminifera, particularly in the 

case of the lowest formation where planktonic forms are unknown. 

(iii) Outline of the Present Project 

From the outset it was appreciated that a great deal of knowledge 

had already been obtained from all formations with regard to the faunas 

present and stratigra-phy. The Upper and Lower Coralline Limestone 

formations which lie at the top and bottom of the sequence, however, 

had never been subdivided successfully 'although there had been several 

attempts to do so (see i: yde 1955, p. 52). It was decided that a. detailed 

study of the two formations might result in a successful str. ti r, ". nhic 

subdivision and hence a greater understanding of prevailing? Miocene con.. 

ditions of deposition. In conjunction with this a. regional stuü. y and 

remapping of all the Upper and Lower Coralline Limestone areas of the 

major islands was undertaken at a scale of 6 inches to the mile in r! alta 

and 4 inches to the mile in Gozo. This was particularly necessary, as 

the western third of I. alta had not received attention in recent studies 

apart from the Costain survey (1957). This latter survey was primarily 

concerned with accurately locating fault traces and the base of the 

Upper Coralline Limestone for the purpose of water reserve estir'a ion. 
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Further aims of the present work were to obtain as much field data 

as possible on formation thicknesses and faunal content of both the 

Coralline limestones and the Greensand, flue Clay and Globigerina Lime- 

stone with a view of constructing isopachyte maps and biofacies distri- 

butions. Particular attention was paid to the phosphorite conglomerate 

beds and the Greensand as exotic derived clasts 'occur at these levels 

and may yield useful palaeoenvironmental data. The San Leonardo area in 

south-eastern Malta was examined in detail in order that the relationship 

between the supposed Upper Coralline Limestone outlier and the main out- 

crop could be ascertained. The Upper Globigerina Limestone at Belimara 

was also studied in an attempt to tie it in with the parent outcrops of 

western Malta. 

Sediment distributions were studied by means of isopachyte maps which 

were constructed from field data and supplementary data obtained from 

reports in the possession of British Petroleum Ltd. and the ?; aterworks 

Department, rialta. The resurvey of the western third of 11alta, toaetiier 

with notes on the San Leonardo, Delimarf and 11 i4iara areas was carried, 

out on 6 inches to the mile base maps obtained, with thanks, from the 

Public Jorks Department, Malta. These lack grid coordinates and so those 

present on the 1954,2 inches to 1 mile Ordnance Survey map of the 

Maltese Islands, (G. S. G. S. 5859.4th edition), have been used throughout 

the thesis, and are inserted on to the Upper and Lover Coralline Limestone 

distribution map at the back of the thesis, for reference. 

A detailed study of a selected horizon in the basal Upper Coral? iae 

Limestone was carried out. The purpose of this study was to examine the 

effects of the environment on various groups of biota. it was hoped to 

apply the data obtained to other formations with an aim to increasing 

the understanding of the palaeoenvironments present. Almost two hurdr'ed 

thin sections were examined in the petrological study of the iormations 

as part of a detailed facies analysis. 
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The classification of the Maltese limestones posed several problems 

and the oily suitable one found was that of Folk (1959,1968). jhen 

applied to the Maltese rocks however it suffers from the following draw- 

backs: much of the cement binding the Greensand and parts of the Upper 

Coralline Limestone has been removed by solution and several other 

horizons have recrystalised to microsparite. This creates difficulties 

in interpreting the depositional environments by Folk's scheme. Nome-n- 

elatorial difficulties were also met with in the case of the conglo- 

merate beds in the Globigerina Limestone and the Greensand as f'olk's 

terminology does not cater for large volumes of derived elastics. Tciis 

problem was resolved by adding the prefix "lithoclast" to the standard 

terminology whenever the derived component was greater than 25ýý. 
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CTikl'TEP 2 

GEi TRAL 

The Malta-Ragusa rise, which trends north-eastwards from the islands, 

is marked by a strong positive gravity anomaly of +17 to +28 milligals 

(Cooper et al. 1952, p. 577) and contrasts strongly with values of -11 or 

-12 milligals obtained for the offshore areas to the south of the 

Maltese Islands. The general configuration of the anomalies in a north- 

east-southwest section, at right angles to the trend of the rise, is that 

of an asymmetrical triangle with its steepest face towards the northwest 

and its more gentle dipping face, where anomaly values fall away 

gradually, towards the southeast (Fig. 1b). Harrison (1954, p. 605) 

presented a more detailed free air gravity map of halta. He recognised. a 

high subsidiary anomaly centred on Zabbar in the soath and extending north 

west to Naxxar. The steep drop in gravity values to the west and south- 

west of the islands was also confirmed. The anomaly values are inter- 

preted as being caused by a body of denser basement material, which is 

closest to the surface beneath the highest values. halta is apparently 

positioned quite close to the margins of the southern end of the rialta- 

Ragusa rise, as interpreted from this data. 

Two structural contour maps of the islands of : "ialta (ýiý;. 3}, and 

Gozo (Wigglesworth 1964), (Fig. 4), are presented. Both are based. on the 

top of the Lower Corailine Limestone, which may be lendi P; ember in some are;,, 

or Il Mara Member in others. Generally speaking the top of the : corm, tion 

is designated as the highest point at which recognisable Scutella fr-ag- 

ments occur. In the absence of this echinoid the top of the hirilest beds 

contai,. -ing abundant Lepidocyclina sp., or an interformational erosion 

surface occurring in south-western Malta, have been used to delineate 

the top of the Lower Coralliue Limestone formation. Tiiis follows the 

use of House et al. (1961, p. 26). 

Much of t., e data used in the construction of the map of i alta cones 

from reports in the possession of the Waterworks 1),, p, -. rtment, I-: alta, such 
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as the Costain (1957) report. Other data have been obtct. ined from 

British Petruleum Co. Ltd. reports; a great deal of measured section 

work underta_ien by the author in the field finally complements the 

data. 

The following discussion is a partly reproduced form of that 

appearing in a private report to the Maltese ? Waterworks by Pedley (1972). 

2. Malta 

Malta may be conveniently subdivided at the Victoria Lines Fault, 

(3973 to 5277) into two regions of contrasting structure. 

a. Southern Malta 

b. Northern Malta 

a. Southern Malta 

The regional dip is 2-30 towards the east-north-east and allows 

widespread, though isolated, Lower Coralline Limestone outcrops. 

Faulting is relatively simple, normal faults with displacements of up to 

50 metres being typical. Two structural depressions occur in this 

region. The first is centred on French Creek (564710), with a low of 

-50 metres. The other lies in the Delimara area (6064) and falls away 

to more than -150 metres below sea level at Delimara point. Both struc- 

tures appear to have developed throughout Globigerina Limestone times, 

when over 100 metres of Lower Globigerina Limestone infilled the forcier 

basin and at least twice that thickness of Middle Globigerina Limestone 

levelled the latter structure. 

The following strong positive elements also considerably influenced 

sedimentation throughout the 03igo ýiocene: 

(i) The Naxxar Dome (495750). This was uplifted prior to the deposition 

of the I1 Mara Member of the Lower Coralline Limestone and caused severe 

local erosion of the Attard Member. 

(ii) The Zabbar Dome (576712). This extends approximately par al_lel to 
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the San Leonardo coastline of eastern Malta. Positive movement along 

this structure was responsible for several ey7isodes of erosion during 

the deposition of the Lower Coralline Limestone. It remained a, depos- 

itional high throughout the remaining Miocene and is responsible for the 

prominent unconformity of Upper Coralline Limestone rocks overlying 

Globigerina Limestone in this area. Both this structure and the idaxxar 

Dome conform approximately to the position of the high gravity anomaly 

values of Harrison (1954). 

(iii) The Ghar Lapsi Dome (490653). This is an elongated dome lying 

parallel to the east coast and truncated to the south-west by the 

Maghla. k Fault. Positive movement about this structure during Lower 

Coralline Limestone times is responsible for the erosional contact 

between the Attard and Xlendi Members and the overlying Lower Globigerina 

Limestone. 

b. Northern Malta 

Northern Malta is characterised by multiple horst and graben 

structures caused by parallel normal faulting. Although not so obvious, 

the regional dip in this area is 20 towards the north-east. The Lower 

Coralline Limestone is poorly exposed and consequently contours have 

had to be constructed with the aid of isopachyte maps, drawn u. u for each 

of the overlying units, plus borehole data on the base of the Upper 

Coralline Limestone. A few of the larger boreholes however, do penetrate 

the Logier Coralline Limestone and give some stratigraph. ic control. hho 

comparable depressions to Southern Malta are seen in this area. The 

few culminations of this area, for example the Ghallis Dome (490653) 

are of low amplitude and have had no obvious effects on sedimentatiop. 

c. i aultiing 

Apart from a few minor north-soutk faults, two f" sets are 

recognised with additional evidence of movements contemporaneous with 

deposition. 
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(i) East-North-East Trending Faults. This is the dominant set within 

the islands and is made up of normal type faults, including the Victoria 

Lines Fault. Fault displacements are usually achieved not by a ýi. nýrle 

dislocation, but by two or more parallel fractures which progressively 

step down younger beds. This is particularly well seen at hemm 

(407737), where the Victoria Lines Fault shows slices of Globigerina 

Limestone and Blue Clay caught up between the down thrown Upper Coralline 

Limestone and the Lower Coralline Limestone. The same features are also 

seen in the Qammieh Fault at Qammieh (401803). 

Complementary synclines are developed against the Victoria Lines 

Fault and the 14izeip Fault (410784 and 420782) and were fully documented 

by Norris (1952). The present study interprets these as drag Molds which 

have developed against the two major faults of the island. Their apparent 

synclinal nature may well be exaggerated as boreholes have only penetrLte-d 

the Upper Coralline Limestone and it may well be that plastic flowage 

within the incompetent Blue Clay virtually accounts for the i holee the 

synclinal development. Inland the faults are difficult to k? lou due to 

soil and Quaternary cover. It has, however, been recognised thn. t the 

trends of many of the major faults are marked by solution sub_ilence 

structures. This relati3nship is best seen in the northern area of the 

Rabat Plateau and will be discussed in a further chapter. Fault dis- 

placements range from a metre to over 200 metres, with the greatest dis- 

placements generally on the western side of the island. 

(ii) West-1,. orth-, test Trending Faults. This set is not commonly seen 

inland thou, - they are present. The Ghar Lapsi area (4864), illustrates 

this fault set superbly as subaerial and marine erosion have collectively 

combined to exhume most of the larger dislocaticns and, £ouit gullies, 

including the Naghiak Fault, which has a normal displacement of over 

230 metres. Although only ex_rosed in the vicinity of Ghar I, ansi it is 

probably responsible for the entire coastal outline fron, Ras ir--, hahe., ) 

(395737) in the north to Benöhisa . Point (5d8631) in thf" soutl'. II Lie--, 
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(1969, p. 7) believes this to represent part of the northern limb of an 

intercontinental graben, extending from the : -ihine Graben in Germany to 

the Hon Graben of Libya. 

As with the previous fault-set, fractures are composite, with Blue 

Clay and Globigerina Limestone caught up between the fault planes. The 

Maghlek Fault and its subsidiary fractures affect. a wide area of the 

upthrown-side, and folds and inverts the Upper Coralline Limestone on 

the downthrown limb at Ras il Hann ja (492644). The intersection of 

both west-north-west trending faults and east-north-east forms is well. 

seen in this area (see Fig. 3), and almost total exposure allows the con- 

clusion that both sets are contemporaneous. This is suggested by the 

swing of several of the east-north-east faults on the coastline south 

of Ras il Hamndja, to a west-south-westerly direction by the time they 

reach the Blue Grotto (508641). 

(iii) Syndepositional Fractures. These were first recognised by 

Wigglesworti (1964, p. 23) between Dahlet Qorrot (3889) and l'kigarr (363; ), 

in eastern Gozo. They consist of prominent north-south joining within 

the Lower Globigerina Limestone, which do not penetrate the overlying 

Lower Main Conglomerate (Cl). Small phosphatii"sed pebbles from C1 pene- 

trate these joints to a depth of 12 ft. (3.7 metres), forming small 

neptunian dykes. This fracturing is obviously related to local u,, -)lift 

as the overlying Globigerina Limestone is absent fron this area., ? iossi. bly 

due to a combination of ron-deposition and active erosion. North-caster: ly 

trending neptunian dykes, of otherwise identical form, have been located 

within the Middle Globigerina Limestone of Imtahleb (418700), during the 

present study, where they underlie a local conglomerate band, and. penetrate 

more than 7 metres of underlying sediment. Similar but unfilled joints, 

present in the i"iiddle Globigerina Limestone but absent in the overlying 

Upper Main Con`; lomerate Bed (C2), are recognised at ammieh in northern 

Malta (plate 5a). "Felix (1973, p. 17) also records neptunian dykes from 

died tal zlie'ghý., Ysalta. 
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3. Gozo 

The structure contour map of Gozo (Fig. 4) is the work of 

Wigglesworth (1964), and only the more interesting points and general 

interpretations will be considered here. Regianal dip values are 3-40 

towards the north-east. The only structural depression of the island 

(3289) has had no recognisable effect on sedimentation. However, the 

San Lawrenz Dome (285895), the only culmination, appears to reflect a 

comparable structure in the pre-Niocene basement and causes significant 

thinning of both the Globigerina Limestone and the Blue Clay Formations 

of the island. Further studies have revealed that it is related to the 

Comino Straits High which lies between Malta and Gozo and both are con- 

sidered as extensions of a more regional marginal high which existed 

just off the western coastlines of Nalta and Gozo throughout Oligo- 

Miocene times. 

The south-eastern side of Gozo shows the dominant east-scuth-east 

fault patterns typical of northern Malta; northern Gozo generally lacks 

faulting. It is considered that the island of Comino represel: -cs a 

partially submerged horst, the north and south Comino channels being as 

complementary graben structures. Several faults on Gozo (e. g. the Xlendi- 

Kercem Fault) show signs of transverse movement. mast-north-east trending 

faults are not obvious, though the Sannat Fault (315369) may represent 

this set. The localised fault complexes of Qawra-Tal iiarrax and Xlend. i 

on the western coast of the island are of complex origin, involving lar,:, e 

scale solution subsidence structures, which are considered elsewhere. 

4. Interpretation of Regional Structures 

The dominant, fault systems of the islands apparently owe their 

origin to Y_1anes of weakness wit'-in the basement, lying at a depth of over 

51un. beneath the islands. The , asement, as interpreted from geophysical 

data, is seen as a positive feature which carries a thinning cover over 

the axial portions but thicker wianY: ing deposits around its margins. 
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Even so, sedimentation on the top of the rise amounts to over 3000 metres 

of Tertiary and upper Cretaceous shallow water carbonates as si: o., n in the 

BP Naxxar borehole (personal communication). 

The Naxxar, Zabbar and Ghar Lapsi Domes are interpreted as minor 

highs along the main ridge present prior to sedimentation. If the domed 

areas are studied (see Fig. 1b) then a discontinuous series of ridges 

becomes apparent. The Naxxar, Comino Straits High and Gozo ridges may 

represent parallel culminations of the ; lalta-Ragusa rise,, t'}ough the 

former also appears to be laterally linked at depth with the Zabbar 

Dome. These structures conform with the east--north-east fault trends 

and may have imposed the regional fracture trends. 

The Zabbar and Ghar Lapsi Domes conform to the west-north-west 

fracture systems as well as to the regional rise west of the islands. 

The i. aghlak fault of Ghar Lapsi is believed to represent the eastern 

flank of a large west-north-west tronding fracture system guided by the 

positive basement features. The island of Pilfla is a small korst block 

caught up within the general graben structure. it is be ! ieved that this 

major graben is responsible for the low gravity values encountered south 

of the ; "ialtese islands, (Cooper et al. 1952). 

The horst and graben development between the Sannat-gala P ult 

system of Gozo and the Victoria Lines Fault of central Nalta is also con- 

sidered to represent a subsidiary multi-graben complex trending in an 

easterly direction from the main fracture, and may be responsible in ? art 

for the reduction in gravity anomaly values in this area. The other 

north-easterly trending faults of the south :. alte, area are considered to 

represent minor fracturing on the truncated nose of the I. a1ta rise. 

5. Age of :, ovements 

There is clear evidence from the islands thnt ;. iovement has " been 

continuous from early Tertiary times. V is has taken the i'or: a of 

solution subsidence formation, neptunian dykes and seafloor osciilalions 
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throughout Oligo-: Miocene times and the development of faulting and 

associated folding in later Tertiary tiu-. es, continuing until the present 

day. Rizzo (1923, p. 26) records stalactites below the breakwater found-- 

ations of Valletta harbour, 3000 year old cart trucks disappear beneath 

the sea in St. George's Bay, and raised beach material is preserved in the 

cliffs at Ta'L-Imgharrga (420316) on the Mazfaiidge. 

Sedimentation on such a perminent feature as the Malta-Ragusa Rise 

must always have been minimal on the crestal areas and thicker on the 

protected flanks. A continuous rain of planktonic debris must have 

fallen on this mid-Tethyan ridge, thus creating the impression of deep 

water deposits in a imown shallow water area. 
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CHAPT R3 

LOL R COi LLL'2, LI ; TL .. ö: " : TIö r 

1. Strati" 

This is the lowest exposed formation of the islands. It is 

infrequently exposed around the margins of both main islands, being most 

obvious but least accessible in Dings Cliffs of western Malta and in the 

cliffs between Itigarr ix-Xini (3486) and Wardija point (2668) in Gozo (see 

Fig. 5). 

It was recognised as a distinct formation from the earliest times 

and is recorded by Snratt (1843), as "Semi Crystalline Liiiestone'". The 

formation name in use today originates from the work of i"; urray (1890, 

p. 474), when it was merely sub-divided into "Lower Non-Crystalline Lime- 

stone" and "Upper Semi-Crystalline Limestone". Sub-division has a1,. Jays 

been difficult due to the inaccessibility of the formation: The only sib- 

division with any coherence up to the present study =ras that of Trechitann. 

(1938, p. 2), who divided off the top portion of the formation under the 

name "Scutella bed", on the basis of the rich echinoid fauna present at 

various levels within this biosparite sequence. Thomas and 'Matson (1952) 

further divided the lowest part of the sequence, seen in the cliffs in 

the upthrow. Tn side of the Maghla'l. Fault of Ghar La°: si (485651 ), into 

"Miliolid Limestones", and considered it to reprcsen-b a now formation. 

Russell (1955, p. 12) does not consider that these small e: cposures -warrant 

the erection of a new formation name and prefers to look upon them as a 

local facies variation. 

The present study considers that the formation is more appropriately 

sub-divided into the following sedimentological facies, :n ascending oder: 

(d) I1 ii. ara : le: iiber 

(c) Xlendi i ember 

(b) : vttard ; Iember 

(a) Undivided (conforms to the Miliolid. Limes -w-ios) 
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(a) Undivided (rliliolid Limestones in part) 

(i) General 

The lowest exposed strata of the isl:. nds is a biomicrite rich in 

benthonic foraminifera. It is best seen at Attard, (495714), Victoria 

Lines (4975), Xlendi (301878) and Ghar Lapsi (484649). Despite ThoTias' 

and Watson's (1.952) designation they are here considered to be a facies 

variant of the Lower Coralline Limestone. 125 ft (38 metres) are exposed 

at Ghar Lansi from which Thomas and Watson obtained Praerhawczionina sny 

and Austrotrillina sp. Little else is '. crown of this 2ac4ess as it appears 

to be of uniform composition wherever it crops out. . Cx csure is insuff- 

icient for detailed study of these beds. They are recognised in the 

Naxxar, Zabbar and Ghar Lapsi boreholes of British Petroleum Ltc!. and 

appear to extend down several hundred feet with only one Clay-'i. inestoile 

break. 

(ii) Petrology 

Thin section components are mainly entire tests of bentLonic foraminni-- 

fera, w'. tich mace up 35 to 4O of the rock. These are set in micrite or 

microsparite which may also contain up to 3; 6 echinoid fragments. taixý r_g 

reveals that all sections are entirely of low ferroan calcite. 

(b) Attarci ember 

(i) General 

Type locality Attard Quarry, due east of Mount Pleasant Hos, )ital 

(495714). 

The upper and lo-wer limits of this facies are vell defined. where 

they are exposed, tough the basal contact is only seen along the Victoria 

Lines, east of 2", osta (4874), ^her Lapsi cliffs (4865) and a debatable 

area around Xlendi where the member is apparently missing. Thomas and 

! Matson (1952) estimate the thickness as i10ft (33.5 metres), but this is 

seen to decrease to 0 iaetres in the cliffs between Ras il 12ajj acta, (502646), 

and tied A. Bassasa (; 25635). 
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(ii) Lithology and Distribution 

The typical sediment type is a white rhodolite biosparite or bio- 

sparrudite. The rhodolites are often arranged into crude bedding planes 

and vary in size from a few millimetres up to 95 millimetres. Attard 

quarry shows typical forms of the latter size, which appear as dense 

spheroidal colonies (Plate 1c). Salina Bay (485783), on the other hand, 

exhibits abraded rhodolites of 20 or 30mm diameter which show encrusts-. tion 

by Calppensia sp. 

In western areas of Malta a bioherm. development occurs, being 

particularly well seen at Tied Naghiak (488652), where corals and mollusc 

shell casts are abundant. This same development is also seen in the 

quarries at Ii Hnejja (389874) Gozo. The bed is replaced by cross-bedded 

biosparareni±es and biosparrudites, identical to the Xlendi member, south 

of Zurrieci, iialta, and by foraminiieral micrites at Xlendi. Insufficient 

data has been obtained to recognise the significance of this. 

Throughout the remainder of Gozo and iiwltw algal rhoc. oli. te li, aesi. ones 

are prominently developed at this horizon. At Attard the lower 1ii, it to 

the member is arbitrarily fixed at the base of a Kunhus bored horiz^rn, .! s 

rocks belob this brow-. iish-grey riicriteA conta}. n rhoä. olitos and 

rapidly pass dot; m into yellow foraminiferal micrites. The bored 

possibly correlates with a comparable horizon low within the 'orila tion at 

Nigra lima (458650) recorded by Felix (1973,. 1.19) 

(iii) Petrology 

Because of the large size of many of the r'rodolites, thin secti. c,.;: 

fror sot,. e localities are almost entirely of one colony. More lreque ntly. 

however thin sections shoe areas of coralline algal growth and bi. oclastics - 

The rhodolites are ref<, rable to the genera Lithothrucni oa sp, a, -id 

Archaeolithothamfion of. intermcc1. ium Rainleri, the i ttttir : )ein,; cO, xaon 

at At-Lard. Corýlline ali"al com;; oncn s vary from 25--")0, - of tih_- s)! (-. es 

examined and are usually accompanied by 2-1 i off lur-; e b. ent': orri c: fora nij,. i- 

fera, frith _; etoro -ý'e ::! i'2L'. sp. and ., i11AT: li tcs- S? ). figuring dominantY. 
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Many species of bryozoans account for about 2.5i: of the total components. 

Small percenta es of echinoid clasts and calcitic molluscs also occur 

(see Fiö. 7). Some samples, for example from I1 1'lara (575,626), show that 

damaged coralline algae were recolonised on several occesions. Throughout 

the entire study all thin sections were stained at one end with P. solution 

of alizarin red S and potassium ferricyanide, as described by jickson (1965) 

All limestones within the Attard Member proved to be of low ferroan calcite. 

An unfortunate feature of many slides from areas within extensive 

biohermhl. developments is the fact that the coralline algaeebm often 

micritis ed, thus making nodal analysis of these components very difficult. 

Aragonite solution has left many fossils within the bioiiermal. developments 

as cavities. 

(iv) Fauna and Mora 
SPi'M&AS of 

Recogni. s able fauna is rare in the rhodolite f'acies althou; -1h4 jtror us 

sp. occur in the Ghar L--psi cliffs (4856) and are recorded elsewhere, 

including Attard. The algal rhodolites are dominated by Lithothamniou s. 

but at etas il Raheb (3973) and Attard Archaeolithotharinion s-n. (1'laýe a) 

are abundant. Corallina sp. and Jar-ii sp. also occur sporadicallt-, usually 

as detached phyllodes. In addition, l; arnes (1952, p. 4) records i-. elobesia sn. 

and Iieso) : ylluc sr. It is co imonly found that each rhodolite has a com- 

polite forni, which may have been eroded and recolonis-ed on several, occasions, 

sometimes with different genera encrusting the outsic'. e to that in the 

centre of the structure. Miliolinid foraminifera, Austrotri? l. ina sp. 

and al; reolinid. s also occur but no planktonic foraminifera are recognised, 

in thiti section.. 

The bioherrnal develo--rnents yield the following corals, many of them 

housed in the corals section of the British i'Juseum (c turr, l History). History). 

Favites sp. S lo"")hora cf. conferia feun., Col-oo, Dhvlhia sr, Vtf. ' otuc;. 

,' ichelin, Acro7, ora so. from the Ta 1 andia quarries, Siggiewi) n--,? d Dig oc2^ i"7ý ; C_ 

sp, from i. iisrah Gherok (138752). T! # _~. fýeZlastraea cf.. reusi. ana M3(,, H, 

äori Les sp. aria : ionas ! elý strae. 11 c r. forbesi Duncan occur at : [x 



- 20 - 

Xaghra tal Naghlak (483649) together with an indeterminate genus, sp. a 

(Plate 15a ). At (488652) hieandrina sp. and coral A occur. Associated 

with the corals is a fauna rich in aragonitic gastropods and lamellibranchs, 

and although these are now preserved as casts, the following have been 

identified: Lithophaga lithophaga Linne, Cardita sp., Pholadornya sp, 

and Natica sp. 

A micritic bed at the base of the Attard Member in the . 'ºttard quarries 

yields a dayophyllid coral, Glycimeris deshayesi . ayer, Lucina sp., 

Cardita cf. Crassa Lamank, Lithophagus lithophagus Linne, Chlainys sp., 

two abherent species of Chama sp., Cardium sp. Hatica tinerina Defrance 

Cassis sp., Tornus sp., Erato sp., Turritella sp., capulid gastropods, 

a large species of Venus sp., Serpula sp., and Lntobia sp. The letter is 

represented by mud infilled burrow systems, now showing as protrabences on 

the internal shellcast surfaces. Directly below the micrite bed is a hard 

ground bored by Ku-nhus polythalamid Linne, indicating a sharp break in 

deposition. 

C. Ydendi Member. 

(i) General 

Type locality Xlendi valley, below road bridge (3019, d). 

The rocks of this locality embrace most of the variations seen 

within the member. The base here is transitional. with the undorzyia 

white biomicrites. 9.6 metres of brown to grey biosparcýrc i. te and bio- 

sparrudite are exposed a, nd grade transitic. nally into the overlying? soft 

yellow biomicrites of the Lover G lo'aigerina Lir, ý? stone Formation. This 

facies is charactorised by the occurrence of broken and entire echinoids, 

largely of Scutella subro; urda Leslie, though Chlamvs sp. also occur. 

These lie in a 2.7 metre bed close to the top of the member in the type 

locality (See also Plate id), but may also occur as several beds, for 

example, at Ghar il-Qamh (307930), or are u%. uareco"ni"s able as o t, ; +acTra, 

Na] ta. (7947). 
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The top of the member is tai. en everywhere as the highest occir. rrence 

of recogniseable Scu-tella fragments or in the absence of these, v, s ill 

the Dingli Cliffs area (4367), the upper limits are marked, by an intraf or- 

natianal- erosion surface. The formation normaliy rests on the kita'd 

Member but may rest on "Nilioliri Limestones", as at Xlenüi. 

ii) Lithology and Distribution 

The most obvious field feature of the member is its cross-bedii. ed 

nature. This is well seen at Ghar il-Qanb. and also along the Victoria 

Lines of Malta. In certain areas, for example Xlendi and Rd. wn 

this feature is poorly developed, however. the member is still reýt. di. iy 

identified by its coarse grained nature and usually by the presence of 

recogniseable specimens of Scutella sp. Observable thicknesses range 

from over 22 metres at Ghar il--Qamh (306931), to 0 metres at hdum 

Dikkiena (444674), though the absence at the latter locality is clue to 

an intraformational iinconformity. 

The member encompasses all the strata previously grouped under the 

term "Scutella bed". This was given formation status by . yTiggl. eswort'i 

(1964, p. 15) but is not considered to warrant this status under the 

present study. The present study gives these beds Member status. A 

great deal of the member lacks a recogni: s able Scutella horizon, and 

often only isolated fragmentary individuals are present. Other areas 

exhibit several Scutella beds thus leading to confusion. ` ? he new name 

also embraces beds previously considered to lie outside the "Scutellý,:. bed", 

such as the biosparites below the erosion surface at Rdum il-Qammieh, 

at which locality the "Scutella bed" is developed in a Lower Glo'bigerina 

facies above a disconfornity (Plate 1b). 

The Alendi 1: ember is recognised throughout both lalta and Gozo, 

being thickest in the north-western part of Gozo (See ig. 6). It thins 

at Ta L-Ghattuq (322 93) in central Gozo, but thickens further south and 

appears to re,. air, this thic>>r_ess t. ýrou; hout northern i-altk. ConsirerAble 
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thinning occurs in central Malta, at Attard quarry (495714) and in 

western Malta. A few metres are present beneath the I1 i: ara Member at 

I1 Mara (575626) and it is again strongly developed along the coastline 

north-east of : arsascala (606691). 

The contact with the underlying Attard Member is usually trans- 

itional over a thickness of approximately a metre. Within this thic': - 

ness algal rhodolites, dominant in the Attard !,, ember, become fewer and 

often take on an abraded appearance. I"iembraniporiform bryozoans 

incrust them in some areas, as at Salina Bay (485783). The only strong 

disconformity within the islands at the base of the `, 'lendi ,, ember is at 

Naxxar Gap (497757), where Attard Beds are seen folded into an eroded 

anticline3causing; local flanking dip value of up to 300 within the Attr, rd 

Member. The only location where a Scutella bed a, -. pears in direct contact 

with the Attard ember is at rotuni it-lih (402736) and is considered to 

represent a local condensation of the Xlendi Member. 

The top of the ember usually shows a fairly sharp contact with 

the Lower Globigerina Limestones though where local developments of the 

Ii Nara ;.; ember facies occur, for example northern i: alta, the beds , trade 

upwards into that member. 

(iii) Petrology 

Sediments, in general 'range from sparse algal or foraminifera bi. ospa- 

rites, to sorted foraminifera biospararenites and biosparrudites. Large 

benthonic foramir_ifera, such as rmnhistorina sp., änirocl-ecus s-l., 

Austrotrillina sp., and Rotal. ia sp., occur in -many of the sections 

examined. These are occasionally entire but are more often fragmentary, 

and make wo from 50-95ý) of the fauna in some slides (I'late 2d). Cora- 

lline algal fragments also. figure high in some slides, such as those 

from \Tied Qirda (511690). The. - normally comprise wo to 12iß of the rock 

(see Pig. 7), echinoid and r: olluse fragments make u:; ) the minor compor_ents. 

At times the modal analysis of the lendi Member resembles that 

of the -. tta. rd !: ertber; fox e:. r mple, the coralline al l samples from 
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Wied Qirda and. has il Bajjada (502646), which contain 40 and 60 algal 

material respectively. These are, however, algal fragments and not 

entire rhodolites or in situ. crustose coralline growths which are 

diagnostic of the Attard hember only. All the sections examined were 

composed of low ferroan calcite. 

(iv) Fauna b'd, Flor& 

This is generally sparse e2. cept for Scutella subrotunda Leske 

and benthonic foraminifera, such as Heterostepina sp. and Amphiste^ina 

sp. An unnamed Scutella sp. described by Wigglesworth (1964 p. 60) is 

common in parts of Gozo and is now also recorded from the San Leonardo 

coast of eastern Malta (5971). Echinolampas sp. also occurs in the 

basal Scutella bed of eastern Malta. Bryozoans, when present, are 

represented by high energy forms. At. Rdum il Qammieh a complex in-I'ler- 

digitation of the Xlendi and I1 Mara Members is associated- wit!, an 

erosional plane. The basal Scutella bed (980 mm), consisting mainly 

of fragmentary Scutella subrotunda Leske and branching Cella ora sp. 

colonies, is believed to be of this facies. Other faunal elemen-t. s are 

abraided beyond recognition. Eames (1952, p. 5) records Chla, mvs , äeoui. rertet;; 

northamptoni Michelin, Chlamys (Amusiorecten burr: ir72lens is Lama, kk, 

iýcring Ditrupa sp., Hemiaster sp., Textularia sp., Gy oidina sp. and. Glob 

s?., though the planktonic foram. musi be restricted to the to-p of the 

member. Both Lithothamnion sp., and J chaeolithothamnion sn. including 

batuense Airoldi, are recognised. In addition, Zammi;; -: -ýaempel 
(1972) records 

Echinocyamus sp. and Coelopleurus melite: rsis Zammit-Naempel from 

Qammieh. 

3. I1 tiara Member 

(i) General 

Type locality I1 Lam, south--eastern t': alta (575626). 

The member is best develoTied in eastern Malta, but minor developr: ent': 

occur in northern :4i. ta and souther; Gozo, whora the 'c'iic1 neä5 is less than. 
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5 metres. Thicknesses in south-eastern Malta vary from 32.5 metres at 

Ii Mara to 7.5 metres at Tal Nela (537635). The last locality lies 

close to the I1 Mara-Xlendi transition. The base of the member, when 

seen, rests with a fairly sharp contact on the Attard Ylember at : 'a Lela, 

but with a transitional contact on the Xlendi Member elsewhere in 

southern Malta. The top contact is transitional with the Lower Glo'bi- 

gerina Limestone except at San Rocco (587721), where intidigitation of 

the two members occurs. 

(ii) Lithology and Distribution 

In the field this facies is distinguished from the Xlendi Member 

by its prominant cross-stratification, the finer grained yellow nature 

of the sediments and by the dominance at some horizons of Lepidocyclina 

sp., individuals of which attain dimensions of over 110rmi. diameter and 

make up dense beds which appear very similar to jumbled pototo crisps 

(Plate 1a). 

In eastern Malta the member is clearly seen to be a lateral -facie 

development of the ýýlendi Member but extends north in tirno so that upper 

beds of the Il i". ara ivýember also occur above the Xlendi Member. The 

transitional beds, well seen at Qammieh, yield the earliest recognised 

planktonic foraminifera of the islands, confirming that these beds grade 

imperceptably up into the Lowrer Globigerina Limestone. 

(iii) Petrology 

Only four thin sections were examined but it is believed that these 

are representative. The finer sediments from cer_Lral areas of the r:. erber 

in eastern 2: alta are dominantly yellow sparse biomicrices and contain 

articulated brachiopods at certain horizons, irhich ma'.: e up 5-ý>> of the 

rock. T: iey are usually accompanied by vnabrvaded" benthonic foramini-'era 

in about tie same proL. ortions. Echinoids are an insignificant comron-, ni". 

The Lepidccyclir_a t)ed is usually , 'ominatecl by entire s}: ecimen set in 

either a spay or, more usue), 1"r, a micritic , Iatrix (soe Fig. 7). Tose 
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are often accompanied by bryozoans and other giant foraminifera, the 

total mating up 35-40iß of the slide. Echinoids are again a minority 

component. No coralline algal fragments are recorded from the -,. ember, 

though small percentages may be present in transitional areas with the 

Xlendi 'ember. 

(iv) Fauna 
Lepidocyclina (Euleoidina) dilatata idichelotti and probably 

other forms previously regarded as Lepidoeyclina, ele-ohantaeare the 

dominant faunal element of the facies. 'Heteroste,, ina sp., MT)histez? ina 

ap. Nummulites sp., Snirocly eus sp., and alveolinids are also co'. imon 

in these beds, particularly when beds transitional with the :: lendi. 

Member are examined. Scattered fragments of Scute]. la subrotunda Les_e 

occur but may r*ell have been derived fr': m the Xlenc. i facies. 

In the yellow micrites of eastern Ealta the brachiopod. Terebra. ti? la 

minor Phillipsi forms small shell ba n cs, and is associated with fene-" 

strate bryozoans at lied has Saptan (571655), and Halimeda sp. at San 

Leonardo (6007112). At both I1 Mara and '. Pied iz-Ziju (597686) horizons 

containing ychinolamr as deshayesi Desor and a fauna of aragonitic 

bivalves and. gastropods, as casts only, occur. Ostrea sp. are often 

associatedyas is Chlamys sp. Below this hcrizon, at I1 !: ara, Callenora, 

sp. in sc troll-like growth-forms, together with asteroid osÜicJcs, vincul- 

ariform bryozoans, referable to Scrtella sg, cribrimorphs, erect 

2dembrani-: -oro sn. and occasional S? ondylus sp., are common in the 

LepiCocycli^a beds. Cidaris cf. melitensis Forbes occurs as detached 

spines and plates in the transitional biosparites of San Rocco (581721), 

where it is associated with Terebratula minor Phillipsi and fenestrate 

bryozoans. 

The faunas of the isolated. I1 'dr. ra f cies developments of southow. 

Gozo and northern : alto usually exhibit Lenidocvclina sp., :. rd bryozoans 

of ! nembraniporiform, celleporiform and vincularif. orm habit. The top 
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Scutellca bed of . dum il Qan. nieh is of this facies. It carries an 

abundant fauna of Schizeastcx n. rkinsoni Defro-ice, Scutell, a su. roi; und. a 

Leske, Scutella s., ýipata7us del: onin'-d 11ri ht, ýc, iinus tortonicus 

Gre!? oryaster sp., ericosrnus latus A gaSSiZ and sp. 

(v) Diagenesis within the Formation 

An early effect of this was the dissolution of all the aragonitic 

fossils present within the formation. Generally s cali_g the resultant; 

cavities have remained unfilled until the present; thou`h low ferroan 

spariy calcite has 2Lrtially infilled small cavities such as bryozoan 

and foraminiferal clambers and intensediment sites. Limonite is the 

main colouring agent within the rocks. 

2. Palaeoenvironmental Interpretation 

The Lithofacies of the Lower Coralline Limestone may be further 

subdivided. into the following biofacies 

a) Biofacies k Miliolid Foraminifera Biofacies 

b) : 3i ofaöes nýhodolite Biofacies (Attard I, ennber) 

c) Biofacies C Biolithite/i`ollusc Biofacies 

d) Liofacies D Clypeastrinc. BioVqcies (Xlendi ;:. onnber) 

e) Biofacies Giant -oraminifera Biofacies (I1 Kara i ember) 

f) Biofacies Fa Reteporiform l3ryozoan/'Pectinid iiofaci. es 

Fes) Liof, -. cies A. Miliolid Foraminifera Biofacies 

Felix (49C; 3) would place this poorly exposec. fc". cics i. n t°is 

Austroitrilli, icj 2e-ýieroplis Planktonic foramir. ilera a;.. I).. ar to be 

absent. Sod rnentatio.;. w :_;.. rs to have been in very sheltered wiiter in 

vbich the wicrites ecciu:. uý 'red. Felix (1973, p. 82) consi. vcrs de-, osi-k. ioi) 

to have taken place in a "Shallot, ' gulf type area. ". This is subst^. n- 

tiüted by Bandy and :. rna. 1 (1957, p. 2^47) who consider a ±ý. o: °iýxwnt 

mi. lioli, iid as, senbla ,e reflects a depth ranLýu of the order of 0-1 50 ft. 

(0-47 nietres). 
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b) Biofacies B. Rhodolite Biofacies 

A fairly rapid change occurred at the top of the Niliolic: 

Limestones. They initially coarsened and shortly afters ras soheroitlal 

colonies of coralline algae developed. At first these rhodolives -sere 

small and irregular in form and show no indication of movement. 'Iouards 

the top of the sequence, best seen in the Attard Quarries (Plate 1c), 

the rhodolites increase in size to 95mm, become very spheroidal, and show 

obvious signs of periodical movement on the seabed. The matrix of the 

rock becomes coarser from the base of the facies upwards. Some of the 

rolled rhodolites, for example at 11 . tiara and xttard, show signs of 

recolonisation after severe abrasion. Johnson (1962, -, ). 24) states th at 

Lithothamnion grog: -s best in conditions of fairly high energy water 

circulation, in warm seas of normal salinity-, and grit': o, d. eprtll rare 

(Johnson 1965, pp. 16-17) of between 12-25 metres. Jo. uison (1965, )p. 25) 

also states that nodular develo-,. ment is common in very strong cu)"ren-cs. 

The average depth of Archaeolithothamnion according to Joi_insor. (1963, 

p. 183) is 12-60 metres. The $e appear to reflect ieyositional deptl s 

of less than 25 metres. 

c) Biofacies C. Biolithibe/ o"tlusc Biofacies 

In western areas of Malta biohermal coralline cl`'al c evelo: 7, r,, --. t 

with abundant hexacor is further indicates subtronic1J_ t(mpera+., ures 

clear shallow sea water of normal salinity. It apy)ecrs that these 

bio germs developed as low -. positive structures in the sh. Lllo; rest areas 

of the Fthodolite biofacies. The initial unstable substrate 7ý: was first 

colonised by crustose coralline aliae but was soon followed by an 

abundant coral, mollusc and gastropod fauna dominated by a hi ;h,, )ro 
_ 
or"- 

tion of carnivores suc': as Turritella and _ rato, infauna) filter feeders 

such as Glycimeris and. C" rdita and epifaunal suspension feeders such as 

the pectir_ids. Althoua`i the basal micrite bed at it±arc: quarr-. \r pro ._ 
nc:: 

most of t. 'e species listed i-eä"e wnd proJ: tl) Ly rc. p. reseni a sheltered 
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depression in the sea bed', the bioliermal developments also yield a less 

frequent fauna of the same species. The corals are infrequently bored 

by Lithonhapa, a tro, ical and : _editerraenean species of the )resent day. 

Biofacies C is considered to be a subdevelopment of the Phodolite bio- 

faciesjas the sediments surrounding the bioherms are identical to the 

latter and contain a similar fauna. S-*-rombus sp. is a pro-Anent element 

of this and is recorded from Attard and Ghar Lapsi. The inter bioherm 

areas are again typified by rhodolites., which delineate both biofacies. 

Jointly the two biofacies reflect a depositional environment of 

increasing energy, possibly produced by the removal of one of the 

flanks of the ! 'Miliolid Limestone gulf" by submcr, ence. This prohwbly 

allowed access of marine currents into the gulf and an open shoal 

environment developed, subjected to moderate turbulence and typified 

by rhodolites. 

d) Liofacies D. Clypeastrina Biofacies. 

This bio o, cies corresponds to the 11endi Member and is charvcteriscü 

by echinoicls of the sub-order Clypeastrinr.. These thick shelled echi- 

noids anooar to be the o -. ly ones able to withs`ýIand this rigorous ellvir- 

o, 'ment. Scutella su'brotuncýa, the d. ominan1 species '-. ore, is invariably 

abraJdecl and fragmentary. Spine beeriný; specimens have never been 

located, hence it is difficult to postulate their life environment. Lees 

damaged specimens, hoisever, occur in the planar bedded areas (see Pig. 6), 

where turbulence was apparently less and it is considered that this is 

a likely lire environment for them. zier and Grant (1965, p. 1) recor(I 

Encoie M3_choli a Aaassiz in Areas of deep sand, into W'llch they burrow 

to a derth of a fev centimetres. Hedgepeth (1957) p. 1191) records 

Scutella as a s;: allow water d. e: '_ler., N-mere they crawl along the bottom 

partially covered in suna. The flat elisc-li': e or, n is, therefore, one 

best suited 'to lying just beloir the sediment/ : ester interface undsr 

turbulent con. d. i-Licns. Perhaps colonies of t! icse were periodicolly 
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excavated by the strong currents und transported vary: iug distances 

after death. Scutella is also associated nitA : EchinolannAs, a shallow 

burrower, in eastern Valta. Heterosterina and Kwmuli-bes also indicate 

shallow conditions. 

Although the sedimentary composition of the hember is very 

similar to the Atard i: ember, the macroscopic appearance could not be 

less so. Tabular cross-bedding is the dominant be&fornthough fore- 

set studies give no preferred orientation, except at GO= il Qamh 

(306931), Gozo, "ere a south-easterly current direction is indicated. 

The sets are dominantly made up of low angle, concave, foresees (7-140 

in Malta, 4-18° in Gozo), and averaging 10 0 for both islands. Each 

set varies from 100mm. -to 2.5 metres in height. McKee (1964, p. 286) 

indicates that this form of low angle bedding is indicative of emerging 

offshore bars. Swwinchatt (1967, p. 113) and Joplin` (1965, p. 782) 

confirm this view and suggest that low angle concave foresets are to 

be expected where velocity/depth ratios increase. Areas of calmer 

deposition, such as the transitional areas between this Member and t": e 

Ii Mara Member, are dominated by planar bedding or even massive lit,. o- 

logies. These, as previously stated, probauly reflect lower energy 

conditions in sheltered or deeper areas. 

The abundance of abraded coralline algal clasts within the Xlendi 

Member leads to the conclusion that there may well be some degree of 

contemporaneity between this and the Attard. I.; ember. Intense erosion of 

the top of the Attard. ieniber at Naxxar Gap, however, together with 

localised anticlinal development points to significant lithification of 

the At-bard rho(lolite beds prior to the development of the ý. lendi ?: ember, 

with subsequent rezror%. ing of sediments. Both conclusions may. )ther, -fore 

be true. 

It appears that the offshore bar and shifting sarl. h"cve environ- 

ment developed- in response to the increasing turbulence -,, Tit'-in the 

environment. There a? ý? ears to have been a turbulence threshholc beyond 
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which regeneration of damaged rhodolites ceased. Once this was reached 

the seafloor stability which these growaths irnparteä vas removed, and 

the remaining bioclastic debris was permitted to move more freely. At 

Salina Day membraniporiform bryozoans colonise the deed rhodolites at 

the top of the Attard Lembei but were soon overcome by the shifting 

bioclastics. These deposits show evidence of accumulation in a shallow 

environment. The absence of land derived material a: d obvious 

chanaelling, indice, te that land was some distance away at that time. 

e) Biofacies E. Giant Foraminifera Biofacies 

There is a transitional change between this biofucies and the 

Xlendi Member in a lateral direction, and between it and the Lover Glob- 

igerina Limestone in a vertical sense. The biofacies is dominated by 

the giant benthonic foraminifera Lepid. ocyclina and heterosteyina, hut 

also with an abundance of other benthonic foraminifera, none of which 

are abraded. Together these forms make up e]Ct nsive banks, 
, =rticularly 

in the thickest areas of deposition. Vaughn and Cole ß1941, p. 21) 

record both as being warm (20-30 0 C), shoal water forms , rich P. maximum 

depth tolerance of 50 metres in Trinidad. Carpenter (1362, p. 283), 

indicates that these forms are also abundant in Australian and Piilippine 

waters of the present day. 

f) Biofacies F. R, eteporiform Bryozoan/1'ectin"id Liofacies 

This is a further subdivisi. n of the 11 Mara ;, iember am' is dociir.. -- 

ated by Sertella sp. (reteporiform), with abundant Cello era (cellepori- 

form) and erect I,. embraa. nipora (inembraniporiform) bryozoans. Vincularifor: 

bryozoans are of minor significance. These subdivisions are based on 

those originated by Stach (1936) and will be discussed in more detail 

in the Tere? ýratulcýýývý1elesia Bed, Chapter 10. The Liofacies P bryozowls 

are usually in lc. rge unabraded' sections and the pectinids are often 

articulatcd. Collectively the bryozoans suC eý; t gel)tl. e to moderate 

current velocities, with slow sedii: ientation in norrloI salinity seewoter. 
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varying in depth between 10 and 90 metres (Lagaaij and Gautier 1965, 

p. 51). It would also appear that a firm seabed was also 1 rese_: t, 

though the presence of erect membrar_iporiform bryozoa does not pre- 

clude the presence of marine grasses. In some areas the ;. ember is thou-, -ht 

to have been deposited in moderately deep water, the lack of coralline 

algal fragments indicating that the micrites were also far a%-Tay from 

such source areas. 

In marginal areas of the facies, such as the San Leonarcl. o coast- 

line of southern Ealta, Scutella sp. and Echinolam2as are associated 

with LepidocZrclina in a mixing' of biofacies D, E and A Cidar s is 

also conmon in this mixed biofacies at Sw Rocco and confirms the 

generally higher energy of the transitional parts (see Pig. 6). Possibly 

the finest developments of this facies are at 11 Lora. 

Interspersed with these beds, but Generally with a lo,; bryozoan 

component, are the sporadic bioherms of articulated Terebrrtula miinor. 

(Pig. 6. ). These are usually in the finest micrite areas towards the 

top of the I1 Mara Member, possibly where sheltered conditions occurreo.. 

The cilium adamsi also a-,,, pears to be from similar horizons (1>dams 1364, 

p. 10). Specimens in the British i useum of Natural History (B: 27,; 1I. 1072C 

suggest that they were attached to crinoid-line material curiae- life. 

The pectlnids were probably abundant in the previous two biof . ties but 

are only well preserved here due to the overall cc. liner conditions. 

3. General Details 

The preceding biofaeies are usually very distinct, althounh in 

several areas a clear transition between them is well seen. At 
, 
Jamrnich 

in northern 1,. alta there is a rapid change from the Clypeasterina bio- 

facies to the succeeding; Lover 3-lobiz erina Li i ostone. It is i, o1-7ever, 

considered that the inter:: edio. te beds are rel ted to the up per parts of 

bioiv. cies F. Tiere on a wave-cut platform hundreds of moderately per_iec-i; 

Scutel 1 sp. occur in a y7-e,, 1ow biosparite, wrhicb trades imperceptibly 
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upwards into Globigerina Limestone. No significant orientation is 

recognised other than a general parallelism rich _ 
the bedding. They 

are considered to represent a reworked life assemblage. Zone show 

spines and most were fractured after death. Two specimens showed pre- 

mortal damage but this merely amounted to minor cresxentic and 'V' 

shaped clefts beint; removed fron the periphery of the tests. These 

could have been caused by crustacean or cidarid predation and fragments 

of both are associated in the same beds. 

4. Geological History of the Lower 
Coralline Limestone Formation 

In summary it may be stated that the I1 iember and its bio- 

facies variations reflect deposition in a moderately deep environment 

which first established itself in the east, but gradually moved north- 

westh: arils with time. The shallower shoal areas, biofacies 2teere 

dominated by giant forams;, and the deeper more sheltered areas by 

bryozoans. This : ember is transitional with both the unde: 'lying 

Member and the overlying Globigerina 
., 
ime+stone. A positive change i rom 

a closed environment, the Miliolid Linestones, trough a shalloving 

but more open marine episode, Attard and :: lenc? i ir; embeis, to regioiia: < 

submergence, Il i,, _, ra ý: ember5is recognised. This progressive change from 

a reefal environment (Attard Nembor) )through Lepidocz; cli. na bo rin -/ 

deeper beds, ultimately to Glo'. irerina Limestone formation aiMears to 

be very similar to the Cretaceous and Tertiary reef formations and 

flaking sediments of the . fiddle East; (rýerson 1953). 
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TAi3] 1 

LL 
. 
ryi. G1',, 

ý 
a 

LU 
f, ýh 

V 
lJ1L. ý_L 

,t. ,' L1.11:: 
sJ; l�Oi ,, 

In com-oiling this list the folloiring references hzw: been con- 
sulted: Nright (1355), Duncan (1865), Fuchs (1"74} 1: urraý 89 M"74), j 
Gregory (1929), Roman and hoer (1939), and specimens housedt i: -she 
British i. useur, n C; atural History. Genera G, nd species of 'moirn horizon 
and tý. ose collected during the present stud; are noted in the text. 
The authors: ips of all species are listed, where 1nown. 

Echinoderma. ta 

Cidaris adamsi Wright. 
Cidaris oligocenus Gregory. 
Cidaris avenionensis i3esmant. 
Cidaris tongremanus Wright. 
Cidaris melitensis Forbes. 
Echinus tortonicus. 
Psammechinus duciei U right. 
Brissus cylindricus A assiz. 
Brissopsis grateloupi Sismonda. 
Hemiaster scillae ', 1ri'ht. 
Hemiaster cotteaui Uribht. 
Schizaster parkinsoni nefrance. 
Scutella subrotunda Lesko. 
Scutella sp. 
Clypeaster latirostris Agassiz. 
Pericosrius latus gassiz. 
Breynella equizonata Gregory. 
Eupatagus dekonid-d 

. 
', might. 

Echinolampas posteriolatus Gregory. 
Echinolampas deshayesi 1esor. 
Gregoryaster sp. 
Echinocyamus sp. 
Collopleurus melitensis Is. unit- . aeripel. 
Asteroid dermal denticles. 

Gastropoda 

Turritella cAhedralis 3rongnis, rt. 
Turritella incisa. 
Turritella, so. 
Cassis e]e -a1s. 
Conus de, ý,:: _-ditus . 
Natica ti; erina Defrance. 
i: atica sp. 
Ova sp.? 
Voluta. modes-m. 
Fusus lugensis. 
Fusus eloýzcatus. 
Bassilissa sý. 
Amaurellina sp. 
Pyrula cf. condita (Mien) Brongniart. 
murex cf. as per. 
T'ritonium s ; ). 
Pleuroto:. aria sp. 
Panopea s-ý. 
Erato su.? 
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TABL 1 (continued. ) 

La. mellibranchiaf 

Pectan malvinae Dubois. 
Pecten haveri. 
Pecten deletus. 
Pecten arcuatus.? 
Pecten sp. 
Flabell ipecten Qasinii MMMenegliini. 
Flabellipecten f'rwterculus Sowerby. 
C, ilarnys (Amusiopecten) burdigaleiisis Lar:: ark. 
Chiamys (Aequipecten) northartoni Michelin. 
Ostrea edulis var. boblayei Linn-e. 
Ostrea s-o. 
Pholadomya sp. 
Venus aglaurea. 
Venus lugensis. 
Tellina cf. biangulata. 
Cardita lauree. 
Cardita crassa Lariaak. 
Cardium tenuicostatum. 
Cardium cf. porulosum. 
Cardium S-0. 
Chama sp. 

j 

Lithophaga lithophaga Linne. 
lu_2hus polithalamid Linn6. 
Crassatella cf. neglecta. 
Crassatella sp. 
Glycimeris sp. 
Arca sp. 
Arca grumensis. 
Cudilacea s_p. 
Spondylus ei. cisalphinus. 
Spondylus sp. 

Decapoda 

Cancer spp. 

Brachiopoda 

Thefcidium adamsi : Macdonald. 
Terebratula minor Phillipi. 

Bryozoa. 

Cellepora sp. 
Serte11a s-o. 
Vincule. riforna 'Forms 
Membraniporiform forms 

AnjLgzsý, 
_ 

Astraca (Heliastraea) ellisia Defrance. 
Astra, ea (1'_elicstraea) forbesi Duncan. 
Stylopora cf. confe-re, Reun. 
Ta'bellasi rc. ca cf. eusiana LE and H. 
Pori tr_ s sp. 
llonas-Grv ea s-,. 
Ileanärina sp. 
Collpop hyllia sr. aff. vetusta . ichelin. 
Caryophylli{i. 
Coral kerns A s7). ß;,. 
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TA'I :1 (continued) 

Miscellaneous 

Entobia sp. 
Serpula sp. 

Foraminifera 

Lepidocyclina (Eulepidina) dilatata Michelotti. 
Spiroloculina sp. 
iAliolina sp. 
Neoalviolina, melo 
Textularia trochus 
Claviculina comnun 
Carpentera utricul 
Gypsina sp. 
Cycloclypeus sp. 
Ileterostejina sp. 
Rotalia soldanii 
Nummulites sp. 

Fichtell and moll. 
d'Orbigny. 

s d'Orbigny. 
ris Carter. 

d'Orbigny. 

rraernapyaionina sp. 
Austrotrillina sp. 
Amphistegina sp. 
Spiroclypeus sp. 
Globigerina sp. 

Coralline Algae 

Lithothamnion miocenum Samsonoff. 
Lithothamnion intermedium ijellman. 
Lithothamnion sp. 
Lithophyllum destefanii Samsonoff. 
Achaeolithothamnion intermedium Rainier. 
Corallina sp. 
Jania sp. 
Melobesia sp. 
2. lesophyllum sp. 

Unless specifically noted in the text the precise }. orizcns from 

which this fauna and florawere collected is not kanoim beyond 
boon stated. Field evidence sui. -ests that most of the mollusc:. rI ele: en-c 
present has been collected from the ýýctF rd. '. ember and the ecidii.. z . 

ds 
from the Scutella beds and transitional fa. cies of the Ii -ember. 
The scope of t. is ;: york does not include a detailed study of Lho forant- 
inifera,, and detailed faunal lists of this and all the formations -Uo be 

studied are to be found in Felix (1973). 
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KLOT ,14 

i:. 
_j ,, r_A031' s; 

1. Strati-ra? hy 

This formation is exposed over about 65 of the islands, thou;; the 

upper members are restricted to areas closely adjacent to t,, e Blue Clay 

and Upper Coralline I, inestone. i%iost of Eastern _ýc-. 1. ta is covered by -ý . le 

yellow bionicrites of the Lower Glo'oigerina Li: _. esLone. 3rý ýt (l 4 ), 

first named this formation the "Calcareous Sandstone" but this -,, -^s later 

changed to Globigerina Lý? aectone by Murray (1890, p. 470; , due to the 

abundance of the plc-L: k_to nic foraminifer Globi; corina sp. Various sub- 

divisions have been erected on the basis of eithsr rock colour (on 

unreliable cý . 
tee : any, or the prer; ence of ohosDhorite beds 

over wide areas of the islands. Thesd latter beds howev3r,,, --. vO to be 

tre t_d with Cti. Ut. Lon, ý1. ue to their post ble bifurcat1ng nature. 

,p Morris (1952, p. 55-56), later confirmed by House e lo a!. (1551.2 ? - 

28) presentacý the beet subdivision of the P'or: -, atio. i an tl-ýi is 

to in the present work, ýrit? i minor norconclator_a 1 c: <an,; es ( see i'. i ;. 2) . 
C C" 13 F-, (I 

3 Unger Globigerina Lime tolle b. Bed 3 

2 iiiddle Glo ± 3rina Limestone 

I Lower Globig3rina Lirestore 

a. Bed A 

b. C2 mallos ̂ho_ ý ýý üoaý, '_ n rate :e 

e a. ; Ihi U 
chert 

'ý 1 

b. Cl 

a. Yeilo; r oicnic_r . ; gis 

I. Lo-,., t-2 : lobi erina Liuest, - e 

(i) General 

This sub Ci. vis oir includes all he 
1-0 
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Coralline Li: aestone and the base of the ; fiddle Globigerina i: i:. ia tone, 

incluiinj the Cl Phosphorite Conglomerate Bed. 

(a) Yellow Biomicrites 

(i) Litholoay and Distribution 

The typical rock consists of a pale yello'T -lobiceriia biomicrite, 

characterised by honeycomb ueathe: ing, especially in cast ern a. lta. Towar: Io, 

the west the bioclastic co: iponents increase at the of the 

tonic foraminifera. The pale yello, r colour appears to be due to c. _icIation 

of iron compounds as, ý. Iie_i seen in fresh expo:: ures such as in the 

Valley (5272), the rock is pale grey. 

From a maxim= development of over 100 metres around French Grog 

(565712), the formation thins rapidly westwards to less than I u. 1^tre in 

the Rdura Djkkiana area (456, S), Sec Pig. 9a, ) 
. In Gozo, (Fig. 9b) thick- 

nesses are less variable and range from 5 metres in the Sannat area 

(315890) in south-eastern Gozo, up to over 40 metres near '. Tied ir- : -heIo 

(272922) in the northwest. The Cl Bed is included in these descrin t' Gr 

as its contribution to total thickness is insignificant. The _oninont 

features of the isopachyte maps (see Figs. 9 and 10), are ti_e ronounced 

thim-iing in a : re cterly and north-:; es'rly directicn_ in : alta any. the --out-1,. D fly 

thinning in Gozo. A significant aspect of the bed:, iý the devalo, -: e:: t of 

neptunian dykes bet? eez Dahlet Q�orrot and ++gar in Gozo. These eds 

grade i? 1-%srce: tib1y dorm into the I1 
-l.. raa, 1IerLlber of the Lo,, er üorallir e 

I, iuosto. ne at QE=ie? i, : -alte. (`. 9330) and in ,, estern Gozo, bu"c in ýi . nkr other 

, 
Ll, 

. 8. bljT on the LG1iE; Y' CGrA" 1J_r. e L7.. ': ': ß tOl_a, 
caýäce .,.. ý c,.. ed.. st11:. ý er-, 1 'aCGni0r. 

at the junction of vihi c:: e phosphorite con.; lomerat° Jed is --)os-, lam'' devc; l0_)9 ., 

--iarticularly at Q , ura, : -alts, (7g so). 

The strata belo'. r t: ie Cl P: io:: ý: Grite Ccn;; lo 2era+. o aal ý. t Ii'ý 

ans. G? le': - 3l t3 \ `3 i751) 
, &re of uac ýrt%lii 1. 

sini ..: to arts of tae Il 
a .. l 

: einer but lao"-S ýi..: c 

cli. n: $p. Sc-,,, ý1'ý_ yp. They dre _: ore considcred to reIJ ...... rl 
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transitional facies of Loner Globia: ri: 1a Li: estone aje which as dc r, lcrc 

in the Gnejna area during most of Lustier Globigcrira Linesto e tines. 

(ii) Petrology 

In thin section the typical rock is seen to be a sparse to lacked 

yellow bionicrite or foraminifera hioraicrite. The forarninileral content 

is dominated by Globigerina sp. but this is low in : resterly outcro s, 

rising to over 501P in both easterly samples, and. stratigraphicaily higher 

horizons (see Fig. 10b). The apparently low foranilniferal counts aý: f, due 

to the fact that point counting takes into consideration the intralocul. 

sediments of the foraminifera, thus reducing the ap . rent doming ace of 

forminifsra within the samples. Bryozoans doninate thin secti. o is fro 

the Urest. Colson's analysis of the limestone (in array 1893, -?. 469) 

indicate-; that 70-80;; of the rock is . Made up of CaCo.., but , rii i. uoj. 5, 

Ca2PO4,1.6 ' 1--sCo3 and -races ces if iron and a1ur i: 17 uý oxi 2 ho ins l U''1 

content : could ap_-ear to be 12-17, ý and to consist mainly of iron and _l-L7 ; s. -. a. 

A little ýlauconite and. phosphorite pebäle, ý, 
(1. rider loan dinn. ) occur 

trieb the snit in Din, 
.i 

Cliffs and : du Li west . -'a1ta but this is 

derived in origin. 1.. urray (1890, p. 470) also recorC. s a . arcs, olincer , 

zircon, taÜmaline, rutile, feldspar auýite and. hornblende iron he fc 1ý. ' 0.1 I. 

as a :; hole, thourza the latter three are not confiraed. in anal;; so: s carried 

out during this study. 

All the car3onate rocks examined are cor yoseü. of i o" ferrcan cvi ci; t. 

thou, a feu nryo o ns from .? om it--til are C0i: JOSM of "Ier_oa: i c ; ZCiA 

(iii) Fauna, 

I: urraf recce nicen f ora.: mi;: iferc., os ir., codes an,. . 
echinc±C , -Dines in u:: in 

sections made from va. riou3 I: ori. ; ons ; i-cI.: in ý:. e icr.. aatio: i. L... i: . 

coccoý`-ý"'Dlleres and rhabdoli t.: are also abun(an in some beCi , a-, are v-: o --' 

s aped -n-cerowrod SU. eiii ?: 'i: 1. ch 3i-s 

ý; er cliarac istic of tilg Lo-:; er Glom-,.: Lv,:. L-1,3es-i-onc. . -ue _ _czci. 
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dominated by pectinids and irrL"ular echinoids, thotiCh these are usually 

very localised in occurrence and thick sequences of the rmicrites are often 

apparently devoid of macrofossils. Sc : izcster -)ar'; innsoni Defrance 

`. 
h Ferri a:. ster cottr. ný:. u. i -+ occur ir yterraitt , g. h.. ^.. 

wntly tY: roa;; -t acd, ý as do 

infrequent horizons of V-i lassinoic'. es sp., especially at aad belc; a 

San Leonardo in i: alta (Plate 3C. ). Articulated specimens of Asesma 

miocenica Simonelli are rresent beneath the Cl Conglomerate Bed at Rdur. i 

Qammieh (397807), and undamaged and frequently articulated Chlamvs 

(Aequipecten) nraescabriusculus Fontannes and Flabellipeeten rninii 

Nenighini are also common in western Malta at the same horizon. This fauna 

is associated with an ectoproct bryozoan fauna of vinculariform tyres and 

is dominated by reteporiforms and Celle-Dora cf. sarasitica.. These arD best 

seen directly underlying the Cl Bed at Ras il , 3ajjada (502541), where 

additional common forms include Snaj9 Us oc^eiatus Defrance, upatý. s 

konincki Wright and aragonitic mollusc casts. In other parts of the island 

discontinuous bands of Pecten (Arausionecten) burdi;; alen_sis Larraali; occur and 

have also previously been recorded at comparable horizons in Gozo by 

Wigglesworth (1964). 

Nautilus occurs infrequently, occasional groups of in6iviJuals being 

recorded; for example 26 or more individuals from the Msida tunnel ilalta 

have been noted (Zanmit rIaampel, personal com. -munication). Diany of the fine 

fossil fish collected in the past from Luqa quarries are from these beds, 

as are the teeth and ve.: ebrae of Stereodus from St. Julians. 

The deposits in eastern Kalta are most f: ossiliferous and are believed to 

be partially condensed in nature. It is in these beds that the strongest 

development of Thalassinoides sp. occurs below the Cl Bed (Plate 3c). 

b. Cl Phosphorite Conglomcrate Bed 

(i) General 

This was originally named the "first nodule sear.. " by wor:. ars, inc1': iing 

Spratt (1$43). Subsequently it was realised that this bod could be t-ýrIiced 
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throughout the i; altese Islands, occurring between the Lower and i"iiddle 

Globigerina Limestone sub-formations. The bed was then given the formal 

name of "Ni Nodule Bed" by House et al. (1961, p. 27), but is now considered 

to be a true conglomerate bed (Felix 1973, p. 24) and is here designated 

as Cl Conglomerate Bed. 

(ii) Litho logy and Distribution 

The present study recognises the interpretation of Adams (1870, p. 127), 

that the nodules are really pebbles, but further considers the hed to be 

composite in origir, as secondary impregnation of the host rock, by phosphate 

solutions around the pebbles has resulted in the development of a coherent 

and apparently nodular texture, thus creating confusion in nomenclature (See 

Plate 3a, b). The bed varies from about 200mm, in thickness to over 750mn. 

and is characterised by an irregular base and a planar top (Plate 3b). The 

contained pebbles are very amoeboid in form and vary in size from a few 

millimetres up to 160 metres. Their brown colour becomes paler with expo: ure 

and permits better examination of the mollusc and bryozoan borings which are 

common. No definite area of primary nodule development is recognised though 

there is a general increase in pebble size westwards, suggestiug proxi: atty to 

a source area. Throughout the islands the bed is entirely made up of re,. o. ked 

rock Glasts and fossil. casts, the latter often with phosbhatised ýr trix still 

adhering to them. 

(iii) Petrolomy 

The Cl pebbles are cemented together with biomicrites similar to the 

Lower Globigerina Limestone. The dark brown of this matrix material is th') 

direct result of impregnation by secondary phosphorite solutions, presumably 

derived from the associated pebbles. The pebbles themselves are dominantly 

packed Globir; erina biomicrites, not dissimilar to the Lower Globi.; erira 

Limestone, thoogh containing significantly smaller Globincrin, tests. 

Occasional pebbles contain rounded glauconite pellets and a fei, show primary 
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glauconite infilling foraminifera tests. Loose detrital glauconite pellets 

also occur in the Cl Bed. Finally, a fest lithoclasts are themselves made 

up of a conglomeration of smaller phosphorite pebbles. An analysis by Cooke 

(1896), showed that the bed contained 51.2 CaCo3,31.66 CaP04,10,55, Al., 

3.831'ä Si, and 1.97% sulphate of lime. 

(iv) Fauna 

Faunal lists are misleading, for although this bed represents a con- 

densed deposit, only the unphosphatised pectinids, occasional Nautilus casts 

and echinoids, all of Lower Globigerina Limestone type, may be considered 

as contemporaneous. The dominent pecti nid form is Chlc, mvs north J mDto :i 

Michelin, which usually occurs in a fragmentary or disarticulatedstate. The 

echinoids are dominated by Spatanptus sp. and E pata., us sp. Added to the 

list of contemporaneous fossils must be the occasional Balanus sp. which is 

found encrusting pebbles in western Gozo (329909) and Hemiaster sp. 

Most of the derived fauna consists of bone and teeth fragments, dominated 

by the sharks Carcharodon me alodon Agassiz, Isuru-, ox_vrhinchns Ra;. Fines, ue, 

Isurus cusDidata, Agassiz, Odontasnis contortidens Agassiz, ee. merre, cs serr, 

Agassiz, Balistes cf. chs. rcarias. Carcharias (P. riondon)lamna 3isso, and 

Lana sp. Waterworn bones and tusks of aquatic mamrnalia, including _ =. '. _i_ riu , sr 

are also common, though often difficult to recognise. Other phosphatised casts 

and fossils include Spatangus sp. Lunat , ýus sp. Cidari. s and spihee, 

Balanoihyllia sp. and Plabellum sp. Cooke (1896)also recorded Como dubius, 

Conus missigeria, Arca sp., and Cavolina cookei Simonelli, presumably from 

this horizono 

2e Middle G1obigerina Limestone 

The white hiomicrites and grey marls will be dealt with together, as 

precise separation of the two is difficult. The cherts, which form the only 

natural division, are restricted in distribution tc : resterly areas of Ialta. 



_42_ 

a. White Micrites and Grev l. ýaris with Chert 

(i) General 

The apparently monotonous nature of the I": iddle Globigerina Lime: -, tone 

on first examination is misleading. Cooke (1893yß p. 158) described these 

beds and showed that the Globigerina Limestone could be divided into a 

tripartite division, the Middle Globigerina Limestone being "Bed B". The 

present study considers the sub-formation to be made uD of all the beds 

between the top of the C1 Conglomerate Bed and the top of the C2 Conglomerate 

Bed. This follows the usage of House et al. (1961, p. 28). 

(ii) Distribution 

The isopachyte maps of the islands (Figs. lla, b and 13) , show the 

same general configuration as those for the Lo? air Globiger; 
_na 

Lirastore, 

except that the depositional high between the islands has now moved t1o 

eastern Gozo, in which area the C1 and C2 Conglomerate Beds converge and 

become indistinguishable (see also Wigglesworth 1964, Text 1"i;;. 3). The 

thickness of the limestone varies from 0 metres to 110m9 the Iattex figure 

being recorded from the Delimara area, I4alta (5965). 

In general, outcrops are restricted to peripheral areas of the Upper 

Coralline Limestone plateaux, but important outliers occur south of Biriki. Mkara, 

Yalta, in addition to Delimara. In Gozo, outcrops are generally restricted 

to Wied valleys and cliff sections. 

(iii) Lithology 

The white colour of the rocks reflects their general lack of iron 

minerals. The sequence is complex and commences with yellow biomicrit,,, S in 

western areas of idalta, but this rapidly changes to white limestone. In 

western Gozo an additional facies of yellow lime3tones, wedging out eastwards, 

was recognised by ivi lesworth (1964, p. 27) at the top of the seýtzence. The 

lower white biomicrites of both islands exhibits up to five minor pi-: osrho; ite 
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conglomerate beds, which appear in "4alta to gradually converge in a. 

westerly direction. At Tal Blata, halta (396727) one of these is as;: ociai; ed 

with deep channelling, orientated in an east-westerly direction. At 

Iintahleb (417700), the same b'ed is associated with north-east orientated 

neptunian dykes which are a few centimetres wide and are infilleW with 

small phosphorite pebbles to a depth of as much as 7 metres (Plate 3d). 

Lateral burrow systems are also recognised, and extend out horizontally 

from the sides of several of the dykes. 

At the top of the white biomicrites of idalta the strata is a medium 

grey colour and contains nodular chert horizons. This extends from Torau 

ir-Rih to Siggiewi in the south. The grey chert appears to be secondary 

in origin and forms around burrow systems within the rock. Hyde (1955, 

p. 38) considers the less pure variety*of this deposite to be "phtanite, 

an impure calcareous variety of flint". Russell (1955, p. 17), also 

records the occurrence of chert in the area east of Fungus Rock, Goso 

(270894). This lattar deposit is now recognised as being restrictec_ to the 

Tal Harrax structure. It is dark khaki in colour, contains abundant r: ac_c"- 

fossils and is well bedded. 

The grey marls which commenced at the chert horizon in RAW extend 

to the base of the C2 Conglomerate Bed in western and eastern : ialta and 

generally contain fewer phosphorite pebbles than the underlying 
IN. At 

Gebel Imbark, LLialta (401808), strong north-easterly oritntated jointing is 

present beneath the C2 Conglomerate Bed but does not penetrate it (Plat 5a)0 

(iv) Petrology 

Petrologically the : addle Globigerim Limestone plots as a] oMg r'. n- 

biomicrite, similar to the Lower Globigerina Limestone, but with a generally 

lower benthonic foraminiferal count in the white beds (Plate 4a). A hi;; her 

percentage of terriginous material occurs in the grey beds, t, th content up 

to 10i; or more in certain sample::. Horizons with chert (Plate 4c) a; 'e 

charactcriceü by Small. de. "Licate G1o b ., -: ýrina, -p. which rarely compri. ;e L1o: i, c. 

.? 
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than 10of the rock. (See Plate 4c and Fig. lob). The carbonate in all 

examined sections is low ferroan calcite. 

(v) Fauna 

The white bioruicrites carry a sparse fauna of crushed Schizaster 

eurynotus Agassiz and Pecten burdimalensis Lamank. Schizaster nar; Linsoni 

tefrance appears to die out by the base of the Niddle Globigerina Limestone, 

as pointed out by Wigglesworth (1964). Of special interest is the occurrence 

of Tomistoma chamnsoides Hulke, apparently from just above the Cl Conglomerate 

Trionvx melitensis Lydekker and Phpca rugosidens Owen, all found in the 

old quarries at Siggiewi, : -ialta. 

The only fauna from the pebble beds within the white biomicrites are 

corals of the same genera as the Cl horizon. The cherts of i-1alta contain 

planktonic microfauna only, but the khaki cherts of western Gozo carry a rich 

fauna of foraminifera, Tdrebratula cf. minor Phillipsi and chert infilled 

Casa sp. from the base of the beds. Abundant shell fragments also occur 

within the cherts. Associated biosparites contain abundant fragments of 

Cidaris avenionensis Desm. 

Thalassinoides sp. is common and Lockeia sp. (Bromley 1974 personal 

communication) occurs at Fomm it-Rih. 

b. C2 Phosphorite Conglomerate Bed, 

(i) General 

This is the second major phosphorite conglomerate horizon. The new 

name corresponds to that of "N2 Nodule Bad" in House et al. (1961, p. 27). 

(ii) Distribution 

This bed caps the Middle Globigerina Limestone in all areas and varies 

in thickness from 100mm to 500m.. m. It is best exposed at Pow ir-Rih, 

Malta (402738) and in the cliffs south of here. There is a general 

thickening of the bed in a westerly direction in both islands, though 

thickness variations in northern I. alts may reflect an advance of the source 
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area onto the flanks of the Malta ridge, (see Fig. 12a, b). It is assumed 

throughout that bed thickness is a function of distance from source ar. a. 

This interpretation is supported by the mean pebble size study (Fig. l2b). 

In this study the ten largest pebbles from a1 metre length of bed were 

extracted. The longest and shortest axes for each pebble -Were measured and 

a mean axial length was obtained. The resultant ten mean axial length values 

were then added together and divided by the total pebble count, to give the 

mean pebble length for the entire sample. The method was found most satis- 

factory as phosphorite pebbles are usually very irregular or amoeboidal in 

form, often resembling English flints from the south coast. The resulting 

pebble study (Fig. 12b) shows the same trends in Gozo as for the bed thick- 

ness analysis but, in addition, shows an in situ development of phosphorite 

in western Gozo. The bed becomes broken up to the east of this area and the 

resultant mean pebble sizes diminish rapidly eastwards until they are udder 

10mm diameter at the centre of the depositional areas. 

Malta does not show quite such a good fit between Figures 12a and 12b 

but sufficient agreement is present to state that mean pebble sizes dirirish, 

towards the centre of the island and also in a south-easterly direction at 

Delimara. Although the bed generally sho. rs no sedimentary structures other 

than normal grading, dune development is recognised at (333915), near 

T"iarsalform, Gozo (Plate 3e) and breakup of in. situ phosphorite to form breccia 

and conglomerate is visible in north western Gozo. 

(ii) Lithology 

At outcrop Plate 5a), the bed is characterised by smaller pebbles 

than the C1 Conglomerate Bed and by the lack of secondary inter-pebble 

ceratation. The individual pebbles, especially the larger ones, are amoeboidai 

in form and are frequently bored. Derived. phosphatised fossils also make up 

significant proportions of the bed, these being dominantly gastropods, shark 
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teeth and solitary corals, which often show attrition and surface varnish 

effects. Surface striations are common on all the derived material. 

The top of the Middle Globigerina Limestone shows signs of erosion 

and burrowing, the abandoned burrow systems being later infilled by small 

phosphorite pebbles. These burrows are never as large or extensive as 

those below the Cl Bed. The top of the C2 Bed exhibits a transitional 

change between dense conglomerate and typical Upper Globigerina Limestone, 

with pebbles becoming fewer and smaller away from the base of the C2 Bed. 

The matrix of the C2 Bed in most areas is yellow Globigerina biomicrite, but 

at Bugibba, 1ialta (467785) it is white and the pebbles are dark "trey, brovn 

or green. This possibly indicates the primary state of the bed prior to 

oxidation of the iron compounds present. 

(iii) Petrology 

Detailed examination in this section reveals the existence of several 

distinct rock types. Host are dark brown in colour, but others are occasionally 

green in unweathered samples. The dominant pebble type is pale brown 

foraminifera biomicrite (Plate 4b) containing Globigerina sp., occasionally 

with intraloccular infills of glauconite. Dark brown micritbs, rich in 

goethite (? ) also occur. Other pebbles include oösparite, cherty pebbles 

and glauconite. The derived fossil casts are preserved in a pale brown 

phosphatised biouicrite. An X--: ray diffraction powder analysis on one of 

the derived phosphatised core. l casts, confirmed TIurray's analysis that the 

rock was impregnated by collophane (francolite), this being a hydrated 

calc Um phosphate. 

The matrix between the pebbles is clearly related to normal ssdimentaV. on 

and is identical to the Upper Globigerina Limestone for the most part, 

though microspar formation has coarsened the matrix in some sections. Frag 

ments of echinoid testa and p , ýýct inid valves complete the components, thcugh 

these are never more than 2-3; ýý of the rock. 
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(iv) Fauna 

The contents of this bed differ only in number of species from that 

present in the Cl Bed. The reworked fossils are invariably abraded, carry 

bryozoan, sponge and small möllusc borings, and often an adherent matrix. 

The transported phosphatised fauna includes Conus sp., :: enoDhoria sp., 

Flabbellun foecundum Sesmonda, Coenocyathus sp., Caryoihyllia sp., 

Stenhanonhyllia sp., and Trococyathus sp., together with Va: inella sp., 

and the tests of Hemiaster scillae. Wright. Shark teeth are frequently 

abraded and phosphatised, often with encrusting Ostrea sp. and serpulids, nor 

also phosphatised. The more frequent forms include C^. rcharodon iaegaloaon 

Agassiz, Lanna sp., Odontaspi_ contortidons Agassiz, Odonta pis cug ni,, L_',, 

Agassiz, Balistes sp., Isurus oxv-rhynchus Rafinesque, Eene7Trestes sera 

Agassiz and Carcharias sp. Tusks of marine l1am : alia and fagments of rib are 

also frequently found, as are the teeth of :: astodon an^-ustiden _ Currier from 

I"iarsalforn. 

The insitu fauna is dominated by the thin shelled Chlarrjs bkr,. i i. 

Lamanc and allied forms, which occur in a disarticulateaand often frag- 

mentary condition, intermixeä with the yellow biomicrite matrix. :: chinoicc, 

including Hemiaster scillae ;: right and Echinolamna: s wri: ý.: ti =re Cory, fre- 

quently occur in an enge state. In the areas, follorrin. the j -situ phos- 

? horite development of westernGozo, Baianus sp., and serpulids are freq. ontl; r 

found encrusting the phosphorite pebbles . Aturia aturi Dasterot and 

Terabratula terebratula Linne, occur in the bed below Ghajn Abdul, Tozo. 

The bed itself is ir, '-ensely bioturbatod and indeterminate unlinec. burro- 

systems penetrate up io 200mß::. into the underlying i, iiddle Globigerina 

Limestone. The Qat, *ra subsidence infill, which may be approximately of 

age, contains articulated Me- eriia sp. in outcrop at the southern end of 

the structure. 
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3. Upper G1obigerina Limestone 

(i) General 

At the top of the C2 Conglomerate Bed the Globirorina biomicrites 

show an immediate return to a yellow colour and exhibit a marked reduction 

in clay mineral content. Cooke (1896) first recognised that the beds could 

be split into a tripartite subdivision, but Morris (1952, p. 55-56) was first 

to apply this and called the beds from bottom to top, Beds A, B and C. 

Wigglesworth (1964, p. 31-32) applied this subdivision to Gozo but found 

that it failed in western and northern areas. The present study has recog- 

nised the tripattite division throughout the island of Malta, except fore 

the western end of the ilarfa Ridge (3980), Tal Bajjada (475663), and 'stied 

L-Arhata (258466), (see Figs. 14,15 and 16). 

(ii) Litholovv and Distribution 

In Malta these beds are distributed around the periphery of the Upper 

Coralline Limectone plateaux on the western side of the islands. An important 

outlier exists at Delimara in eastern Malta where, it is believed, most of 

the subdivision is present. In Gozo the beds are exposed along the cliff 

sections surrounding the islands, but inland they are restricted to the : lied 

valleys and low land between the Blue Clay and Upper Coralli e mesas and 

byes. Honeycomb weathering is typical of beds A and C. 

The general isopachyte map of the islands (Fig. 16b) clearly indicates 

the same general configuration as that for the Lower Globigerina Limestone, 

with thinner successions in . -Testerly areas and around the Conino Straits. 

In addition, however, the beds are also seen to thin southi; ards in western 

Malta and northwards in the Delimara region. Little data has been accumu- 

lated on these beds and hence they are briefly dealt with. 

a. Bed A 

(i} General 

This is the lowest division and varies in thickness from ur,,, cr 
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to over 8 metres (Fig. 15a), with deposition centred on north-western =-alta 

and central Gozo. The bed is lithologically similar to the Lower 

Globigerina Limestone, but in addition contains scattered goethite and 

limonite concretions. A thin phosphorite conglomerate (C2b) is developed 

0.2m to 2.5m above the base of the bed and, though it is present throughout 

western i°Ialta, it is most apparent in the coastal sections between Imtahleb 

(417704) and ?1 Kullana (457663). This bed is absent from Delimara, and 

the Upper Globigerina Limestone base here is associated with sub-centimetre 

sized phosphorite pebbles (C2M. All three subdivisions of the Upper 

Globigerina Limestone are present at Delimara, with Bed A being best developed 

(Plate 4d). The lithology of these is different to other areas and cwasists 

of ribs of well cemented rock alternating with softer beds. Several hard- 

grounds are developed within the bed. 

b. Bed B 

(i) General 

These sediments rsark a return to grey marl sedimentation, typical of the 

top of the I"Iiddle Globigerina Limestone. The isopachyte man for this bed 

indicates the same general configuration as for Bed A, and with thickness 

ranges of the same order (Fig. 15b). In western Gozo the bed appears to 

be unrepresented and Bed C rests disconformably on Bed A, i, pith scour and 

fill channels at the contact (Plate 5b). At Wied L'xrhata in i,; alta brocrn 

marls make up Bed B and apparently extend to the top of the Globigerina 

Limestone Formation. The bed is 2.5 metres thick at Delimara. 

c. Bed C 

(i) General 

This bed marks a final return to the yellow G1öbigerina Limestone depo- 

sition bei oxe the onset of Blue Clay conditions (Fig. 16a). The bed is t ycoif i =(ý 

by honeycombe weathering and an abundance of goothit4 concretions par- 

ticularly towards the top of the Bed. The areas of *naxinr, zra deposition 
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shifted slightly at this time to a north-south belt, extending down the 

western side of Halta, where up to 8 metres of sediments accumulated. The 

area of thickest sedimentation is Delimara but it is likely that the beds 

were originally thicker here prior to the post-Miocene erosion. 

(ii) Combined Petrology 

Hurray (1890, p. 479) recorded quartz splinters, feldspar, tourmaline, 

zircon, rutile augite and hornblende from the sub-formation. Thin section 

studies show that these components are in insignificant quantities and that 

the rock is typically a sparse to packei Globir-erina biomicrite (10b). 

Although iIurray (1890, p. 470) indicates that the CaCo3 content may approach 

95`, ', for the purest sample, it was found that samples from western Gozo, 

where the beds are thinnest, were nearer 60; ý CaCo3, the rest being clay 

particles. 

(iii) Combined Fauna 

The fauna of these beds is rather sparse, though the pteropod Vao"inel a 

sp. does appear to be characteristic of the yellow biomicrites. ; 1igglesr-orth 

(1964. P. 32) records conoclypeid echinoids and pectens from eastern Gozo. 

The Delinara Bed A contains scattered Schizaster eurynotus A; asoiz and 

Chlary burdi; alensis lamas , Ostrea sa. and Thalassinoides sp. ar� also 

present in the area. Cooke (1896) records abundant li�nits in Bed B at 

Qamnieh in northern alta and this was confirmed during the present study. 

The thin phosphorite conglomerate bed above C2 yields an abundance of 

escharirora oTyozoans possibly Aschari. a aionilifera : ich,, which are identical 

to (B.::. N. H. D9404). Scattered throughout beds A and C are the t'. -irk shells 

of Epitonium iseletensi s (uchs). Cooke (1896) also records Pecter koh 

Fuchs, 1ecten denudetus Reus, ýoi. ichostoma catFýx cta Aturia sp., and 

Erucul&na sp. Withers (1953) records the barnacles Sc, -. lrelli u mollinianuý-i 

atoi from the Lower Globi exrina Limestone and cýlrellum ý. and S. 'ovisý. 

mollinio. ru. ^, S. lavisatoi anc. Trila s: 4ý :: el. i. ±erise i or the ü-apcr G1obi {,, _: rina 

Limestone. The crabs crop ecte scii : ift? i , w+CTIý'.: t; llri 
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granulatus and Ranina (Ranina) ci. brevisnina also occur at this level. 

Backfilled echinoid burrows are frequent in the Lower Globigerina Limestone 

of Mellieha Point west of I"igarr, Gozo. 

4. Diagenesis within the Formation 

Several lines of evidence suggest that early penecontemporaneous 

diagenesis was important within the formation. The main evidence is: the 

formation of neptunian dykes within the partly lithified sediments previously 

mentioned; the development of phosphatised pebbles from lithified Globigerira 

Limestone sediments, and the occasional occurrence of marly white limestone 

clasts within the C2 Phosphorite' Bed in Malta (Felix 1973, p. 25) and also 

in eastemGozo. These are considered to be the result of erosion of the 

Middle Globigerina Limestone. It would appear that subsequent to the 

development of Thalassinoides burrow systems into the top of the lower 

Globigerina Limestone lithification occurred and the burrows were abandoned, 

ultimately to be infilled by phosphorite pebbles and bioclastics. This 

hardground remained uncovered for a considerable time and corrosion and 

attrition within the shallow water environment was responsible for widenin& 

the apertures to these burrows and produced the characteristically fretted 

karstic appearance to the surface. It is considered that secondary phos- 

phorite diagenesis of this fretted surface and the inter-pebble matrix was 

the direct result of impregnation of that surface by descending phosphate 

charged pore solutions (D'Anglejan 1967, p. 86), from the closely associated 

and overlying phosphorite pebbles, though Felix (1973, p. 27) considers that 

the base of some solution pits are unphosphatis ed. The secondary phos- 

phatisation og the Lower Globigerina Limestone resulted in only a partial 

replacement of the pre-. existing carbonate, and ew>rlier ferroan calcite 

replacement of various bryozoan fragments recited this phosphatisation. "30roc, 

foraminifera within the derived phosphorite pebbles also resisted pros-- 

phati-sation. 
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The horizons of ,.. iddle Globigerina chert formation show that small 

0.1m m dolomite rhombs formed prior to silicification in a manor similar to 

that noted by Larsen and Chillinger (1967, p. 332). In : Malta the chert has 

often selectively r.: plaoed the matrix without affecting the calcite fora- 

miniferal tests, which are , however , frequently seen to enclose ra: iatin_g 

quartz fibres. The-macrofossils within the Gozo chert have also resisted 

silicification even though the matrix is completely replaced. It is clear, 

therefore that the chert is diagenetic ih origin. It is considered that the 

cherts of Malta formed from low temperature, saturated pore solutions of 

low pH. in a manner comparable to that suggested by Blatt et al. (1,072, 

p. 468). The cherts of the Tal Harrax outlier of Gozo are bedded, rather 

than concretionary, in nature and are associated with a benthonic fauna. 

It is uncertain whether these are of the same origin as the i-lalta examples, 

or V. ether they formed on the seabed within this syndepositional solution 

subsidence structure more or less penecontemporaneously with carbonate 

deposition, in a manor comparable to the formation of bedded cherts (Blatt 

et al. 1072, p. 537; Rasmussen 10'71, p. 213) though Blatt's postulated 

depths of 120-183 metres must be considered as absolute maximum in this case 

and depths of about 50 metres would be more acceptable. 

The presence of infilled Lntobia, borings within derived phosphatised 

shell casts from the C2 Phosphorite Conclomerate suggest:: that these litho- 

clasts ente_, ed the 1-Haltese area as aragohitic shells, -vrhich , "rere, subsequently 

removed by dissolution at some time after arrival. The darker rims to Cl 

phosphorite pebbles and the yellowish brown haloes within the matrix 

immediately surrounding pebbles from higher horizons is an effect of outward 

migration and concentration of ferrous solutions from within the pebbles. 

The origin of this iron is probably to be found in the breakdown of glauconite 

clasts and infills within the pebbles, but may also originate from iron oxides 

, which are occasionally seen to infill foraminifera tests. 
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Late stage diagenesis is probably related to the final sub aerial his try 

of the islands and consists of the development of secondary cementation at 

selected sites within the rock, causing the development of hard ribs ait'-r-- 

nating with softer layers. Selective cementation of sediments within pý)oriy 

defined burrow systems is responsible for the development of the characteristic 

honeycomb weathering. 

5. Palaeoenvironmental Interpretation 

The lithofacies of the Globigerina Limestone Formation described 

above possess a remarkably constant biofacies make up, which is as folio,,..,,. 

a. Biofacies F Reteporiform Bryozoan/Pectsnid Biofacies 

b. Biofacies G Pectinid/Spatangoid Biofacies 

c. Biofacies H Chla JEemi, a, ter 13iofacies 

d. Biofacies I Solitary Coral/I-iollusc Biofacies 

e. Biofacies J Eschariform Bryozoan Biofacies 

a. Biofacies F Reteooriform Brvozoan! Pectinid Biofacies 

This is identical to the previously described biofacias F of the 

Lower Coralline Limestone and is considered to represent the area of 

shallowest deposition within the Lower Globigerina LiLuestone sea, iwhich had 
to k; * - 

PDmM ,. RIk 4+et 

retreated north-westwards throughout Loner Coralline Limestone tires. The 

bryozoan assemblage, dominated by reteporiform and large celleporiform tyne2, 

is considered to be characteristic of depths in the order of 50 to 60 metres, 

with moderate to gentle current action and little or no sedimentation. 

The pectinid fauna is frequently articulated and is little damaged , 

further supporting, the interpretation. The final diagnostic feature of t. ý 

facies is the general lack of plankt: cnie forarninifera, suggestin. 0 that the 

environment was cut off frum uornal marine circulaticn. 
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b. Biofacie3 G Pectini. d/3tatangoid 3iofacies 

The most widely developed biofacie, s within the islands falls into 

this category and includes all the Lower Globi,; erina Limestone, Addle and 

Upper Globigerina Linestones; with the excaption of Y &ovc. Throuvhout the 

islands the biofacies is typified by a dominant planktonic foraminiferal 

m. icrofauna and a riacrofauna of disarticulate pectinids and entire, but spine- 

less tests of Schisastar sp., and other spatangoid echinoids. In spite of 

the apparently unre'rorked nature of the 

pectinids and the lack of spines on the 

intense bioturbation, and possibly even 

by current action in some areas. 

Depths of less than 200 metres are 

this biofacies, and not the 1000 fathoms 

sedirients, the disarticalation of the 

echinoids is taken to indic. atc 

periodic reworking of the sedirents 

envisaged for the accimulat1on of 

postulated by Murray (1893, p. 474). 

The former estimate is based on a comparison with the Miocene G1 jir ýi, + 

Limestones of the English Channel (Funnel 1967, p. 334), in which the lima- 

stones have a couparable Globigerina percentage. Felix (1973, p. 56) corti=0. °1's 

a depth of 40 to 100m for the Lower the :, fiddle Globigorina Limestone, though 

the benthonic foraminifera faunas of parts of the tipper GlobiEea. -ij,. a Limestone 

of buliminids suggests depths up to 150 metres. The accumulation of such a 

high planktonic foraminiferal content on a comparatively s'railow shelf area 

is explained by the : Miocene position of Tialta on a rig? Tethyah submarine 

rise. Drifting open sea planktonic elements including pteropods, cephaiono.. s 

and foraminifera would be brought into the shallow intra-rise basins, suclia s° 

the :, 1'altese area, by water or wind currents. Upon death these components 

would rain down from the water into the shallow basins, thus creating the 

misleading effect of a deep water deposit in an otherwise shallow basin. 

The abundance of deep sea pteropods within this biofacies nood not ir_aic 
. 
'ce 

depths in excess o 200 metres, as isvniuelich (1966, p. 310) pointed ot. t j r. 

his study of the -liocene ýute_opod facies in Israel. The reason for the 

general low faunal content, ay)art from th- t mentioned above, is hot fi. ) ar ltt" 
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unless these deposits accumulated more rapidly than expected, thus cre. mting 

the effect of heavy sedimentation. The marl beds of the ifiddle aad. Upper 

Globigerina Limestone need not indicate shallower water but merely periodic 

influx of Blue Clay type clay suspensions entering from outside the region. 

The presence of abundant horizons of Thalassinoides sp . points to a "Cruziana 

Ichnofacies" (Seilacker 1967) depth which is also consistent with other 

evidence. Bromley 1974 (personal communication) considers very shallow 

conditions to have prevailed in western areas of the islands, on the basis of 

contained trace fossils. 

c. Biofacies H ChlaWs/Hemiaster Biofacies 

This biofacies conforms to the in. jtu fauna of both Cl and C2 Phosphorite 

Conglomerate Beds of the Globigerina Limestone Formation. The fauna is v=ery 

similar to that of Biofacies G except that the apparently moderately Reep 

burrowing Hemiaster sp. is the only common echinoid met with in the beds. 

Chlamys northamptoni, the min pectinid is a thick shelled and strongly 

ornamented species and these points, together with its generally disarticuiaie 

or even fragmentary conditicn, indicate'4fairly high energy conditions. Cou- 

ditions may have been gentler on the C2 Bed as the dominant pectinid he: n in 

Chlamvs burdiZalensis, a thin shelled, low ribbed form, although dicarticulaticn 

is the rule in this bed also. In western Gozo both Cl and C2 Beds are 

occasionally encrusted with Balanus, further indicating conditions of strong 

turbulence, a. s does the dune development of the C2 
. 
Bed in the Victoria road 

south of : ". arsalforn, Gozo (Plate 3e). It is obvious that this biofacios 

is one of high turbulence and low sedimentation in an extrcmely shallo; r 

environment. Perhaps the best guide to cbpth is obtained from the phozpliorite 

pebbles themselves, as it is difficult to envisage transport of mesh: iaLgo 

blocks as some of these in depths possibly in excess of 50 metres. 

-- t 
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d. Biofacies I Solitary Coral/I: ollusc Biofacies 

This biofacies is not native to the islands at these horizons an, i is 

represented by the transported pebbles, casts and fossils of the phos- 

phorite conglomerate beds, which are believed to have been transported into 

the area from the west. The solitary corals are , cost abundant �but u: ifor- 

tunately they give little information regarding depth as many are wills 

ranging forms; for example Flabellum, deeper than 40 metres or 

Balanonhyllia 130-520 metres. Host are, however, indicative of sub-tro 'i "a l 

seas such as those around Australia at the present day. The Mclluscan 

fauna is entirely of shallow water aragonitic types which ar generally not 

found below 200 metres. The occasional occurrence of : "ntobia. m: ay reduce 

the abpth estimates considerably as these borers are most prevalent in 

sub-littoral conditions. Adherent matrix to both corals and mollusca 

indicate that the two derived coiaponent types are not polygenetic in 

origin. iiar1o: re (1971, p. 811) gives phosphatisation depths of 620-750 

metres in the Caribbean. This must be considered as a maximum depth. 
and 

1icKelwy et al. 
(1959) considers the Phosphoriaj rk Formationsto have 

formed in less than 40 metres of deoth but KLazkov (1937) -'rould pre ýr 

depths of 50-200 metres for phosphorite development. In vier of all data 

at hand it is considered that the 1_altese phospho.? iteo formed at depths 

of not more than 75-100 metres. 

e. Biofacies J Eschwrilorm Bryozoan Biofacies 

The eschariform bryozoans associated Tri th the C2b Phosphorite Con- 

glomerate Bed fall into this biofecies. They a: e r:. ost in evidence in 

west coast outcros of the bed and take the form of bro'_cen sections of 

bilaminate ste::: s, often shouin: g brancüing. Stach (1936 
p. 62) and other 

workers consider that a dominance of th'. s form re_i: oesents a sublittor3l 

environ.. nent but ;. ith de-oths not less than 20 metres. Thj. s co-, firms the 

depth inter-pret",. tion of the C1 and C2 Beds and it i quite that thi s 

ro oan (, ro form cc, n.: e_7ý. 1y o 
.. 

c... in these beds ý: l so t ü1.1-[ý has beeil ai. soa swth.. nv 
. {rs .ý br5 

y all ^l1 examined eXT): )r ý.! ' i. during; the 7, j es, --at study y in 
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f. Geological History of the Globieerina Limestone 

Throughout Lower Globigerina Limestone deposition the sea floor 

around the I": altese islands, deepened and the shallower Il Mara : "iember 

fades retreated to the western side of Malta. Thick accumulations öf 

Globigerina biomicrites accumulated in water depths of 150-200 metres in 

most areas* 

The shallowest areas of deposition throughout the Globiger. ina Limestone 

episode were close to the western margins of the malta-Regusa rise (rig. 8b), 

which possibly lay at the most a few kilometres away from the western and 

northern margins of the ilaltese Islands. In these areas phosphatis ation of 

the newly cposited limestones appears to have occurred, probably resulting 

from upwelling cold Tethyan currents from the west which were rich in phos- 

phates. These phosphates were possibly precipitated in the shallow warm 

waters where organic production was high. Bromley (196, p. 504), "ý1ný). ijan 

(1967, p. 18) and Gulbrandsen (1969) 
all agree that these deposits develop 

best in warm climates where sedimentation is minimal. The general lack of 

detritals at this time may have further aided phosphorite development and 

further suggest the eri, Aence of an arid climate at this time. 

Lower Globigerina Limestone deposition was brought to a close by the 

onset of severe erosive conditions which were felt most strongly in western 

Malta and Gozo. It is considered that erosion was intense enough in the 

areas of primary phosphorite development to cause breakup of the beds and 

transportation of theta eastwards into the area of the :: aitese islands. This 

ultimately resulted in the smallest pebbles travelling the greatest distance. 

Little sedimentation occurred for some time after the deposition of the 

conglomerate in this shallow water and it appears that the C1 Bed remained 

uncovered for sufficient length of time to become cemented with secondary 
precýPýtates 

phosphate pore solution X leached from the associated pebbles, in the manner 

postulated by Twenhofel (1950, p. 523). -This caused the development of a 
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rigid upper crust to the bed, which resisted further erosion though 

tabular planation of the surface did occur be. Lore the onset of Middle 

Globigerina Limestone deposition. 

After renewed dovmwarping of the seafloor at the close of C1 times the 

pure white Middle Globigerina Limestone was deposited in depths comparable 

to that of the preceding subformation. The absence of buds between Cl and 

C2 in eastern Gozo (Wig-lesworth 1964, p. 29) may be due in part to erosion 

as well as non-deposition (white biomicrite clasts within 02 here support 

this theoryj. The greatest subsidence was in the north-west and south-east, 

occasional layers of phosphorite pebbles indicating that further erosion of 

the phosphorite beds west of the islands occurred periodically. The ncssi. - 

bility that land arras may have been present nearby is indicated by the 

occurrence of the crocodilian genus Tomistoma. The present day species of this 

living iIalayan genus do not venture far from land, though they do frequent 

river deltas and shallow marine environments. 

The grey marl development of western areas may represent deposition in 

a more proximal source area, though the widespread distribution of marls 
e the 

and clays, withinj Tethys at this time, due toýAlpine orogeny, renders the 

interpretation suspect. The sparse faunas of the grey marls anal >leo be a 

reflection of increased sedimentation in an area with a stable pciulatioa 

density. 

A further major uplift of the area to the west of the islands, with 

possible additional uplift in the east, occurred at the close of the Kiddie 

Globigerina Limestone deposition and similar deposition to those de crihed 

for the Cl Bed resulted. Either uplift was not as severe as in Cl times 

or the source area was further away at this time, for bed thickness and 

pebble sizes are generally less in the C2 Conglomerate Bed. The sub-con- 

gloaerate burrow systems of the C2 Bed are also lees developed, suggesting 

that the period of uplift was of less duration. The constancy of pebble 
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type between Cl and C2 is taken to indicate phosphatisation was continuing; 

uninterruptedly throughout Globigerina Limestone times in the source areas, 

particularly to the west. 

The presence of : Kastodön teeth in the phosphorite conglomerate beds of 

Marsalforn, Adams (1879), is considered to indicate that northern Gozo lay 

in close proximity to a northern land area as it is believed that a floating 

carcass would hot drift fa: ' from land. The associated waterworn bones of 

Halitherium sp. in the C2 Bed may also indicate close proximity to land. as 

Adams and Ager (1967, p. 265) indicates that river estuaries are the chief 

areas frequented by their modern counterparts. The abundant shark teeth 

of the C2 Bed are believed to be partly reworked and partly the result of 

reduction in overall sedimentation rates at this time. 

Upper Globigerina Limestone sedimentation commenced gradually with a 

gentle episode of subsidence during which time turbulence within the eLvf-ron-- 

ment was reduced. This resulted in transport of only the smallest phos; r. crl. te 

pebbles into the area, creating a normal upward grading to the C2 Bed 

finally grades imperceptibly upwards into the Upper Globigerina Limestone. 

In northern Gozo (332913) higher energy conditions continued for a time and 

phosphorite p; bbles were heaped up into 0.5 metre high megaripples orientated 

at 1240 (Fig. 8a) suggesting that the prevailing current was from the ue:: t 

or south west. 

The detailed isopachyte maps previously discussed indicate that the 

i"Ialtese Islands occupied two or more basins of depozition at this time in which 

an alte nation of yellow and grey biomicrites and marls accumulated. The 

amalgamation of these divisions of the Globigerina Limestone beds in western 

Gozo, eastern üalta and western : alta is believed to indicate that the marir. s 

of the sedimentary basins : post closely approached the islands at these point-. 

Channelling in the sedineats in this area is extensive and is consistent with 

an extremely shallot: water environment. 
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TABLE 2 

FLORA+ FAUNA OF `EH GLOBIG,:. iI_: A LII.: _ý`TOI; E 

" In compiling this list the following references have been consulter:: 

Wright (1855,1864), Adams (1879), Murray (1390), Gregory (1690-91), 

Cottmau (1914), Reed (1949), Romani and Roger (1939), `Withers (1953), The 

British Museum (liatural History)and material collected during the present 

study. 

Vertebrate. 

Trionyx melitensis Lyddecker. 
Tomistoma charnpsoides Hulke. 
Tomistoma gaudense Hulke. 
Halitherium schi n zi Kaup. 
Phoca rugosidens Owen. 
Delphinus sp. 
Scaldicetus sp. 
Squalodon sp. 
Stereodus melitensis Owen. 
Lamna eligans. 
Lamna sp. 
Carcharodon megalodon Agassiz. 
Balistes of. carcharias. 
Isurus oxyrhyhchus Rafinesque. 
Isurus hastilis Agassiz. 
Isurus cuspidata Agassiz. 
Nylobatis sp. 
Odontaspis contortidens Agassiz. 
Hemiprestes serra ygassiz. 

Echinoderr. iata. 

Cidaris adamsi Wright. 
Cidaris avenionensis Desm. 
Cidaris scillae aright. 
Leiocidaris sismond. ai --layer. 
Anapesus hungaricus Lama&. 
Echinocyamus studeri ismonda. 
Echinocyamus stellatus Caped. 
Echinonius sp. 
Tristomanthus vassali Wright. 
Breynella e: 3uizonata Gregory. 
Studeria spratti Wright. 
Lithnia cubgiobosa Lamal. 
Perecosmus latus Agassiz. 
Gregoryaster (Pericosmus) coranbuinum Gregory. 
Hemiaster scillae :! right. 
Hemi&ster cottreau ; fright. 
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Table 2 continued .... 

chinoderrata cont... 

Opiaster vadosus Gregory. 
Holcopneustes lorioli Stephanini. 
Schizaster eurynotus A assiz. 
Schizaster parkinsoni Defrance. 
Brissus tuberculatus. 
Brissopsis grateloupi Sismonda. 
Brissopsis cresenticus Wright. 
Brissopsis duciei Wright. 
Iteterspissus extentricus Wright. 
Eupata�us konincki Wright. 
Spatangus riarriorae Dosor. 
Spatangus pustulosus '. right. 
Spatangus delphinus Defrance. 
Spatangus oscellatus Defrance. 
Lovenia anteroalta Gregory. 
Echinolarnpas scutiformis Leske. 
Echinolampas laurilardi Agassiz. 
Echinolampas wrighti Gregory. 
Echinolampas manzoni Gregory. 
: "ietalia melitensis Gregory. 
Trachyaster cottreaui? 
"Pentacrinus" gastal. di. 

Gastroooda. 

Conus misingeri. 
Conus sp. 
Conus dubius Gulia. 
Natica sp. 
Epitonium melitenisis (Fuchs ) 
Epitoniuin retusta. 
Cass--s sp. 
Aporrhais pes-pelicani (Zinne ) 

Larellibrancbi akg, 

Pecten koheni. Fuchs. 
Pecten cristatus Fuchs. 
Pecten denudatus Reuss. 
Flabellipecten pasinü ileneghini. 
Chiamys (Aequipecten) northamptoni ! ": ichelin. 
Chlamys (Anusiopecten) burdiCalensis Lamairk. 
Chlamys praescabriuticula Tontannes. 
Asesma raioeenica Sismonda. 
Area sp. 
Carcli um sp. 
Capsa sp. 
Nucui nna sp. 
liaginella deshayesi. 
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Table 2 continued .... 

CephaloDoda. 

Aturia aturi Basterot. 
Nautilus sp. 
Sepia sp. 

Crustacea. 

Calappa heberti. 
Necronectes schafferi. 
Neptunus granulatus. 
Ranina (Ranina) cf. brevispina. 

Cirrepeda. 

Scalpellum mollianum SeLvenza. 
Scalpellum lovisatoi. 
Trilasmis (Poecilasna) melitensis dithers. 
Balanus sp. 

Brachiogoda. 

Terebratula cf. sinuosa Brocchi. 
Terebratula minor Phillipi. 

Br, rozoa. 

Retipora sp. 
Cellepora of. parasitica Mich. 
Isis peloritara Seg. 
Escharia of. monilifera- Mich. 
Vincularif orru bryozoan growth forms. 

Pteronnod_a. 

Hyalea cf. tauneusis Sismonda. 
Cavolina cookei Simonelli. 
Vaginella sp. 

ArEhozoa 

CeratocyatHs sp. 
Ceratotrochus sp. 
Flabellum avicula . Michelin. 
Flabellum loecandu: a Sesiaonda. 
Caryophyllia sp. 
Balanophyllia sp. 
Stephanophyllia imperialis : ichelin. 
Trochocyathus latero-cristatus Ed. U. and H. 
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Table 2 continued ,... 

IMÄiscellaneous. 

Amber. 
Coccolithus sp. 
Coccospheres. 
Rhabdoliths. 
Thalassinoides sp. 
Ophiomorpha sp. 
Teichichnus sp. 
Lockeia sp. 

Fors inifera. 

Iaplophragmium sp. 
Textularia sp. 
Gaudryina sp. 
Clavulina sp. 
Bulimina sp. 
Bolivina sp. 
Cassidulina sp. - Ehrenbergina sp. 
Legena sp. 
Nodosaria sp. 
Rotalia sp. 
Rhabdogonium sp. 
Vaginulina sp. 
Robulus sp. 
Uvigerina sp. 
Globigerina sp. 
Orbulina sp. 
Pullenia sp. 
Sphaeroidina sp. 
Discorbis sp. 
Truncatulina sp. 
Anomolina sp. 
Pulvinulina sp. 
Nonionia sp. 

It is believed that most of the unlocated echinoids tigere probaoly 

collected from the richly fossiliferous Lower Globigerina Li:: octone. Other 

common fossils from the Formation are planktonic forani. n l era, 

Truncatulina sp., Pulvinuiina sp � and pteropod . 
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CHAPTER 5 

BLUE CLAY FOR-TATION 

1. Stratigraphy. 

(i) General 

The name "Marl Bed", applied in 1843 by Spratt, has unfortanately 

been abandoned for the less accurate term Blue Clay, which was substi- 

tuted by Murray (1890, p. 468). Present outcrops form rampart-like 

slopes adjacent to the Upper Coralline Limestone areas of both main 

islands5tl: ough well exposed material is only seen around the coast, such 

as at Gnefjna Bay and Qammieh in Malta. Dabrani, in northern Gozo5is 

perhaps the finest inland exposure. It is believed that the ton of the 

formation occurs above sea level, on the southern flank of the island of 

Filfla, off south-western Malta, and springs and water seeps have been 

recorded from t. iis scree hidden contact in the past. 

Past workers have been inclined to regard the formation as of mine 

importance, S Pratt (1843), including it with the "Yellow and slat': S' 

of the Greensand Formation. Cooke (13934 p. 45) consiü. ered it an arý; ill- 

aceous division of the Globigerina Limestone and stated that the fori;. - 

ation thickness was generally less than 10ft. (3 metres). Russell (1955, 

p. 18) was the first worker to appreciate the true thickness of the blue 

Clay and estimated a maximum thickness of over 230 ft, which *. wras sub- 

sequently confirmed by Mouse et al. (1961). 

No attempt is made here to subdivide the formation, t 
_oughh 

it is 

recognised that the dark and. light banding is absent from the top 6-8 

metres in north-western Ealta and southern Gozo. These uniformly grey 

upper beds arc characterised by goethite and limonite concretions. 

a. Litho1ogy and Distribution 

The formation varies in thickness from a maximum of. 65 metres in 

northern Gozo and north-western areas of Malta, down to 18-23 metres in 
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the areas peripheral to the Comino Straits and eastern Malta (see Figs. 

17 and 18). The beds are characterised by alternations of pale grey 

and darker grey banding. Attempts to correlate these bands between 

outcrops in the Ta'Lippija (408758) and Ghajn Znuber (407790) areas 

of Malta during the present study indicate that the thicker bands are 

laterally persistent, althou-h the thinner beds do die out away from 

areas of maximum formation thickness. The formation is entirely made 

up of marls, except for a thin reworked glauconite pellet horizon, 

recognised 3.5 to 5.5 metres below the top of the formation, at Ta'Lippij; L 

and L'Isla, (491645), Malta, and at Kemuna Tower (354881), Gozo. Above 

this horizon and at the top of the succession, in areas flanking the 

Comino Straits, the strata are characterised by a uniform dark brown to 

dark grey marl which lacks banding and contains abundant goethite and 

limonitic concretions. Dolomite concretions occur at this horizon in 

the outliers of western Gozo. 

The lower contact of the beds with the underlying Upper G1cbigezin,:, 

Limestone is always of a transitional nature, the pale grey upper 

Globigerina Limestone passing imperceptibly upwards into the darker grey 

Blue Clay Formation. The upper contact to the formation with the Green- 

sand is usually sharp, and may show hardground development, as at 

Karraba (406760), Malta, or erosion, as at Ghajn Bartuni, Gozo. The only 

apparent transitional contact is at I1 Gelmus (310894) Gozo. At 2avra 

(270900), Gozo)the top of th3 formation grades into a packed foramini- 

feral biosparite, possibly a local development formed at the close of 

Blue Clay sedimentation. 

b. Petrology 

Thin sectioning is imptactical in these soft sediments, though 

the relative volumes of the various components can readily be detormi. -: ea, 

either by breaking the samtlos down in- a pan of water over a banscn fia: oe 
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and subsequently sieving the breakdown products, or by taking thick 

acetate peels of smoothed specimen faces which results in the pulling 

off of a thin veneer of clay. Cooke (1893k, p. 45) stated that the 

colour banding in the Blue Clay was a direct result of the amount of 

CaCO3 present, the darker bands being the product of low carbonate 

content. This statement was found to be generally correct, as indi- 

cated by the following hydrochloric acid insoluble residue determin- 

ations, guaged against the rock colour chart values of Goddard et al. 

(1963). 

Locality Sample Carbonate Content 

Ta'Lippija Dark grey (5Y7/2) top of Clay 0% 

As above Pale grey (5GY6/1) base of Clay 10.3`, 0 

It was also found that weathered samples with a high iron content 

are a yellowish-brown colour, resulting in an apparent darker colour 

than would be anticipated from their carbonate content especially when 

wet, for example: 

Locality Sam le Carbonate Content 

Rdum (401309) Medium grey (5GY6/1) 15.5% 

As above Yellowish grey (10YR7/4) 23.0% 

Finally, 11urray (1890) suggested that the base of the Blue Clay 

was best taken as the basal clay horizon below which carbonate content 

increased above 3O . This was tested for the following locality: 

Locality Sam le Carbonate Content 

Tal Blata (452804) Upper Globigerina Lst. 
(5Y7/2) 68.30; S' 

As above Intermediate sample (517/2) 64.5S0 

As above Blue Clay (10187/4) 22.2; a 

The present study also found that there aas a general decrease in 

the carbonate content from the base of the formation to the top. 

X-ray diffraction powder analyses for several Blue Clay samples 
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from Ta'Lippija, Halk it Tafiet (491646) and Rdum (401809), D: a1ta, 

indicated that the clay component content of these marls is rem. ir ably 

constant, being dominantly ka. olinite., but with minor indeterminwte mica 

clay mineral components and a little quartz. Goethite and pyrite are 

recorded in several traces and it was found that X. R. D. traces for the 

concretions at the top of the Blue Clay indicated that goethite is the 

major constituent, though this appears to be a secondary oxidation 

product. 

Sieved fractions from washed Blue Clay samples yielded an abundance 

of foraminifera, dominated by planktonic forms. Sieved samples taken 

from the glauconite bed in the upper part of the formaticn clearly 

indicated that the glauconite grains are rounded detrital constituents 

associated with highly abraded foraminifera fragments, brown glauconite 

biomicrite clasts and rare books of biofite mica. Other minor detritals 

components identified include topaz, gypsum, rutile and tormaline. 

Murray (1890) also records quartz, feldspar and augite. 

C. Fauna 

The upper horizons, characterised by goethite concretions, yield 

the most prolific faunas though the banded lover beds produce crushed 

specimens of diminutive gastropods, Tellina sp., Chlanvs sp., and 

Corbula sp. These are associated with Flabellinecten ? soheni Fuchs 

and Chla s burdigalensis Lamarksboth of dich also occur in the Greenaand 

Formation. Flabellipecten larteti Tournour accompanies them in the ton 

part of the formation. Fish remains are uncommon, teeth of Ca. rcharodon 

megalodon Agassiz and Odontasris sp., being collected dring the present 

study. Other vertebrate material occurring throughout the formation con- 

sists of the vertebrae, ribs and teeth of Phoca sp., Cetacea ah(l 

cranial fragments and. seven consecutive vertebrae of fcröodor sp., ' 

the latter collected from the upper part of the Llue Clay at Iz-S_, "ýýiena. 
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(374872), Gozo. 

The strata associated with the goethite concretions at Ghajn 

Znuber, Rdum il Qammieh and Tal Blata in nortliern Malta yield an 

abundance of goethite replaced fossils, including the gastropods; 

Conus sp., Murex sp., Cassis sp., Xenophora sp., Turritella sp., 

Turricula sp.?, Pisania sp.?, Mitra sp., Strombus sp., and Pyrula cf. 

burdigalensis Michelotti. The following bivalves and cephalopods 

were also collected; Lucina sp., Area turonica Dui ardine, Ca rdita cf. 

partschi Golds., Venus sp., Cardium sp., Aturia aturi Basterot, 

Sepia sepulta blichelotti)and Nautilus sp. 

Solitary corals occur in abundanceyincluding Flabellum foecundum 

Sesmonda, Stephanophyllia imperialis Michelin, Balanophyllia sp., 

Ceratotrochus sp., Aplocyathus pyramidalis Michelin, Acanthocyathus sp. 

and Trochocyathus sp. These are often-accompanied by Schizaster 

eurynotus Agassiz, which frequently carries spines (Plate 16a, b. ), and 

the pteropod Vaginella sp. is also commonly found. Ostrea navicularis 

occurs, associated with the glauconite bed at i; alk it-Taff el, ; Malta, 

and Ostrea edulis var. boblayei Deshayes is frequently met with at the 

top of the formation. Rounded driftwood fragments which have been 

bored are also occasionally found at Pldum il F-imar, Malta. Most of 

these fossils were found loose on the surface and. so it is difficult 

to locate their precise horizon. They do, houever, appear to be res- 

tricted to the Upper 8 metres of sediment in the localities listed. 

The only areas of Gozo to yield fossils from this horizon are Fort 

Chambrey (365365), where Wig;; lesworth records gastropods, Ta Xiep 

(396874))where occasional Aturia sp. occur. )and 
Dabrani5where solitary 

corals occur. Throughout the rest of the islands concretionary fossils 

are rareythouFgh occasional Schizaster sp. is found. Fine burrow systems 

up to 1mm. diameter ramify throughout the formation at all levels. 



- 69 - 

INIurray's list of microfossils includes 122 spccies and 33 genera. 

The present study has indicated that the dominant forms are Globiý; erina 

sp. and Orbulina sp. However, samples from Ta'Lioyoija, Malta also con- 

tain high counts of Uvigerina sp., and other common forms found in 

samples include Siphonina sp., Leonides sp. and occasional Nodosaria, sp. 

Schizaster spines also frequently occur. Felix (1973) presents the most 

comprehensive foraminifera lists. 

A brief search for pollen grains within samples from both the Blue 

Clay at Gnejna Bay and the 1 metre marl associated with the San Leonardo 

Beds (600706) gave very low yields primarily consisting of monolete and 

trilete pteridophyte spores and pollen from Gramineae. Further attempts 

were abandoned)as it is believed that the advanced state of oxidation 

within these rocks has resulted in the destruction of all pollen grains 

except those with resistant exines. No environmental conclusions can 

be drawn from this data as both spores and grass pollen may be blown 

many miles from source. 

2. Diagenesis within the Formation 

Within the Blue Clay Formation in general the first stages of 

diagenesis are marked by minor compaction effects Which have crushed 

many of the smaller macrofossils, which appear to h. 
_ve subsequently 

remained unreplaced. The goethitic beds at the top of the formation in 

north-western Jalta yield detailed information on dia; enesis and the 

following sequence has been recognised during the present study: 

a) Early impregnation of all cavities within the micro-and. macro- 

fossils and all burrow systems with pyrite, often in the form of discrete 

octahedral cryrstals. 

b) Dissolution of all aragonitic shell material (and cellulose 

tissues in fossil wood), ulti,.. ately resulting in the formation of shell 

casts. In western 11alta'pseudomorphism of aragonite by pyrite or 
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c) Oxidisation of pyrite to goethite at a later date with the con- 

comitant production of gypsum;, *hich formed crystals within some shell 

cast cavities and twinned crystals within the Blue Clay matrix. 

d) Further oxidisation of the goethite to yellow or relish ochreous 

material but still of goethitic composition. 

At Tal Blata (452804) samples from low in the Blue Clay sequence 

(Plate 13a) indicate that subsequent to the breakdown'of pyrite to 

botryoidal goethite, a second generation of pyrite octahedra was developed, 

suggesting that reducing conditions must have occurred at least in some 

areas at a late stage in the diagenetic history of the formation. 

Although development of a radiating botryoidal structure is the commonest 

form of goethite, especially around concretions within the Blue Clay, it 

is frequently found that the goethite directly replaces the pyrite and 

pseudomorphs the original octahedral form (Plate 13d). This is 

especially so along the linings of shell cast cavities. 

The Blue Clay is significant in that it is the only formation to 

contain replaced aragonitic fossils. In all other formations these 

fossils are merely represented by shell casts. This original replacement, 

discussed under b. ) above, faithfully reproduces all tie shell micro- 

structure of lamellibranchs and preserves the chamber and cell form of 

the Cephalopoda and wood remains. It is thought that the initial 

mineralisation of these fossils was originally by pyrite, as weathered 

samples show pyrite infills to foraminifera, and the centres of goethite 

concretions and fossils are also frequently formed of pyrite. The fact 

that many fossils have been crushed subsequent to mineralisation indi- 

cates that pyrite replacement occurred before compaction and general 

lithification. The contorted and frLctured nature of the septa of many 

of the Cephalopoda is believed to he a late stage effect of the original 

pyrite infill, which underwent a volume change upon oxidation to goethite. 

Gypsam, produced as a biproduct, infilled some of the remaining cavities. 

A 
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The only other diagenetic eifec-ts recognised are the large light 

brown sandy textured concretions, up to 1.3 metres long, occurring within 

the solution subsidence structures of western Gozo. Upon staining these 

concretions are seen to be composed of ferroan dolomite with a rhombic 

texture. The centre of each crystal frequently includes a limonitic 

inclusion,, suggesting that the dolomite is a very late stage event which 

developed after oxidation of the iron compounds to limonite. Occasional 

glauconite grains are scattered through the rock. It is believed that 

the concretions are probably of early origin but have subsequently under- 

gone dolomitisation from an original calcite form. There is no evidence 

that they have grown in situ. at the expense of the surrounding Blue 

Clay Formation. 

3 Palaeoenvironmental Interpretation 

Two distinct biofacies occur within the Blue Clay Formation and 

are as follows: 

a. Biofacies G Pectinid/Spatangoid. Echinoid Biofacies 

b. Biofacies I Solitary Coral/Mollusc Biofacies 

a. Biofacies G. Pectinid/Spatangoid Echinoid Biofacies 

This biofacies embraces the Blue Clay Formation below the beds 

containing goethite concretions. These beds are characterised by 

Flabellinecten koheni and Chlamys burdigalensis) though these forms are 

always disarticulated. Schizaster eurynotus is the dominant echinoidy 

though it is never as large in these beds as in the Globigerina Limestone 

Formation. The abundance of infaunal elements in the biota indicate that 

stable conditions prevailed throughout de, 3osition)with no rei or'.: ing of 

the bottom sediments. The partial absence of filter feeders in this 

part of the formation may be due to the turbid conditions prevailing-as 

clay particles would tend to choke the filtering apparatus of these 

forms. Felix (1973, p. 57) consicýors that a muddy open m:. rinn environment 
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of up to 150 metres depth is suggested by the foraminifera fauna which 

is dominated by buliminid species. 

b. Biofacies I Solitary Coral/iollusc Biofacies 

The 8 metres of beds containing goethite concretions in north- 

western Malta and southern Gozo are placed into this biofacies. The 

comparable, though small, faunas of these beds relate them- tö the 

derived phosphatised sediments of the Globigerina Limestone phosphorite 

horizons. It is considered that clay sedimentation may have slackened 

off at certain times to permit colonisation of the area by filter 

feeders. The corals are today represented in Australian waters (Doust, 

1963), by forms ranging from 40 metres down to 520 metres and so are of 

little value in fixing depths. The bivalves, however, are more charact- 

eristic of depth ranges of 1 metre to 200 metre; hence the probable 

depth of deposition for these beds must lie between 40 and 200 metres. 

Considering the close proximation of these beds with the shallow water 

Greensand it is here believed that the upper part of the Blue Clay 

Formation was possibly deposited in depths less than 75 metres. 

c. Geological History of the Blue Clay Formation 

At the close of Globigerina Limestone deposition, deposition was 

centred on two basins, one in Gozo and the other in central northern 

Malta, and also an indistinct area around Delimara. The isopachyte 

maps of the Blue Clay Formation indicate that the Comino Straits High 

had retreated partially towards the west and that deposition in the 

Delimara region had possibly been terminated. This alteration of the 

location of the areas of minimum sedimentation resulted in the evolution 

of an elongated north-south depression centred on eastern Gozo and 

western Malta, and also a poorly defined area in north-western Gozo in 

which thicknesses increased rapidly, possibly reflecting sedimentation 



- 73 - 

on the flanks of the Malta Rise. 

Sedimentation continued uninterruptedly throughout Blue Clay - 

deposition, periods of low clay influx producing the paler bands and 

periods of higher influx the darker bands. Towards the close of 

deposition areas to the west of the islands again became uplifted 

temporarily and strong westerly currents scoured the area, sweeping 

glauconite pellets, rock clasts and foraminiferal debris into the 

western parts of Malta and also Gozo. Finally, as the depositional 

depth decreased and sedimentation possibly -waned the sparse ini? una]. 

element was supplemented by a dominant epifaunal and semi-epi'Launal 

element, composed primarily of filter feeders and scavengers, but also 

with a high predatory gastropod assemblage. Into this environment 

drifted nektonic faunas such as the cephalopods. Many of the marine 

vertebrates must also have drifted into the area as decaying c, -rca, ses 

in a manner postulated by Schäfer (1972, Ch a1). The occurrence of 

isolated vertebrae and also occasional collections of articulatid 

vertebrae is consistent with Schäffer's conclusions that such animals, 

once dead, would float about shedding cephalic, cervical bones and 

caudal vertebrae in a random fashion before ultimately sinking to the 

seabed or totally disintegrating. 

A significant point in this upper Blue Clay fauna. is the apparent 

zonal arrangement of the faunas associated wit'ýi the goethitic concretion 

horizons about the Comino Straits High. Diverse molluscün, coral and 

echinoid faunas occur closest to the High in north-western Malta but 

with impoverished faunas of gastropods and corals further away, 

especially in central Gozo. P-arthest away from the Righ the concretions 

are unfossiliferous or are associated ',; itch rare echinuids. No definite 

cause can be attributed to this t "ough the shallow area about the 

Comino Strý--. its may have acted t,. s a baffle, protecting the tern of 

that area from a westerly or youth-uesteril, oirection, w ic� is co. lsi. i onb 
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with current directional data obtained from other formations. AnothLr 

alternative explanation is that much of the clay sediment within the 

Blue Clay entered from the south by means of aeolian transport from 

north Africa, as is the case today in the southern area of the east 

Mediterranean Basin (Venkatarathnan in Stanley 1972, p. 467). This, 

of course, would not prevent redistribution by marine currents subse- 

quent to initial deposition. 
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TABLE 3 

FLORAL + FAUNAL LIST OF TIME BLUE, CLAY F OR kTION 

The list has been constructed from the following sources: 
Spratt (1843), `fright (1855), Fuchs (1874), Gregory (1890-91), 
Murray (1890), Roman and Roger (1939), Reed (1949), and material 
collected during the present study. 

Vertebrata 

Phoca rugosidens Owen. 
HyperBodon sp.? 
Other Cetacea. 
Dugong. 
Isurus hastilis Acassiz. 
Carcharodon sp. 
Odontaspis contortidens Agassiz. 
Aeobatis sp. 
Diodon sp. 
Mylobatis sp. 
Chrysophrys sp. 

Echinodermata 

Cidaris sp. 
Schizaster eurynotus Agassiz. 
Echinolampas hayesianus Desor. 
Echinolampas laurillardi Agassiz. 
Eupatagus dekonin_c& "Aright. 
"Pentacrinus" gastaldi. 

Gastroioda 

Strombus sp. 
Conus sp. 
Cassis sp. 
Axinus angulatus. 
Natica helica Brocchi. 
Apporliais pes-pelicani (Linne). 
Murex vaginatus. 
Murex sp. 
Xenophoria sp. 
Turritella sp. 
Turricula sp. 
Pisania sp. 
Z: itro, s ). 
Pyrula cf. burdigalersis Sowerby. 
Nucula sp. 
Rostellaria sp. 
Colum. bella sp. 
Pleurotoiaa ramosa. 
Pusus sp. 
Epitonium melitensis (Fuchs). 
Buccinum sp. 

Lamellibranchiab& 

Pecten crista turn Poptannes. 
Pecten spinulosus Aiürister. 
Pecten denudatus. 
betten vigolenentiis Simonelli. 



- 76 - 

TADLE 3 (continued) 

Chlamys (Amusiopecten) burdigalensis Lamc. zzk. 
Aequipecten destefn. ni Ug. 
Flabellipecten koheni Fuchs. 
FlabelliDecten larteti Tournour. 
Ostea edulis var. boblayei Deshayes. 
Ostrea navicularis. 
Cardita sp. 
Cardita partschi Gold. 
Cardium sp. 
Area turonica Dujardine. 
Lucina sp, 
Tellina sp. 
Corbula sp. 

Cephalopoda 

Aturia aturi Basterot. 
Nautilus sp. 
Sepia sepulta Nichelotti. 
Sepia sp. 

Pteropoda 

Vaginella sp. 

Antbozo& 

Stephanophyllia im-nerialis Michelin. 
Plabel] uc foecunauin Sesmonda. 
Balanophyllia sp. 
Ceratocyat: ius sp. 
Aplocyathus pyramidalis Michelin. 
Acanthocyathus sp. 
Trochocyathus sp. 

Conif era 

Araucarioxylon sr. 

Foraminifera 

Spiroloculina spp. 
Miliolina spp. 
Planispirena sp. 
Havlophraginium sp. 
Gaudryina sp. 
Textulnria spp. 
Clüvulina shop. 
Bulinine. spp. 
Virgulina sp. 
Bolivina sop. 
Cassiduli nu s-pp. 
Ehrenbergina sp. 
Lugena spp. 
Nodosaria spy). 
Frondicularia sp. 
Rotalia spp. 
Rhabdogoniun sp. 
Vaginulina sp. 
Polymor;, h! 

_iia spp. 
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TABLE 3 (continued) 

Uvigerina spp. 
Sagina sp. 
Globigerina spp. 
Orbulina sp. 
Pullenia spp. 
Sphaeroidea sp. 
Discorbis sp.? 
Truncatulina spp. 
Anomolina sp. 
Eponides spp. 
Nonionina sp. 
Amphistegina sp. 

The greater part of this fauna has probably been collected from the 
goethitic beds at the top of the formation, particularly in north- 
western Malta but also to a lesser extent in southern Gozo. 
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CHAPT -'Il 6 

GR: -'i SANTD F : '. TIOil 

1. Stratigra-phy 

For many years the Greensand was regarded as a subdivision of the 

Blue Clay (Sprott 1843). Murray (1390, p. 463) proposed the term Green- 

sand. From this time onwards both glauconitic sands and overlying light 

brow biosparites were included within the formation (see Jiggiesworth 

1964, py9.41-44) . 
The present study retains the formation sbatus of the 

Greensand, though it only recognises those beds of friable dark-green 

sediment containing significant quantities of detrital glauconite as 

making u? the formation. The overlying brown biosparites are now con- 

sidered to be basal Upper Coralline Limestone. 

a. Il Gelmus iliember 

(i) General 

Type locality I1 Gelmus, Gozo (310894) 

At the type locality a transitional sequence is recognise(i between 

the base a. nd the underlying Blue Clay Formation. tTithin the fairly sharp 

transition the dominantly planktonic foraminiferal Blue Clay marl becomes 

glauconitic, though it is recognised that the glauconite gra, ius are st*ei' 

rounded and detrital in nature. The member is chürac-i, erised by rna=; si-, e 

bedding and is frequently burrowed. At Il Geimus the top of the beds 

are marked by a sharp contact. 

(ii) Lithoioc;; and Distribution 

Oatcrops in other areas of Gozo indicate that t_ c : Hesse v ry from 

a maximum of 11 metres at Ii Gelnius to nothing. Th -oug; ': out ! %alta V'c 

member is less tha-, 1 metre thic' and has been suhseru-"ntly ro or'_kec 

and assimilüted -! nto TJ-ner Coralline Limestone sediments. In CTOZO iSo-- 

pachybe studies revee, l that t, --e main area of deposition was in two int "- 



-79- 

connected north-south orientated basins, one centred on 11 Gelmus and 

the other on Gordon (296921, Fig. 5), with up to 7 metres being recognised 

at the latter locality. A third 2 metre thick pocket (Plate 6c), 

originally believed to have been continuous with the main basins but 

subsequently det, Lched by interformational erosion (see Pig. 20)foccurs 

at Ghar lima (292892). Basal contacts, when seen away from the Gozo 

basins, are sharp or even erosional, as at (351865) in southern Gozo. 

The top of the member is, invariably, sharply terminated in localities 

west of a line from Gordon to Il Gelmus)but to the east of this the 

contact is more transitional. Here the Upper contact is often marked 

by a rapid facies change from friable greenish-grey lithoclast bio- 

sparite to a well cemented brownish biosparite. Some arous, such as 

Baroganni lock (3SO 76))merely show isolated. pockets of black glauconite 

containing derived mollusc casts and with sharp upper and lower contacts. 

(iii) Petrology 

For petrological study it was found that discs--ro ation of the 

samples by either hydrochloric acid or washing soda was the most succes- 

ful method. The sediments are best described as clayey or micritic, 

lithoclast biosparites. The dominant co ponent is grell rounnde(1 )e llor euic 

shows alteration glauconite originally of freeform habit, much of whic'l 

along cracks to a pale brown mineral. X-ray diffraction confirms that 

the fresh green grains are glauconite shoxinf, di-ýordered structure, as 

defined by Burst (1953, pi . 312-13), but the aitcr , tion nrocluct is ý; oet'ri e. 

Detrital gypsum grains (Plate 6b) are also co _mon in the washed I- ctici; s . 

They are usually tabular cleavage flakes : gut bear roun. ied corners due to 

attrition during transport. A third component consisting of rounded 

lithoclasts of bro. m glauccnite micrite occurs in the samples, r., lthoug, l 

usually in sub--1^. r1, clr. ast. s (Plate 6e). It w , -, y corn ose L-. r; ger clists 

be ring the internal moulds of molluscs. Collectively these derived com- 

ponents riake up 68, % of the rock at Gordon. and. 777,, at Ghat lima jait'hough 
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this is reduced to approximately 50;; in the Malta Greensand. These 

are associated with clay minerals, powdery goethite clasts, occasional 

boo'_is of biotite and bioclastics. Grain size analyses of washed samples 

show that most of the components are less than 2.5O, thouah hydrochloric 

acid insolubies- average 1.5-2.50. Quartz, topaz and zircon grains also 

occur frequently. 

The biogeric components are difficult to identify, but appear to 

consist of forarniniferal debris vrith occasional nectinid and echinoid 

clasts, all in a highly abraded. condition. At the to-j, of the formation, 

in parts of Gozo and Halk it Taffel, "LIalta, chalky white concretions are 

abundant which , rove on examination to be entirely made up of micro- 

crystalline non-ferroan calcite. 

(iv) Fauna 

Generally speaking the fauna is sparse. At the type locality 

Schizaster eurý, Tnotus Agassiz is prominent and frequently bears attached 

spines. It is associated with scroll-like Cellepora Polvthele ieus, 

and Chlam_ys multistriatus Foli. A large number of articulated casts 

of Glycimeris cf. deshayesi CIýIayer)are also abundant and fragments of 

Echinolam-pas sp. occur. Fleteroster!; ina de-nressa d' 0rbi. rny is common to 

all Greensand localities in Gozoýthoug', it is rarely present in large 

numbers. Indeterminate vertical burrows of up to 200mm. in length and 

of circular cross section are common. Fuchs (1874, p. 97) gives a further 

impressive list of bivalves, many from the type locality. 

At Gordon a similar but sparser, fauna dominates, and at Gear lima 

additional echinoids such as Cl_ypeaaster altus Lamarik and Clype"stcr 

m%rginrtus Lama occur though the foxcner is usually highly abre dcdj 

bored by r-,.. rine biota and encrusted by serpulids and bryozoans. 

In Malta, where the typical facies is not developed., for examplo 

at I1 Fawwara (456664), the rock is cowtiosed of abradc: -a and di6a. rticu1a cd. 
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adult Terebratula terebratula, Linne associated with Dentalium sp., 

cellariform bryozoans}and pectinid fragments of such forms as Chlamys 

scrabella, Lamark, and also Ostrea, edulis var. boblayei Deshayes. 

The Greensand at the latter' locality is capped by 0.8 metres of white 

micrite containing an abundant fish, fauna dominated by Bregmaceros 

Ehe 
albyi Sauvage. Fragmentary and uater; rorn fragments ofhvertebral 

column and cranium of Cetacea, I"_ioca sp. and Iialitherium sp. are 

common in the Greensandýto; ether with the teeth of Carcharodon mogalodon 

Agassiz and Isurus sp. At Dabrani, Gozof the following derived casts 

were collected: ` Conus sp.; Xenouhoria sp.; fish vertebrae; Cardita sp. 

Pleuromy spa and also Ostrea navicularis. Associated with this derived. 

farina in eastern Gozo is an in situ. fauna of Tanes salomaciensis 

Fischer and occasional Thrace-- nubescens Pultbenoy, and occasional 

Ostrea lamellosa Brocchi. 

2. Diagenesis within the Formation 

The mos"b remarkable effect within these beds is tue a. DDaren b 

shortage of calcite cement to bind this coarse deposit, together, 

This appears to have always been the case, as no corrosion textures to 

the calcitic fossils present have been recognise`, t ough derived shell 

casts indicate that the original cement may have been micrito in part. 

There hasp holrever, been an early stage of aragonite solution within the 

formation and subsequent minor cementation by sparry calcite. : luck of 

the glauconite present is in a. state of partial oxidal. ion, and the 

limonitic compounds released frequently coat the bioclasts present and 

impart a broirn colour to the rock in general. Goethitic and limonitic 

minerals are prosent within the pseudopod pores of some foraminifora and 

the release of these upon weather: ing; also causes brown or yellowish 

surface colouration in the rock. 
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3. Palaeoenvironmental In-berDre"bi±ion 

On the basis of the biota the lithofacies may be divided into 

the following biofacies: 

a. Bioiacies ?C Schizaster/Lamellibranch Biofacies 

b. Biofacies L Cellariiorm Bryozoan/Dental. ium Biofncies 

c. Bioiacies E Giant Benthonic Foraminifera Biofacies 

a. Biofacies K Schizaster/Laniellibranch Biofacies 

This conforms to the facies occurring within the two laterally 

linked basins of Gozo. The presence of spine bearing Schizaster 

eurynotus and articulated shallow infaunal burrowers such as G]. ycimeris 

deshayesi points to extremely stable bottom conditions with only minimal 

reworking by burrowers after initial deposition. The large abraded 

Clp easter altus at Ghar Ilma may well have been rolled into the margins 

of the basin by strong current activity from areas to the west. Purser 

(1973, p. 48) found Glycimeris in protected muddy areas of the Persian 

energy 
Gulf indicating that even this normally high/environment Moller can 

occur in sheltered conditions. It is believed that although vast 

volumes of sediment were entering the basins of Gozo, quieter conditions 

prevailed srit_iin them which made the environment suited to deep burrowing 

echinoids and other infaunal feeders. The vertical burrows present 

(Bromley 1974, personal communication) suggest depths of accumulation 

in the order of 10 metres for I1 Gelmus. tlough deeper episodes may also 

have occurred. 

b. Biofacies L Cellarilorri Bryozoan/Dentalium Bioxacies 

This biofacies is represented by all the Greensanä areas outside 

the double basin of Gozo, but particularly PSalta east of a line from 

Qammieh (401809) to 11 Fawi. rara (456664), and is dominated by the no com- 

ponents listed, together with Terebratul a terebrwtula. Stach (1936, p. 63) 

suggested that the cel ä. ariform growth=form was&apted -for life in the 
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littoral zone, , -whore the effects of ; rave action were compensated by the 

internodal articulation which m de the colony flexible. This will be 

discussed in a later chapter. evidence indicates that some of the 

fossils present have been highly bored by Entobia sp. and have suffered 

a Great deal of abrasion, suggesting that these thin Green_sand deposits 

of Malta represent continuously reworked material which accumulated 

slowly over a considerable period in an extremely shallow environment. 

The Greensand west of the Qammieh-Fmw\*ara line still shows obvious 

signs of reworking but does not contain Terebratula. This brachiopod 

is only found in a narrow bed at higher horizons within this area, 

suggesting that much of the eastern fauna is of younger date than the 

sediments containing them. It is, therefore difficult to postulate the 

originalrbnositional depths during Greensand deposition in these areas,., 

though they must have been extremely shallow and may even have been 

comparable to those for a. (biofacies K) above. 

c. Biofacies E Giant Benthonic Foraminifera Biofacies 

The only remaining area included within this biof cies is that 

within the solution subsidence structures of Qolla S-Safra, Gozo (330922), 

and Tas Salvatur, Gozo (328915). The fauna in these yellow biomicri±es 

is dominated by lteterostenin2, although infrequent specimens of Chl. ar s 

(T"iacroclaais) l_tissima also occur. The roe:: rests conformably on the 

Greensand Biofacies li, which is sparsely fossiliferous here. The upper 

contact with t': e Ghajn Melel Beds is marked by a deepening of colour 

and a strongly burrowed. and bioturbated horizon, best seen close to the 

top of Qolla S-Safra. Present day ; Ieterosterina lives at depths less 

than 50 metres and thus provides a m"imum depth range for these beds. 

d. Geolog? cal History of the Gröensand 

Blue Clay sedimenta"cion was abruptly drawn to a close by renewed 

uplift of the region. This commenced in the west and ext; er_cled with time 
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eastwards, until the whole of the Maltese islands became a shallow area 

of non-deposition. The appearance of toraminiferay diagnostic of coastal 

conditions at this time (Felix 1973, p. 57), is hero taken to indicate 

close proximity to land. Within the &ozo area tz: o interconnecting 

basins developed soon after uplift and received a thick accumulation 

of derived glauconite pellets, brown glauconite micrite clasts and 

detrital gypsum grains, the latter possibly associated with the erosion 

of Blue Glay areas lying to the west of the islands. The basins offered 

a more sheltered environment than other arees of the region, where intense 

reworking occurred, and a stable bottom community of echinoids and 

molluscs flourished)together with a few species of benthonic foramini- 

fora. In Malta and eastern Gozo few animals succeeded in colonising 

the shifting substrate apart from oysters and the occasional deep burrower. 

Most of the fauna of Biofacies L is the result of inmixing of later 

faunas by means of intense bioturbation. 

The youngest beds of this formation occur in the Qolla S-Safra and 

Tas Salvatur outliers and represent finer grained beds; transitional with 

Ghajn : -Ielc-1 Beds, which developed at the close of the Greensand episode % 

but which were subsequently removed by interformational erosion from all 

other areas. In both cases, however, there is evidence that contempor- 

aneous solution subsidence (considered in detail in a later chapter) was 

responsible for the preservation of these beds (see pig. 20). 

It appears that Greensand sedimentation was brought to a close by 

a reduction in the velocity of the prevailing westerly currents, thus 

allowing for the development of Liofacies E in Gozo. Subsequently; most 

of the Greens-and was removed from -i"restern Gozo by erosion, in part cor! - 

tempors, r_eous with the overlying Ghajn I"iele1 Beds. This resulted in the 

removal of Who wes-born sides of the interconnected Gozo basins, leaving 

the Ghar Ilma Greensand, representing the western extremity of the 

southern Gozo basinyas on outlier prior to the develoyment of the 
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Coralline Algal Bioherm, irhich is locally developed here. I-{ is 

considered likely that the lowest horizons of the Ghajn Tielel Beds 

may be in part contemporaneous with parts of the Greensanc. 
}a, s there 

is some indication of lateral transition in western Gozo. 

0 



- 86 - 

TABLE 4 

PATTIVLL LIST M ROM THE Gr ETSldTD 

In compiling the faunal list the following references h" e been 

consulted: Forbes (in Sprott 1843); Fuchs (1874); Adams (1879) 

Gregory (1890-91); Reed (1949), and material collected during the present 
study. 

Vertebrata 

Halitherium cf. schinzi : Gaup. 
Phoca sp. 
Cetacea. 
Oxyrhina sp. 
Odontaspis sp. 
Carcharodon negalodon Agassiz. 
Indet. vertebrae. 

Echinodermata 

Clypeas-ter al-bus Lama z. 
Clypeas-t er marginatus Lamagi. 
Echinolampas pignatarii Airaghi. 
Echinolampas wrigh-Li Gregory. 
Schizaster eurynotus Agassiz. 
Spatangus sp. . 

Gastropoda 

Turri1 ella ca, theäralis Brongnia, xb. 
Xenophoria sp. 
Epitoniiun neli±ensis Fuchs . 

), 

Conus sp. 
Na1; ica sp. 
Dentalium sp. 
Strombus sp. 

Lamellibranchiaka 

Poeten tournali. 
Poeten cristatum Fontannes. 
Pesten substriatus. 
Chlamys (Ar. iusiopocten) burdigalensi. s Lariaxäti. 
Chlamys multistriatus Poli. 
Chlamys serabella Lama &. 
Chlamys solarium Lama. 
Ostrea virleti Deshayes. 
Ostma di jitalia Lichw. 
Ostrea lamellosa Brocchi. 
Ostren frondosa DeSerres. 
Ostrea edulis var. boblayei Deshayes. 
Spondylus crassicosta Deshayes. 
krcc. fichtelii Deshayes. 
Isocardia sp. 
Thracea pubescers P ulteney. 
Tapes vetusta. 
Cytherea pedcmontana. 
Venus umbonara. 
Venus multilamella. 
Lutraria oblon; a. 
Tellina Dlanata. 
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TABLE 4 (continued) 

Carclium hians Brocchi. 
Cardium multicostatum. 
Loripes incrassa-ta (Dubois). 

Lucina haidingeri. 
Glycimeris d. eshayesi (Idayer. ). 
Pleuromya sp. 

Brachiopoda 

Terebratula terebratula Linn6. 

Bryozoa 

Celiepora sp. 
Cellepora ci'. poly-Lhele Reus. 
Cellaria sp. 
Canda sp. 
Crisia sp. 
Scrupocollaria sp. 
Plembraniporiform types. 

Crustacea 

Necronectes schaferi. 

Osi, reacoda 

Aurila sp. 
Bairdia sp. 

Miscellaneous 

Serpula sp. 
Wobia sp. 
Crustacean burrows. 

Foraminifera 

Globigerina sp. 
Orbulina sp. 
Elphidium sn. 
Ho-terostegina depressa d. ' Orbigny. 
Textularia sp. 
Eponides sp. 
Nodosaria sp. 
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CHAPTER '( 

UFER CO_RALLIN ý, LIMESTONE FOR -III. IU I 

Stra. tigranhy 

This formation vas originally designated as the "Upper Limestone" 

by Sprayt (1843, p. 225) and was subdivided into the foilowi g four 

divisions , which i ere estimated to total 250ft. in ±hielmess. 

White rubbly sandstone 

Coarse grained sands-tone 

White or grey-brown bed 

Red coralline stratum (base) 

Ultimately, the formation was renamed Upper Coralline Limestone by 

Murray (1890, p-461), probably on account of the abundant coral: Line algae, 

which occur in the lower horizons. Later attempts to subdivide the form- 

ation by Russell (1955, p. 25) and by the Costain. Survey (1957) created 

arbitrary subdividions based on the more obvious litholonies. Some of 

these, however, are the result of secondary solution and recrys"baili. sation 

in he middle and upper beds and are not absolutely governed by strati- 

graphical subdivisions, hence, the proposed subdivisions are unsatisfactory. 

A number of the less altered basal members were , ýao cver, apnrecia. teclý 'though 

their interrelationships and regional extent were never recognised. until 

thicknes the present study. The following stratig-raphic succession'wit. h 11, 

totalling approximately 150-metres is based on the authors work. 

Gebel Imbark Member. (c. San Leonardo Beds in east 
(b. Gebel Irrbark Beds 
(a. Tat Tomna, Beds 

3 Tal Pictal Hember (d. Ghar La-osi Beds in south 
(c. Ghadixa Beds in emit 
(b. Tal Pictal Beds in west 
(a. Rabat Plateau Beds at b, -, se 

2 Mtarfa Member (c. idum il Emar Beds 
(b. Mbarfa Beds 

zrt t (a. Coralline Algal Biohr; rrr. in 

1 Ghajn Melel Member (b. C: hajn Meld]. Beds in west 
(a. Glhajn Znuber Beds in east 

Äs the study of -phis formation. and its ultimate subdivision has occupied 
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the greater part of research involved in this project it will be dealt with 

in considerable detail in this and the succeeding two chapters. Throughout 

these chapters it will be necessary to refer to figure 5. 

1. Ghajn Me-lel Member 

Type locality Ghajn Melel, Gozo (317926) 

Until the present study these strata were included. within the Green- 

sand, though the reason for this is far from being obvious. In the field 

the strata vary from a pale orange-brown colour, typical of the Ghajn 

Nelel Bedsyto a dark brown colour, more characteristic of the Ghajn Zauber 

Beds. Figures 19 and 20 illustrate the distribution of the member and 

show its proposed relationship with other beds, including the fact that it 

is laterally equivalent in age to the Coralline Algal Bioherm and Ntarfa 

Beds. From Fig. 5 it is seen that the member is restricted in distribution, 

being most in evidence in north-western Gozo and in the Dingli area of 

Malta. The member is subdivided on the basis of grain size and biocompon- 

ents into the following beds! 

b. C-hajn Znuber Beds 

a. Ghajn Lielel Beds 

a. Ghajn Melel Beds 

(i} General 

At the -type locality a complex interfingering, d. ominantly of ühajn 

Nele]. Beds, but also including Ghajn Znuber Beds, occurs and forms the 

thickest development of this member within the islands. It is 16.5j.. thick 

at this locality. In Malta, however, the Ghajn xvielel Bets are poorly 

represented, being not more than a few millimetres in thic', Ziess is s-estern 

areas. The Ghajn Nebel Beds aopear to interfinger laterally , with the 

Ghajn Znuber Beds, there being a gradational lateral contact between the 

two. 

The basal contact of the Ghajn Melel Beds in western Gozo Is always 

diseonforAmabie (see Fig. 20) and may be on Greensanc?, or on eroded Blue 

Clay, as at Gliajn Barrani (342916), where angular blocks of Blue C hý: y 
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occur up to 500 mm long. Frequently the basal contact with the Greensand 

is bioturbated, giving the false impression of a gradational change. The 

top of the Member is impossible to fix accurately in many areas of western 

Gozo as later erosion has removed the upper horizons of the member. However, 

White Tal Pictal Member limestones cap some outcrops, especially around 

Zebbuge, and outcrops further east are capped by coralline algal Bioherm 

of the Mtarfa Member. 

(ii) Lithology and. Distribution 

The general appearance at outcrop is of a rubbly pale orange-brown 

rock which is often so recrystallised that all traces of primary structures 

and fossils have disappeared. The beds appear to increase in thickness 

towards the centre of the basinal area in which the Greensand Formation 

accumulated. Thick lensoidal accumulations of Heteroste gi>na sp. are 

characteristic of the Ghajn Melel Beds. The fossils are invariably un- 

abraded and are either orientated parallel to the bedding direction, or are 

stacked into burrows where they frequently line the walls of these struc- 

tures. For the most part the beds are of uniform lithology, though highly 

recrystallised areas often show a rubbly or pseudobrecciated appearance. 

The strong basal erosion surface recognised at I1 Gelmus and Gordon (Fig-20) 

appears to be connected with similar erosion planes within the lowest beds 

of the Ghajn Melel beds, indicating that these lowest strata of the beds 

may in part be laterally equivalent in age to parts of the Greensand which 

was being deposited to the west. The occurrence of glauconite grains 

associated with the lower horizons of the Gho. jn Melel Beds supports this 

conclusion. 

(iii) Petrology 

The dominant rock type in thin section is a foraminifera microsparito, 

although it is apparent that the : nicrospar was originally mi. crite which 

has coarsened upon subsequent recrystallisation. Towards the margins of 

the area, particularly in the east, the unabraded Heteros±c in, 

occur almost to the exclusion of other foraminifera, are associaýted.. rith 
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limonitic impregnated and fragmentary specimens, for example at Kemuna 

Tower, Gozo (357889). These beds are transitional with the Ghajn Znuber 

Beds. Within the central areas of deposition, as at il Gelmus (311895) 

and south-east Victoria (323887), the microsparites are almost devoid of 

fauna and consist of rhombs'of calcite with limonitic nuclei (Plate Sc). 

These beds obviously conform to those described by Murray (1890, p. 464) 

as marking the top of what was then considered as Greensand, but which is 

now recognised as basal Upper Coralline Limestone. It is the limonite 

present within the strata which gives the rock its characteristic broi-m-- 

ish colour. As this is generally only abundant within the chambers and 

pseudopod pores of the reworked foraminifera present around peripheral 

areas of the depositional basin, it is found that the more typical bio-- 

micrites from the central areas of deposition exhibit a paler brown to 

orange colour. The composition of these beds is illustrated in i"igs. 21a, 

b, and 22a. 

(iv) Fauna 

In central areas of deposition no fauna is recognised for considerable 

thicknesses of strata, although at certain horizons (Fig. 20) large devel- 

opments of the benthonic foraminifera Heterostegina cf . 
de-oressa d' Orbigny 

(Lenticulites complanatus Defrance of Wright, 1355) occur in an unabraled 

form, and Cl.. easter marginatus Lamards and vinculariform bryozoans are 

occasionally found.. In marginal areas of the basin isolated C1 2 as-er 

altus Lamardi together with Clypeaster margrinatus L'amai& occur. A sig- 

nificant form seen in these beds and apparently restricted in vertical 

range is the large Chiamys (Placrochlamis) latissima Brocchi. These are 

considered to be approxi;:, ately equivalent in age to the Terebratula "- 

Aphelesia. Bed, to be discussed later in the chapter. They occur as isolated, 

though frequently articulated individuals, usually tai*ards the base of the 

Ghajn Melel Beds. 

There is a marked absence of planktonic foraminiyera from these 

beds. Vertical and inclined single burrow systems of circular cross section 
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are common in these beds. They vary in diameter from 1 Omm. to 21 mm. and appear 

to conform to similar structures in Libya, described as Mukichnussp. by Deust 

(1968). 

b. Ghajn Znuber Beds 

(i) General 

Type locality Ghajn Znuber, Malta (408790) 

These beds occur principally in south-eastern Gozo, around Ghajn 

Znuber in north-eastern Malta, and as a northerly trending tongue from the 

Dingli Cliffs area inland (Fig. 19). The type locality exhibits a particul- 

arly coarse development of these beds, amounting to 5.1 metres in thickness. 

They are stained dark brown and directly underly the Coralline Algal Bi4herm 

with apparent conformity. A similar form of contact is seen in the soutZl- 

eastern coast of Gozo, west of Ngarr. In south-western outcrops the basal 

Upper Coralline Limestone erosion surface, previously referred to, appears 

to separate these beds from the bioherm. The basal contact is also gener- 

ally sharp and may rest on Blue Clay or Greensand. Glauconitic pellets are 

frequently intermixed with the beds, being most in evidence in the lowest 

horizons. Alternatively, the base may consist of a loosely bound biosparit; e 

containing reworked fossils and casts as at the -type locality. 

(ii) Lithology and Distribution 

At outcrop the rock strongly contrasts with all other beds on the islends 

due to its dark brown colour, coarse grainsize and abundance of large fossils 

(Plate 6d). In Dingli Cliffs the rock, although finer grained, is capable 

of forming vertical cliffs over 13 metres high. Throughout the outcrop these 

beds contain large internal casts of molluscs, acid occasional bones and -teeth 

of marine mammals and sharks. In Malta the beds vary in thickness between 

2 and 13 metres, though the beds are unrepresented, in many areas. 

The general distribution of these beds in Gozo is diifficult" to appro. - 

late from Fig. 19, though the main outcrop trends in a. north-easterly direction 

from Port Cha. rnxray (3686) to -bile area, just north-west of Nadur (3788) 
. This 



- 93 - 

structure, forming a lens-like distribution, has been previously recognised 

by Newberry (1958, p. 3). In Gozo the beds attain a maximum thickness along 

the Ngarr coast of just over 4 metres. 

The general lack of Ghajn Melel Beds in Malta prevents an accurate 

assessment of the interrelatiönship between the Ghajn Melel and Ghajn Znuber 

Beds. However, the more extensive exposures of both groups of beds in Gozo 

indicates that they are at least in part laterally equivalent, the Ghajn 

Melel Beds occurring primarily in the west and the Ghajn Znuber Dods inter- 

fingering from the east. The presence of coarse beds interfingering with the 

Ghajn Nelel Beds in northern Gozo, and including the type locality, further 

indicates that the Ghajn Znuber Beds may extend around the northern peri- 

phery of Gozo as well as around the eastern part of the island. In Malta 

the extension of the Terebratula. --kphelesia Bed, discussed in Chapter 10, into 

the Ghajn Znuber Beds of the Dingli Area indicates that, although the Coralline 

Algal Bioherm overlies the Ghajn Znuber Beds in most areas, the facies per- 

sisted in western Malta and for a time was laterally contemporaneous with 

the Coralline Algal Bioherm. 

(iii) Petrology 

Reference to Figs. 21a, b and 22a, indicatcsthat the main features are 

the low echinoid counts and the high proportions of benthonic foraminifera, 

which may be over 9o in some samples. Initially it was found difficult to 

establish an accurate boundary line between the Ghajn Znuber and G-hajn i"ielel 

Beds as in the field only the colour and macrofaunal con-bent appears differ- 

ent. Modal analysis, however, clearly indicates the fact that the Ghajn 

Zauber Beds contain a high proportion of lithoclasts of two types. The first 

consists of powdery yellow limonite clasts. These often wash out of the 

rock, either dung weathering, or during thin sectioning, but when examined 

appear to originally have been angular to rounded goethite lithoclasts vary-" 

ing in size from O. 5mm. up to 18mm. in extreme cases, such as at Tal Lippija, 

A. a, lta. The second derived. component consists of the previously mentioned 
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Heterostepina fragments which have obviously been impregnated by goethite 

prior to being fragmented. Plate 8b illustrates both in. -situ f'oraminiiera, 

and derived clasts. Glauconite occurs as scattered derived grains. Then 

percentages of these various components are ultimately plotted out (Fig. 

22a) there is a clear distinction observable between the two beds, the 

Ghajn Helel Beds with less than 20, % lithoclasts, and the Ghajn Znuber Beds 

with up to 7O derived material. Grain counts suggest that the derived 

component increases from less than 1011o at Kemuna Tower to a maximum around 

the cliffs east of ? Narr, Gozo. Isograd studies of derived components show 

trend in a north-easterly direction and outline the division between the 

Ghajn Melel and Ghajn Znuber Beds. The Ghajn Znuber Beds generally conform 

to an unsorted lithoclast Heterostegina biosparrudite. Most thin sections 

were found to be cemented by a sparry low-ferroan calcite. 

(iv) Fauna 

The finest fauna from these beds comes from the Mgarr coastline of 

south-eastern Gozo. In the cliffs here there is an abundance of 91*I)easter 

mar, inatus Lama;., C peaster altus Lamank and Cly-peaster altus var. 
on eKvninab n, 

pyramidalis Michelin, the latter, Abeing restricted in occurrence to this 

locality. Associated with these are disarticulate&valves o: f the large oyster 

Ostrea virleti Deshayes, Chle. rnvs (Macroclamis) latissima Brocchijand. large 

hemispherical masses of Cellenora mammalata Busk in normal growth position. 

Other common pectinids at this horizon are Chlamys scrabella Lamaz&, 

occasional Pecten solarium Lamark, and Pecten senensis Tournour. This 

fauna is associated in all areas with fragmentary Heteros-begina denressa 

d'Orbigny. The fauna at the Ghajn Znuber outcrops is identical in all res- 

pacts, except for the lack of C. altus var. pyramidalis and, as Tith the 

previous locality, small spheroidal rhodolites come in at the top of the 

beds (Plate 6u, ). The earliest coralline algal coloni6s, occurring towards 

the top of the Ghajn Znuber Beds, encrust the Cellenora colonies bu{: ulti- 

mately, as the sediments become finer, true rhodolites develop. The basal 

beds, which are best seen in this area, but which also occur as a thin veneer 
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beneath the Coralline Algal Bioherm of the Tal Lippija area, contain an 

abundance of derived phospha-L-ised mollusc casts which are often encrusted 

by membraniporiform bryozoans, particularly at IImar (412747). 

The rocks of the Tal Lippija and Din; li areas are generally finer 

grained than their northern counterparts and contain different faunal ele- 

ments. Clneaster al-bus Lamaik and Cl. yneaster marr_=inatus Lama. rz? t are both 

present in inland exposures of the Dingli outlier, but Echinolampas pigna"- 

tarii Airaghi is the dominant form encountered in coastal exposures at 

Dingli. Celle-pora mammalata Busk is also present as hemispherical masses 

up to 90mm. diameter. Terebralula terebratula Linne, Spondylus crassicosta 

Lamark, Chlamys (Alacrochlamis) latissima Brocchi and Chlamys multistriatus 

Poli, Chlamys scrabella Lamank and Turritella sp. complete the fauna . from 

the inland areas of Dingli. 

The Tal Lippija fauna is markedly dissimilar from the remainder of the 

member. The rock is paler in colour and is largely made up of insitu casts 

and moulds of Glycimeris desk yesi Mayer, Cardium sp., Lucina sp., and 

other indeterminate mollusc fragments, together with infrequent ClS-Peaster 

altus, LamaiiK and Echinolamnas pignatari. i Airaghi. 

Derived fossils occur sporadically throughout the beds and include 

Area sp., Cardium sp., Glycimeris sp., Conus sp., teeth of Carcharodon 

meg 1o don Agassiz, Odontaspis sp., and waterworn bones of Cetacee. A water- 

worn rib of Halitherium sp. was also found at Ghajn Darrani, Gozo, lying 

within a contemporaneous solution subsidence infill. Bromley (personal 

communication) has noted abundant vertical fo 
11 

inißeral walled burrow systems, I-In 

30-40mm. in diameter and 0.5m. long , penetrating these sediments at Ramla Bay, 

Gozo. 

2. Aitar: Ca Member 

This newly erected member is considered to be the lateral equivalent 

of the Ghajn Melel Member and occurs in eastern areas of Malta and Gozo. 

The member is conveniently split into three subdivisions on the basis of 
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colour und biological content as follows: 

c. Rdum i1 Umar Beds 

i b. Altarf a Beds 

a. Coralline Algal Bzoherm 

a. Coralline . Algal Bioherm 

(i) General 

Type locality Tal TMs; western Malta (402725) 

At this locality the bed thickness is almost 16 metres and consists 

of cream micrite with abundant Lithorhyllum rhodolites which are orientated 

with their long axes parallel to the bedding. The basal 1.16m of the se- 

quence is pale grey, contains laminated, crustose coralline algae and rests 

with a moderately sharp contact on Blue Clay. Frequently, however, a thin 

glauconite layer separates the two. The top contact is not seen at this 

locality. The subdivision is distinguished from the laterally equivalent 

Ntarfa Beds, lying to the east, mainly on the basis of rhodolite content, 

which is absent from the latter beds (Plate 7a). 

(ii) Lithology and Distribution 

The Lithophyllum rhodoli-tes usually occur as elliptical to spheroidal 
colonies showing a dendritic branching habit. The majority of the rhodolites 

are between 50 and 160mm. in diameter and each appears to have existed, at 

least initially, as a separate entity. They are now enclosed in yellow 

micrite. In a few cases, however, lateral growth has tended to link these 

colonies together, imparting a ridged framework to the rock. The typical 

bioherm rock consists of alternating layers of rhodolite rich and micritic 

rich horizons. In some areas, for example at Tas Santi (422729), a great 

deal of detrital Lithophyllum" occurs, though this appears to have been tr a: is-M 

ported live, as growth was clearly re-established upon arrival, producing 

vertical laminar growth points. Differential weathering causes the more 

resistant rhodolites to weather out prominently in relief from the softer 

powdery micrites. , 
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These beds are best exposed at the base of cliff sections in eastern 

Gozo and western Malta. In western Gozo the beds rest with a transitional 

to sharp contact on the Ghajn Melel Member. In eastern Gozo they overlie 

Greensand. It would, therefore, appear that the beds die out westwards, from 

a maximum in eastern Gozo and western Malta, and are replaced laterally 

by the Ghajn Melel Member. 

The upper contact is difficult to recognise, as recrystallisation in the 

overlying Tal Pictal Member often penetrates down into the top of the Coral- 

line Algal Bioherm. In the extreme east of Gozo the beds pass transitionally. 

upwards into the Rdum il Hmar Beds (see Pig. 5). In Malta the same general 

relationships are seen, although inland outcrops are often obscured by soil 

or Quaternary material, making interpretation difficult. At the top of the 

bioherm the strata becomes progressively whiter. This seems to have region- 

al significance and appears to equate with the change from yellow Mtarfa 

Beds to white Rdum il Hmar Beds further east, suggesting that there may be 

lateral correlation of the topmost Coralline Algal Bioherm with the Plum il 

Hmar Beds, even though the lower part of the bioherm clearly equates with the 

Mtarfa Beds on the basis of the Terebratula-A. nhelesia Bed (see Chapter 10). 

The thickness variations and maximum extent of these beds of algal 

rhodolites is displayed in Fig. 23. Typical lithological variations are dis- 

played in Fig. 24b. 

(iii) Petrology 

Most examined thin sections were for the purpose of identification of 

the coralline algal component. Samsonoff (1917b, p. 612) records the dominant 

species of alga from the Upper Coralline Limestone as L'i. thonhyllurn destefani: i. 

Samsonoff. However, the We description fails to give cell and oogonium 

parameters. A detailed examination of the Coralline Algal Bioherm indicates 

that one major species of Lithophyllum is presentl. 

Li"bhopby1Ium in Coralline Algal Bioherm 

Oogoniutn 525 (630)lzm x 170 (189) jm 
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Perithallus 16 ym x 14 1m 

Hypothallus 21 pm x 21 -m 

These parameters, primarily the large size of the oogonium, are typical 

of the Maltese species. Johnson (1965) records L. destefan%ii but does not 

provide cell parameters. However, none of the other recorded Miocene species 

fits the values found for these specimens in the Coralline Algal Bioheim. 

Therefore, it is very likely that this species is L. destefanii of Samsonoff 

(Plate 8d). 

Further thin section study indicates that besides being made up of 

over 4C Lithophyllum rhodolites, the micrites contain less than 10 pectinid 

fragments and minor amounts of echinoid debris. When sectioned the rhodo- 

lites themselves occasionally provide evidence of movement during formation. 

The nuclei of most rhodolites consist of a planar section of that species 

which, in its early stages, appears to have been overturned on several 

occasions. Upon each overturning episode, growth continued on the resulting 

upper surface. In the late stages, however, most growth occurred on one 

side, indicating that the larger forms rarely moved. 

The grey basal beds to the bioherm contain lichen-like crustose coral- 

line algal growthforms, apparently of the same species as the WithoDh? 1u1 

rhodolites (Plate 19d). These usually occur as detached fragments in a grey 

marl matrix. X-ray diffraction powder analysis of the grey basal marl shows 

that the clay component is indistinguishable from that occurring in the 

Blue Clay Formation, being dominantly kaolinite, but with minor percentages 

of quartz, mica clay minerals and possible muscovite. 

(iv) Fauna and Flora 

dis previously stated, the dominant algal species is probably , Läth Cl ui 

destefanii Samsoneff, although Mesophyllum sp. also occurs, together with 

rarer Archaeolithothainnion sp. Within this framework the most dominant 

feature is a prominent bed containing Terebratula terebratula Lin_ (plate 

7c). This occurs as a single band of frequently articulated. shells, through- 
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out the Coralline Algal Bioherm, except in north-eastern Gozo, (Fig. 22b). 

Associated with this bed is phelesia bipartita (Brocchi). Other brachiopods 

associated with the lowest horizons of the bioherm, but not restricted to the 

Terebratula-Aohelesia Bed, are Meaathiris sp., Argyrotheca sp., Mererlia sr. 

and Terebratulina caput-serpentis Linne. 

Areas of the bioherm closely associated with the Ghajn Znuber Beds in 

the Dingli area of Nalta carry additional faunas to the main body of the 

bioherm and thesh are more characteristic of the Ghajn Znuber Beds. These 

include Cl. "easter al-bus. Lamarck, Clypeaster marginatus Lama: rk, small hemi- 

spherical Cellepora sp., and Ostrea virleti Deshayes. It is in these areas 

that the fauna is frequently highly abraded and bored. by molluscs, Entobie 

sp. and bryozoans, and. also heavily encrusted by Sernula, sp. and membrani- 

poriform brozoans. Turritella sp. also occurs together with Chlainys (Macro- 

chlamis) latissimä Brocchi. Nodular developments of Caloensia imnressa 

Moll. are common in the beds as a whole, but are especially abundant at I1 

Qortin, Gozo (377899) and in the St. Catherines Chapel area, Malta (445697). 

S op ndylus crassicosta Lamai is a common form in this facies and often 

occurs in an articulated condition. An abundance of indeterminate crustacean 

fragments including Harpactocaranus sp. and Scylla sp. occur in -these beds. 

Brissus oblongus Wright, Cidaris melitensis Wright, Echinus duciei Wright, 

Schizaster eurynotus kaassiz and Strombus sp. are also occasionally found. 

Corals are generally absent, though Tarbellastraea, sp. was collected at Ghajn. 

Znuber from a planar colony within the upper part of the beds. A more com- 

plete faunal list is given for the Torebratula-kphelesia Bed in ]ig. 34. 

Balanus sp. occurs within the bioherm on the Tas Salvatur outlier in north- 

eastern Gozo. 

b. 21"barfa Beds 

(i) General 

Type locality, Mtarfa, Malta (456717) 

These are the type beds of the Mtember, which are moderately well exposed 
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beneath the crystalline capping sequences of the Maltese Islands, but espec- 

ially so around Mtarfa. At the type locality the beds have an intensely 

bioturbated base. This bioturbation resulted in the assimilation of glau- 

conite grains into the basal beds from the underlying Greensand Formation. 

This particular feature of the contact between the Greensand and Ntarfa Beds 

is commonly seen in eastern areas of Malta. However, the true relationship 

is seen when the intermixed unabraded Greensand fossils are examined, as they 

still contain typical Greensand sediment. The succeeding beds consist of 

about 7 metres of yellow biomicrites with a generally low macrofaunal content. 

(ii) Lithology and Distribution 

These beds are typified by their pale yellow or cream colour, their 

fine grained nature, lack of algal rhodolites, and a low allochemical content. 

In Gozo, the Titarfa Beds are poorly represented (see Fig. 5), being restricted. 

to the eastern extremity of the island. Here the beds are often less than 

2 metres thick and lie directly on Greensand. In Malta, the beds are well 
the 

developed and extend as a broad belt from eastern Marfa Ridge southwards 

throughout the entire outcrop to Gebel Ciantar, at the southern end of the 

Upper Coralline Limestone plateau. They are again recognised in the Ghar 

Lapsi outlier to the south. Throughout the whole area the beds lie, with 

bioturbated contact, on the Greensand, and gradually pass upwards as yellow 

biomicrites into the overlying Rdum il Hmar Beds. In all areas the Ntarfa 

Beds are well bedded but with occasional horizons of a more massive nature. 

In such cases bioturbation and fossil horizons are the only means of observing 

the horizontality of these beds,. A report by Hyde (1955, p. 110) of tectoni- 

cally disturbed beds near Mtari'a is now recognised as a secondary effect, 

involving calcite cementation in the vadose zone, particularly A sites in 

close contact with the grater table. Although not examined it is anticipated 

that the basal Upper Coralline Limestone of the island of Filfla is also 

composed of the INitarfa Beds. This extrapolation is based on fades trends 

in Fig. 23. 
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(iii) Petrology 

The typical rock is either a fossiliferous micrite or, more commonly 

seen towards the base of the bens, a sparse biomicrite. A significant 

feature of this bed is its general lack of planktonic foraminifera, a 

feature which it shares with, the Ghajn Melel beds and the Coralline Algal 

Bioherm. Usually, planktonic foraminifera account for less than 1, o total 

rock volume. Benthonic foraminifera are also uncommon in most areas though 

1211'fo are recorded from beds at Fort Nosta, Malta (483754). This is, however, 

unusual and the general colour in the field and this low foraminiferal 

count are the two major means of distinguishing these beds from the Ghajn 

Nelel Member. (See Fig. 21a). Fragments of spatangoid echinoids and pectl-- 

nids occur in minor proportions but mollusc moulds (Plate 8a and Pig. 21b) 

are further characteristic. Microsparite development is common in some 

samples but it is believed that the original matrix was micrito. 

(iv) Fauna 

The most outstanding feature of the fauna is the dominance of spatcn. - 

gold echinoids such as Schizaster eurynotus Agassiz, which may attain a 

length of up to 110mm., as at Il Pawwara, Malta (456664), (see Plate 7b). 

Echinolampas wrighti Gregory is occasionally encountered as is 

pustulosus Wright. These beds are coarsest towards the base, at which 

horizons the fauna is most prolific. Aragonitic mollusc casts and moulds 

abound and include forms such as Cardium hians Brocchi, Thracea rubescons 

Pulteney, Area turonica Dujardine, Lutreria lutraria Linn6, Area sp., 

lucinids including Lorines incrass ata Dubois, together with Turri-f; ella sp. 

and Genota sp. Pectinids are common, and Chlamys scrabella Lama-& is the 

commonest, frequently being articulated. Pecten virolenensis Simonelli 

and occasional Chla-nvs multistriatus Poli also occur. The most prolific 

faunas occur at Pawwara, Malta. To the west of San Pawl il-Bahar on Gebel 

iiardija, (4677) and also in the coastal outlier west of the town, crustacean 

remains are abundant and include Callianassa sp., and the remains of spider 

crabs which frequently occur in a semi-articulated. condition. Crustacean 
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remains are also common throughout the beds of other areas but are invar- 

iably fragmentary. In western Gozo this facies is thin but exhibits large 

Terebratula terebratula Linn6 and articulated Tames sallomocensis 

Fischer, Thracea pubescens Pulteney and Pleuromya sp. Towards the top 

of the beds there is a colour change from yellow to cream and the macro- 

fauna becomes sparse. Echinus duciei Wright is occasionally found, as are 

encrusting serpulids. 

c. Rdum il Hmar Beds 

(i} General 

Type locality Rd. umn il Hmar, Malta (427823). 

On first examination of the type locality the beds appear to be devoid 

of fossils and superficially resemble the soft Cretaceous chalks of Europe 

in texture. About 12 metres of this rock is visible at the type locality, 

resting with transitional contact on the Mtarfa Beds. The top of the beds 

is not preserved at this outcrop (Plate 9a). 

(ii) Lithology and Distribution 

Throughout outcrop these beds are massive in nature and fossils are 

patdhily distributed, being casts and moulds for the most part. In some 

cases, for example at the type locality, the better cemented burrow systems 

weather out in relief, producing a nodular effect at certain horizons. The 

beds are divided into 1-1.5 metre thick. units in the area south of Rabat, 

where they dip eastwards at up to 120. This may reflect a primary dip 

direction as adjacent strata are almost horizontal. In all areas of both 

islands the beds show a transitional contact with both the underlying Tlta fa 

Beds and the overlying Rabat Plateau Beds. In the sou-6h-wes-tern area of Malta 

the beds pass up gradually into the Ghar Lapsi Beds (see rig. 5) and when 

followed westwards the beds show a lateral change into the Rabat Plateau Beds. 

This suggests that there was a retreat eastwards by the Rdum il I1mar Beds as 

time progressed. 



--103- 

In Gozo the beds are poorly developed and are restricted to the areas 

to the east of Qala (3888), with one possible exception Vtm. north of Mgarr, 

where thinly laminated white micrites occur within a complex faulted area. 

On Comino the Santa Marija Bay outcrops (403660) are believed to fall into 

this group$thou; h poor surface exposure makes correlation with major out- 

crops uncertain. 

On Malta, thicknesses are always difficult to estimate due to the trans- 

itional nature of both upper and lower contacts. This is particularly true 

of the eastern side of the outcrops, south of San Pawl il-Bahar, where the 

boundary between the yellow Mtarfa Beds and the White R, dum il IImar Beds is 

affected by leaching and surface recrystallisation. Despite this the beds 

are recognised throughout eastern Malta as far south as Gebel Ciantar and 

also in the Ghar Lapsi outlier. At this latter area about 10 metires of 

sparsely fossiliferous white micrite occurs. 

(iii) Petrology 

The friable nature of these rocks makes thin sectioning difficult. 

However, scanning electron microscope examination (Plate 13b) reveals that 

the rock has been diagenetically altered to mierite, showing the crystal 

forms of rhomb and dodecohedra. At the type locality fossils are sparse 

and usually only moulds and casts survive. Some pecti: nids exhibit good 

preservation. In the Rabat Plateau, samples from higher in the beds show 

a dominance of clotted texture to the micrite matri with an occurrence of 

upto 84i faecal pellets. The macro-fauna of this area, and particularly the 

Tat Raba area'is prolific. 

(iv) Fauna avid Flora, 

Although there is difficulty in recognising the base of the beds, exceT, at 

in the type section, a bed of articulated Pinna sp. in grosrtli position is 

recognised at Rdurn il Hmaar, San Pawl il Baliar, Ii Qolla (457764) and Ghajn 

il ICbir (464679). It is associated with a. prominent vertically burrowed. 
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horizon. Both these occur close to the base of the Rdum il Hmar Beds and 

provide a useful correlation horizon throughout Malta. At the type locality 

the only apparent macrofossil is the occasional Schizaster eu_rynotus A. gassiz; 

Cardium sp. and Thracea pubescens Pulteney occur in a fauna dominated by 

Lucina collumbella Lamair'r.. . This fauna is well developed throughout the 

whole of the outcrop? though Thracea is more prominent and Lucina less so in 

ana. floral 
the more southerly outcrops. Added to the faunalklist is the prolific fauna 

found at the Tal Raba quarries (461679) in strata towards the western. and 

upper part of the facies. Included here are rare Lithoph llum rhodolites, 

Lucina columbella Lämark___r, Cardium hian 
. 

Brocchi, Thracea pubescens 

Pulteney, Glycimeris deshayes Meyer, Pecten vigolenensis Simonelli, Lirua 

sp., low spired gastropods, a tooth of Isurus ap. tabundant Thalassinoides 

and Ophiomorpha, some with the burrow systems lined in part with membrani- 

poriform bryozoans. Most of the molluscan fauna is represented by casts 

and moulds, many of which contain casts of Entobia sp., which originally had. 

burrowed into the aragonitic shells. 

3. Diagenesis within the Members 

Few additional points remain to bo noted., though staining reveals the 

following: 

a. Ghajn Melel Member 

Most of the Ghajn Melel Member is composed of low=ferroan calcite even 

though the general colour suggests a more ferruginous composition. The only 

ferroan calcite recorded occurs in the shells of some of the benthonic fora- 

minifera. This is particularly well seen in foraminiferal fragments in the 

Ghajn Znuber Beds. The cement of this member is blocky sparite, f'reiuently 

developing syntaxial rims around echinoid fragments. In central Gozo a"b 

Xaghra, (350897) and Il Qolla S-Safra (328923), rhomboidal low-ferroan calcite 

is present around glauconite casts and limonite cores ythough 
the reasons for 

this are not evident. 01 pectinid fragments are of non-ferroan calcite and 
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all aragonite has been removed by solution. The goethito infill to many 

of the Heterostenina fragments is proved to be earlier than the aragonite 

solution as it does not infill cavities produced by this solution. Hence, 

this further supports the conclusion that the forwniniferal bioclasts zrithin 

the Ghajn Znuber Beds were mineralised prior to incorporation within this 

sediment. 

b. Mtarfa, Member 

The Mtarfa and IZdum il IImar Beds are all entirely composed of low- 

ferroan calcite, though early solution has removed all aragonitic fossils, 

leaving cavities which have subsequently remained unfilled. The Rd. um il 

Hmar Beds are seen on close examination (Plate 13b) to have recrystalll. sed 

to calcite rhombs and occasional scalenohedra. The Coralline Algal Biohorm, 

as -vrith the rest of the member, is also dominated by low ferroan calcite 

and lack of aragonitic material. It appears that the carbonate released 

from the aragonitic shells was merely redistributed and precipitated locally 

in the form of cement. At Ghajn Tuffieha (412762) a little ferroan calcite 

occurs towards the base of the Coralline Algal Bioherm, mainly within the 

coralline algal colonies. 

4. Palaooenvironmental Intorpretation 

The Ghajn Melel and Mtarfa Members, when considered together, form a 

natural subdivision within the formation and are approximately time equiva- 

lent. They may be further subdivided into the following biofacies: 

a. Biofacies E Giant Benthonic Foraminifera Biofacies 

b. Biofacies D Clypeastrina/Celleporiform Bryozoan Biofacies 

c. Biofacies I Rhodolite/Encrusting Br-azoan Biofacies 

d. Biofacies K Schizaster/Lamellibranch Biof acies 

e. Biofacies M Lam:, llibranch Biofacies 
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a. Biofacies E Giant Benthonic Foraminifera Biofacies 

This biofacies conforms to the Ghajn Nelel Beds of western Goze. As 

with its counterpart, the 11 Nara Member of the Lower Coralline Limestone, 

these beds contain varying amounts of unabraded benthonic foraminifera 

which form lensoidal accumulations at certain horizons (compare Pigs. 6 and 

20). In this case, however, Heterostegina is the only foraminifera present 

in any quantity. Even these are rare or absent from areas of accumulation 

around central Gozo. The planar bedded, micritic nature of the deposits 

suggests calm conditions. The insitu foraminifera Heterostetriina is typical 

of modern shallow subtropical seas from Australia to the West Indies 

(Carpenter 1862, p. 292). Vaughan and Cole (1941, p. 30) recognise the depth range of the 

be 
species to, (less than 50 metres, thus suggesting that the Ghajn Melel Beds 

accumulated in a protected basinal area. The sediments are characterised 

by the shallow burrower Clypeastor mar inatuswhich appears to prefer fine 

sediments. It appears that the Ghajn Nelel Beds (Biof acies E) wore centred 

on central Gozo and were surrounded to the north and east by the higher 

energy Ghajn Znuber Beds (Biofacies D). 

b. Biofacies D Clypeastrina/Colleporiform Bryozoan Biofacies 

This biofacies conforms to that of the Ghajn Znuber Beds both in Gozo 

and in Malta. Q peaster al-bus and Clyeeaster altus var. Yramidalis are 

the typical echinoids encountered and Celle-Dora mcmmal. ata is the dominant 

bryozoan. The high energy of this laterally equivalent Lacies to the Ghajn 

Melel Beds is illustrated by the fragmentary nature of the allochems, the 

sparry calcite cement, and by the abraded nature of many of the contained 

macrofossils. Many of the C13peasters are overturned and none bear spines. 

The contained pectinids and oysters are also invariably disarticulated. The 

only data on depth and current velocity come indirectly from burrows and 

bryozoans. In some areas, such as Ramla Bay, ab ndant vertical burrows occur 

in what Bromley (personal communication) considers to be depths not creator 

than 5 metres. The bryozoans which occur are hemispherical masses5usual: Ly 



-107- 
in growth position. Celleporiforin bryozoans, according to Lagaaij and 

Gautier (1965, p. 52), are mainly littoral and sub-littoral, typical of areas 

of low sand transport. They were discussing the small sub-centimeter 

colonies whereas the forms under consideration may be up to 100am. in 

diameter. It is. 5therefore) -tentatively concluded that the large Maltese 

forms are adapted to sub-littoral environments with extensive sedinent 

reworking and a moderate to high velocity current. This is consistent with 

the lithoclast content of the Beds,, which display mass transport of 1 arge 

foraminiferal fragments and also occasional transport of casts of fossils 

up to 30mm. diamter. This environment developed around the northern and 

eastern flanks of the protected Ghajn Melel basin and appears to have taken 

the form of shallow shoals. 

c. Biofacies I Rhodolite/)ncrusting Bryozoan Biofacies 

This is an alternative designation for the Coralline Algal Bioberm of 

the Mtarfa Member. The fauna is dominated by encrusting bryozoans dominatod. 

by membraniporiform types, but also with abundant cellenoriform -types (see 

Chapter 10). Stack (1936), Lagaaij and Gautier (1965) and Schopf (1969) 

all agree that these forms are strongly developed in littoral and sub-littoral 

environments of high energy. 

The large sinus bearing brachiopod Terebratula terebratula may also 

indicate i gh energy conditions) as Boucot (1953, p. 146) suggests i, hat sharply 

biplicate brachiopods occur in the shallowest water. Finally the algal 

rhodolites give evidence relating to the energy and depth of the environment. 

Johnson (1965, p. 16-17) lists most recent species of Litlionhyllun as living; 

in water depths less than 25 metres but with some species going down to 45 

metres. Lithophyllum became the dominant crustose coralline algal genus in 

the 1iocone to the detriment of Lithothamnion. It is most characteristic 

of sub-. tropical seas. In view of this evidence and goneral field relation-- 

ships it is considered that the bio! 'acies is representative of clear water 

conditions wilh 'moderate to high enerU and depths of between about 15 ýn 1 
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60 metres, the latter figure being based on the occurrence of tiro brachiopod 

genera of the diminutive Megathirididae (Chapter 10). 

The frequent occurrence of small encrusting bryozoans bearing blade 

like slots or attachment areas strongly indicates the presence of eel grass 

or similar forms allied to Tlialassia sp. within the environment. Although 

it is considered that the algal rhodolites could have provided sufficient 

shelter on their leeward margins to permit the accumulation of micrito it is 

also believed that the marine grass within the facies was also responsible 

for trapping large volumes of sediment, either by binding it together with 

roots or by causing the leaves to act as current baffles. This may account 

for the alternations of rhodolite horizons and micrite layers within the 

bioherm, the micrite being deposited as a result of the sediment trapping 

vegetation. In areas where marine grasses were established5calmer seabed 

conditions would prevail which would not be so favourable to algal rhod. olites, 

hence there would be a corresponding reduction in rhodolite numbers during; 

these intervals. 

R. Biofacies K Schizaster/La, mellibranch Biofacies 

This biofacies corresponds to the Zitarfa Beds. The faunal elements 

remain remarkably constant throughout the islands. Schizaster eurynotus the 

dominant echinoid is an irregular form probably adapted to burrowing at depths 

down to half a metre or so. The spatulate spines are a common fossil within 

the micritic samplesIthough they are never found attached to the tests. This 

relationship has probably been caused by bioturbation. Other echinoids 

present are invariably irregular burrowing scavengers . This presence of 

occasional specimens encrusted with serpulids indicates that empty tests 

frequently lay on the surface of the sediment and were used by other biota 

as attachment points and colonisation. 

The remainder of. the raune, is dominated by burrowing laºnellibranchs, a 

few being detritus f'eeder. s. )bu-t -Lhe majority being suspension feeders. This 

would indicate stable botuom conditions and little or no sedimentation. 
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Depositional depths are difficult to estimate, though the occurrence of 

luciuids and Cardium indicates a shallow environment with moderate water 

circulation. Gastropods are not common in the main body of the beds and 

so the environment cannot be positively identified as a lagoon except in 

its lowest horizons, where they are more prolific. The environment is more 

characteristic of a fairly open shallow shelf environment. 

c. Biofacies IC -Lamellibranch Biofacies 

This biofacies differs slightly from the preceding one and characterises 

the Rdum il 11mar Beds. Echinoids are 'far less abundant1hough Schizaster 

eur otus still occurs occasionally. Lamellibranchs, however, are the domirr-. 

ant forms and many of them, such as Cardium and Glycimerissmay indicate 

stronger currents within the upper beds of this biofacies. This is partly 

borne out by the coarsening of sediments in the west and also towards the 

top of the biofacies. The presence of Ophiomorpha, Lockeia and Teichichnus 

(Bromley, personal communication) within the IZdum il Hmar Beds suggests 

relatively shallow water, and possibly of less than 100 metres depth. Towards 

the west where the facies in part merges with the Rabat Plateau Beds and 

underlying Coralline Algal Bioherm3gastropods become abundant suggesting that 

this dominantly shallow shelf facies may approach a lagoonal situation in 

small areas of Malta. 

5. I1 Fawara Fish Bed 

e. General 

This bed consists of a thinly laminated 0.8 metre thick, pale grey 

micritic horizon, occurring between the Greensaud below and the Mtarfa Beds 

above, The outcrop is restricted to a single locality, il Fawara (456664), 

and appears to be lensoidal in cross section as the beds are absent in cliff 

exposures both to the north and east of the outcrop. 

b. Petrology 

The micrite bed is characterised by alternating layers of pale grey and 
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cream laminae, each pair varying from approximately 1. Omm. to 6.7mm. in total 

thiclness. Detailed examination shows that most laminae pairs are the 

product of one depositional episode and it is seen that the lower pale grey 

portions pass transitionally upwards into the thinner cream to yellow laminae. 

Occasionally, however, thicker orange to cream coarser bands containing 

bioclastics and glauconite grains intervene, with the normal sequence. The 

basal contact of many lamina is erosional and frequently cuts down into the 

cream upper layers of the previous lamina. Bulk sample breakdown reveals 

that the rock consists of 23%'o fossils by weight together with a small per- 

centage of clay. The rest of the samples appear to consist of micritic sedi- 

mentyformin; the matrix to the rock. 

c. Fauna 

The bulk sample analysis, achieved by boiling the sample in water and 

subsequently sieving, yielded the folloz"ring microfossils: Anomalina sp.; -. 

Nodosaria sp.; Austrotrillina sp.? occasional Globigerina sp.; the ostracodes 

Bairdia sp. and occasional Citherois sp.; Schizaster spines, juvenile 

Chlamrs fragments; scales vertebrae and otoliths of Bregmaceros sp.; and a 

great deal of indeterminate material. 

Further samples were examined by splitting the fissile micrite along 

laminations, the rock always parting along the cream laminae. Although many 

of these planes proved to be unfossiliferous, several exhibited small dis- 

articulate aragonitic mollusc casts such as Lucina sp., Area turonica 

Dujardine and rare HIali®. tis sp. Occasional Cellaria sp. bryozoans also occur. 

Infrequent (0.5mm diameter) annelid burrows occur within the cream laminae) 

and one lamina about 0.3 metres above the base yielded-an abundance of frag- 

mentary and disarticulate molluscs, lunulitiform bryozoan colonies, and blades 

of what appears to be seaweed of unknown affinity (Plate 14d). These are 

encrusted by membraniporiform 'A' type bryozoans (see Chapter 10). On this 

and all other "iaminae)bioturbation is absent apart from rare annelids, which 

cause little detectable sediment disturbance. 
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The fossil fish contained within these beds are quite abundant, over 

32 complete and fragmentary specimens of DregmacerPs being obtained (Plate 

14a), but with only fragmentary remains of other species. All the specimens 

discovered appear to have been lying at the lamina tops and show some dis- 

memberment in most specimens. There has, however, been little transport- 

ation of resulting fragments so that frequently all fragments lie within a 

few millimetres of the main body of the specimen. The following fish have 

been identified: 

(i) Bregmaceras albyi Sauvage 

(ii) Synfinathus sp. 

(iii) Serranus sp. 

(iv) Indeterminate genus of Zenidae? 

(i) Bregmaceros albyi Sauvage 

Detailed comparison between descriptions by Danilchenho (1967 trans-- 

lation p. 50), Thompson (1810, p. 443), Munro (1950) and Leonardi (1959) 

indicate that the commonest fish remains are refe-grable to Bregmacero. s alb vi 

Sauvage. This species is associated with many coprolites containing scales 

and otoliths referable to the genus Bregmaccras (Plate 14b). One specimen 

exhibits well preserved fossil stomach contents, consisting of fish scales, 

fins and other fish fragments. The collection is dominated by adults, only 

9 individuals being under 40mm. in length with the largest being 69mm. 

(ii) S3M%nathus sp. 

One fragmentary specimen exhibiting 3Omm. oß trunk rogion)together ritte 

a few isolated hexagonal shields was collected. The domed shields are 

ornamented by tubercle bearing carinae, each shield averaging 10-11mm. in 

length. 

(iii) Serranus sp. 

One partially complete specimen is believed to belong to this genus, 

but the lack of major areas of the aaiterior of the specimen and other damage 
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make this identification uncertain. The specimen is)however, definitely 

referable 1o the Serranidae. A further collection of fin rays and scales 

indicates that other members of the Percoidea are present. 

(iv) Indeterminate genus of Zenidae? 

One anterior portion of a deep bodied specimen bears a certain degree 

of resemblance to Xenopsis sp., although this is a very tentative identificA1ion. 

d. Palaeoenvironmenta1 Interpretation 

The 11 Fawwaia Fish Bed is believed to be contemporaneous with the final 

stages of Greensand reworking, during a time of low turbulance, but h-efore 

the initiation of widespread Mbarfa Bed development. It is believed that a 

localised depression developed within the Greensand covered. seabed shortly 

after the development of the Terebratula-Aphelesia Bed, which directly under- 

lies -the fish bed at Il Fawnsara. At a distance of 1 kilometre to the west 

the Coralline Algal Biohcrm was developing but was only donating sediments 

to the east of the structure at intermittant periods when either the dominant 

eastward moving current became temporarily stronger or when storm activity 

caused agitation on the bioherm crest. The resulting effect of either 

possibility was for the prevailing current to pick up and carry fine bioherm 

derived sediment, juvenile molluscs, echinoid spines, bryozoa, and seaweed 

in an easterly direction. It would subsequently settle out of suspension 

or traction in the quietest water, such as the Fa-, nwara basinal depression. 

The erosive basal contacts and oxidised tops to each lamina strongly 

suggest that much of this sediment was transported from the Coralline Algal 

Bioherm in the form of a turbidity current, in a similar manner to that 

postulated for the Solenhofen Limestone by Van Straaten (1971, p. 4). Upon 

arriving at the Fainfara basin the sediment traction currents would carry the 

sediment across the previous deposits causing scouring and minor erosion, 

before the sediments finally settled out of the current to form the next 

lamina in the succession. The low velocity of this density current, once 
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within the basin, is testified by the small amount ofdisarticulation 

suffered by the fossil fish which apparently lay on the upper surface of 

the previous laminae. The partial' graded nature of some laminae further 

supports the conclusion that each of the laminae are the product of a single 

episode of sedimentation from suspension. Finally, the presence of high 

energy biota such as Haliotis and Area in this tranquil. environment und high 

energy bryozoan grovthforms such as Cellaria, (see Chapter 10 for environ- 

mental prerequisites), further supports the conclusion that much of the 

fauna has been transported into"the environment. The indiginous fauna 

appears to be dominated by lunulitiform bryozoans and the fossil fish. 

The remarkable lack of burrowers within the sediment is difficult to 

explain as it is considered that the periodic influxes of worms by the 

turbidity currents would have been sufficient to retain colonisation of 

the substrate. Perhaps most life was dead upon arrival, being choked in 

the fine micritic suspension in which it was being carried, as suggested 

for the Solenhofen Limestone by Van Straaten (1971). This is preferred to 

the theory of Iiulseman and Emery (1961) who postulate an anaerobic environ- 

ment for an apparentlysimilar, but larger. environment) affecting recent 

sedimentation in the Santa Barbara Basin, California. Here oxygen influx 

was restricted to small amounts, brought into the basin by successive ttur- 

bidity flows. 

The episodes between successive Maltese flows appear to have been tran - 

quil within the basin. Colonisation by lunulitiform bryozoans occurred and 

rare annelids burrowed short distances into the sediments. The fossil fish 

are believed to have sunk, upon death, to the seabed and subsequently remained 

there in an intact condition until they became covered by the nest sediment 

influx. 

(i) Depth of Accumulation 

The depth of accumulation of these sediments must, be deeper than the 

shallowest bioherm areas (20 nie1res) from which most of the sediment was 
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obtained. Lagaaij (1963) states that modern lunulitiform bryozoans inhabit 

depths of 2-300 fathoms (down to 550 metres, but with a normal maximum depth 

of 80 metres. ) They prefer normal salinity, a stable seabed of small particle 

size and a location below wavebase. They are best suited to temperatures of 

12-310C. It is concluded thät the beds accumulated in water depths of 

approximately 60 metres. 

(ii) Ecology of Bregmaceros 

The present day ecology of Bregmacero. s (David 1946, p. 62) is open sea 

(90-300 fathoms), estending to the margins of the neritic zone (20-40 fathoms, 

37-73 metres). S n, nathus sp. today inhabits rocky or grassy areas of the 

neritic zone, frequently being nocturnal in habit. The concluded depth of 

the environment is still considered to be a reasonable estimate, in view of 

these further details. 

It is now necessary to consider the abundant coprolites, most of which 

contain otoliths of Bregmaceros albyi. The stomach contents of one of the 

collected specimens of Brenmaceras indicate that the species)at least 

occasionally, ied on fish. Clancy (1956, p. 258) further lists fish remains, 

together with chaetagnaths, siphonophores and algal filaments within the 

stomachs of modern species. He does, however, state that the main food is 

copepods. Nevertheless it is a possibility that B. albyi was at times canni- 

balistic and this would account for the large numbers of coprolites. However, 

as up to 7 otoliths are recorded in some coproiites, it is felt that many may 

represent the excrement of a much larger predator. 

Brecmaceras appears to have evolved in the Persian area during the 

Oligocene (Jonet, 1949) and reached. Sicily and Algeria by the Upper Miocene. 

This is consistent with the horizon in which it is : found in Malta, which is 

considered to be Tortonian in age. 

The Faznýrara Fish Tied is overlain by highly fossiliferous Pdtaxfa Beds 

which contain abundant articulated Loripes incrassata (Dubois) and Cardluin 

Mans, Brocchi. rlrny burrows originatin at this level pass doim to ±he base 
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of the fish bed and are infilled by later sediments. 

6. Geological History of the basal Upper Coralline Limestone 

A general outline of the history is presented here hough precise de- 

tails on the Terebretula-Aphelesia Bed will be examined in Chapter 10. 

Several of the resulting conclusions from Chapter 10 will be included here 

in order to give a complete picture. 

The shallow water Greensand episode drew to a close with the quieter 

water Q01 1a S-Safra Beds of northern Gozo (Fig. 20), which were subsequently 

. removed from other areas of outcrop by a prolonged erosional. episode, 

represented by the basal Upper Coralline Limestone erosion surface. This had 

greatest effect in western Gozo, but minor halts in sedimentation are also 

recognised in marginal areas of the Coralline illgal Bioherm. Large volumes 

of Greensand and other contemporaneous sediments were removed from western 

Gozo and areas further westyeventually causing a truncation of the under- 

lying sequences of western Gozo. Ultimatelyyuplift in areas to the west of 

the islands became sufficient to shelter the Maltese area and a north-south 

orientated basin developed in Gozo and extended down the extreme western 

side of Malta (Fig. 24a). The western side of the basin was flanked by areas 

subject to marine erosion, whereas the eastern flank was bounded by a local 

extension of the shallow water carbonate platform which, although initially 

of lagoonal aspect, was to develop into the shelf seas environment character- 

istic of the Rdum ii Hmar Beds. 

The earliest sediments to develop within this depression are coarse 

lithoclast biosparites rich in limonitic lithoclasts, glauconite and recrorked 

Iieterostegina fragments. Most of this sediment is probably derived from 

areas to the west of the islands and was transported eastwards by the dom- 

inant westerly current. This sediment is represented by the Ghajn Huber 

Beds. 

Graduallyps the basin developedythe deeper areas became sheltered from 

the effects of the dominant current, at least in western Gozo, and bioniicriies 
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and pure micrites accumulated in the central areas of the "bioca, lcareniie" 

basin of Pig. 24b. These are the Ghajn Nelel Beds. They are not obviously 

developed in Malta, indicating that the basinal development was not as well 

formed there. By this time the Ghajn Nelel Beds were accumulating in west- 

ern Gozo, and the Ghajn Znuber Beds, although still developing, were restric- 

ted to the higher energy eastern rim of the longitudinal basin. Within this 

an 
latter/extremely shallow water shoal area, there was large scale transport 

of fossil debris and lithoclasts. The abundance of lithoclasts within the 

beds along the Mgarr coast of Gozo and in Maltese outcrops is possibly due 

to the continued supply of material from western sources until much later 

times than in central Gozo. 

Within the Ghajn Znuber Beds of Gozo an ideal niche developed for the 

hemispherical Cellepora bryozoans. whieh colonised the surface of the high 

energy substrate, and the Clyneaster altus-Echinolampas -Pi gnatarii groups 

that made shallow burrows within the sediments. Clypeaster altus var. 

garr, 
Gozo, possibly pyramidalis preferred the higher energy conditions of Iig 

because a form with high test inflation could burrow deeper into the sedi- 

ment, whilst still exposing the apical system., and hence would be less sus- 

ceptible to excavation and overturning by turbulence. 

It is more difficult to account for the stability of the Ceilepora 

colonies. The initial points of attachment were seaweed fronds or similar 

objects, but as the colonies grew they settled onto the substrate and con- 

structed multilayered hemispherical structures, similar to mushroom heads 

in cross section. These frequently bear an underturned flange. This 

apparently enabled the colonies to remain upright in a very turbulent en- 

vironment. Because of their semi-permanent nature on the shifting seafloor 

they were themselves encrusted by other bryozoans and oyster spat. 

In comparable beds in Malta a change is seen from the Ghajn Znuber 

sections which are similar to those of Gozo, to the apparently calmer con- 

ditions of the Dingli area. At Ghajn 7nuber the high energy conditions ars 

illustrated by the high disarticulaxion seen in the pect-inids. 
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The Dingli deposits appear to be more closely related to the Coralline 

Algal Bioherm than those previously discussed. They axe peneconi; empor P-n-- 

eous with the bioherm and probably . represent a narrow north-south orientated 

channel a1 the foot of the Coralline Algal Bioherm. These sediments are 

generally finer grained. than the other areas of the Ghajn Znuber Member and 

contain a somewhat different fauna, including Cly easter marginatus and 

Echinolampas ni natarii. Celle-Dora colonies are less common and may indi- 

cate lower energy conditions than at Ghajn Znuber, as do the pectinids, which 

are frequently articulated. 

Towards the close of Ghajn Znuber Bed deposition conditions appear to 

have become calmer. Although this is primarily reflected in the diminishing 

grain-size within the rocks at Ghajn Znuberrit is also indicated by great 

faunal changes. Within isolated pockets or patches on the eastern flanking 

rim of the north-south orientated basin, crustose coralline algal development 

commenced. Initially these biohermal areas appear to have been isolated 

from each other., but subsequent colonisation filled in the gaps, producing a 

north-south belt along the highest energy area of the eastern rim of the 

basin (see Figs. 22b and 23). The changes which brought about this biofacios 

are not clearJahough the sections at Ghajn Znuber are instructive. Initial 

colonisation by Lithoihyllum in this area vas by rhodolitic colonies less 

than 30mm. diameter. These were, however, rapidly smothered by Cellenora 

incrustations. Within the finer grained higher horizons of the Ghajn 

Znuber Beds further rhodolite development by larger colonies was more succ- 

essful until ultimately, at the base of the Coralline Algal Bioherm, the 

Lithophyllum rhodolites, again only 30mm. dia. moter, occur almost to the ex- 

clusion of Celle-Dora coloniessand the associated fauna becomes similar to 

the immediately overlying Coralline Algal Bioherm. 

The area of bioherm development is clearly related to the aerial dis- 

1ribution of the Ghajn Znuber Beds, which underly them in many areas (com- 

pare Figs. 19 and 23). This is particularly so in the Dingli area of Malta. 

In many areas off the peals energy shoals of Ghajn Znuber Beds ±ni-bird 
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M. thoph_yllum colonisation took the form of thin veneers of crustose coral- 

line algae associated igith grey marl. These areas are considered to lie 

below the zone of turbulence, possibly in small basins subject to clay influx, 

in part winnowed from remaining areas of Ghajn Znuber Bed development but, 

particularly in western 'Malt'., derived directly from erosion of Blue Clay 

or similar deposits on the western side of the basin. This material settled 

into the calmer areas and was trapped by the laminae of the Lithophyllum 

colonies. These grey horizons with coralline algal laminae invariably pass 

upwards into typical yellow micrites containing well formed algal rhodo- 

lites. This was a direct response to the increasing energy within the en- 

vironment as the small isolated pocket-like biohermal depressions became 

infilled and were subsequently brought into the zone of strong turbulence. 

This favoured the rhodolite growth-form in preference to the laminar growth- 

form and the pockets rapidly amalgamated into one entire north-south bi. oherm, 

with biocalcarenitos and biomicrites of the Ghajn Melel Beds developing 

to the west and yellow biomicrites and micrites of the 11tarfa Beds devel- 

oping to the east (see Fig. 22b and Fig. 40). 

The Aitarfa Beds were initially developed as a narrow tract immediately 

to the east of the Coralline Algal Bioherm. This side of the Bioherrn pro- 

vided shelter from the strong easterly moving water currents and provided 

an environment into which fine micritic suspensions could settle. Either 

the platform area east of the bioherm began to subside or the Coralline 

Bioherm built up a strong positive feature subsequent to.. thisps the yellow 

Ntarfa Beds extended their distribution throughout eastern Malta and eastern 

Gozo. This calm sheltered environment proved to be ideal to burrowing and. 

filter-feeding molluscan echinoderms and crustacea7and to those forms pre- 

ferring sandy seabeds in sheltered settings such as Poeten sp. Correlation 

of the upper beds of the Corallino Algal Bioherm with the Ghajn MeleI. Beds 

is difficult. However, a marked colour change from brown or yellow to pale 

grey or white, at the top of the latter beds and several metres below the 

top of the former, is taken to indicate a regional change in iron content 
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of particles entering the area. This change is also witnessed at the top 

of the Mtarfa Beds, zihich are succeeded by the white chalky &un ii Ilmar 

Beds. This provides a tentative means of correlation in the absence of 

faunal evidence. 

The Thdum il Hmar- Beds are partially contemporaneous with the upper 

part of the Coralline Algal Bioherm and, initially at least, nest have 

developed under identical conditions to the Mtarfa environment. Conditions, 

however, were gradually changing and the lagoonal environment, most typical 

of the lowest part of the Ntarfa Beds, was gradually giving way to a more 

open shallow platzorni area. This was presumably protected from the westerly 

currents initially by the Coralline Algal Dioherm, but later by the Rabat 

Plateau Beds. These are contemporaneous with the upper horizons of the c? du, n 

ii Hmar Beds and formed large shallow ua-Ler shoal areas down the 11estern 

sides of the islands. The Pdum il Hmar deposits became more iagoonal in 

aspect in the south-western area of outcrop and the upper beds pass la"tora). ly 

into the Ghar Lansi Beds. These are discussed in Chapter 3 and are consider- 

ed to represent sub-littoral deposits close to the southern margins of the 

depositional basin. 
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HAPT -L 8 

UPPER CC, ALL"I_TE; LIM] STONB 

1. Tal Pictal ? ember 

Type locality. Tal Pictal, ., -Ialta (434685) 

The present study recognises this new member throughout both Gozo 

and Malta where it generally occupies the highest ground on the Upper 

Coralline Limestone plateaux and buttes. The member is divided as follows: 

d. Ghar Lapsi Beds 

c. Ghadira Beds 

b. Tal Diatal Beds 

a. Rabat Plateau Beds 

a. Rabat Plateau Beds 

(i) General 

These beds are only clearly distinguished in the Rabat Platoau, uhe: ce 

a variable thic1mess of partially or entirely recrystallisezI rho7. oli tic 

hiosuarite is preservecl. Their loi. "er cohta. ct is almost certainly t--an"- 

sitiorial with the underlying Coralline Algal Biohera, althou;; h it appears 

as an unconformity, due to the extensive recrystailisation os i, 1-10 total 

bed thickness (Plate 9c) . Recrystallisation was a parentl,, prevented from 

penetrating into lower horizons by the iiner micritic nature of the nder- 

lying Coralline Algal Pi oherm, :: which has a low porosity. The top of these 

beds is taken as that horizon at which carbonate mound Ct velornsnt of the 

Tal Pictal Beds comiences and is recognised throughout the major islands. 

At the type locality carbonate mound structures are well detielo? )ed, their 

micritic composition strongly contrasting with the biosparitic nature of 

the flanking intermound sediments and the ad acent Rabat Pfarrau Beds. 
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(ii) Litholow and Distribution 

Towards the top of the Coralline Algal Bioherm in all areas there 

is a coarsening of sediments and a reduction i the number of rhodolites 

present. This is frequently masked by secondary recrystallisation, as 

previously stated, which forms a sharp base to the Rabat Plateau Beds 

and can be traced throughout the outcrop from Ghar Lapsi in south- 

western iialta to northern Gozo. These rocks are characterised by a pal=e 

grey colour and sparsity of macrofossils. The beds are thickest on the 

Rabat Plateau, north of the Victoria Lines Fault and in south-eastern 

Gozo where a marl bed occurs at (351865). They appear to pass laterally 

westwards in Gozo into Tal Pictal Beds. In easterly areas this litho- 

facies is difficult to distinguish from the coarser top of the Rdum il 

Haar Beds, which ar"'e believed to be penecontemporaneous in part with the 

Rabat Plateau Beds. This correlation is based on the occurrence of 

coralline al al fragments and occasional rhodolites wrhich are present 

within the top chalky beds of the Rdum il Hmar Beds and are considered 

to reflect progressive easterly migration into the area of the Rabat Plateau 

Beds. The capping sequence to the Upper Coralline Limestone at Ghar 

Lapsi is also considered to represent part of the Rabat Plateau Beds 

as it consists of typical oobiosnarite and coralline algal biosparite 

similar to the latter and does not apparently contain carbonate mound 

developments. A marl band occurs towards the top of the sequence in this 

outlier. A similar marl band occurs at (348865) west of Fort Charib,. ey, 

Gozo though these beds are not obviously correlateable. 

(iii) Petrolo, -v 

In this section these rocks are particularly difficult to interpret 

as recryrstallisation has Frequently obliterated all evidence of a1ioci eni 

and m. acrofossils, hence the rock appears as a nass of sparfite bearing a 

anadoz, y texture, possibly representing ghosts of the original f os--j so 
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Frequently the hand specimen gives a more -precise idea of the content as 

the ghosts of the various components still retain subtle shade contrasts. 

Identification of the bioclastic components is rarely possible beyond the 

genera or even family level (Plate lla)Athou h modal analysis does 

indicate that about 20-30; ' of the rock is either of coralline algal frag- 

ments or rhodolites but with additional infrequently scattered bectinid 

and echinoid fragments. All thin sections examined ar : of non-ferroan 

calcite. 

(iv) Fauna and Flora 

LithoDh_y11un rhodolites are the dominant floral component with minor 

occurrences of Corallina sp. and Jania sp. Pectinids occur uncommonly. 

Clyueaster altus, Lamar is occasionally found, especially along the cliffs 

of western )Jarfa Ridge, i'ialta. At Gha jn Selum, Gozo (328894) Bald Ta' Zut:., 

iIialta (456668) vertical and inclined multibianching tubular nett: ori>s 0.5i m 

to 10 mm. diameter occur. These bear hair-like side branches and though 

specifically resembling the description of Cae ichnus (Joust 1968, p. 131" 

are considered to be root systems of indet3rminate marine or intorti d el 

vegetation (Plate 16e). 

b. Tal Pictal Beds 

(i) General 

These NO give their name to the %Iember and are recognised in both 

Malta and Gaza. At the type locality small carbonate mounds are developed 

in sediments not too dissimilar to the underlyin Rabat Plateau Beds. 

(ii) Li chology and. Distribution 

The -rocks are distinguished from the Rabat Plateau Beds by the 

extensive development of carbonate mound bioherms. At outcrop, the sediments 

surrounding the bio'hermis are i ndis ting'uishable from the Rabat Plateau Beis 

though they have not suffered the Same degree of recrystallisation. '^'lhe 
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carbonate mounc4s on the other hand are sianif-icantly different, being 

lensoidal in the lower beds and apparently orientated in an east-; ', west 

direction (Plate 9d). These lenses are frequently oolitic in the lowest 

horizons, such as in the Dingli Cliffs ; There they are 3-5 metres aide and 

1 metre thick, but higher in the sequence, such as west of i: eiiieha, 

the bioherms may be over 32 metres in width and 2-3 metres thick. These 

latter-mounds are dominantly micritic, thou&li this may partially reflect 

recrystallisation of coralline algae and coral which make up the main 

framework of the mounds. Disarticulate mollusc shells also figoxe highly 

in these structures. 

In i"Talta the beds transitionally succeed the Rabat Plateau Beds and 

are best developed in western areas of the island. A lateral facies change 

occurs eastwards and the beds nass into Rabat Plateau Beds (Pi. 5). In 

Comino the same lateral relationship i3 seen with Tal Pictal Beds passing 

eastwards into Rabat Plateau Beds. Although Gozo is dominated by Rabat 

Plateau Beds in the east, these give way westwards into Tal Pi ctal Beds, 

particularly around Victoria. These outcrops are now restricted to isolated 

buttes but are sufficiently well exposed to prove conclusively, ' that the 

Tal Pictal Beds rest directly on Ghajn Helel Ne tuber and it ioul. d appear that 

the Rabat Plateau Beds are undeveloped in most areas of western Gozo. 

Throughout the islands the beds are capped by Tat 'T'omna. Beds of the 

Gebel Irrbark Xember. At this contact carbonate mound develoirient abruptly 

ceases and the strata is succeeded by a minor erosion surface in western 

Malta. Above t is, and elsewhere in the islands ; Tat Tomna Beds cross- 

bedded oopelsparites succeed the mounds . 

(iii) Petrology 

Despite the initial field evidence of gross dissimilarity between 

the country rock of niese beds and the carbonate mounds, noda? analysis 

indicates that the two are closely related (Pig. 25iß) , although the car onate 
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mounds have a higher molluscan content. Figure 26a further shoZ"rs that 

unlike the interbank sediments, the carbonate mounds also contain a high 

cor lline algae and compound coral component, both of which are generally 

found in situ within the mounds. Several of the lower carbonate mounds 

from the Rabat Plateau have a high oolitic content and a low fauna, but 

usually it is the interbank sediments i7hichactually contain the highest 

oolith content. This may reach 65 in some samples. Several of the higher 

carbonate bioherms shout internal solution and penecontemporaneous infill 

(Plate ilä). 4 

(iv) Fauna and Flora 

The interbank- sediments contain occasional ClvDeaster alt s. L amzk 

and similar foraminiferal and coralline algal fragments to the Rabat 

Plateau Beds. In addition Halimeda sp. is common in the higher horizons. 

Within the carbonate mound or banks environment Li tho"l?. um sp., 

: esoDh rlltLm sp., Lithonorella sp. Dermatolithon cf. nitida. Johnson, 

LitNothampion sp. , and rare 4rchaeolithothamnion sp. form the bindin'z 

and _ ranework, together with occasional colonial corals such as `"arbel ic. s : 'sea 

cf. reussiana M+A, Dialoastraea ravlin_i Ed & H., Av fites sp., Acro oora sp., 

and an i4erminate compound selerac-rinim coral (Plate 15c). Abknd. an'. 

encrusting bryozoans and forarinifera also occur, ýoýether :; it 'r. occasional 

di2articui ate vermetid gastropods. . Tithi n this framework occur a mass of 

C! -0. (Pls to 9d) and gastro-pods including Venus sp. , Crrd. iuý^ . 

Gastrene. (CaDsa) lacun. oso. Chemrü.. tz, Tares wo?, Sch-ilc? eriw, SD., Arta 

turonicc, Dujardine, TTel l ina sp., Cha rna Dseud. ounicornis Sacco, Os area S'3., 

Linn-e, Giebula sr., Gastrochaena sauarnulo.. Desi. o, Li tnonha a litilotilicrca 

Lwe' : tw, (DubU 
o sT G1ycimeri Q@°'_"_?. T@Sl 

ý" 
:T : iý ostreg 

Lucina ý _., iý., L. iacrýo, nc" tea 

d. ritalin Eichw., Lima sp., lecteil Vit. olonensis Simonelli, Strombus sr., 

Conus sp., 'u, ̂ ritella sp., Ealiotis sp., ihr to sp., Pleurotorna sp., caoulic 



- 125 - 

gastropods and small indeterminate low spire gastropods. Ali phis car- 

bona to mound material is prese_'ved as shell casts which have 'LLecuenily 

been highly bored by Entobia sp., and bryozoans which nou stand out as 

casts within the shell cavities. 0.3 metres diameter cushion shaped 

seballariid mounds occur at Qassam Barrani, L". alta and are made up of 

individual tubes of Protula sp., the apertures of which conver&e touards 

the mound centres. 

C. Detailed Study on Selected Carbonate Hound Developments 

Three localities have been studied in order to appreciate £ully, the 

origins, structure and ecology of these carbonate bodies. 

(iii) Qassarn Bazrani Area (405792) 

(ii) Tat Tornna (417788) 
- Idellieha Area 

(i) Tal Pictal Area (432685) 

(i) Tal Pictal Area (432685) 

These are the earliest carbonate mounds developed, are lensoidal in 

form, and are 3-32 metres ride and 1-4 mstres high. The majority of carbonate 

lenses are cemented by sparite, but there is evidence to indicate that 

in situ coralline algal development has been responsible for binding 

parts of some of the structures, although in many specimens examined this 

has been subsequently micritised. Although the rest of the biota of thes,: 

structures is sparse an indeterminate colonial scleractiniar_ coral, often 

forming dome shaped colonies up to 300 mr:. diameter and 150 mu. hi h, is oa r-- 

ticularly characteristic of these carbonate mounds of the Tal Pictal Beds 

(Plate 15c). This coral is uncommon in the early mounds but becomes 

increasingly more important higher in the beds. 
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Oosparite and oobiosparite make " up the in tra-mound Sediment anö. are 

clearly distinguishable from the unsorted biosparites surrounding the 

mounds. The latter are less well cemented and ar, banked up against the 

mound flanks, suggesting that the more highly fossilif Brous mounds at 

least acted as positive lithified seabed structures. All. appear to be 

orientated in a crude east-west direction, resulting in a lensoidal cross 

sectional appearance along the studied cliff sections. 

(ii) Tat Tomna (417788) - Mellieha Area 

These mounds occur at the top of the Tal Pictal Beds and represent 

the largest structures to be found within these beds (Plate l; d). The 

carbonate mounds of this area are more accessible and a three dimensional. 

interpretation is possible. 

The mounds are of varying size and are less lensoidal in nature than 

the earlier structures discussed above. i"Tansr are 3 metres high and ovex 

30 metres in length , rith an approximate east-rest orientation of their 

long axes. Ho, viever, the latter may be more apparent than real as all the 

quarry sections are orientated in this direction. At the above co-. ordinate 

an abandoned quarry exhibits a north-south orientated section through two 

adjacent carbonate mound lobes. 

Internally the mound is characterised by an abundance of clionid bored 

molluscs, occasional termetid gastropods and the i_ determinate compound 

coral previously reLerred to. : jitnin this mound araa these corals are 

prolific (Plate 15c), the ones in the lower part of the mound in. 
_this 

plate being orientated to former stands of the developing carbonate mound 

front. In p1_-. ces the coral may comprise uo to 2O of the mown stricture. 

It is clearly an allied fors to that occurring in similar car'oon ve mounds 

1=a, o) within the Attarcl Iiember of the Io; rer Corelline Lime. tione (Plate 

The flanking position of t. 1119 coral genus in relationship to the mounds 
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may indicate a preference of the colony for a fairly high energy location. 

Large areas of micrite enclose the biota of the mound and both these areas 

and the corals are frequently bored by Lithophaaa lithoDhaTa , some of k. rhich 

can be clearly seen to bore vertically upwards into the underside of 

loblets of the mound (Plate 10b) suggesting that the mounds were positive 

framework structures bearing overhangs. 
scopic 

On the micro, scale the mounds are seen to have been initially cemented, 

by micrite and bound together with coralline algae but were subsequently 

affected by cavity formation. Within these solution hollows and cavities, 

"gloomy cavity" colonisation has occurred (Garrett, et a1,1971, p. 665), 

consisting mainly of serpulids, membraniporiform bryozoans and encrusting 

foraminifera (Plate llcii) all of which have added to the framework. Other 

cavities appear to have formed by solution, possibly deeper within the 

lithified mound, and have been subsequently infilled by silt, micrite and 

other penecontemporarneous sediments, occasionally forming geopetal struc- 

tures (Plate lld). Most of the aragonitic shell casts from within the 

carbonate mounds are disarticulated burthe dense concentration of these in 

comparison to their virtual absence outside these structures strongly 

implies that they teere bound into place shortly after the death of these 

animals, possibly by rapid coralline algal growth. ' This is confirmed. by 

laminar micritic structures, mainly recognised in thin section, which occur 

abundantly within the mounds. Occasionally these micritised areas are seen 

to have a cellular structure, with oogonia (Plate llci) and are considered 

to be an indeterminate genus of crustose coralline algae. 

The sediments surrounding the mound are clearly seen to be banked ua 

against them and consist of unsorted biosparites and biosparrudites. These 

are clearly seen between the two mound lobes at Tat Tomna quarry, where they 

are banked up against the vertical carbonate mound sides. Haliraeda sp. 
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figures high in these sediments as does Spondylus so., Oskea sp. and a 

wddging horizon of nodule-like domichnia of an indeterminate crustacean. 

Rare talus from the mound is also present at the foot of the lobes. 

Identical Hsli eda rich biosparites are banked up against similar positive 

carbonate mounds a tu (417788) west of I1: ellieha, I-äalta. A3sociý. ted with 

these are frequent wedges of shell debris including; Glvcimerj . dost of 

the above structures have also been oonfirmed in western Gozo, here mound 

boundaries are, however, more difficult to define. 

(iii) Qassarn Barrani Area (405792) 

This problematic area is tentatively referred to the top of the 

Tal Pictal Beds on the basis of its contained patch reefs and its location 

on ton of a cross bedded (Ghadira Beds? ) sequence. This has been partly 

confirmed from aerial photography of the area. 

The carbonate mounds are lensoidal in section and occur in a fine 

grained laminated oobiosparite, associated with possible dessication poly- 

gons. Several of these structures consist of 1.5 metre dia::: eter by 0.3 

metre thick lenses of sabellariid worm reef composed of a genus similar to 

Protula sp. Conoarable samples from mounds high in the Upper Coralline 

Limestone at The Salvatur, Gozo (329915) have also been collected. The 

sequence at Qassam Larrani is succeeded by f oraimini eral bios-carites and 

micrites, V; hich are very similar in aspect to later Gebel Imbark Beds. 

d. Ghadira Beds 

Type locality Ghadira, ? N: a1ta ý406803), (Plate 9b) 

General 

These beds are restricted to alta north of the Victoria Tines i ault 

and the island of Comino, occurring at the latter in the westerly facing 

vertical cliffs below Comino Tower. in : western areas they appear to be 
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contained within the Tal Pictal Beds, which both under and overly them, 1 

but in the eastern area of outcrop (see Pig. 5) they may be both under- 

lain or overlain by Rabat Plateau Beds. 

At the type locality the beds consist of coarse grained bio- 

spararenites and biosparrudites. These form a thick succession of easterly 

dipping foresets, each being 1-1.5 metres in thickness with a dip of about 

220 and a foreset amplitude of 18 metres (see riC;. 26b). 

(iiý Lithology and Distribution 

The beds attain maximum development in western areas of outcrop 

and can be recognised at Ghadira, Comino, Ghajn Tuffieha, Bajda and 

Qassam Barrani. At the former three outcrops large sections exist parallel 

to the easterly dipping foreset direction, but at the latter two localities 

beds believed to be equivalent to topsets and bottomsets are exposed, 

suggesting that the beds are lensoidal in an east-west direction. Although 

usually only the upper and best developed set is exposed in the is7. ands, at 

Ic - Oumnija in the sea cliffs, low angle tangential, southerly dipping 

foresets (lower vector group in rig. 26b) are seen. These are considered. 

to represent the earliest sets developed in the area. The Qasssx: Barrani 

outcrop is comprised of scour and fill channellinä, a. nd low angle cross 

laminated beds dominantly made up of oobiosparites, and is less than 6 

metres in thickness. It is considered to extend eastwards into a more 

typical area of easterly dipping foresets, orimarily recognised from aerial 

photography. The foresets conform to the "klpha-cross stratification" of 

Allen (1963, p. 101), although the Qassam Barrani outcrop exhibits the 

"iIu cross-stratification of Allen (10,63, p. 101) and is similar to the 

Tal Tonna Beds of eastemGoso. 

(iii) Petrology 

The most common rock type of these beds is a packed oosparite or 
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biosparite, -v, hich. is not dissimilar to the Tal Pictal Beds (See Fig. 25b). 

The biosparite horizons are dominantly made uo of coralline algal and. 

forarninifera1 fragments. Tue oolitic samples generally contain up to 

60, '('' ooli ths, though this is frequently at the expense of the bioclastics, 

which are absent in some samples. Faecal pellets (20-40G) Figure in 

rocks from Qassara Barrani. 

Individual megaforese4s were sampled at intervals along their length 

at Ghadira, Ghajn Tuffieha and Bajda Ridge, in order to compare the relation-- 

" shins between the Ghadira Beds and the remainder of the adjacent Tal 

Pictal : lerzber. 

At Ghadira (408806) 8 samples from a 1.4 metre thick foresee shooed a 

general reduction in the percentage of ooliths from the top of the foreset 

dorm towards the base of the fore;, et, a distance of about 150 raetres. 

At Ghajn Tuffieha (422757) a comparable foreset, 200 metres long, was 

sampled at 7 points along its length and showed no apparent trend. 

At Bajda Ridge (422775) Ghadira Bed 1 oresets, again plum- ogstr; arcis , ing 

at 1807were san led at 3 points and indicated that thee: foresets contained 

under 2i, ooliths, although recrystallisation prevented further inter- 

pretation. Finally at this locality, beds immediately capping the Ghadira 

Beds between (416775) and (45780), a distance of almost 2 ions., were 

sampled regularly at 6 Points in order to ao-reciate the relationships 

between the Tal Pictal, Rabat Plateau and Ghadira . eds. : "iodal analysis 

of these samples indicated that beds at the uestern end of the transect 

were associated with carbonate mound deposits �whereas those in the east 

were more micritic in composition. These latter also contained signi- 

2icantry fewer ooliths and a. higher percentage of benthonic foramia; 'ora. 

In addition the eastern samples were indi: 3-6ig- ishable petrologically from 

beds tra nsi± ional between the Rd= il Hmar Beds and the Rabat Plateau Beds. 
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In conclusion, it may be stated that throughout these beds the 

foresets are consistent with beds produced by a moderate to low velocity 

current with low suspension transport entering a fairly deep depression 

(Jopling 1965, p. 782 and 5winchatt 1967, p. 111). Nodal analysis shows 

the gross similarity between the Rabat Plateau Beds and the Tal Pietal 

Beds, but further indicates the close relationship between these two and 

the-Ghadira Beds. It is finally concluded that one of the main access 

points for coarse sediments entering the Rduii il Iinar area to the east 

from the shallower western area dominated by the Tal Pictal Beds, was via. 

the Ghadira foresets (see Fib. 27 and 40). It is difficult, however, to 

. prove conclusively the possibility that the inter-bank channels, associatec! 

with the reticulate mudbark development low in the fiat Pictal 3eds, may 

have aided in the funnelling of shallow water carbonates into the Ghadtira 

Bed foresets. 

e. Ghar Laosi Beds 

(iý General 

Typo locality Gnar Lapsi outlier at In jeffiet (492645). 

This thinly bedded. facies appears to be a lateral equivalent of the 

basal Rabat Plateau Beds, or possibly the top of the Rcdun il ii. ýar Beds. 

(ii) Litholo cr and Distribution 

These beds, now totally recrystallised are entirely res'Uri c teci to 

the extreme southern end of the Rabat Plateau and the Ghar L, -psi area of 

idalta. They consist of thinly laninated, sparsely fossiliferous ? rhite or 

pale grey spý; rites. Their close proximity to the -. aghla4, k =Fault in the 

Ghar La-psi outlier has resulted in the overiolding of these beds, thou nth 

dips decrease irestt7ards (see Plate 10d). The thickness of the beds is 

probably about 20-30 metres. 11dum il Rmar Beds lie conformably beJ. o, r , -ith 
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Rabat Plateau Beds above. 

In the rawara and St. Lawrence area of the southern Rabat Plateau 

these beds are recognised as developing laterally from beds transitional 

between the Mum il Hinar Beds and the Rabat Plateau 3eds. At the former 

locality beds become less massive until at (470679), to the south-, rest of 

St. Lawrence chinch, the Ghar Lapsi Beds become more obviously layered. into 

1 metre beds. It is believed that this increasingly thinly laminated 

tendency ultimately results in the 20-30mal. laminae seen at the type 

locality. Ripple lamination is recognised at Fatýw"rara3 other ise no macro- 

structures are recognised. This conforms to the "Nu-cross stratification'' 

of Allen (1963). 

(iii) Petrology 

Outcrops on the Rabat Plateau are highly recry�talliseci and yield 

little information of value , as is also the case at the type locality. Samples 

taken from the type locality show that alternating laminae of micrite and 

biomicrite occur. Thin sections from In i effiet illustrate micro-scale 

scour and fill structures associated with the beds. These are just ti. sible 

in the hand specimen. Being entirely recrystallised and partially dolo-. 

mitised. the components of the laminae are difficult to recognise. 

(iv) Fauna 

B nthonic foraminifera similar to Rotalia occur as ghosts within 

the laminated micrites and rare pectjnid fragments are also occasionally 

present. 

2. Diagenesis within the Heniber 

The entire sequence is characterised by recrystallisation. This 

varies fron minor pore solution and subsequent sparrar cement development, 
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to large scale recry s tallisa ticn, best seen in t _e -Rabat Plateau and Ta'! 

Pictal Beds. Vast interconnecting cavernous networks have develo_tec? =.,: 9. t?. ä. n 

these beds by the action of percolating grounthrater, and i"reouentiy a 

pseudonodular appearance has been developed on solution surfaces. On closer 

examination these 'nodubs' are seen to be solution resistant Lithon'_r'll, uß 

rhodolites which have become exhumed by solution of the surroundin coarser 

biocalcerenite matrix. Occasionally solution has gone further, such as 

along the Tal 1'ierlah cliffline (408708), where a breccia appears to have 

developed as a result of collapse of the netlike solution horizons under 

the : reight of the overlying strata. Buch of this must have occurred. at a 

late stage in the history of the rock, though the final stage, well seen 

along the Dingli Cliffs, consists of non-ferroan stalactite formation within 

the solution cavities. Smaller dend. ritic calcite growt: thin some 

cavities superficially resemble coralline algal rhodoliti estrhough. thin 

sectioning reveals them to be made up of either a stalactite gro; rth or 

marry calcite. 

Freauently along the Dingli Cliffs there is a sharp contact be t.; een 

the totally recrystallised Jügh filled 'Rabat Plateau Beds und. the cci- 

paratively unaltered underlying Coralline A1'aJ. Bioherr. 

Although the dominant carbonate is loi"; -fer. oan calcite the top `''al 

Pictal Beds Jest of i. iellieha (4279) have been partially dolomitised and 

this also appears to have affected the Rabat Plateau Beds at Ghar 

The underlying Ghar Lapsi Beds in this area are partly al-tared to lo?: - 

ferroan dolomite. This dolomitisation is earlier than the stalac t i"'': e 

forration, as non-ferroan calcite fryreouently ir_fil? s the cavitie within the 

dolomiti$ed rock. 

All the araC5onite fossils trit}h n the member are nou represented by 

shell cast cavities, and it is believed that aragonite solution vias one 

of the earliest effects of dia;; enesis, as it ; ras it all preVious members. 
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In some carbonate mounds of the Tal Pictal Beds cavities have been infilled 

by blocky non-ferroan calcite. 

ý. Pal a eoenVironmental Interpretation 

General 

Biofacies for the Ghar Lapsi Beds and the Ghadira Beds have not been 
of 

erected, bilc4usq the lack o: r fauna. However 
�the following biofacies have 

been recognised within this subdivision of the formation. 

a. Biofacies B Rhodolite Biofacies 

b. Biofacies C Biolithite/Mollusc Biofacies 

a. Bi of acies B Rhodolite Biofacies 

This facies is directly analogous to Biofacies B in the Lower Coralline 

Limestone. It is here made up of both the Rabat Plateau Beds and those 

areas of the Tal Pictal Beds surrounding the carbonate mounds. The rhodo- 

lites are well formed spheroidal colonies intimately associated with the 

coarse biosparite matrixindicating that moderate energy conditions pre- 

vailed. The normal rhodolite component is Zith. onhyllum, which is today 

characteristic of depths of from 12-25 metres (Johnson 1965, p. 16-17), and. with 

greatest development in tropical seas. Mithin the biosparites Corallina 

and Jania occur. Recent species (Johnson 1954, p. 46) are most typical 

of areas of clear water and high tidal range. In summary, it would appear 

that this biofacies is characteristic of moderate to strong energy arras 

in warm shallow seas with little or no silt and mud sedimentation. This 

conclusion is supported by the coarse biosparitic nature of the sediments 

which are typical of a high energy regime. 

b. Biofacies C Biolithite/Mollusc Biofacies 

This biofacies is characteristic of the areas of carbonate mound 

development associated with the Tal Pictal Beds, and is directly a alogous 
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to the comparable developments within the Attard Member of the Lower 

Coralline Limestone. The prolific coralline algal and molluscan populations 

are typical of shallow depth, and the presence of abundant borers indicates 

that the mounds formed positive lithified structures during sedimentation. 

Molluscs within this biofacies have been extensively bored by Entobia cp., 

Bromley (1970, p. 70) in a study of borings as trace fossils, considered 

that clionid borings were most common in the first 25 metres of the sub- 

littoral zone. This suggests that the biofacies under consideration also 

accumulated under comparable depths. This is further supported by the 

abundance of Halimeda sp. in the inter-mound sediments, as this genus prefers 

a shallow water lagoonal environment (Garret 1971, et a1. p. 666 and Chapman 

1906, p. 702). 

The overall structure and biotal content of the younger carbonate 

mounds is remarkably similar to that of the algal cup reefs of Bermuda 

(Ginsburg and Schroeder 1973), which are 10-30 metres in diameter, B -L2 

metres high, and form lithified carbonate structures just below sea level. 

On the basis of this it is believed that the Maltese examples are closely 

comparable, and formed under similar environmental conditions, to those of 

Bermuda. It appears likely that the Halimeda developed in the protected 

embayments between adjacent mound lobes, where calmer conditio. s povsibly 

prevailed. 

The micritic and oolitic carbonate mounds of the lowest horizons, 

seen in cross section at Tal Pictaý, are more difficult to account for. 

The colitic structures arefeenuently cross-bedded and may represent sand 

waves in channel deposits of carbonate material, which was being `'unnellccl 

eastwards from areas outside the islands. The micritic mounds with 

corals and coralline algae are undoubtedly carbonate mound structures 

where finer sediments were bound together by crustose coralline algae and 

coral and, though no confirmatory evidence is seen, marine grass may have 
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further aided in trapping sediments to produce a positive structure. They 

are considered to represent a r. ticulate raudbank development occurring in 

somewhat deeper water to the later mounds, which lay to the east of the 

shallowest mound area (see jig. 27). They are comparable, although on a 

much smaller scale, to the mudbank developments encountered off the east 

coast of Florida (Ginsburg 1956). The faunal content of the haltese 

examples is comparable to those of rlorida, e: capt for the generally lower 

coral and Halimeda content, though no conclusions are drawn from this. 

Both carbonate mound types appear to have accumulated in comparable water 

depths of not more than 25 metres. Perhaps the reticulate mounds developed 

in respohse to the dominant easterly migrating current, whereas the larger 

later mounds developed in response to a more open environment subject to 

wave action. 

The Qassam Barrani sabellariid mounds appear to reflect an intertidal 

development, possibly in a localised area of uplift. They are comparable 

to, aithough smaller than, structures recognised by Hulter (1970, p. 12) at 

Key Biscayne, Florida. 

c. Geological History of the Tal Pictal Member 

Nicritic sedimentation within the Rdurs il Hinar Beds was gradually 

terminated by the influx of bioclastic sediments enterin the north-south 

depression from shallower areas to the west of it. To the south the G_^ ar 

Lapsi Beds developed in an intertidal and shallow water environment which 

develo-oed at this tirme. The intertidal San Leonardo Beds (to be discussed 

later) may possibly belong to this phase ptthough no positive evidence is 

available. If they are cor_tenporaneous, then they may represent sediments 

deposited on the eastern periphery of the Rdtu: i i1 Hmar basin (6 in Fig. 27) e 

To the west, shallow marine conditions prevailed and a rhodolite biosparito 
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facies, the Rabat Platea t Beds, evolved, and subsequently migrated eastwaxds 

with Ririe under the possible influence of a dominant westerly current. 

"Within this area small emergent shoals developed and supported a restricted 

vegetation, now represented by rootlet cavities at some localities. 

The resulting shallow conditions produced soon became covourable to 

the development of a reticulate mud bank environment between i-rIqich oolitic 

rich sediments were swept eastwards to aid in the ir_i il ?i nU of the relict 

Rdum il HImar depression. These are the lowest horizons of the Tal Pictal 

Beds. 

As time proceeded, the vast volumes of derived bioclastics and oo1itha 

produced in the shallow water environments to the west of T-ialta, tirele 

sufficient for the development of localised deltas, the Ghadira Beds. 

Sediments were channelled into the head regions of these structures, which 

lay in embayments between easterly migrating lobes of the Tal Fictal Beds,, 

and foresets were built out eastwards. The amplitude of the foresets in 

these beds may give a minimal indication of the water depths within the 

rapidly filling eastern depression at this time. 

In time, the relict north-south orientated eastern äep res, s on z; Te s 

ultimately infilled, primarily by Ghadira Beds, but also by Rabat Plateau 

Beds. The resulting shallow environment, which by this time extended 

throughout central and western areas of the islands and may even have 

extended into the east, was colonised by crustose coralline algae, corals, 

molluscs and other framebuilders, and comparable structures to the Bermudah 

algal cup reefs developed along the southern shores of that is? and.. 

The flanking sediments to the i"Ialtese structures are also comparable 

to Bermudan counterparts, as are the rsu1tigeneraticn void formation and 

inf i1? ings within the reef's. 

Sudden upli t abruptly terminated reef development and brou 'r?. to a 

close the Tal 1ici: al episode. This was associated with erosion in 

. western areas of : "-re]. ta. 
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Although precise thickness variations within the member have not 

been obtained, it is apparent that the beds attain their greatest 

development in Comino, and ="ialta north of the Victoria Lines Fault. in 

Gozo a very thin development of Rabat Plateau Beds separates the Gebel 

Innbark idember from the Mtarfa 1"Iember and the Ghadira Beds are absent 

(see Pig. 5). A comparable thin succession of Tal Pictal Member separates 

Coralline Algal Bioherm from Gebel Imbark Member, and again the Gha direr 

Beds are absent. Between these two areas of thin develo-)ment lies the 

island of Comi_co where Ghadira Beds are thickly developed, and northern 

1ialta, also with a thick Ghadira Bed. development. The easterly convergence 

of the Tat Tomna Beds (Gebel Imbark Member) and Rdun il Hmar Beds (i-? tarfa 

IHTember) is well displayed from Ghadira and west -vlarfa Ridge, where great 

thicknesses of Tal Pictal Beds separate the two; through the Rdu! il Hmar 

area, where thin Rabat Plateau Beds separate them; finallf to eastern Gozo , 

where the two lie even closer together. This -relationsb ip is inferred to 

exist across the Victoria Lines area of Halta, but is either removed or 

obscured by Quaternary deposits in this area. 

The conclusion is that the Tal Pictal iienber is primarily a secdr"Ient 

accumulation centred on western : -ialta, north of the Victoria Lines Fault, 

and Comino hich developed in response to a regional tectonic do-um-1: "arp in 

this area. This % , as possibly related to the earlier north-south orientated 

structures of the Blue Clay Formation, Ghajn i'Telel and i"itarfa i-ierrbers. 
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CHAPTER 9 

UPPER CORA. LLI\TE LIMESTONE POR II TION 

1. Gebel Imbark Member 

Type locality Gebel Imbark, Malta (401807). 

This is the highest subdivision of the Upper Coralline Limestone 

recognised in the present study and is restricted to small isolated out- 

Tiers in eastern Gozo and western Malta. The Member is further subdivided 

into the following: 

c. San Leonardo Beds 

b. Gebel Imbark Beds 

a. Tat Tomxia Beds 

a. Tat Tomna Beds 

(i) General 

Type locality Tat Tomna (421799), east of Mellieha (Plate 10c), 

rohere the bods attain their most typical development. Their lower contact 

at this locality is sharp, due to the occurrence of a basal erosion surface 

separating them from the underlying Tal Pictal Member in north-western 

extremities of Malta. This contact is'even more apparent west of the We 

section. The typical cross-laminated oopelsparites of the Beds show w 

transitional upper contact with the overlying Gebel Irrbark Beds., Here these 

are preserved. More commonly, however, the Tat Torma Beds occur on isolwtod. 

outliers. 

(ii) Lithology and Distribution 

Pale grey, fine grained limestones exhibiting lour angle cross-lwmin-- 

ation of tabular type generally occur* in western Malta, 1? alaeocurrent 

analysis shows a slight preference to a dominantly north-eastern oricifba- 

tional maxima (Fig. 26b). Sets of cross-bedding are composed of dominant 

iores ets, with occasional bottomsets, individual sets averaging 100--200mrn. 

in amplitude. 
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At the type locality the beds are over 2.3 metres in thickness. 

This appears to be a maximum value and more frequently less than 1.5 metres 

is preserved. Outliers near Tal Pictal, Malta exhibit small scale scour 

and fill and tabular foresees suggesting very shallow conditions? and small. 

scale ripple development. This contrasts with the "Mu cross-stratification" 

of Allen (1963, p. 1071 at the type locality, and the trough cross-bedding of 

easternGozo outcrops, which conform to the "Nu cross--stratification" of 

Allen (1963, p-101). 

The beds at outcrop are variable in composition, individual laminae 

alternating between inicritic rich and oolith rich types. 

(iii. ) Petrology 

Most samples from these beds are classified as oobiosparite or 

oopelmicrite , though bentnonic foraminifera are often abundant in some 

samples. Frequently, however, these foraminifera are fragmentary and form 

the nuclei of the ooliths (see Fig. 26a and Plate 12a). The individual 

pellets within the more micritic laminae are frequently aggregated into 

grapestone, varying in size from 0.15-0.2mm. in diameter. The ooliths range 

from 0.6-1mm. in diamater. The ooliths frequently contain micritic cores, 

possibly representing original pellet nuclei. Oosparites are the more 

typical roch type in eastern Gozo associated with the low ý. mplý. turý. e festoon 

cross-lamination. 

(iv) Fauna 

The fauna of the Tat Tomna Beds is sparse, .. Rotalia sn. and other 

fragmentary benthonic foraminiferal allochems are present, usually in the 

form of oolith nuclei. Occasional casts of small, indeterminate gastropods 

are found scattered througLout the beds. 

b. Gebel lmbark Beds 

(i) General 

Typo locality Gebel Imbarks Nalta (401807) 
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The isolated nature of the occurrence of these beds makes correlalion 

dif icult, particularly between the outcrops on Malta and Gozo. 

(ii) Lithology and Distribution 

Two regions with distinct lithologies can be recognised. The first 

is characterised by the Gebel Imbark and Tal L'Abattija outliers of'Malta. 

Although in the field these rocks are often so recrystallised that original 

depositional textures have been obliterated, massive grey micrites appear 

to be the dominant rock type. Towards the top of the Gebel Irrbark section. 

a thin stromatolite horizon occurs, and can be traced the length of the out- 

lier (see Fig. 5). This is believed to correlate with a similar horizon 

closely overlying the TO Tomna Beds at Tal L'Abattija, and another recog- 

nised in loose blocks and local walls at the eastern end of the Binget, ma 

outlier further to the east. The strata above this horizon appears to be 

massive and micritic in nature. 

In eastern Gozo the TO Tonrna Beds are overlaid by strata not dis- 

similar to the Tal Pictal Beds. Little of the beds is preserved here so 

the presence or absence of the stromatolite horizon cannot be ascertained. 

The sediments are coarsest in the northerly outliers but contain much 

micritic material in outliers further south. Scattered rhodolites are 

present in the coarser beds. 

(iii) Petrology 

Thin sections of the Malta material merely show massive recrystal- 

lised grey limestone which was possibly once micritic. Thin sections from 

the stromatolite horizon at Gebel Imbark reveal that a large quantity of 

gypsum is present between successive algal laminae. These grains average 

less than 0.1mm. in length and are considered to have grown within the algal 

mat, soon after formation. Oo: nicrites occur in the lowest few metres of 

these beds at Gebel Imbark, although diagenesis has generally obliterated 

other primary structures which may once have been present. 
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c. San Leonardo Beds 

(i) General 

Type locality San Leonardo, eastern Malta, (60701 Here they form 

a capping sequence to the hill and rest unconformably on top of the eroded 

Globigerina Limestone Formation. A total thickness of 9-10 metres of 

sediment is preserved. 

(ii) Tithology and Distribution 

Two distinct beds of pale grey biosparite are recognised throughout 

the two kilometre long outcrop and these are separated by a bed of grey 

marl. This marl at its thickest is 1 metre thick where seen around the 

old quarries east of the fort, but becomes thinner At the. south side of the 

moat surrounding the fort. The basal contact of San Leonardo Beds with 

Globigerina Limestone (see Plate 12c) is sharp, the eroded Mic. cile Glohi- 

gerina Limestone presenting an irregular upper surface, possibly produced 

by submarine erosion. The section visible in Plate 12c shows coarse San 

Leonardo Beds sediments containing lithoclasts of sparite in a biosparite 

matrix. At most other exposed basal contacts scattered glauconite grains, 

sub-1mm sized phosphorite pebbles and rare oysters are present. This 

horizon is possibly 5 metres in thickness and is succeeded by the marl bad, 

which is now greatly altered by caliche development. It has sharp basal 

and upper contacts. Finally the marl bed is succeeded by a further 3 

metres of biosparite. 

Primary structures are abundant in the two biosparite beds ('see Plate 

12b). The lowest biosparite shows an extensive development of scour and 

fill channels up to 4 metres wide and 0.7 metres deep. Mzny of these show 

evidence of lateral migration, and frequently show marly laminae within the 

infill, resembling typical flaser bedding. In the upper biosparite similar 

developments of channelling are seen, but these are on a somewhat larger 

scale with individual channels, such as the one visible in the south ±acinL 

moat wall to the fort, being approximately '( metre deep sind. 6-"7 met es wide. 
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The largest channel inf fling within these beds is seen within the two 

old quarries, a few metres to the north of the fort. Here approximately 

2 metres of coarse bioclastic and lithoclastic channel infill is preserved 

at the top of the sequence, And can be recognised at least 1 km. north as 

loose wall blocks. The bioclastics consist of coarse molluscan shell 

fragments and the lithoclasts of biosparito and biomicrite pebbles of up 

to 70mm. diameter. These undoubtedly represent a channel base lag con- 

glomerate. INieasurements indicate that most channels have axes orientated 

in a north-south direction (see Fig. 26b), and scour and prod marks seen on 

the sole of some laminae support this. Miere the beds are not channelled. 

they consist of level but thinly bedded alternations of coarser and finer 

biosparites, frequently with w, rhispy intercalations of darker grey marl. 

(iii) Petrology 

Samples from the basal contact around the north-eastern side of the 

outlier indicate that a thin pelmicrite was initially deposited, containing 

micritic rock clasts, fragments of phosphorite, and reworked glauconite 

grains. Higher in the beds thin micritic layers persist and are inter- 

layered with coarser detritus. Some samples, although recrystallized, show 

much molluscan debris in what was once a biosparite (Plate 12d). Samples 

towards the top of the lower biosparite contain up to 21j echinoderm debris, 

with occasional bivalve, ostraco& and foraminiferal fragments making up the 

remainder, of the bioclastic component. 

The 1 metre grey to dark brown marl bed above the lower biosparite is 

of particular interest, as samples from the middle and top of it yield a 

sparse fauna of ostracodes, foraminifera, small gastropods and gyrogonites 

of Charophyta. Occasional flakes of biotite and tourmaline are also 

recorded. 

The upper biosparite is associated frith the previously described 

channel infill, consisting of shell debris and limestone conglomerate, in a 

quarry at (600706). Sectioning shows thc. t the well rounded elliptical 
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pebbles, averaging 6-70r. Tun. in length are invariably altered to microsparite. 

They are, however, considered to have originally been micritic. Grey, 

mollusc bored biomicrite pebbles are most abundant and contain over 50; 

Globigerina sp., with additional echinoid debris. Well rounded brown 

goethite pebbles are second in abundance and occasional black micritic 

pebbles also occur. These latter two types rarely attain lengths in ex- 

cess of 10mm. Aragonite solution has removed all aragonitic shell material 

and some of the goethite pebbles have been oxidised to limonitic powder. 

Some thin sections contain up to 40; *; pebbles and rounded shell fragments, 

though it is difficult to draw conclusions from the rounded nature of these 

regarding transport distances. 

(iv) Fauna 

The only fossils recorded in the lower biosparite are Ostreg sp. 

from the basal unconformity to the north-west of the old convent. tiiithi_n 

the overlying marl bed four charophyte gyrogonite groups were identified., 

though the absence of the apical systems prevented identification down to 

organ genera. These are associated with ostracodes, including Bairdi-a sr. ) 

a few äitherellids and : trachyleberids. Arnnicola sp. (Plate 96d), the 

dominant gastropod recorded within the samples, was further associated 

with the foraminifera Elphidium sp., Cidicides like forms, Rotalia sp., 

Bulimininae, and rare vinculariform bryozoan fragments. Occasional Schizaster 

spines and asteroid ossicles also occur. 

The upper biosparite yields au abundance of broken and disarticula. te 

mollusc shell casts, especially from the channel infills. These include 

Aria sp., Cardium sp., Glycimeris sp., lucinids, pectinids and Conus sp. 

Casts of Entobia sp. are also present within the shell moulds of several. 

of the lamellibranchs. A number of lithcclasts have been bored by molluscs 

producing crypts similar in outline to lspidophoLas sp. 
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2. Diagenesis within the Member 

The effects of diagenesis within the member are very similar to the 

preceding one in that only non-ferroan calcite acts as the cementing agent. 

This is likely to have resulted partially from aragonite solution. which is 

considered to have occurred early on in the diagenetic history. 

All thin sections from the Tat Tomna Beds show that the concentric 

coatings to the ooids have survived solution and that the rock is now 

cemented by secondary blocky sparite. The San Leonardo Beds have been 

cemented by blocky sparite3which has also infilled some of the original 

shell moulds producing structureless sparry areas in the rock where arag- 

onitic shells once lay. Some shell moulds have been less perfectly in- 

filled and exhibit a d. rusy rind around the cavity margins. 

In western Gozo the Ghajn Abdul outlier occurs. This cannot be directly 

correlated with any other beds on the island, though the capping sequence 

suggestsa correlation with shallow to intertidal biosparites and oolites, 

possibly of the Tat Tomna Beds. For this reason it is discussed here. 

Towards the top of the solution subsidence infill (discussed in Chapter 12) 

40mmrl20mm. diameter interconnecting nodules occur, aaad are enclosed in a 

white powdery micrite matrix (Plate 10e). Upon stain_ingb both the nodules 

and the matrix are seen to be made up of non-ferroan calcite. The micri. te 

is structureless? but the nodules contain ghosts of fossils and clearly 

indicate that the nodular development post-dated deposition. It appears 

that preferential cementation*of selected parts of the strata)coupic-d by 

micritisat16n of the rest) Lias resulted in this development, which is con- 

sidered to be closely related to the previously described pseudonodule 

developments examined in the Tal Pictal Member. As percolating vadose 

waters are invoked as causing these effects it is concluded that these 

structures are very late stage effects and may be as late as Quaternary 

in age, resulting from the effects of ground water in a more temperate 

climatic regime. 
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3. Palaeoenvironmental Interpretation 

Because of the general lack of information on this member) bior". acies 

are only presented for the San Leonardo Beds. Palaeoenvironmental inter- 

pretations based on sedimentological characteristics are, however, presented. 

on the remainder of the member. 

a. Biofacies N Charophyte/? mnicola Biofacies 

b. Biofacies 0 Mollusc Debris Biofacies 

a. Biofacies N. Charophyte/Amnicola Biofacies 

This biofacies conforms to the marl bed within tue San Leonardo 

succession. The even texture and fine grained nature of this bed clearly 

indicates a calm environment for accumulation. The lens-like outcrop 

pattern further supports a possible fluviatile channel environment. 

Supporting this conclusion is a scanty marine fauna, few in species and. 

nurnbersj and a brackish to freshwater fauna3dominated by four organgenera 

of Charophytaý and abundant specimens of the brackish gastropod ? ýriaicola 

sp. These are considered to have entered the area from the inr: rgins of ra. 

nearby lowland area, by means of a sluggish northerly current and were 

possibly deposited at no great distance from the shoreline (Fig. 27). 

b. Biofacies 0. Mollusc Debris Biofacies 

This biofacies is represented by the two biosparite beds associated 

with the marl bed. Channelling is common within both beds and the channel 

infills are consistent with a high intertidal to subtidal setting with 

laterally migrating creeks or channels superimposed on this. Some of the 

low angle cross-bedding associated with this sediment and the (laser-like, 

whisps of marl are also diagnostic of shallow water sediments simil<r to 

those described by Jooling (1965, p. 782) and may represent ripple develop- 

ment. The thick accumulation of mollusc shell debris and well rounded 

pebbles, seen in north-eastern areas of the outlier, appear to be consistent 
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with channel infill deposits, the whole sequence resembling sediments now 

accumulating low on the shore or just subtidally in the "lower sand. flats" 

of the wash (Evans 1965, p. 223). 

c. Tat Tomna Beds 

The fauna of the Tat Tomna Beds is very sparso, although the deposi- 

tional environment may be readily deduced from the sedimentology. The beds 

are primarily composed of oolites, which are indicative of extremely shallow 

waters (Bathurst 1967 and Blatt et al41972, p. 420). The low angle cross 

laminae and wedging sets also support this interpretation. Foreset orien- 

tation studies (Fig. 26b) are not indicative of a dominant current direction 

for the beds as a whole, though the Mu cross-stratification at Tat Tomna 

suggests trains of migrating straight crested ripples. Opposing directions 

of foresets within this quarry also suggest an intertidal development com- 

parable to those envisaged by Imbrie and Buchanan (1965, p. 159), in the 

Bahamas. The Nu cross-stratification of Gozo outcrops is typical of small 

scale asymmetrical linguoid ripples. in conclusion it is believed that 

the Tat Tomna Beds represent an extremely shallow water to intertidal en- 

vironment of migrating shoals. 

d. Gebel Irabark Beds 

The Gebel Imbark Beds are poorly represented in the islands He to 

erosion. Benthonic foraminifera occur sparingly in these beds and a 

stromatolite bed is recognised. The growtIrlorm of this stromatolite is 

consistent with the "Mode S- type a"structures in the classification of 

Logan et al,. (1964, p. 68), in that spaced lateral linked hemispheres are 

most typical. This growthform is consistent with a low intertidal car- 

bonate mudflat environment where sheltered conditions prevail. The mi- 

critic nature of the surrounding sediments supports the conclusions of 

calm environment hough it is recognised that ooliths and pellets occur 

in the lowest horizons of the Gebel Imbark Beds, indieating that the high 
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energy intertidal conditions of the Tat Tomna Beds were , gradually reduced. 

e. Correlation of the San Leonardo Beds 

Correlation of this isolated outlier is difficult. For the present 

the beds are included in the Gebel Imbark Member)due to their intertidal 

nature, which is characteristic of that member. The low iron content in 

these beds suggests that they formed later than the NNItarfa Member, though 

nothing more precise can be stated. The presence of glauconite and phos- 

phorite along the basal contact may point to the erosion of Greensand areas. 

An alternative correlation ifith the Ghar Lapsi Beds has been earlier. 

proposed on account of their similar characteristics (see Fiig. 27) but this 

has not been confirmed. Considerable effort as made during the present, 

study to Correcate precisely the Sen. Leonardo Beds with other beds in the 

main outcrop bearing marl bands. These are generally restricted to the 

Tal Pictal Member and it was hoped that they could be correlated with the 

San Leonardo marl bed. Samples were talgen from marl beds at Qassam Barrani 

(405792), I1 Prayet (406796), Nieizbiet (353876), 11 Gzira (473652) and Te. 

Brieghen (359865). Significant faunas were not obtained from any of these 

marl bedsyalthough Qassam Barrani samples yielded rare planktonic fornznini- 

fera and benthonicsýsuch as Elphidium sp., Aurila sp., rare trachyleberids' 

and small marine gastropods were also found. All these marl beds are 

associated with marine strata and it is therefore considered that they 

represent sheltered inter-shoal areas Irather 
than fluviatile or intertidal 

channels as is the case with the San Leonardo marl bed. 

4. Geological History of the Gebel Torbark Member 

By the close of Tal Pictal Member ti� es the area covered. by the 

Maltese islands was a region of shallow seasIvith carbonate mounds and patch 

reefs. Intense shallowing in western areas produced a subni. rine erosion 

surface upon which the oolite rich Tat Tones. Beds formed. It is considered 
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that this extremely shallow environment was ideally suited to ooid growth 

in a tidal setting and gradually throughout the area oolite and pelletal 

shoals developed. Some, such as that in the Tat Tomna area, were controlled 

by ebb and flow wave effects)whereas others, possibly in slightly deeper 

water in eastern Gozo, were the product of transport by linguoid ripples. 

The Tat Tomna Beds were drawn to a close by the development of large 

quantities of micrite, indicating that the Maltese area had been cut off 

from the influence of wave action, possibly by further uplift in the west. 

Within this new environment a thick sequence of micritic sediments devel- 

oped in Malta and include a prominent stromatolite horizon. This appears 

to indicate that ultimately the micrite lagoon was brought into a supra- 

tidal bnvironment)mar'ting the closing stages of marine sedimentation in 

Malta. In Gozo, beds considered to belong to the Gebel Imbark Member sno1: = 

that a more vigorous environment still persisted there and algal rhodolites 

developed in the shallow seas. Only a few metres of sediment. are pre- 

served in these outliers and so the final stages of marine sedimentation 

are not seen. 

If the San Leonardo Beds are related to this episode of deposition 

then they must represent the eastern margins of the depositional area. 

They may, however, correlate with a similar location during the de-Position 

of the Gha r Lapsi Beds. 
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TA_B12 5 

Faunal and Floral List for -filze Upper Coralline Limestone 

In compiling this list the following references have been consulted: 
Spratt (1843) ; Davidson (in Adams 1864) ; Uright (1855 and 1364) ; Duncan 
(1865) ; Fuchs (1374) ; Grebory (1390-91) ; Murray (1890)', Roman L. nd hofier 
(1939); Samsonofi (1917); Reed (1949), dithers x; 1953); and. specimens 
housed in the British Museum (Natural History. All other data has been 

obtained during the present study. 

Vertebrata 

Bregmaceras albyi Sauvage. 
Syngnathus sp. 
Serranus sp. 
Indet. Percoidea. 
Indet. member of the Zeidae. 
Carcarodon megalodon r'. gassiz. 
Odontaspis sp. 
Isurus sp. 
Sparus sp. 
Lamna sp. 
Myliobatis sp. 
FTalitherium sp. 
Cetacea vertebrae. 

Echinodermata. 

Cid. aris melitensis Wright. 
Psanunechinus duciei Wright. 
Psammechinus scillae Wright. 
Echinus tortonicus, Gregory. 
Clypeaster altus Lama3&. 
Clypeaster altus var. alto-costatus Lama .. 
Clypeaster marginatus Lamav'k. 
Clypeaster tauricus Desor. 
Clypeaster reidi Wright. 

Lchinolampas hemisphaericus Gregory. 

Echinolampas pignatarii Airaghi. 
Tchinolampas subpentagonalis Gregory. 

Prenaster exentricus Wright. 
Amblypygus melitensis Wright. 
Spatangus delphinus Defrance. 
Brissus depressus Defrance. 
Brissus cylindricus Agassiz. 
Brissus tuberculatus Wright. 
Brissus latus Wright. 
Brissus imbricatus Wright. 
Brissus oblongus Wright. 
Brissopsis duciei Nright. 
Asteroidean dermal ossicies. 

Ga3trO Oda 

Conus ven-tricosus. 
Conus mercati. 
Conus so. 
Anciliaria g1anlif ormis . 
Strombus coronatus3 Defrance. 
Fus us virgineus. 
Fusus valencienresi. 
Murex trunculus. 
Murex brandaris. 
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TABLE 5 (continued) 

Pseudoliva brugadina. 
Nassa prismaticum Brocchi. 
Buccinum costulatum. 
Buccinum phillipi. 
Buccinum dujardini. 
Terebra acuminata. 
Pleuiotoma granulato, cincta. 
Cerithium vulgatum. 
Cerithium cf. varicostun. 
Cerithium bronni. 
Cerithium minutum. 
Erato sp.? 
Haliotis volhynica. Eich4ld. 
Schilderia sp.? 
Turritella vermicularis Brocchi. 
Turritella riepelli. 
Turritella turris Bastero-b. 
Turritella sp. 
Trochus patulus. 
Trochus fanulum. 
Bulla lignaria. 
Natica millipunctata Lamank. 
Natica josephina. 
CreDidula cochlearis. 
Xenophoria sp. 
Amnicola sv. 
Indet. Capulid gastropods. 
Indet. high spired gastropods. 

Lame 11ibranchiaL& 

Pecten beaudanti Bist. 
Pecten senensis Tournour. 
Pecten pandora Deshayes. 
Pecten squamulos. 
Pesten vigolenensis Simonelli. 
Pecten solarium Lama2 . 
Pesten varius Lamaik. 
Pesten tournali. 
Pesten besseri. 
Pecten eligans. 
Pee-ben substriatus. 
Pee-ben reusii. 
Pecten revolutus Michelotti. 
Flabellipecten larteti Tournour. 
Flabellipecten fraterculus Sowe-rby. 
Aequipecten cristatum mut. badense Fontannes. 
Chlamys (macrochlamis) latissima, t3rocchi. 
Chlamys scrabella Lama s. 
Chlamys (Amusiopecten) burdigalensis Laraxrk. 
Chlamys multistriatus Poli. 
Ostrea edulis var. boblayei Linse. 
Ostrea virleti Deshayes. 
Ostrea plicatella. 
Ostrea digitalina Fichireld. 
Spondylus crassicosta Lamaxdc. 
Spondylus quinquicostatus Deshayes. 
Lima squamata Lamaitk. 
Lima sp. 
Pinna sp. 
Area turonica -Dujardine. 
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TABLE 5 (continued) 

Arca iichtelii Deshayes. 
Arca noe. Pontlevoy. 
Arca sp. 
Glycimeris pilosus. 
Glycimeris deshayesi (Mayer.. ) 
Glycimeris obtusatus. 
Gast'rochaena sauamulosa Desio. 
Lithophaga lithophaga Linne. 
Clavagella sp. 
Venus multilamella. 
Venus plicata. 
Venus clathrata. 
Tapes sallomacensis Fischer. 
Tapes vetula, Basterot. 
Lutraria lutraria Linne. 
Lutraria oblonga. 
Thracea pubescens Pulteney. 
Panopea sp. 
Cardita crassicosta Lamm. 
Cardita scabricosta. 
Cardita jouanneti. 
Cardita partschi. 
Cardita calyculata. 
Chama gryphoid. es. 
Chama pseudounicornis Sacco. 
Tellina planata. 
Tellina strohmayeri. 
Capsa lacunosa Chemnitz. 
Cardium hians Brocchi. 
Cardium pectinatum. 
Cardium multicostatum Brocchi. 
Cardium turonicum. 
Cardium moeschanum. 
Cardium andreae Dujardine. 
Lucina ölobulosa. 
Lucina, collumbella Lama z. 
Lucina transversa. 
Lucina haidingeri. 
Lucina multilamellata Deshayes. 
Loripes incrassata (Dubois. ) 

Decapoda 

Callianassa sp. 
Indet. rrachyura. 
Necronectes scha2feri. 
Harpactocaranus c. quadri. lobatus Desmarest. 
Scylla cf. serrata. 

Cirr"ipeda 

Creusia cf. rangi. 
Balanus sp. 

Brachiopod. a 

Terebratula -terebratula, Limie. 
Aphelesia bipartita (Brotcri. ) 
Megathi-ris s p. 
Argyrot oca sp. 
Terebratulin_a caput-serpentis Liiuie. 
Negerlia sp. 
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TABLE 5 (continued) 

Ostracoda 

Aurila sp. 
Bairdia sp. 
Cithereis sp. 
trachyleberids. 

Bryozoa, 

.4 

Rectorychocella sp. 
Berinicea sp. 
Cellaria sp. 
Eschara monilifera. 
Cellepora mammalata 
Cellepora polythele 
Cellepora parasitica 
Cellepora sp. 
Calpensia impressa 
Calpensia sp. 
Corymbopora sp.? 
Vibracellina sp. 
Hornora sp. 
2dembranipora sp. 
Escharina sp. 
Batipora sp. 
Lichenopora spp. 
Bicupularia sp.? 
Escharoides sp. 
Neniuraniporella sp. 
Crisia spp. 
Canda sp. 
Itetepora sp. 
Iclmonia sp. 
Scrupocellaria sp. 
Entalopora sp. 
Cribrilina sp. 
Tubucellaria sp. 
Sertella sp. 
Cribrilaria sp. 
Porella sp. 
Lunnulitoform sp. 

AnEhozoa 

Busk. 
Raus. 

%: ich. 

Moll. 

Stylocoenia lobatorotunda Michelin. 
Dondrophyllia irregularis. Blainville. 
Porites incrustans De rance. 
Astraea (Heliastraea) sp. 
Stylastraea sp. 
Tabellastraea cf. reussiana 1, NE. an7. H. 
Coral genus A, sp. b. 
Heliastraea raulini IýM. and H. 

Miscellaneous 

En_tobia cf. cretacea Portlock. 
Entobia sp. 
Serpula sp. 
Creusia rengli Desinoulins. 
Calcareous sponge triads. 
Protula sp. 
Caegichnus? 
A'! ukichnus? 



- 154 - 

TABLE 5 (continued) 

pterzdophyte spores 
grass pollen. 

Foraminifera 

Biloculina sp. 
Spiroloculina spp. 
Miliolina sp. 

lveolina sp. 
Textularia sp. 
Verneiulina sp. 
Tritnxia sp.? 
Bolivina sp.? 
Pulvinulina spp. 
Nonionina spp. 
Polystomella spp. 
Amphistegina sp.? 
Ca1a ru1ina Sp.? 
Lagena sp.? 
Nodosaria sp. 
Polyrnorphina spp. 
Globigerina spp. 
Discorbina spp. 
Planorbulina spp. 
Trwcatulina spp. 
Rotatilia sp.? 
Elphidium sp. 
Cibicides sp. 
IlIeterostegina depresses d'Orbi; ny. 
Anoma. lina sp. 
Neou. iveolina melo Fichtell and Moll. 
Pyrgo sp. 

Coralline A1siae 

Litliophyllum destefanii S4. msonoff. 
Litliophyllum sp. 
Nesophyllum sp. 
Lithoporella sp. 
Lithothaninion sp. 
Archaeolithothamnion spn. 
Jania sp. 
Coru. llina sp. 
Halinneda sp. 
Gyrogonites of Charophyta. 

Other Algae 

Stromatolites. 

Of all the unlocat, ed specimens in the list by far the greater 

part are most likely to have been collected from the richly fossiliferous 

Tal Pictal Beds. A large number of the pectinids are probably from the 

Ghajn Melel Member. 



MODAL ANALYSIS OF TAL PICTAL & TAT TOMNA BEDS 

PELLETS 

4L RICTAL 
MEMBER 

CORALLINE ALGA 
CORAL, BRYOZOA 

Fig . 26a 

f 

FORESETS DATA 
TAT TOMNA BEDS 

f N 

N=15 

4v 
TROUGH ORIENTATION 

SAN LEONARDO BEDS 

OTHER BIOCLASIS 
& OOLITHS 

N=63 

r 
N=10 

MEGA"FORESETS 
GHADIRA BEDS 

DIRECTIONAL DATA FROM THE UPPER CORALLINE LIMESTONE FORMATION 

Fig . 26b 



U) J 

W 
z 
J 
J 

0 
U 
w 
W 
C- 
a- 
D 
C- 
O 

w 
I-- 
U- 
0 
U) I- z 
w 
2 
z 0 
W 
z w 
IL 0 

U) 
U) 
w 
F- z 
r 

`Y- 
ý'`\hfl `\ 1 \\\\ (ý 

/? 
/ 

O tn 

cn 
QW 
F- m 

ö 
W 

Co 
ºQ-äZ W m 
wÖ 

W 

Z w m cn CL 
< 
Z w Q J 

O Q W 
Ü 

ä9 = 
I 
_ < 

iQ w (D tD N 
. - NM [r Ui cD 

ý 
VIII 

' 
.. i.. 

ý\"\\ 

', 

+\\\ 
, Ný ý' 

w\\ \ 

(L W 

LLI a 
vin 
9u° 



--155- 

LI- ARTEP 10 

ANALYSTS OF THE TYR BRATULA-AP=UMESIA BED 

(a) General 

Within the basal Upper Coralline Limestone of both Malta and Gozo a 

prominent shell bed occurs (See Chapter 7). This bed, varies in thickness 

from 0.2 metre to 3 metres and contains the brachiopods Terebrotula 

terebratula Linn'e and Aphelesia bipartita (Brocchi). The brachiopods had 

both been recorded previously under the names Terebratula sinuosa and 

Rhynchonella bipartita by Davidson (1864), but the regional distribution 

of the bed had never before been appreciated. The bed generally occurs in 

soft, marly, algal limestones in western Malta and eastern Gozo. but may also 

be in "Greensand" or yellow micrite (Chapter 7). In western Gozo, beds be- 

lieved to be of comparable age to the brachiopod bed are represented in the 

Ghajn Melel Beds by biosparites containing Chlc, mys (Macroclc, mis) latissim a. 

Brocchi, wrich occurs in a restricted vertical ranee within these beds. 

This correlation is based on the restricted ranee of C. lat ssi*aa in westoral 

areas of the Coralline Algal bioherin, where it occurs in associ4. tion with 

Ostrea virleti Deshayes, either within the brachiopod bed or not more than 

2 metres above that bed. These relationships are depicted in 1? igs. 22b and 

24b. 

The friable condition of the sediments, together with their highly 

fossiliferous nature, particularly in the case of bryozoans, fecllitäied 

detailed biotal analysis of this bed. The bed was sampled at 39 localities 

throughout the islands with a further 10 samples being taken for strati- 

graphic control purposes. Each 0.5 kilogram sample was boiled in sodium 

hydroxide and sieved in 5,10,20,40 and 60 mesh sieves and fines were 

examined. All brachiopods from each sample were collected and counts of 

bryozoan growrbh: forms were made from each sieve size. The relative abundance 

of all other fossil fragments was also assessed. 

Generally speaking, the samples broke down relatively quickly, though 

prolonged boiling in well cemented samples caused some claniage to components. 
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It was found difficult to record accurately. the number of shell casts of 

the once aragonitic bivalves, bhough attempts were made to estimate these 

components prior to boiling. The reason for counting material from all 

sieve mesh sizes was that cellariform bryozoan {nom in particular ten1ed 

to separate out in the 60 mesh, whereas encrusters were generally collected 

in the 10 and 20 mesh sizes. An additional sieve of 5 mesh grade was used 

to collect all e 'ailed material, mainly rhodolites and entrapped sec'_lment. 

This was weighed and subsequently taken into consideration when the total 

numbers of specimens per locality were obtained. 

b. Bryozoan Growthf orm S"budy 

(i) General 

Although initially the Terebratula-Aphelesia Bed study involved 

brachiopods only, it was extended to bryozoan growth: forms once the signi- 

ficance of these as environmental indicators was realised. Stach (1936) 

was the first to appreciate that bryozoa could be divided into a number of 

different growth-forms, each of which was constant and diagnostic of a part- 

icular range of conditions. This work was conducted on the Miocene strata 

in the Geelong district of Victoria, Australia. These growthiorms and 

their inter-relationships with set environments were further verified by 

Laagaij and Gautier (1965) in their study of the bryozoan assemblages of 

the marine sediments of the Rhone Delta, France. Since this time further 

work by Askern (1968), Schopf (1969), Cheetham (1971), and Annoscia and 

Fierro (1973) has clearly shown that growth-'orm studies are applicable to 

all suitable samples at least from the Cretaceous to the present day. 

In the present study the emphasis has been placed on the encrusters, 

as they are not only diagnostic of shallow conditions, but show least ten- 

dency to be transported subsequent to death, unlike the vinculariform and 

cellaxiform groups which are readily transported upon death. All other major 

forms, however, have been accurately studied and conclusions draim from 

this bed have been freely applied to all the Oligo Miocene formations of 
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the Maltese Islands. 

For each sample the total numbers of each grocTth=£orm were recorded 

and were converted to percentages of the total bryozoans per sample. The 

major genera were also identified (see faunal list in Chapter 7). The 

growth-forms are subdivided into the folloiring types: 

a. P-iembraniporißorm A 

b. Celleporiform 

c. Vinculariform 

d. Cellariform 

a. Membraniporiform A Growth-form 

(i) General 

This is an encrusting membraniporiform bryozoa typified by a calcified 

dorsal wall (Plate 18d). It is most characteristic of areas where disposi- 

-tion is slow or absent, but is adapted for life in the littoral and sub- 

littoral zones (Stach 1936, p. 61), and generally encrusts non-flexible sub- 

strates. it is typical of depths less than 40 metres (Lagaaij and Gautier 

1965, p. 51). 

(ii) Distribution 

Figure 28a indicates the percentage distribution of this grc th-orm. 

If this figure is compared with the biofacies map (Fig. 22b) then it is seen 

that the Coralline Algal Bioherm supports the highest percentages, partic- 

ularly the eastern margins of the bioherm in Malta, and with values falling 

away rapidly both east and west of the bioherm. There is a marked absence 

of species from the Ghajn Mele1 Member and from the Mtarfa Beds. 

b. Celleporiform Growbh: form 

(i) General 

This is the second type of encrusting bryozoa present and. is typified. 

by irregularly heaped individuals, frequently forming rnultilameliar masses 

(Plate 18f). Lagaaij and Gautier (1965, p. 52) consider this forni to be 
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typical of littoral and sub-littoral conditions where no active transport 

is taking place. They frequently encrust flexible substrates. 

(ii) Distribution 

Fig. 28b illustrates the percentage distribution. Again it is noted 

that the highest densities are located on the Coral line Algal Bioherm and 

at about the same situations as for the membraniporiform 1: group, . Because 

of the close relationship between these two growth form types, together with 

their comparable optimum habitat requirements, it has been decided to place 

them together into one group entitled "encrusters" (rig. 29a). This figure 

clearly indicates the close relationship between the bryozoa and the 

Coralline Algal Bioherm, even to the extent of a reduction in the number of 

encrusters associated with the break in continuity of the bioherm in central 

western Malta (Compare with Pig. 22b). It is noted that, besides the pre- 

viously recorded areas of low colonisation, the area of grey marly alfa7. 

biomicrites, comprising the western side of the bioherm in central-western 

Malta, is characterised by under 25% of encrusters. The western boundary 

of the distribution in Gozo is apparently affected by the tongue-like ex- 

tention into the Coralline Algal bioherm, of the Ghajn NNielel Member, the 

latter of which in this area of Gozo contains a dominant eschariform bryo- 

zoan development which is typical of shallow water conditions. 

c. Vinculariform Grow-form 

(i) General 

These bryozoans consist of erect dichotoinously branched, sub-cyli. ndri- 

cal growwrth-forms attached by a calcareous base to a solid stratum (Plate 

18e). Stach (1936, p. 62) observed that this group was "adapted for life 

in deep and sheltered waters Were wave action is absent and currents 

scarcely active. This group typifies growth in quiet nateN The depth 

range is 40-90 metres (Lagaaij and Gautier 1965, p. 51). 

(ii) Distribution 

Although the distribution of this group (Pig. 29b) appears to be SL ldlar 
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to the encrusters, careful examination shows that the vinculariform growth 

habit is concentrated on the eastern side of the Coralline Algal Bioharm. 

It reaches the highest densities just off the bioherm on its eastern side, 

diminishing away rapidly to zero in eastern Malta. The group is also well 

represented in the grey marly algal biomicrite area to the west of the 

Coralline Algal Bioherm in western Malta. As a CrowtWorru "_ this group 

is poorly represented and rarely forms more than 25i; of the sample. 

d. Cellariform Growthform 

(i) General 

This term was also first applied by Stach (1936, p. 63) to designate 

erect flexible jointed colonies of cylindrical calcareous bryozoans 

attached to the substrate by means of rootlets. According to Stach (1936, 

p. 63) "This type is adapted for life in the littoral zone where algae 

usually form the basis for attachment and the effect of wave action is 

overcome by the articulation of the long narrow internodes" (Plate 18c). 

"Occasionally this form extends to greater depths. " Lagaaij and Gautier 

(1965, p. 56) further pointed out that the ability of the articulated inter- 

nodes passively to shake off settling clay particles probably enables this 

group to colonise turbid waters. Today (Gautier, 1961, p. 352) 'this form 

is most typical of moderate depths on a variety of substrates. 

(ii) Distribution 

Examination of Fig. 30a reveals that the distribution of this grmrth-form 

is diametrically opposed to that of the encrusters, being dominant in the 

eastern areas of Malta and to a lesser extent eastern Gozo. Samples from 

western Gozo yield no individuals, as is the case with the crestal area of 

the Coralline Algal Bioherm in central western Malta. In fact, comparison 

of Figs. 30a and 29a clearly show the opposing distrihution, together with 

the fact that the grey marly algal biomi. crite area of Fig. 22b supports up 

to 750 cellariform growth: form bryozoans by total count. in eastern Malta 

up to 1005 of the sample is composed of this group, though it must be s-b te3 

that in these samples very fo fragments are recorded anyway. 
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e. Correlation of Growth form with Environment 

If the total number of bryozoan species (Fig. 30b), exclusive of rare 

specimens, occurring less than Vice per sample, is plotted then a bryozoan 

species distribution results which in many ways further reflects the over- 

all form of the Coralline ý: lel 'r3ioherni. The highest numbers of species 

occur on the rhodolite areas of the bioherm, such as in north-eastern G-ozo 

and west central Malta. The glauconitic beds of eastern Malta (Fig. 22b) 

contain a fauna of basal 11tarfa Bed age, and exhibit less than five species 

per sample, as do the biosparites and lithoclast biosparites of western 

Gozo. There is also a significant reduction in species numbers in the 

southern part of the manly grey algal biomicrite area to the west of the 

bioherm in Malta. 

On the basis of bryozoan gro`rth-form distributions the Terebratula- 

Aphelesia Bed. can be divided into four biofacies which are, east to west 

(i) Cellariform biofacies (1 of Fig. 31) 

(ii) Vinculariform biofacies (2) 

(iii) Encrusters biofacies (3) 

(iv) Cellariiorm and Vinculariiorm Biofacies (4) 

(i) Cella-riform biofacies 

This biofacies occupies eastern Malta and the-eastern ti-u of Gozo 

(Fig. 31a) and is typified by Cellaria sp. and Crisia sp. The sediments in 

which these fossils occur are extensively reworked glauconite biomicrites, 

typical of moderately high energy conditions. The bryozoans also indicate 

high turbulence conditions in the sub-littoral zone. It is therefore con- 

cluded that this biofacies is one of extremely shallot, turbulent wotex, 

possibly less than 20 metres in depth. 

(ii) Vinculariform biofacies 

Although rarely more than 25Az of the growth-forms ; resent within this 

environment arc viiicuiariform types the comparatively low counts of ez-, crus"- 

Viers, when compared with "bhe' bioherm, suggests than quie-Lor conditions pre- 
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vailed on the eastern side of the bioherm. These sediments frequently 

show isolated rhodolites set in an abundance of yellow micrite and are 

transitional with the Mtarfa Beds. It has been established previously 

that there was a dominant westerly current affecting the Maltese area 

throughout Miocene times and- it is suggested that this current was opera- 

tive at this time also. The vinculariform biofacies represents a narrow 

sheltered belt situated immediately to the east of the bioherm, in which 

fine sediments were able to periodically settle and a sheltered environ- 

ment was provided for the vinculariform bryozoans. A depth range of 20-45 

metres is considered reasonable. The biofacies encroaches onto the bioherm 

above the '2' in Fig. 31a, with the development of a sub-facies of encrusvers 

and vinculariform bryozoan growthforms. It is considered to be a slightly 

lower energy sub-facies than the bioherrn crest. This is supported by a 

similar interpretation by Annoscia and Pierro (1973, p. 59) in their study 

of living bryozoans in the Golfo dell' Asinari, Sardinia. 

(iii) Ehcrusters biofacies 

This biofacies extends from south-eastern Gozo through the western 

extremeties of Malta and extends inland about the crestal bioherm area, 

possibly with an extention in the Ghar Lapsi area. The dominant fauna con- 

sists of Nembraniporiform A groiAliForms with celleporiform types to a lesser 

extent. Together these groAMorms comprise up to 3O of the samples from 

these areas. This is also the area of greatest species diversity. Present 

day bryozoan" species depth ranges from the Trestern ? Iediterrar_ea. n (Schopf 

1969, Pig. 5) indicate that the highest species diversity occurs at depths 

of about 50 metres, Frhich is considered as the possible lower limit of depth 

range uiticipated. Values obtained from the Li-thophylium rhodolite ro-trth- 

forms suggest deaths to about 45 metres (Johnson 1955, p. 16.17 in a study 

of the genus Lithonhyllum), rhodolites also being recorded near Bermuda 

(Parker 1957, p. 2436) within the range 18 to 91 metres. The association 

of re teporiform bryozoans with this biofacies in central-uesterrn Malta, 

based on Stach's interpretation, also suggests high energy, though this is 
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not in line with the interpretation of Lagaaij and Gautier (1965, p. 55), 

and Cooke (personal communication), who consider this fenestrate group to 

be more typical of calmer or deeper areas. The conclusion, however, is that 

this biofacies is characteristic of depths in the order of 20-50 metres on 

the crestal areas of a Lithophyllum rhodolite bioherm as other evidence, 

previously stated, appears to be consistant with Stach's views in this 

particular case. 

(iv) Cell&riform and Vinculariform biofacies 

This mixed fades is restricted to central-western Malta, west of the 

Coralline Algal Bioherm, and approximately conforms to the grey algal bio-- 

micrites of Fig. 22b. This apparently contrasting association of high energy 

cellariform types and low energy vinculariform types is acceptable if the 

manly nature of the sediments is considered. This sediment suggests a low 

energy environment and is associated with lichenoid growths of Lithoj;, -llum. 

destephanii. This appears to be the calmer water growth-form of the Ü. Jest- 

e. hanii rhodolites of the shallower areas of the bioherm and, in fact, many 

of the bioherm crest rhodolites show a laminar lichenoidean nucleus con- 

firming this. It is believed that this environment was well suited both 

to the cellariform bryozoans, as the articulated nature of their internodes 

enabled a passive sheading of clay sediment from the colonies, and to the 

quiet water loving vinculariform types. On the basis of brachiopod depth 

ranges, to be discussed later, but mainly on the inter-relationship of 

this biofacies with the other three, it is believed that a depth range of 

50-65 metres would be in order. This interpretation is again compatible 

with that of Annoscia and Fierro (1973) obtained frone their recent bryozoan 

study around Sardinia, in which an identical association was interpreted as 

defining an area of rare wave and current activity. 

(v) Conclusions 

The difficulty of breaking down samples from parts of eastern Gozo 

partly accounts for the general lack of specimens in certain samples y how-- 
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ever, there does appear to be a real reduction in specimen numbers on the 

western side of the bioherm in Gozo. Ultimately the bicherm is replaced 

westwards by the Ghajn Melel Beds, and the Terebratula-Aphelesia Bird is 

apparently replaced by scattered Chlamys latissima. 

The ecological interpretation of the environment during the time of 

deposition of the Terebratula-Aphelesia Bed is as follows: 

A broad but shallow north-south depression centred on Gozo and. western 

Malta, possibly a continuation of the Blue Clay depression, extende6 through 

the islands (Fig. 24a). Initially the prevailing westerly current trans- 

ported reworked bioclasts, intraclasts and lithoclas-s from areas of erosion 

to the west, into parts of the eastern side of this structure in Malta, pro- 

bably settling out of suspension soon after entering the depression. In 

the western side of the depression in Gozo, believed to be an area protected. 

from the currents by depth, a thriving population of }Ieterostegina sp. 

developed in water depths of 10-50 metres but contained few bryozoans 

(Ghajn Nelel Beds). This development does not appear to have occurred in 

Malta, possibly indicating that the basin was imperfectly formed. Here, 

especially towards. the south, clay suspensions were transported eastwards 

to settle out in deeper calm water at the foot of the Coralline Algal 

Bioherm (biofacies 4, Fig. 31b). After passing over the basinal depressiou 

the prevailing westerly current is believed to have influenced sedimentation 

on the eastern side of the basin, causing high energy conditions along the 

rim. This location was favoured as the initial location of colonisation of 

the Coralline Algal Bioherm. Initially only isolated patches developed, 

now appearing on isopachyte maps as basins due to compaction effects, but these 

later spread -along the entire rim area (Pig. 23). At first, part of this 

bioherm was below wave base and the effect of current action, and widespread 

grey manly micrites identical to biofacies 4 were deposited, but as the 

bioherm increased in extent and amplitude turbulence affected all areas of 

the structure (biofacies 3, Pig. 31b) except biofacies 4, which remained 

below the influences of this. 

On the leeward side of the bioherm sheltered. conditions prevailed and 
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as the westerly current passed over the bioherm crest a certain amount of 

fine sediment settled out of suspension (biofacies 2, Fig. 31b). This is 

the area of initial development of the Mtarfa Beds and in later times these 

conditions were to extend throughout eastern areas of both main islands. 

It is believed that the area furthest away from the bioherm, on the eastern 

side of Malta, was an area of shelving platform characterised by very shallow 

water depths. Upon reaching this area (biofacies 1, rigs. 31a, b. ) the 

prevailing westerly currents probably created intense turbulence and even 

extensive reworking of the sediments (now an intimate. mixture of Greensand 

and Ntarfa Beds). In such a high energy regime only the cellariform bryo- 

zoans, with their articulated internodes, would survive, and even these would 

become disarticulated and reworked after death. This is substantiated by 

the worn nature of both bryozoa and other fossil fragments, particularly in 

samples from the eastern extremity of outcrop. 

2. Brachiopods Associated with the Terebratula-A-phelesiea Bed 

(i) General 

The Terebrai: ula-Aphelesia Bed is mainly composed of the articulated 

and disarticulated shells of Terebratula terebratula LOS. These are 

frequently found foramen down in what might possibly be life positions. 

The bed is of fairly uniform thicimess over most areas, and is continuous 

from the western side of the Coralline Algal Bioherm to the most easterly 

outcrops of the Mtarfa Beds and Greensand of both main islands. Only 

Terebratula is found in both'bioherm and eastern areas of the Upper Coral- 

line Limestone outcrops. Pour main brachiopod species occur in this f acies 

independent bed, which also appears to be a probable time horizon. 

a. Terebratula, terebatula, Linne-: 

b. Aphelesia bioartita, (Brocchi). 

C. hfec! athiris sp. 

d. Arrr roi: heca sp. 
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a. Terebrai ula terebratula Linn'e. 

(i) General 

Adults of this species vary between approximately 1 5mm. and 67mm. in 

length and are characterised by a strongly biplicate sinus, large circular 

collared foramen and thick shell (Plate 17a). No marked variance in length, 

width or inflation was identified when adults from the bioherm were com- 

pared with those from biofacies 1 in Pig. 31. Juveniles are similar in 

overall form to the adults, but display an open deltidial region and may 

be as little as 0.2mm. in length (Plate 17c). Juvenile brachiopods are 

depicted or. Fig. 33b to illustrate size ranges, and major axis line 

x= (0.792)x-0,0517 with a standard error of h of 0.013 and B of 0.110. 

" (ii) Distribution 

If the number of individuals per sample is studied it is seen that the 

juveniles are entirely restricted to the higher flanks of the Coralline 

Algal Bioherm, tip to 20 individuals occurring in some samples (Fig. 32 ). 

Almost all juveniles are articulated. Adults, although distributed through- 

out both bioherm and all areas to the east, show a wide variation in size 

for the fully grown form. An average length, based on the mean length of 

a minimum of 10 adults from a1 metre length of Terebratula-Aphelesia Bed, 

of less than 40mm. is found for all areas of the bioherm (Fig. 32b), whereas 

sizes in excess of 50mm. are common in the specimens from areas east of the 

bioherm. Within the bioherm the highest values obtained were associated 

with the Ghajn helel Beds facies north of Dingli, Malta, which is believed 

to represent an area of reworking associated with some form of current flow 

at the foot of the rhodolite bi. oherm area (see Fig. 22b in the area desig- 

nated brown calcisiltite). Plate 17a(i) shows a typical adult from the 

cellariform bryozoan biofacies east of the bioherm, 17a(ii) shows one 

tMical of the cellariform and vinculariform biofacies, and 17a(iii) one 

typical of the encrusters biofacies of the bioherm flanks. Studies of 

articulation ratios show that there is a marked increase in disarticul. ation 

from west to east, being about 50; ý on the Coralline Algal k? ioherm, but 
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increasing to 1OO in samples from eastern Malta. 

Then the total numbers of individuals obtained from each locality is 

plotted as a percentage of the total brachiopod count for that sample, the 

inter-relationships between the four species become apparent, Fig. 33a 

showing both adult and juveniles. When this figure is compared with Pig. 

22b and 31a, it is seen that there is s, strong tendency for the highest 

Terebratula percentages to lie east of the bioherm in both islands. Biofacies 

3, on the crestal areas of the bioherm, is almost entirely devoid of this 

species , as to a lesser extent is the grey marly algal biomicrite areas 

(Fig. 31a, biofacies 4). 

Figure 34a shows the positively skewed nature of Terebratula grow h 

size distribution, over 66; ö of all specimens measured being juveniles under 

4.5mm in length. This type of distribution is typical of present day 

brachiopods in which there is a high infant mortality. Craig and Artei 

(1966) consider that any peaks appearing in the fossil population are a 

reflection of the original living population distribution. They also con- 

sider that positively. skewed. values best fit a model of constant growth vith 

decreasing mortality. The values obtained for Terebra-tula: terebrabula may 

be directly cor:. aared with those of Terebratula inconspicua (Percival 1944), 

in which it was found that 66 of all individuals belonged to the first year 

class and with only 259 belonging to the third year class. It may possibly 

be that the sub-4.5mm. group of Terebra-tula terebra, tula reflects a compax- 

able class grouping to the first year class of Percival. Z-Tith these points 

in mind it is now easier to appreciate the population structure of TerebrZItule. 

on the bioherm, in which there 
. is a high spat settling rate in favourable 

areas, but with high juvenile mortality occurring soon afterwards, possibly 

as a result of inter-individual competition, competition with other brach- 

iopods adapted to similar ecological niches such as Menathiris, and pre- 

dation. The few individuals which do survive the juvenile stage appear to 

continue to maturity, though they attain a smaller size than their counter- 

parts east of the bioherm. 
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In the area of biofacies 1, east of the bioherm, juveniles are never 

present in the Terebratula population and adults are larger and thicker 

shelled than their contemporaries on the bioherm. Ager (1967, p. 159) 

states that brachiopods with robust shells are adapted to the highest 

energy conditions, and in addition (Ager 1965, p. 146) further states that 

strongly biplicate forms occur in the shallowest water attaining a maxi- 

mum size (p. 151) in optimum conditions. All the evidence available here 

suggests that biofacies 1 provides the best conditions for Terebratula 

terebratulbut the absence of juveniles disagrees strongly. 

(iii) Environmental Requirements for the Species 

Today the greatest proportion of all known brachiopods occur inter- 

tidally doom to 600ft. (183 metres)(Schuchert 1911, p. 260-61). Terebratula 

sp. are tolerant of minimal turbidity and not too much wave action (Rud. wick 

1962). 

Based on bryozoan studies and coralline algal growth-Forms it is con- 

sidered that within the bioherm. depth ranges of 40-50 metres appear to be 

most favoured. Here the individuals are sheltered from the strongest 

effects of current action from the prevailing westerly currents, yet may 

still obtain an efficient supply of waterborne nutrient. Although adult 

forms can probably tolerate a small amount of clay sedimentation, the juv- 

eniles are particularly sensitive to this and could easily be smothered. 

It is believed for this reason that juveniles are rare or absent from bio- 

iacies 4 (Vinculariform and Cellariform biofacies) to the west of the 

bioherm. The intense reworking of sediments in biofacies 1 (Cellariform 

biofacies with a possible depth of less than 20m. ) was almost certainly 

too vigorous for spat and diminutive brachiopods to survive,. even though 

there was a high chance of spat being carried eastwards with the water 

current. Periodic episodes of amelioration of strong currents possibly 

enabled limited colonisation of juvenile brachiopods and other biota such 

as Dentalium sp. Providing that these conditions wcxe maintained for at 

least the first year or so the juveniles would obtain a foothold in the 
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environment and would have a moderate chance of reaching the adult stage. 

Re-establishment of high energy conditions within biofacies 1, subsequent 

to this, would result in the removal of all small species and juvenile 

specimens of Terebratula terebratu]a, although sub-mature forms of Terebrat- 

ula and adults would be able, to survive the rigorous environment, develop- 

ing thick shells to counteract the conditions. The means by which adult 

Terebratula was attached to the shifting substrate are difficult to apprec- 

iate as there are no large objects in the sediments of this biofecies onto 

which these forms could secure a foothold, whereas specimens on the bioherm 

could attach themselves to coralline algae or bryozoans. This problem has 

been partly resolved by examination of the specimen from biofacies 1 in 

P1a417a(i), which bears marks of attachment on. the posterior lefthand side 

of the brachial valve consistent with those described by Bromley and Surlyk 

(1973) from the recent sediments of the Norwegian Sea, and from Cretaceous 

sediments. These oval pitted areas are believed to result from the ai; tach-- 

ment of the pedicle of another brachiopod, hence it would appear that 

anchorage of Terebratula terebratula in biofacies 1 was obtained by indivi- 

duals attaching themselves to each other in small clumps. 

Once security had been established and the brachiopoJs had. re, chied 

maturity the lack of competition from other allied forms, together with he 

plentiful supply of nutrients brought by the westerly currents, would en-- 

sure that brachiopods within this environment would become more robust than 

their counterparts on the bioherm. 

b. A helesia bipar±ita (Brocchi) 

(i) General 

This rhvnchonellid brachiopod is characterised by a square shaped 

shallow sinus, high inflation and an arcuate beak (Plate 17b). Although 
the adult forms are clearly distinguishable from Terebratula in their more 

triangular outline and tapering beak, juveniles are 5ufe ft 1aL1y identical in 

both species. Well preserved specimens, however, show that juvenile 

Aphe1esia bipa. r;; i-te, is identified by a very elongated open deitidial area. 
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(FlaEel7d. ) and by the development of afar projections (P-I%Eý17e) on -the 

margins of the deltidial area closest to the hinge, which extend laterally 

as two concave triangular platforms. Vestages of these structures are to 

be seen on adult specimens. Collected specimens vary in length from 0.2mm. 

to 19mm., the range of sizes-being depicted in Fig. 35b. Juveniles generate 

a major axis line of y= (0.784)x + 0.5 with standard error for A of 0.057 

and B, 0.269. The major axis for adults is Ly= (0.629)x + 3.787 with 

a standard error of A, 0.105 and B, 1.874. This discrepancy reflects an 

acceleration of growth of the length parameter during adult life. 

(ii) Distribution 

With the exception of Gozo, all areas containing juvenile forms also 

yield adults. Two major areas of juvenile development occur, one centred 

on the Gnejna area of Malta (Pig. 34b), associated with biofacies 3 (Encrus- 

ters biofacies) of Fig. 31a, and the other centred on biofacies 3, north of 

Dingli. In both cases total numbers are now suggcsting that this uncommon 

species is not occupying ideal conditions for its develoynment. Fig. 35a 

illustrates a comparable distribution based on the percentages of 44phelesia 

in each sample including adults, compared with other species. Again there 

is a high concentration in biofacies 3 areas of Malta, but with a small 

development also in northern Gozo. 

Although total numbers are small, the same positively skewed population 

distribution recognised in Terebratula appears to apply to A helesia (Fig. 

34a), suggesting that comparable growth factors hold true for both species. 

The low inflation of several adults in the graph are the result of crushing 

during compaction of the rock. The lack of individuals in the 5rrn. to 12mr. 

length division is also comparable to the graph of Tere'bratula and is al- 

most certainly a reflection of the number of specimens that survive the 

juvenile stage and continue to maturity. 

(iii) Environmental Requirements for the Species 

This species appears to he very demanding in its 1ocation, vhich is 

always within the bioherm area a. nd. also appears to be centrally positioned 
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in the area. of maximum energy and shallowest depth (biofacies 3). It is 

therefore concluded that Aphelesia bi-aartita is best suited to depths 

shallower than 30 metres, in situations open to the influence of the dom- 

inant westerly current. The adults in northern Gozo do not entirely con- 

form to this environment and are found in more sheltered marginal areas. 

It is uncertain whether this environment is sheltered as a result of greater 

depth, or whether it is a shallow environment protected by a positive 

feature, such as a shoal area within the Ghajn Melel Beds. The latter have 

been recognised in this area on the basis of ichnofauna data. 

c. Megathiris sp. 

(i) General 

' These diminutive biconvex brachiopods are characterised by a smooth 

shell surface and very shallow sinus fold.. They bear disjunct deltidial 

plates and a sub-mesothyridid foramen (Plate 18b). The species bears a 

short crura, consisting of two descending branches which are free near the 

anterior but are attached to the median septum. These branches have not been 

seen during the present study, though the attachment points are clearly 

visible. Specimens range in length from 0.4 to 4.1mm. (Fig. 37a) and gen- 

erate a major axis line of y= (1.116)x 
- 0.144, with a standard error for 

A of 0.033 and B of 0.332. 

Over 9011; of all specimens collected were found to be articulated. 

This genus, Argyrotheca, and Negerlia appear to have been totally co: ifused 

by Davidson (in Adams 1864). The importance of Me? erlia was overestimated 

and both Argyrotheca and I1egathiris were described together under the name 

Argiope decollata Chemnitz. Nomenclatorial confusion still exists with 

regard to the specific names of the Naltese Argyrotheca and Mega, thiris. 

The specimens under consideration are the same species as those of B57761- 

72, housed in the British Museum (Natural History, ), 

(ii) Distribution 

The highest numbers o--" individuals recorded per sample are from northern 
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Malta and south-eastern Gozo (Fig. 36a), being over 20 per sample. A further 

irea of over 20 per sample occurs associated with the encrusters biofacies 

of central-western Malta, with lower numbers occurring at points along the 

western coast of Malta. When these occurrences are plotted as part of the 

brachiopöd community (Fig-36b and Fig. 38b) a similar distribution is seen, 

but with westerly increasing values in northern Malta and Gozo. 

If the population structure is examined both for individual localities 

and for the total specimen count (Fig. 37a), it is apparent that although 

there is a strongly positively skewed distribution, both adults and juveniles 

are similar in overall size and do not exhibit the lack of individuals in 

the intermediate age groups seen in Terebratula and kphelesia. This species 

of brachiopod shows many neotonous characteristics. The population struc- 

ture strongly suggests that this species is characterised by adults which 

live a comparatively short life span when compared with other groups. The 

conclusion drawn is similar to that of Surlyk (1972, p. 30) in his study of 

Afaastrichtiän brachiopods in Denmark, namely, that there is a selectional 

advantage in short lived forms which become sexually mature at an early age. 

These forms are most characteristic of situations susceptible to catastrophe, 

resulting in this case either from fluctuating rates of sedimentation or 

variable current strengths. 

(iii) Environmental Requirements for the Species 

Like Aphelesia, this species is entirely restricted to the bioherni, but, 

is not so closely associated with the highest energy areas. Generally 

speaking it flanks the areas of Aphelesia on the bioherm crest of biofacies 

3, but is also prominent in biofacies 4 (grey marly algal biomicrites), the 

northern flanks of the encrusters area in eastern Gozo, and northern Malta. 

The conclusion is that the specios prefers fairly high energy conditions 

in estimated depths of 30-65 metres. in the algal micrite area, where cat-- 

astrophe is mainly the result of periodic high clay sedimentation rates in 

a depth of 50-65 metres, the species also co-exists, with Argyrotleca. These: 

values are near the minimum end of the depth range of recent Aegean species 
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(32-260n, B11iott 1965, p. 831 )#"thcugh the species would still find con- 

ditions favourable. 

d. Argyrotheca sp. 

(i) General 

This second species of small. brachiopod is characterised by a similar 

outline form to Megathiris, but with a longer hinge and multiplicate bicon- 

vex valves making some specimens resemble the Palaeozoic Siirifer (Plate 

18a). The beak is fairly short and the foramen wide. The deltidi_al plates 

are sub-mesothiridid and the crura are separate, consisting of a short 

loop of two descending branches which converge anteriorly to join the end 

of the median septum. Juveniles and adults are always found together; the 

former being 0.75mm. in length-or more, and adults averaging 4.5mmm. in 

length though some attain a length of over 7mm. These are displayed in 

Fig. 37a. This shows the close relationship between Ar yrotheca and i: egath- 

iris. The major axis for Argyrotheca, y= (1.116)x - 0.144 with a standard 

error of A, of 0.016, and of B, 0.167, is almost identical to that for 

Megathiris, though the width co=ordinates are displaced., representing a com- 

paratively wider dimension per unit length of valve than for the latter 

species. The species under consideration apparently most closely conforms 

to the recent species, Argyrotheca cuneata Risso, but is- also identical. 

to B. M. N. H. specimens B85532-52. 

(ii) Distribution 

The distribution of specimens by numbers per locality (Fig. 37b) 

superficially resembles that for Mc a. thiris, with highest values being 

obtained from bioherm localities in eastern Gozo and central-western %ialta, 

though it must be pointed out that the total numbers of specimens collected 

for this species (105) is far lower than for : Ll athiris (257). This 

suggests that conditions were not ideal for. 5rgyrotheca, except possibly 

in Gozo. The percentage distribution maps (Fig. 38a and 38b) indicate that 
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the species is best suited to areas of biofacies 2 (Vinculariform biofacies)' 

in north-eastern Gozo, and to combinations of biofacies 2 and 4 in central- 

western Malta. The north-eastern area of Gozo (biofacies 2) appears to be 

most favourable. 

Fig. 37a illustrates the'same population structure as that for 

Negathiris, apart from the north-eastern Gozo adults, which plot at the top 

right hand end of the graph. The species also shows neotonous characteris- 

tics, suggesting that it may also be well suited for unstable environments. 

Studies of depth ranges of the modern Argyrotheca decollata (Davidson 1877, 

p. 7), a Mediterranean species, are 20-60 fathoms (37-110 metres), although 

usually not shallower than 60m. (Elliott 1965, p. 831). The clump-like dis- 

tribution of both this species and Megathiris is probably a reflection of 

the early spat stage (Elliott, personal communication) in which the spat 

swarm around the adult colony for several days before settling nearby. 

(iii) Environmental Requirements of the Species 

It is believed that the species is best adapted to fairly calm envir- 

onments, though it is equally obvious that clay sedimentation is tolerated. 

In the grey marly algal biomicrite area, where the species co-e.: ists with 

Aienathiris, a depth of 40-65 metres is envisaged, which falls at the lower 

end of the range of values quoted by Davidson (1877). On the jhodolite area 

of the bioherm the species confines itself to the sheltered areas of bio - 

facies 2, in a depth possibly of about 45 metres. It is not known ly con- 

ditions should favour this species to the exclusion of all other species, 

except adult Aphelesia, in north-eastern Gozo. The general size of 

Argyrotheca here and the subordinate nature of algae to micrite -i-ould 

suggest that conditions were optimum for the species and hence, may possibly 

have been deeper than other bioherm areas. This greater depth, together with 

the calm prevailing conditions would virtually exclude all other species 

from this environment. 
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e. Other Brachiopods Recorded in Samples 

(i) General 

Only two other genera of brachiopods have been collected from the 

samples examined and in each case only one specimen is recorded. `. Cerebratul- 

ina caput-sernentis Lime from Karraba, Malta (406761 ), occurs in a fauna 

dominated by juvenile Terebratula and subordinate Necathiris and Ar o- 

theca; and the second species, Megerlia truncata, occurs at I1 Qortin, 

Gozo (377899), where it is associated with A rgyrotheca and subordinate 

Aphelesia, iiegathiris and one Terebratula. 

Davidson (1877, p. 3) lists the range of Terebratulina as 80-808 

fathoms off western Ireland (146-1477 metres), indicating that it is a poor 

depth indicator and may be expected at almost any depth. iie erlia is 

generally found below 60 metres (Hatai, 1965), suggesting that the environ- 

ment of north-eastern Gozo (biofacies 2) may have been even deeper than 

anticipated and may be more than 60 metres in depth within this area. 

f. Stratigraphic Checks on the Ranges of 

Bryozoa and Brachiopods 

(i) General 

The effect of time on both bryozoan and brachiopod populations was 

tested at ten localities on the bioherm (Locs. 14,69,140,144,375,396, 

404,411,415,443) and several broad conclusions were obtained from the 

additional samples studied. Samples were taken from the base of the Upper 

Coralline Limestone at each locality. In addition loc. 375 (harraba) was 

also sampled just below and 1.5 metres above the Terebratula-Anhelesia Bed. 

(ii) Bryozoa 

All localities showed a. marked increase in the percentage of encrusting 

bryozoans with time, at the expense of cellariform and to a lesser extent 

vi. nculariform types. This strongly implies that turbulence within the bio- 

herm area increased as the bioherm evolved into a positive structure. It. 

appears that the initial colonisation, although in calm water, was very 
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close to wave base or the effect of strongly turbulent current action. The 

sample from above the Terebratula-.. Anhelesia Bed at Karraba, Malta, clearly 

indicated that there was almost no change in the percentage population 

structures higher in the bioherm, indicating that once the structure had 

developed it produced a moderately stable habitat. 

(iii) Brachiopods 

It was confirmed that neither Terebratula terebratula nor Aphelesia 

Dan" 
bipartita occur outside the Terebratula-Äphelesia iced. 4 loc. 404 confirmed 

that Argyrotheca and Negathiris prefer calm rather than high energy con- 

Bitions, the numbers in each case decreasing from 20, where the encrusting 

bryozoa made up 5O of the sample, down to 1, where encrusters comprised 
i 

almost 100iß of the sample. Minor fluctuations in the encrusters percen- 

tages at loc. 375 showed that Megathiris preferred higher energy conditions 

than Argyrotheca. 

In summarising all the available data on the four brachiopods under 

g. Conclusions 

consideration the following conclusions can be made: 

SPECIES DEPTH R. EQO POdENTS 

Terebratula terebratula 

Aphelesia bipartita 

Megathiris sp. 

sedimentation 

Argyrotheca sp. 40-65m. Calm conditions, tolerates 

sedimentation 

3. Other Fauna Associated with the Brachiopod Bed 

The distributions of 10 of the commonest bryozoan species, together 

with 11 species of the associated biota have been examined using the bryozoan 

distribution maps as a basis for environment prediction. The conclusions 

under 20-50m. Moderate to high energy conditions 

less than 30m. High energy conditions 

30-65m. Moderate energy, but tolerates 

are as follows: 
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Saruaocellaria, Berir_icea, Cribrillina, Cel? epora and Zichenoora 

all prefer locations on the flanks of the bioherm (biofacies 3), end in 

addition 'L'ntalouora, Canda and Retepora prefer conditions of highest 

energy on the crest of the bioherm. Crisia is found throughout all areas, 

but Cellaria is restricted to the eastern areas (biofacies 1), where 

strongly turbulent conditions with reworking existed. 

Amongst the other biota the following were found to be characteristic 

of the bioherm (biofacies 3): 

Echinus, Cidaris, Chiamys multistriatus, Ostrea boblaye i, Crustacean 

fragments, Serpula and various 
., 
gastropods, which were mainly represented 

by naticid counters" borings, especially in the valves of Aurila, but 

also with subordinate numbers of ; muricid borings. Species more typical of 

calmer conditions, particularly in areas of biofacies 2 (vinculariform 

biofacies), are Lima and sponge spicules, although asteroid ossicles do 

occur in some areas. Dentalium was found to he characteristic of the 

cellariform biofacies (biofacies 1), though this may represent part of a 

later or lower energy fauna which has been subsequently intermixed with 

the sediment by bioturbation. 
. 
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CHAPTER 11 

ROCK COLOU)RING AND ORIGIlT OF TITHOCL. STS IN I"iALT1SE STRATA 

Throughout the preceding chapters constant reference has been made 

to derived clasts of exotic sediment brought into the area from outside 

the present confines of the IHTaltese Islands. These data and their 

interpretation will now be discussed. 

a. Distribution of A1logenic Clasts 

The form and location of most of the material has already been 

noted in previous chapters but will be briefly re-examined. It may be 

conveniently subdivided up into the following groups: 

(i) Early Limestone Clasts 

(ii) Phosphorite Clasts 

(iii) Glauconite, Limonite and Gypsum Clasts 

(iv) Later Limestone Clasts. 

(i) Early Limestone Clasts. 

These are of local distribution and are generally restricted to the 

erosion surface separating Lower Globigerina Limestone from Lower 

Coralline Limestone. They are mainly associated with the Zabbar High 

along the San Leonardo coast and, in western i"Ialta, at Ras il Bajjada 

(502646). In both areas the clasts approach a mod. dl composition which 

is quite comparable to harts of the Xlendi Member, and in particular 

the finer grained beds. 

(ii) Phosphorite C1asts. 

The earliest phosphorite preserved in the islands is also associated 

with the erosion surface referred to in (i) above, but this is an in sitiz 

development and has no associated pebbles. Phosphorite pebbles do, 

however, becommo increasingly important in the Lower Globigerina Tio sto:: a, 
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attaining a maximum size in the Cl and C2 Conglomerate beds. As stated 

in previous chapters the pebbles are of several types, though phos- 

phatised Globigerina biomicrites not unlike the true Globigerina. 

Limestone, and glauconitic biomicrites, are the two most common types. 

Nany of these pebbles, particularly in the conglomerate beds, consist 

of fresh to waterworn casts of corals, molluscs and also shark teeth. 

Several show signs of being bored by Entobia sp. and bryozoans, suggesting 

that the material has originated from very shallow areas. It is clearly 

seen that both pebble sizes and bed thickness increase to a maximum 

towards the western side of the islands. Individual beds also appear 

to converge in that direction, except for the C1-C2 amalgamation of eastern 

Gozo noted by Z'Iigglesworth (1964). Many of the individual conglomerate 

horizons are also associated with marine erosion or non-deposition, the 

effects of which are also clearly seen to become increasingly more severe 

towards the western side of the islands. In the C2 Conglomerate Bed dar? - 

grey or brown glauconite phosphorite clasts first appear in large cluan"- 

tities, and continue to the top of the Ghajn I"Ielel Member of the Upper 

Coralline Limestone. These are frequently in the form of shell casts of 

Hollusca, but are never as plentiful as the lighter brown phosphorite 

clasts. They do, however, appear to succeed them in importance, and in 

fact, typical light brown phosphorite pebbles are rarely seen above the 

Upper Globigerina Limestone. These dark grey glauconite clasts contain a 

similar molluscan assemblage to those of the phosphorite conglomerate 

beds, suggesting an origin in a similar environmental situation, altho'g'h 

solitary corals are unrepresented. They are best displayed in sediments 

overlying the basal Upper Coralline Limestone erosion surface of western 

areas of the islands, at which level sharks teeth, common in the 

Globigerina Limestone, make their last appearance. 
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(iii) Glauconite, Limonite and Gypsum Clasts. 

Although sporadic grains of ällogenic glauconite occur in all the 

formations from Lower Globigerina Limestone to sipper Coralline Limestone, 

they are most important in the upper part of the Blue Clay and in the 

Greensand. In lower horizons the glauconite is usually restricted to the 

western sides of the islands, especially in the Cl Conglomerate Bed, 

where it occurs in the Dingli Cliffs of Malta and to a lesser extent 

in succeeding conglomerate beds. The sudden appearance of abundant glau- 

conite in the upper part of the Blue Clay at Halk it Taffel and Tal 

Lippija, Malta, and Kemuna Tower, Gozo marks the first major influx of 

exotic sediments into the area, which do not contain significant quantities. 

of phosphorite. It would appear that the source area changed from one 

supplying phosphorite to one supplying glauconite at some time during 

Blue Clay sedimentation. This voluminous glauconite influx is again 

restricted to outcrops lying towards the western extremities of the islands, 

from which this material almost certainly came. In the case of Kemuna 

Tower, Gozo (354880), large volumes of broken foraminifera testify to the 

transported and reworked nature of the glauconite containing sediments 

involved. 

A similar association of glauconite occurs in the Greensand Formation, 

being again thickest in western. Gozo, but thinning to less than 1 metre 

in eastern: alta. This sediment appears to be associated with an episode 

of zero sedimentation at the close of Blue Clay times. Both this deposit 

and the glauconite bed in the Blue Clay are significant in that the rare 

light brown phosphorite pebbles are less than lmm. in diameter, whereas 

larger dark brown to dark grey, 1phosphatic mollusc cast pebbles, containing 

glauconite, attain appreciable proportions. Associated with these are 

variable quantities of partly rounded gypsum clasts up to 21mn. in diameter 
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and occasional limonitic clasts which, however, attain greatest sig- 

nificance in the overlying Ghajn t'ielel lHember. The general association 

of the glauconite with coarse shell debris, obviously derived pebbles of 

both lithoclast and fossil casts, together with the frequently smoothed 

surface texture of the pellets, strongly implies a reworked origin for the 

component. 

Above the Greensand glauconite decreases in importance, being repre- 

sented by scattered reworked grains in the Ghajn Flelel Member and rare 

grains at the base of the San Leonardo Beds, the latter also associated 

with pale brown phosphorite pebbles. 

(iv) Later Limestone Glasts 

Seve l erosion surfaces in the Upper Coralline Limestone are 

associated with limestone clasts of a similar nature to the"foraininiferal 

limestones of the lower Coralline Limestone. At Wied il T". ielah, Gozo 

(287923) 
, miLiolid biosparite breccia occurs in association with the basal 

Upper Coralline Limestone erosion surface, and similar rounded pebbles of 

limestone, associated with a somewhat higher surface, are seep. in the 

outlier at Ras il Wardija, Gozo (269833). A further erosion surface 

between the Tal Pictal Beds at Tat Tomna and Cerkevnra, Idalta, also yields 

occasional Limestone pebbles of a similar nature to the underlying Tal 

Pictal Beds. Clearly these erosive episodes are associated with local 

erosion and this is further confirmed by the occurrence of angular blocks 

of Blue Clay in the basal Upper Coralline Limestone sediments of Ghajn 

Barrani on the north Gozo coast. Channel bottom deposits in the San 

Leonardo outlier of eastern I, ialta yield further well rounded limestone 

pebbles of three distinct types, namely, pale grey biomicrites, brownish 

limonitic clasts and black clasts,, though the latter two are of a very 

powdery nature. Finally, the youngest conglomerate recognised in the 
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%ocene sequence to date is that occurring in isolation close to the top 

of Tas Salvatur, Gozo (329915), where large rounded pebbles up to 4001im . 

occur and appear to consist of locally derived material from the Tal 

Pictal Beds. 

b. Distribution of Rock Colouring within the Formations. 

Many of the changes in derived component type with time are also 

reflected in changes of overall rock colour within the formations, crhich 

in turn appear to reflect fundamental changes in chemical composition. 

The dominant minerals affecting colour within the Maltese succession are: 

(iý Limonitic minerals 

(ii) I: aolinite 

(iý Limonil. ic Minerals 

The oldest rocks exposed in the Lower Coralline Limestone are pale 

yellow in colour, but this is rapidly replaced by pure white limestone 

of the Attard Member. This member is succeeded by pale brown biosparites 

of the Xlendi 'Member, and a brown to yellow colour continues to be a 

characteristic of the succession until the Cl Conglomerate Bed. At about 

this time there appears to have been drastic reduction in the ferruginous 

content of the strata, resulting in the development of a white to Dale 

grey sequence of biosparites of the Middle Globigerina Limestone, throughout 

all areas of the islands. A local change back to a yellow biosparite 

facies in the upper third to half of this sub-formation, in western Gozo,, 

marks a return to more limonitic conditions, which are most obvicUsly seen 

at the C2 boundary, where white !, addle Globigerina Limestone is seen to 

underlie yellow Upper Globigerina Limestone. This yellow colour occurs 

both at the top and the base of the Upper Globigerina Limestone and probably 
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throughout parts of the Blue Clay, though its effects are masked there 

by the darker coloured clay minerals. 

In the basal part of the Upper Coralline Limestone there is strong 

svidence to suggest that the limonitic colouring, here proveable as being 

a result of breakdown of goethite from derived foramihiferal fragments 

within the Ghajn Kelol Member, diminishes eastwards, 

as does overall grain-size. The Ghajn 1M1elel Member in the west is stained 

a dark golden brown, whereas the time equivalent itarfa, Beds of the east 

are pale yellow and appear superficially to resemble the Globigerina 

Limestone in general colouration. Above this level there is a sharp return 

to pure white limestone sedimentation, well seen at the contact between the 

Mtarfa Beds and the Rdum i1 Ilmar Beds of Rdum il Hmar, Malta. This apz:, ears 

to have been the final major change in rock colouration, as all succedding 

strata are of a pale grey colour, except where affected by Quaternary 

terra rossa infiltration. 

(ii) Kaolinite 

Although this mineral is probably present in small quantities 

throughout most of the succession it only contributes significantly to 

rock colauration in the upper part of the Middld Globigerina Limestone of 

weste. n Malta, in the B Bed of the Upper Globigerina Limestone, the Blue 

Clay Formation, and finally the basal part of the Coralline Algal Bioherm 

within the Upper Coralline Limestone Formation. In all cases the presence 

of Kaolinite, proved by X-ray diffraction analysis, imparts a grey colour 

to the strata, the intensity of the colour depending on the amount of 

CaCo3 present in the rock, as outlined in Chapter 5. The kaolinite content 

fluctuations appear to be far less related to erosion episodes than do the 

limonite influxes, suggesting that the two may be controlled by independent 

factors. 
f 
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c. Interrelationships between Allogenic Components, Erosion 

and Rock Colour 

The, obvious association between erosive episodes and the influx 

of allogenic material and limonite, the latter possibly originally in 

the form of a fine suspension, permits the development of a broad picture 

of the conditions prevailing during I"iiocene sedimentation. Fluch of this 

material is almost certainly derived from areas to the west of the islands 

and also north of Gozo. This latter conclusion is based on the interpreted 

current transport directions, obtained by pebble size and bed thickness 

analyses in the Globigerina Limestone (Chapter 4), and from bryozoan 

growth-form studies and foreset data in the Upper Coralline Limestone 

(Chapters 7 and 8). This is further supported by the liiaonitic colour of 

the basal Upper (ioralline Limestone, which decreases eastwards from a 

deep brown in the more proximal Ghajn Melel Beds, to a pale yellow colour 

in the easter IIItarf a Beds. The comparatively unabraded nature of much of 

the material in the conglomerate beds leads tothe belief that the source 

area was at no great distance from the present Haltese coastline. 

The continual arrival into the Maltese area of phosphorite, apparently 

containing a comparable fauna throughout this time, suggests that there was 

either constant erosion of a particular bed throughout the Miocene or, more 

likely, that a stable facies was established in which phosphorite was con- 

tinually being prod-aced. Periodic erosion of this area may then have 

transported the material into the Maltese area. 

The glauconito is also closely related to the phosphorite as the tv,, o 

invariably occur together, althugh phosphorite is dominant below the Blue 

Clay and glauconite dominant above. 
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d. Conclusions Regarding the Nature of Sedimentation outside 

the Islands 

The presence of extensive and frequent erosional episodes within the 

Maltese strata, particularly in western areas of the islands, strongly 

suggests that areas immediately to the west of the islands acted as very 

unstable, yet positive, areas throughout Oligo-: iiocene times. As stated 

in Chapter 4 the depth of accumulation of the phosphorite deposits must 

have been minimal, and, in conforming to current theories of phosphorite 
a. 

formation, must have been situated on the flanks ofXrise-like area subjected 

to strong oceanic currents. This latter feature is thought to have pre- 

vailed throughout the I4iocene, thus supporting the conclusion. 

The large derived glauconite phosphorite clasts vritlih the Greensand 

and upper part of the Blue Clay are, upon modal analysis, very comparable 

to the overall Greensand composition, suggesting that the Greensand for- 

mation might be a great deal more extensive in the source areas and 

possibly earlier in age. It possibly succeeded the Globigerina Limestone 

phosphorites within the same environmental area at this later stage of 

Miocene sedimentation. 

If these points are accepted then it becomes clear that influxes 

of allogenic material into the area of the idaltese islands must reflect 

episodes of erosion in the area of primary phosphorite and glauconite 

production on the margins of the rise. The stronger the erosive phase, 

the larger would be the fragments entering the area, and the greater would 

be the disconformity between or within formations. The limonitic material 

must also be associated with the primary area of erosion, although it is 

uncertain whether all materials involved were Oligo-Miocene in age or 

whether earlier sediments were available for erosion. 
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e. Theory of Origin of the Allogenic Material 

The materials involved may be divided into the following two groups. 

(i) Exotic Rock Clasts and Limonite 

(ii) 1{aolinite and ßiotite 

(iý Exotic Rock Clasts and Limonite. 

The dominant easterly movement of waters over the Maltese area 

during the Oligo-Hiocene appears to conform with present day movement of 

surface waters in this part of the Mediterranean (Stanley 1972, P. 94). 

During the Oligo-Ih. ocene this current appears to have been periodic0'lly 

brought to bear on a tectonically unstable shallow water area of the 

Halta-Ragusa Rise, lying immediately west of the Maltese islands (see 

Figs. 8b and 40).. In this unstable area upwrelling currents affected a 

shallow environment of high biological activity, resulting in the production 

of pýLosphates , as referred to in Chapter 4. It would also appear that a 

great deal of iron mineral. formation was also occurring in the area, although 

as it was already oxidised to goethite and limonitie by the time it entered 

the Maltese area the original composition is difficult to speculate upon. 

It is considered that during minor erosive episodes within the source 

area currents transported limonitic suspensions eastwards, with the result 

that all sediments forming at that time took on a yellow to brownish primary 

colouration, as exemplified by the Ghajn Melel-Mtarfa Members. It is 

likely that the yellow colouring within the Glohigerina limestone is also 

partly the result of in situ pyrite oxidation. However, the development of 

goethite concretions, especially towards the top of the formation, clearly 

indicates that iron was available either from the sea water or from 

limonitic suspensions incorporated within contemporarneous sediments. 
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During the intense phases of erosion, when current transport was at 

its strongest, large clasts would be ripped up from the area west of the 

islands. The earliest Glasts present in the islands suggest that these 

came from locally exposed Lower Coralline Limestone outcrops, but later 

much phosphorite and glauconite, from the positive area on the margins 

of the TIalta rise, entered the area (Fig. 8b). The presence of bored wood 

in the Upper Globigerina Limdstone of ^wammieh, Malta (Cooke 1896, p. 503), 

and teeth of Mastodon angaustidens in the conglomerate bed at Marsalforn, 

Gozo (Adams 1879), suggest the likelihood of land areas or small islands 

existing in association with these erosive areas to the west and north 

of the present islands. 

Towards the top of the Blue Clay large volumes of water-worn glauconite 

associated with partly worn gypsum grains, goethite and limonite Glasts 

clearly indicate that for the second time there was local erosion of sedi. - 

ments comparable to the Blue Clay, the biproducts of which were being 

swept eastwards by the prevailing current. This eroded clay area must 

apparently overlie pure white limestones of Lower Coralline Limestone aspect, 

as a little later on in basal Upper Coralline times white biomicrite breccias 

and conglomerates appear in the western extremities of Gozo, associated with 

an extensive erosion surface previously referred to. 

Glauconite and abraded gypsum grains cease to be important after 

Greensand times, suggesting that there was a general lowering of the area of 

submarine, or even subaerial, weathering to situations below the effects 

of the current. From this time onwards the derived components all appear 

to be of penecontemporaneous origin, such as the retrorked foraminifera 

of the Ghajn IIelel Beds or the occasional pebbles of Tai. Pictal Beds 

higher in the sequence. This is cooked with a sudden cessation of limonite 

present in the strata at the close of Ghajn Helel-I'Itarfa iiember times. 

This strongly implies that the long established source areas, lying to the 
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north and west of the islands, were finally covered by new sedimentation, 

which had the result of removing the source of supply from the effect of 

the eastward transporting current. The occasional phosphorite mollusc 

casts that occur in the Ghajn j"Ielel Hember and Coralline Algal Bioherm 

are invariably very waterTorn, and are believed to represent clasts which 

have been locally liberated from underlying beds rather than to have been 

transported directly from their original source area. 

Throughout the remaining Upper Coralline Limestone time a great deal 

of reworked local allochem material was progressively swept eastwards 

in the form of shoals, many of which closely approached sea level. 

Gradually the lagoon or shelving platform area east of the islands was 

infilled by this sediment and the entire area took on an intertidal shoal. 

aspect, represented by the Gebel Imbark Member. 

Kaolinite and Biotite 

Kaolinite is difficult to account for in the idaltese sediments, 

especially when it is considered that in Oligo-Miocene times the Maltese 

area lay towards the crest of amid-Tethyan sea rise. Present day systems 

operating in this area of the i: editerranean may possibly give a clue to 

those of the i"Iiocene, as the overall configuration of the i-lediterrarean 

area at that time, together with its theoretical latitude, are not greatly 

dissimilar to these of today. Venkatarathnam (in Stanley 1972, - Fig. 11, 

p. 467) indicates that most of the Kaolinite entering Eastern Ilediterrarean 

today is derived from arid areas of the North African continent by means 

of strong south-westerly winds. This mechanism could also conceivably 

explain the puzzling occurrence of detrital minerals such as topaz, atile, 

feldspar and quartz. It is considered that these minerals would be 

impossible to obtain in a carbonate dominant environment capping a mid-sea 

rise by normal aqueous transport. Another equally possible explanation 
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involves the hypothetical production of volcanic products in areas to 

the west of the Maltese Islands during the Oliöo-? Iiocene. Verýý>a tarathnam 

(1971, p. 279) states that kaolinite , lying at the present day due south 

of Sicily, may have originated from volcanic peaks in the vicinity of 

Pantelleria, but has been subsequently dispersed by surface waters 

moving eastwards. He also considers that aeolian processes may also have 

had some effect on the assemblage. No evidence exists within the islands 

to substantiate this latter theory, except that quite euhedral books of 

biotite mica frequently occur in Blue Clay samples. Folk (1968, p. 87) 

considers that the dominance of biofite possibly indicates that such 

sediment has received contributions from volcanic ash. 

In conclusion, it is considered that the sudden increase in the rate 

of clay sedimentation at the onset of Blue Clay times was sufficient to 

terminate phosphorite production, which develops best in areas of minimal 

deposition. It may also be that the subsequent development of glauconite 

at this time was made possible by the availability of minerals such as 

biotite within the accumulating Blue Clay. 
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CHAPTER 12 

SUUJT' OJý. BSIDüi. 
V 

STWJC t7f,. S 

1. Introduction 

(i) General 

Throughout Malta and. Gozo, but particularly in western areas of those 

islands, a large number of circular to elliptical structures occur (Pig. 41) 

which have previously been designated as "sinks". Spratt (1843) briefly 

noted these structuresyand Murray (1890) recorded the positions of several 

of the larger ones on his geological map of the Maltese Islands, &lhough he 

referred to them merely as "circular faults", offering no explanation for 

their origin or occurrence. Hobbs (1914, p. 8) recognised the extensive 

distribution of these structures, together with their close association with 

the major fault systems of the islands although it was Trechmarn (1938) who 

first suggested that they probably resulted from cavern roof collapse. These 

structures, though on a much larger scale, are most comparable to subsidences 

affecting Cretaceous rocks in south-west Ireland (4'Talsh 1967). 

At outcrop the structures are invariably elliptical in outline and have 

vertical walled margins. They vary in diameter from about 40 metres up to 

a maximum of 400 metres, and may outcrop in the form of a hill, Were resis- 

tant beds have been lowered into softer strata, as for example, Tas Salvatur, 

Gozo (329915), or as basin-like depressions such as Qawra, Gozo (274900). 

Until the present study the term "sink" was still applied to these structures, 

however, it soon became apparent that the term was incorrectly e, pplied as the 

structures are not merely pipes permitting access of surface water into sub- 

terranean cavern systems. They are true collapse structures affecting con- 

siderable volu=s of sediment, which have been lowered into depressions pro- 

duced by "circular" faulting, or are collapse structures affecting the sea- 

bed during normal sedimentation which were subsequently rapidly infilleci 

by penecontemporaneous marine sediments. Because of the confusion in previous 

terminology relating to these structures it has been decided to adopt the 

term "solution subsidence structure'9,, which was used by '4'Taish et Q. (1972) 

in their description of the pocket deposits. of Derbyshire. 
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Solution subsidence structures are widely distributed throughout the 

islands, although the restricted exposures of many of them led some early 

workers to the conclusion that all were the product of cavern roof collapse 

into cave systems of post-Miocene age. Although this is a correct inter- 

pretation for many of the smaller structures, the present study shows that 

at least 10 of the largest subsidences formed by submarine cavern collapse. 

It appears that collapse of cavern systems, postulated as early as Tertiary 

in age, locally modified seafloor deposition. j; ithin the resulting local 

seafloor depressions a thick sequence of sediments accumulated, which showed 

little similarity to their time equivalent counterparts forming locally in 

unaffected seafloor areas. 

A second phase of cavern development occurred in late Tertiary time and 

was probably associated with regional uplift and faulting. This cavern 

formation appears to have enlarged the pre-existing cavern systems causing 

a second episode of solution subsidence formation in many areas, and also 

reactivated further subsidence of the existing Miocene structures. 

2. General Details 

Field data indicate that the Miocene solution subsidence structures may 

be divided into two main formational episodes, the lower connected with 

erosive episodes associated with the Scutella bed, and C1 and C2 Phosphorite 

Conglomerate Beds of the Globigerina Limestone, and the higher with the 

erosive intervals within the base of the Upper Coralline Limestone. A 

possible third episode illustrated by the Ghajn Abdul structure is also 

recognised and is associated with the youngest Upper Coralline Limestone 

sediments. 

Post-Miocene subsidences are numerous in all formations, although, as 

with their Miocene counterparts, they generally occur most frequently on 

the western sides of the islands (Fig. 41). Both Miocene and later subsidence 

structures are very similar in form, being circular or elliptical in plan, 

though several, such as the Xlendi Outlier, have been modified by later 

faulting. Although the vertical, walled nature of the margins of several 
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of the structures are clearly defined, particularly where the sedimentary 

infilling has been preferentially removed by erosion, many of the others 

have their faulted margins partly obscured by the penecontemporaneous in- 

fill. Despite this, many of the subsidences can be proved conclusively- - to 

have collapsed through several hundred metres of older strata without major 

disturbance either to the country rock surrounding them or to their sedi- 

mentary infillings. 

Later faulting has fractured the previously intact rims of many of the 

Miocene subsidences and is apparently related to renewed activity of the 

collapse mechanism. This has resulted in further displacement of the fault- 

bound plugs of sediment. The close association of both the Miocene subsi- 

dences and the later ones also points to the possibility of rejuvenation of 

the same mechanism of formation for the latter structures. 

The primary infill of the subsidences requires lull consideration as it 

is by the nature of this material that the age correlations for each structure 

are based. PostMiocene structures are generally infilled by Quarternary 

soils, usually conforming to terra rossa in composition, but these may fre- 

quently be altered to caliche (Plate 19c). When observable, the initial in- 

filling of nearly formed subsidence structures consists of large angular 

boulders, which probably collapsed from the unsupported rim walls of the 

subsidences soon after formation. In some cases, such as the Sliema seafront, 

extensive cementation by calcite has occurred prior to soil infilling. 

The Miocene subsidences, being submarine in origin, differ from he later 

structures in that marine fossils are associated with the penecontemporaneous 

sediments, such as at Tal Harrax. The sediments post-dating seafloor sub- 

sidence are usually characterised by poor sorting, scour and fill structures 

(Plate 20a)3and in some cases by slumping. Lensoid. al thickening of beds is 

also seen at some horizons within these structures (Plate 19b). Many of 

these primary features are uniknown-within the contemporaneous strata outside 

the confines of the subsidences, creating the impression that the sedimentary 

infillings within the faultbound subsidence margins have been derived by 

spillage, over the rim shoulders of materials from neighbouring areas. Once 
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within the confines of a subsidence this sediment appears to have gravitated 

towards the centre o'L the seafloor depression. 

Angular blocks of lithified and. semi-lithified sediment, often several 

metres long, are present around the internal margins of many subsidences 

and are associated with intricate contortions within the early unlithified 

subsidence infill (Plate 20c). These blocks often aid in the correlation 

of the subsidence inf ill with unaffected areas. Were pre-subsidence sedi- 

ments are visible beneath the infill it is possible to date accurately the 

moment of seafloor collapse and, if capping sequences are also present, the 

actual amount of seafloor depression can be calculated. Usually, however, 

only one of these is present, but this is sufficient to determine the time 

of collapse quite accurately. 

3. Miocene Subsidence 

It is significant that all the recognised Miocene subsidence structures 

are closely associated with episodes of intense shallowing of water. These 

episodes are recorded by the presence of phosphorite conglomerates, usually 

in beds less than 1 metre thick, in the lower Miocene sediments, and by 

extensive erosion planes in the upper units. The subsidences recognised to 

date may most conveniently be divided into three -; phases, each apparently 

separated from the next by a prolonged period of comparative stability. Those 

are as follows: 

c. Phase 3 Later Upper Coralline Limestone subsidence 

b. Phase 2 Basal Upper Coralline Limestone 

a. Phase 1 Scutella bed and Globigerina Limestones 

a. Phase 1 Scutella bed and Globigerina Limestones 

(i} ThTejra idorbh Outlier (271897) 

This is a 340 metres diameter elliptical structure lying on the coast- 

line of western Gozo. It is almost entirely inundatod by the see., the ex- 

posed parts being represented by a small portion of the eastern ri mn, -boge'L-her 

with contbemporaneous sediments, and az small outcrop just off the coast, 
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representing the western margin of the structure. The structure lies in 

Xlendi Member strata of the Lower Coralline Limestone, just below the 

Scutella bed. 

Examination of the faulted margin, where accessible, shows it to be 

approximately vertical but has apparently suffered submarine erosion prior 

to being infilled., as the infilling sediments are cemented against smooth 

walls and project into hollows and pockets in the walls. The few metres 

of sediments exposed within the structure consist of pale grey and cream 

coloured, unsorted carbonates, overlying a phosphorite conglomerate horizon. 

These clearly dip in towards the centre of the subsidence and are underlain 

by yellowish biosparites, also thought to be part of the penecontemporaneous 

infilling. The sediments are undoubtedly marine as they contain tests of 

Echinolampas sp., many Cidaris spines, abundant fragments of Scutella sub- 

rotunda, especially close to the subsidence margin, disarticulate Ostren sp. y 

and abundant fragmentary bryozoa. The sediment infill is correlated with tVc 

Scutella bed, which occurs about 2 metres higher around the rim of the struc- 

ture. Its total displacement is unknown. 

(ii) Xlendi Outlier (295877) 

Although this structure is smaller in diameter than the previous o-de, 

it is far better preserved (Plate 19a, b and Plate 20a, b). The structure 

occurs in Xlend. i Member and consists of an apparently vertical walled, irreg- 

ular shaped structure containing over 80 metres of poorly sorted hiosnarite. 

The fault margins of the structure resemble those of Dsrejra North, in that 

no slickenside development is seen. The contained sediments are plastered 

against the fault walls (Plate 20b), infilling cavities and irregularities 

in these. They are penecontemporaneous with subsidence, consisting cf brown 

to orange poorly sorted biosparites, containing occasional echinoids and 

abundant phosphorite pebbles. Despite later modification of the subsidence 

by minor faulting, the sediments are clearly seen to exhibit a primary dip 

towards the centre of the depression. Lensoidal thickening of beds, part- 

icularly the later ones, is seen towards central areas of the preserved 

r 
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subsidence infilling. Scour and fill structures are the commonest primary 

structures of the inlill, and all appear to indicate mass sediment trans- 

port towards the lowest point within the subsidence. 

The lowest strata preserved within the structure is normal yellow Lo-wer 

Globigerina Limestone containing Cavolinia sp., and is considered to repres- 

ent pre-collapse seafloor sediments which were subsequently lowered into the 

structure. The penecontemporaneous infill commences with coarser Globi- 

gerina Limestone containing much glauconite and abundant small phosphorite 

pebbles, and rapidly culminates with a prominent conglomerate horizon (Plate 

20b) which can be followed into the centre of the subsidence. Above this 

the coarse poorly washed lithoclast biosparites, typified by scour, and fill 

channels, commence. Finally, a thin bed of sub-centimeter sized phosphorite 

pebbles occurs close to the top of the preserved infill and is capped by 

paler coloured Globigerina Limestone similar in aspect to the pre-collapse 

sediments. 

The subsidence infill is dated as Cl Phosphorite Conglomerate Pea in 

age, on the basis of a3 metre lens of poorly washed lithoclast biosparite, 

containing scour and fill channels which occurs close to the north-cas-ern 

rim if the subsidence. This lens is confined within-the C1 Conglomerate 

Bed and is bounded both above and below by phosphorite pebbles. Apart from 

the lens no other abnormality is recognised between the Typical lower 

Globigerina Limestone below the C1 Bed, and the White Middle Globigerina 

Limestone above the C1 Bed in this area. Post Miocene movement may be up 

to 30 metres and has produced further subsidence of the infill within the 

structure. It is recognised by small crescentic faults within the infill 

sediments and larger faulting, which has fractured and displaced the rim 

margins of the structure, particularly on the northern side. 

(iii) Tal IIa. rrax Outlier (276890) 

This is a poorly exposed structure, at least 400 metres in diameter, 

which lies to the south-east of Darejra Bay (see Fig. 43). It appears ellip- 

-tical in outline, however, it is complicated by later faulting. The exposed 
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penecontemporaneous marine infill consists of pale grey marls exhibiting 

scour and fill structures, and several horizons of sub-centimeter sized 

phosphorite pebbles. 13 metres of subsidence infill is exposed which thins 

to less than 2 metres when followed towards the southern margin of the 

structure. The youngest infill consists of nodular and bedded khaki col- 

oured cherts, which are not recognised outside the subsidence structure. 

Fossils are common in these beds, consisting of spines and test fragments 

of Cidnis sp.; and Ostrea sp., Terebratula sp., and other indeterminate 

shell debris occurs in the bedded cherts. 

Approximately 12 mettes of grey and cream, typical Middle Globigerina 

Limestone biomicrite cap this infill and, hence, confirm, the time of sub- 

sidence as being close to C1 Bed times. Post-Miocene subsidence may amount 

to 100 metres7as a plug of Blue Clay has subsided into the central regions 

of the structure. 

(iv) Oawra Outlier (274900) 

Of all subsidence structures present in the islands this one is best 

exposed)as Blue Clay, the dominant infill, has been progressively removed 

by erosion. This has resulted in the exposure of the intact vertical mar- 

gins of the subsidence)whicli stand as high walls of Lower Coralline Limestone 

surrounding the 400 metre diameter subsidence amphitheatre. The Blue Clay 

is seen to conformably cap the marine penecontemporaneous subsidence infill 

in the road section between the fishermen's huts and the church, in the 

north-western corner of the structure, and therefore places the age of the 

infill as Upper G-lobigerina Limestone. This infi fl , although exposed on 

the vest, east and south sides of the subsidence, is best seen at the 

southern end (Plate 20d), Were large angular boulders of phosphorite, and 

what appears to be Cl Conglomerate Bed occur in close association with 

brown to orange, poorly washed lithoclast biosparites. In addition, articu- 

lated shells of the brachiopod Megerli. a sp. occur in this sediment. This 

Upper Globigerina Limestone sediment is unlike sediments outside the struc- 

ture, which consist of a thin succession of clayey Upper. Globi; erina Lime-- 
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stone. In all exposures of penecontonmporaneous subsidence infill the 

primary dip is towards the centreyand scour and fill structures are recog- 

nised. The amount of primary subsidence is un? mowu although post-Miocene 

subsidence, consisting of "circular" faulting affecting the infill close 

to the primary fault margin of the subsidence, has lowered Blue Clay at 

least 100 metres downs into the centre of the structure. 

b. Phase 2 Basal Upper Coralline Limestone 

(i) Ghajn Barrani Outlier (344915) 

This 260 metres diameter elliptical structure is located in the top of 

the Blue Clay of Northern Gozo. It has clearly been initiated at the base 

of the Ghajn Nelel Beds of the Upper Coralline Limestone, as coarse, unsorted 

brown biosparites, which form the penecontemporaneous marine iniilling, can 

be followed laterally in the cliff section and extend into more typical 

finer Ghajn Melel sediments beyond the confines of the subsidence. This 

subsidence was initiated immediately after An episode of strong erosion. 

Large lithified blocks of Blue Clay were produced by this erosion and now 

occupy the basal layer of the subsidence infill3with the largest blocks 

lying at the lowest point in the structure. Scour and fill structures are 

common in the upper levels and small scale slumping is recognised. Sediments 

capping the subsidence infill can be followed along the cliff section, and. 

show that the 23 metres of penecontemporaneous subsidence inf ill can be 

correlated with 6 metres of similar, though finer grained, sediments, occurring 

beyond the margins of the structure. Slight post-1iocene movement is recog- 

nised, mainly as faulting close to the original, though hidden, subsidence 

walls. A small outcrop excavated by the sea on the northern margin of the 

structure clearly shows that the peripheral walls associated with the sub- 

sidence are vertical. 

(ii) Qolla S-Safra Outlier (329923) 

In northern Gozo, just west of Marsaliorn, a further 75 metres diameter 

circular subsidence structure occurs asicl weathers out in pösitive relief as 

the limestones involved (Qolla S-Safra Beds and Ghajn Melel ''Beds) are less 
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severely affected by erosion than are the surrounding Globigerina Limestone 

and Blue Clay. The Blue Clay merely lines the walls of the subsidence and 

is poorly exposed. However, the Qolla S-Safra Beds are clearly seen and 

mainly comprise the penecontemporaneous marine infilling, resting on the 

Il Gelmus Member of the Greensand Formation. 7 metres of peneconte, orau- 

eous infill is present, consisting of sorted yellow biosparite. Blocks cf 

semi-lithified, although identicaljsediment, have entered the basal parts of 

the infilling during formation, and are associated with contortions and 

slumping within the infill sediments. These infill sediments are capped 

by Ghajn Nelel Beds, thus indicating that subsidence was approximately con- 

temporaneous with that of the Ghajn Barrani Outlier. The subsidence infill 

is further correlated with 2 metres of identical sediments seen at las 

Salvatur (329913), 1 W. to the south. Post Iiocene subsidence is in the 

order of 63 metres, as the Qolla S-Safra Beds now lie at the same elevation 

as the top of the Upper Globigerina Limestone. 

(iii) Vied il Mielah Outlier (287923) 

A 160 metres, irregularly outlined subsidence occurs in isolation, in 

north-western Gozo. It now rests within Middle Globigerina Limestone, alvhough 

its high glauconite content and coarse bioclastic nature indicates that it 

belongs with the basal Upper Coralline Limestone. Only 2 metres of sediments 

are exposed, commencing with a breccia of exotic white miliolid limestone 

fragments. This is considered to equate with the basal Upper Coralline 

Linestone erosion surface. PostMiocene movement may be as great as 90 

metres. 

(iv) Citadel Outlier (316893) 

A further subsidence structure, weathering out in positive relief, 

occurs at the Citadel, Gozo. It is 170 metres in diameter and is circular 

in cross-section. Penecontemporaneous subsidence infill consists of 21 

metres of sorted biosparites, containing bryozoa and other marine fossils. 

Scour and fill structures are visible in the -inaccessible upper horizons 

and, on the western side, sediments are seen to dip into the centre of the 

Id 
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structure. The infill is correlated with 11 metres of identical sediments 

on I1 Gelmus (310894), 400 metres to the north. This confirms the collapse 

time as being approximately contemporaneous with Ghajn Darrani. 

c. Phase 3 Later Upper Coralline Limestone Subsidence 

(i) Ras il Wardija (269883) 

This is a 4.0 metres diameter circular subsidence, which occurs in 

south-western Gozo. The subsidence infill is of Upper Coralline Limestone 

age and weathers out as a positive feature. Although 4 metres of packed 

yellow biosparies and biomicrite infill rest on Blue Clay, the latter is 

poorly exposed, as it is concealed beneath the caprock and entirely surround- 

ed by Globigerina Limestone. Boulders of Ghajn Melel Member, and lithoclasts 

which may equate with the Tal Pictal Member, are enclosed within the basal 

part of the penecontemporaneous marine infilling and point to a younger age 

for this structure than for previous ones. The erosion plane producing these 

boulders is unrecognised elsewhere in the islands but, being situated on the 

western side of Gozo in an area prone to many local erosive episodes, and 

now with few Upper Coralline Limestone outcrops, this is not surprising. 

Post Miocene subsidence associated with this structure may be as much as 34 

metres, this figure being based on the calculated possible thickness of the 

missing sediments between C2 Conglomerate Bed and probable subsidence hori- 

zon within the Upper Coralline Limestone. 

(ii) Ghajn Abdul Outlier (287394 

The Ghajn Abdul outlier is 400 metres in diameter and is almost cir- 

cular in outline. The structure now rests in Blue Clay, but, as the base of 

the peneconteznporaneous infilling is buried, it is impossible to state the 

full amount of initial displacement, or the precise horizon in the Upper 

Coralline Limestone at which it occurs. The subsidence infill consists of 

24 metres of thinly laminated white biosparite and biornicrite, containing 

rare crustacean and . pectinid remains. Scour and fill structures are common 

throughout the beds and the lowest horizons are characterised by large. 
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boulders of molluscan biosparite up to 4 metres in diameter. These resemble 

some of the boulders of limestone seen at Ras il Jardija and are similarly 

correlated with the Tal I'ictal Beds. Associated with these boulders are 

large scale contortions and slump structures (Plate 20c) affecting the Done- 

contemporaneous infill. This infill dips into the centre of the structure 

from all sides and the greatest numbers of boulders occur at the lowest 

points in the exposed infill, particularly on the south and west sides of 

the structure. The contorted beds indicate that many of the boulders have 

entered the structure from the south-western side at a time when the initial 

sediments were still unlithified. 

The capping sequence to the hill is similar to that on Tas Salvatur and 

hence, indicates a possible correlation with a horizon high in the Upper 

Coralline Limestone. Post Miocene movement in this instance is calculated 

at approximately 34 metres. 

4. Subsidence Mechanism 

a. Evidence for preMiocene Cavern Development 

The only direct. evidence obtained to show that the subsidences 

collapsed into cavern systems of ore-Miocene age is from western Gozo. 

Both the Xlendi and Qawra subsidence structures penetrate up to 100 metres 

of Oligocene, Lower Coralline Limestone in this area. The occurrence of 

large cavities deep within the buried Lower Coralline Limestone is recorded 

in British Petroleum's 11axxar borehole (unpublished), of eastern Malta. 

These are recorded to a depth of many hundreds of feet and are likely, at 

least in part, to be of pre-Miocene age. The Naxxar borehole does not 

reveal any major evaporite horizons to account for subsidence, henceycavern 

development in a subaerial environment, produced by percolating groundwater, 

must be considered. 

Indirect evidence for the possible existence of major 1". iocene erosive 

phases, at least in areas close to the west of the Maltese Islands, is 

plentiful and has been discussed in Chapter 11. Some of the erosive episodes 

are considered to have resulted in subaerial erosion in areas to the west of 

A 
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the islands. No direct evidence exists, however, for uplift of sufficient 

magnitude to raise any part of the Maltese Islands more than a few metres 

above sea level. The vughy nature of much of the sediment penetrated in 

the Naxxar borehole suggests that uplift may well have occurred at several 

intervals since the Cretaceous. The lack of sizoable vughs and caverns 

encountered in this borehole is partly to be expected, as examination of 

Fig. 41 reveals that solution subsidence structures increase in numbers and 

dimensions in a westerly direction in both islands, being largest in western 

Gozo. This is taken to indicate that the underlying cavern systems of the 

islands also increase in dimensions in a westerly direction, probably in- 

directly showing that uplift was greatest in that area. It is considered. 

that these pre-: Iiocene cavern systems resulted from carbonate solution 

associated with a regional uplift in the west, rather than solution of eva- 

porites. Solution of the latter is finally rejected on the basis of Miocene 

sediment distribution studies, which show that most basin-like structures 

developed within the islands are either centrally situated or are located 

on the eastern side of Malta. If this is consistent with unexposed un. nor- 

lying sequences it is likely that the Naxxar borehole should have penetrated 

considerable thicknesses of evaporites, assuming that they were present as 

a result of basinal development. By the same logic the western Gozo area 

would not be expected to yield evaporites, because of its location, = hence, 

should not show subsidence effects produced by evaporite solution. 

In conclusion, it is believed that the i'ialtese Islands have undergone 

many episodes of uplift and erosion throughout the whole of the Oligo-- 

Miocene episode, and it therefore appears reasonable to postulate that this 

has also been the case in the underlying, unexposed lower. Tertiary sediments. 

b. Theory of Formation 

It is postulated that a particularly intense period of uplift and 

erosion occurred in western areas of the i": altese Islands during the early 

Tertiary (Fig. 42). This was sufficient, at least in western Gozo, to create 
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a land area possibly as much as 100 metres in elevation. Widespread sub-- 

aerial solution and cavern development occurred in this new land surface. 

Under these conditions cavern system dimensions would be determined by land 

elevation and water table level. Hence, it is considered reasonable to 

suggest that, in a land area-of low elevation, much of the cavern develop- 

ment was very close to the surface. Subsequently, submergence (B. in Fig. 42) 

lowered the rocks to a situation in which they once more came under the in- 

fluonce of marine sedimentation. In this environment the thin cavern roof 

would withstand the increasing weight of overburden as long as tectonic 

conditions remained stable. If, however, uplift subsequently occurred, indi- 

cated by the presence of erosion surfaces in the case of the Maltese Miocene, 

the resulting crustal warping may have been sufficient to trigger off 

collapse of the weak cavern roof materials. This would cause the collapse 

of a vertical column of seafloor sediments into the cavern (C in Pig. 42). 

An elliptical seafloor depression would result from this and would 

immediately proceed to become infilled with unsorted sediments brought into 

it by the erosive water currents. This effect has been simulated in flume 

experiments by Jopling (1965, p. 789), in which rapid base level lowering 

produced torrent bedding, containing structures comparable to those within 

the Maltese subsidences. The poor sorted nature of the Maltese sediments is 

also consistent with this type of mass sediment movement. Angular blocks 

of both lithified and semi-lithified wallrock from the unsupported rim margins 

of the structure would also tend to fall into the subsidence, and would 

cause contortion and slumping of the primary unlithified infill. Ultimately 

the depression would become infilled and normal marine sedimentation would 

proceed as before the event M. in Fig. 42). 

The effect of crustal upwarping as a triggering mechanism for subsidence 

could explain the apparent synchronous nature of collapse of the structures 

associated with each of the first two Dhases. Perhaps the effects of 

war-,,, )ing were restricted to the extreme west of Gozo during phase 1, whereas, 

the phase 2 subsidences were triggered- off by uplift of 'both western and 

central regions of Gozo, 
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The palaeogeography of the 'Maltese Islands at this time appears to 

have had much in common with the Florida peninsula and Bahamas. Continental 

areas, of low elevation extended around the northern offshore areas of Gozo, 

and extended down the western offshore areas of Malta as a series of low 

islands inter-connected by wave-cut platform. Low land areas also extended 

intermittantly in eastern offshore areas of Malta. Between these lay a 

series of interconnecting lagoons receiving shallow water bioclastics and 

periodic influxes of conglomerates and breccias derived from the inter- 

island erosion areas, particularly to the west and north. The extent of 

the subaerial regions appears to have fluctuated with time, due to regional 

tectonic adjustmentsyso that on occasions western and south-eastern areas 

of the Maltese Islands became either land or areas subject to marine erosion. 

At other times the land areas were reduced to small islands, thus allowing 

the influx of planktonic bioclastics into the area now represented by the 

Maltese Islands. The occurrence of solution subsidence structures, appar- 

ently formed subaerially but now lying in 140 to 150 fathoms of water, off 

the southern Florida peninsula (Jordan 1954) further strengthens the compar- 

ison between the two areas. 

Although the precise horizon of pre Miocene cavern development is un- 

certainyit may tentatively be correlated with an erosional episode in Libya 

noted by Selly (1969, p. 422)5which also appears to occur throughout other 

areas of north Africa. The unconformity brings Burdigalian strata into 

contact with lower Oligocene rocks. 

Finally, it is worth commenting on the surprising vertical displacements 

of these relatively small, elliptical plugs of subsidence infill, many of 

which have subsided through a considerable Chic'mess of Blue Olay before 

entering Globigerina Limestone, apparently without suffering major fracture, 

or even tilting. These Maltese examples are by no means unique in this res- 

pect, as was shown by Stockdale (1936, p. 522) in respect to the "Montlake 

Sink" of the Cumberland Plateau, Tennessee. This 390 feet (119 metres) 

diameter subaerial structure has undoubtedly subsided through 800 feet (244 

metres) of strata, most of which gras non-calcareous in nature. Smaller 
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diameter structures within the P4i1lstone Grit of Wales (Thomas 1963, p. 47) 

have been proved'to have penetrated 250 feet (76 metres) of non-calcareous 

sediments before entering the Carboniferous Limestone. These two examples 

show conclusively, that the maximum of 65 metres of Blue Clay present within 

the Maltese islands would provide no great obstacle to the effect of subsi- 

dences extending their effects from earlier Tertiary strata, into the tipper 

Coralline Limestone. 

5. Post-Miocene Subsidence 

It is generally accepted that the Maltese Islands became a land area at 

about the close of Miocene times, and have remained above sealevel, with 

minor exceptions, until the present day. The rich Quaternary mammalian faunas 

within the islands indicate that the land areas were once a great deal more 

extensive than at present and probably had direct connections with mainland 

Europe until relatively recent times (Spratt 1367). 

a. Pre-Quaternary Subsidence 

All the post-Miocene subsidences marked on Fig. 41, with the exception 

of the Maqluba structure, are believed to fall into this group. i4any are 

recognised merely by the presence of an elliptical surface depression, abhough 

the subsidences plugged by Upper Coralline Limestone in Gozo form positive 

features. In both islands there is a close association between these struc- 

tures and. the regional faulting. The finest example of this type of subsi- 

dence is that of Ghajn Znuber in western Malta (Plate 19c). The 80 metres 

diameter, vertically walled depression is infilled with 60m. of sediment, 

consisting of large angular blocks of Upper Cora: Lline limestone close by the 

rim walls and calcreted red soil infilling the central area. The cavern 

horizon is not seen. The post-Miocene movement within the Miocene subsi- 

dences of Gozo is also believed to fall into this category, as also is the 

regional graben development of south-western Gozo. 

b, Quaternary Subsidence 

An extensive netvorl=_ of caverns developed at this -birne, par-biculaarl. y 
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in the Coralline Limestones, and is represented by the Ghar Dalam and Ghar 

Masan networks of the Lower Coralline Limestone and the cave systems of the 

Niellieha and Rabat areas within the Upper Coralline Limestone. The syste-: s 

lie quite close to the present day land surface and are small in comparison 

to the earlier systems. These solution subsidences are difficult to c? iff- 

erentiate from the older ones, but the Magluba subsidence in Malta, which 

reputed to have collapsed in the 14th century, is believed to fall into this 

group. The cavern development is tentatively dated as Quaternary on the 

basis of the rich mamalian faunas associated with them. 

c, Subsidence Mechanism 

(i) Evidence for Reactivation of Subsidences 

The Quaternary subsidence structures are believed to have formed by 

simple roof collapse of material overlying cavern systems at shallow depth. 

The pre-Quaternary structures are, however, a little more difficult to account 

for as they are usually aligned along the major fault systems, or are close 

to known Miocene subsidences, as in the case of western Gozo. Positive 

evidence of renewal of solution within the pre Miocene cavern horizon is 

restricted to the Miocene subsidences of Gozo, where a second episode of 

movement is recognised in almost all described structures. it is thought 

that this second phase of cavern development occurred at about the sane 

horizon as the pre- iocene episode, as this horizon also lies well below 

present day sealevel. The Qawra subsidence clearly supports this, as part 

of the Blue Clay has been let down well into the Lower Coralline Limestone 

by the second subsidence episode. Subsidence displacements during this 

episode are considerably greater than those associated with the Miocene 

events. This is taken to imply that subaerial conditinns prevailed for 

much longer during the post-Diiocene episode, and may well have occurred. 

throughout Pliocene times, resulting in the development of cave systems of 

vast size. 

The question of whether subsidence preceded faulting may now be resolved. 

Faulting in western Gozo is dominantly east-test and runs from one subsi- 

A 
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Bence structure to the next (see Fig. 43, from Wizglesworth 1964). Upon 

intersecting the rim of each structure, the fault deviates around its 

perimeter before continuing the original trend again. Faulting within 

the subsidence infill is always of a minor nature and usually -rakes the 

form of small cresentic, normal vaults associated with the post ; "Fiocene 

subsidence. The conclusion must, therefore, be that the faulting is 

later than the subsidences of the pre-Quaternary episode. These faults 

probably gained access to the surface via the weakest points in the cover 

sequence where cavern formation and subsidence already existed. 

(ii) Theory of Formation 

It is suggested that the late Miocene uplift, coupled with general 

sealevel lowering, was sufficient to cause re-emergence of the pre IAocene 

cavern horizon. Reactivation of solution along these oldypartially 

collapsed cavern levels occurred, and was only terminated by subsequent 

sealevel rise and submergence by faulting. (See Test; Fig. 42E, F. ). Perhaps 

the east west graben development in the Qawra and Xlendi regions represents 

the ultimate collapse of roof materials overlying vast cavern systems, which 

was brought about by the major regional faulting episode. This may account 

for the radiating networks of minor faults associated with the regional 

pattern. These are best seen around the : ilendi structure and may reflect 

local adjustment of floundering blocks of collapsed cavern roof material, 

which lie at very shallow depths in these localities. 

A 
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HYPOTHETICAL DIAGRAMS ILLUSTRATING THE MODE OF FORMATION 
OF SOLUTION SUBSIDENCE STRUCTURES 

B. 
SUBTERRANEAN CAVERN FORMATION DURING A SUBAERIAL PNASE, RESUBMERGENCE AND COMMENCEMENT OF DEPOSITION 

(POSSIBLY PALAEOGENE) --- 

A 

DSUBSEQUENT 
INFILL OF THE DEPRESSION BY SUBAQUEOUS SEDIMENT, 

.... 

f A" 

POST MIOCENE DEVELOPMENTS BASED ON STRUCTURES IN WESTERN GOZO. 

F 
j.. \ 

.. _ 

'%. 

ýv 
__ ýýý 

PLIOCENE UPLIFT AND DENUDATION WITH FURTHE? SINN FORMATION COLLAPSE OF FRACTURED CAVERN ROOF SYSTEMS AND 
AND CAVERN ENLARGEMENT FURTHER DENUDATION PRODUCE PRESENT DAY TOPOGRAPHY 

Fig. 42 

SAG DEVELOPMENT CAUSED BY ACCUMULATING 

SEDIMENT OVERBURDEN FOLLOWED BY 
C, 

ý'" SUDDEN CAVERN ROOF COLLAPSE 

OFTEN WITH RIM SHOULDER COLLAPSE 
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APPENDIX 

Locality No. 

10 
119 
146 
310 
313 
319 
333 
336 
349 
375 
379 
393 
396 
399 
401 
404 
406 
420 
421 
423 
424 
426 
427 
429 
430 
434 
446 
-1.47 
443 
452 
473 
475 

List of Sampling localities figured in Chap or 10 

Name 

Road Tal Hezjen, Malta 
Ghar Ilma, Gozo 
Ngarr, Gaza 
Noarr Coast, Gozo 
Rdum il Hmar, Malta 
Il Ponta, Malta 
Cirkewfra, Malta 
RAum, Malta 
I1 Prayet, Malta 
Karraba, Malta 
Gebel Ghawzara, Malta 
I'Irdam I'Imdauar, Malta 
Qlieghi, Malta 
Id Ihre j ra, Malta 
ritaria, Malta 
San-bi Gap, Malta 
Ta Dekozzu, Malta 
I1 F imara, Malta 
Aladelena Chapel, Malta 
Ghajn Taites, Malta 
Vied to Gioraaina, Malta 
Tal ýIas , Malta 
Ta Santa Catarina, Malta 
I1 bajjat to Decozzu, Malta 
In Negret, Malta 
Deneb il Baghal, Malta 
; Narr Harbour, Gozo 
L"'Skoll tal barbajanni, Gozo 
E of Qala, Gozo 
I1 Qortin, Gozo 
I1 Geimus, Gozo 
Gordon, Gozo 

Grid. Reference 

453752 
292892 
367370 
373874 
428823 
419705 
398920 
400810 
406796 
406760 
466762 
409745 
402731 
445733 
455717 
423728 
438705 
456664 
445676 
427699 
406712 
401724 
444696 
440703 
442706 
493644 
368372 
386870 
393880 
377899 
310894 
298921 

Sample Localities Used. for Extra, Stra. bigra chic Control 

14 L'Irdum L'Imdauar, Malta 412747 
69 Rdum Dikk. iena, Malta 444.676 

140 It Qortin Tau-Nadur, Gozo 367905 
144 Fast of Qala, Gozo 393080 
411 Ghar Bitija, Malta 436680 
415 Ghajn Il irbira, Malta 466679 
443 Kemuna Tower, Gozo 355880 

Localities 375,396 and 404, above, also provided additional strati- 
graphic sample control. 
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APPENDIX II: (Continued) 

SOLUTION SUBSIDENCE STRUCTURES 

Grid Reference 
M 

CO 
ON [`- 

N 

M 

CO 
a% i- 

N 

M 

CO ý' 
ON N- 

N 

M 

OCNI N CO N 

t 

00 
00 
tn 0' 

N 

Lamellibranchs 1.8 

Ostracodes 

Planktonic Forams. 

Benthonic Forams. 1.8 0.8 9.0 34.8 

Indet. Forams. 

Bryozoans 

Coralline Algae 46.4 3.0 

Indet. Frags. 28.8 2.1 35.1 

Echinoids 0.6 3.0 2.4 

Micrite 

Nicrosparite 

Sparite 46.8 67.6 44.7 64.6 

Pelle-bed Micri-be 

Intraclasts 

Glauconite 3.4 0.9 3.4 0.8 

Lithoclasts 1.0 64.9 

Ooliths 31.7 



'. : DDC ITI Mans used in the Study of the Maltese islands 

1. Var Office. Malta 1: 10560 (6 inches to 1 mile) GS GS 3852 
reproduced by the Ordnance Survey 1939. 

2. War Office. Gozo and. Malta 1: 31680 (2 inches -bo 1 mile). 
2 sheets (GS GS 3359, Edition 4), 1954. 

3. The Allied Nalta 1: 1ewspapers Ltd. (Pro-cress Press) Survey 
Map, Malta, Gozo and Comino 1: 3200, Valletta.. 



SUMMARY 

Although the geology of the Maltese Islands has been studied for a 

considerable length of time, this has mainly been from the viewpoint 

of palaeontology, stratigraphy and water resources. The aim of the present 

study has been to revise the litho - stratigraphy of the islands and to 

provide a working subdivision within the Upper and Lower Coralline 

Limestone Formations. Despite previous unsuccessful attempts at 

subdivision the new members and beds proposed by the author are believed 

to be acceptable because they are based on the recognition of distinct facies. 

The existence of these is supported by both palaeoecological and 

sedirnentological data obtained during the present study. Particular attention 

has been paid to isopachyte studies in order to consolidate new data 

obtained on the intermediate formations. 
l 

Detailed studies of allogenic sediments within the Maltese succession 

have provided data on those parts of the formations beyond the limits of 

the present confines of the Maltese Islands. 

A new find of articulated fossil fish remains by the author, at n 

Fawwara, Malta, provided palaeoecological material for a detailed study 

of a localised environment in the basal Upper Coralline Limestone. A 

broader regional study was also undertaken at about the same horizon on 

the Terebratula-Aphelesia bed. This is a new stratigraphic marker horizon 

defined by the author. Throughout these studies the ecological implications 

of the various bryozoan growthforms encountered have been fully taken 

into consideration when interpreting the palaeoenviroriments involved. 

Finally, a series of solution subsidence structures were examined and 

10 were found to have been initiated' during normal Miocene sedimentation. 

These are believed to be associated with a, pre-Miocene episode of uplift 

and subaerial denudation-in western Gozo. Further post-Miocene subsidence 

and regional graben development are also recognised. 
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PLATE 1 

Throughout all plates the scale of field photographs is 
denoted by the harrier which has a shaft len--Li of 340mm. and a head 
length of 165r: un. 

Lw, er Coralline Limestone Formation 

a. 

b. 

C. 

d. 

I1 Mara Member. Lei docyclina rock at Qannieh, I"ialtc. 
(400807). 

Xlencli Member. Biosparites containing Scu-bella subrotunda, 
Qan: mieh, '.. alta. 

Attard Member. Rounded rticdolites in biosp rite, Attalrd 
Quarries, :; alts. (490711) 

Vertical cliffs of Lower coralline Limestone at nlendi, 
Gozo (237377). 
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PL' TE 2 

Lower Coralline Liriestone Formation 

a. Attard Member. Archaeolithothannion internedin, 
Attard quarries, vialta. (490712) 

b. Xlendi 1, Iernber. Lithotharnnion sp. hied Qirda, Malta, 
(511692). 

Co Xlendi Ner; ber. Algal biosparrudite showing well rounded 
coralline algal fragments Vied Qirda, Malta (511692). 

d. Pittard I: ember. Carbonate mound showing ponocontemnor- 
aneous biomicrite infill (i) and associated with a vugh 
in foraminiferal biosparite (ii). Deneb il Baghal, 
i: alta (493645). 
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PLATE 3 

Globi? eriiia Limestone Formation 

a. C1 Phosphorite Conglomerate Bed. Lower Globigerina 
Limestone I1 Mara facies (i) below, 
and phosahorite conglomerate with 
Chlamys fragments above (ii), the 
latter ir_iiliing solution widened 
crustacean burrow systems (iii), I1 
Blata, lialta (396727). 

b. C1 Phosphorite Conglomerate Bed. Typical planar 
eroded top (i) and with a base resting 
on gently tilted and fretted Lower 
Globigerina Limestone (ii), Fomm ir- 
Rih, Malta (406737). 

CO Lower Globigerina Limestone. Thalassinoides burrow 
systets, Ghar id-Duhhan, Malta 
(610700). 

T d. Middle Globigerina Limestone. IT dykes pene- 
trating dogm from an unnamed conglo- 
merate bed (i)v Imtahleb, Malta 
(418700). 

e. C2 Phosphorite Conglomerate Bed. Dune development of 
the C2 bed (i), above eroded and burrowed 
Middle Globigerina Limestone (ii), South 
of Marsalforn, Gozo (333915). 
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PLATE 4 

Globinerinv. Limestone Formation 

a. Middle Globigerina Limestone. Biomicrite containing 
planktonic foraminifera, Is :; erc, 
Malta (600647). 

b. Middle Globigerina Limestone, Chert beds. RYiombs of 
dolomite (i) set in a chert rcnlviced 
micrite, il Guide, Malta (414701). 

c. C1 Phosphorite Conglomerate Bed. Phosphatised plank- 
tonic foraminifera biomicrite pebble (i), 
in contact with globigerina limestone 

matrix (ii). Secondary lesching (iii) 
has caused migration of phosohate and 
iron into adjacent margin of matrix 
surrounding peW1e, Ponta tal Qlicghi, 
Malta (397733). 

d. Upper Globigerina Limestone. Planktonic foraminif ra 
set in micrite, Delimara, Malta (603644). 
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PLATE, 5 

Globigerina Limestone Formation 

a. C2 Phosphorite Conglomerate Red. Typical fining up- 
wards development of this bed with 
develo; 7nent of pre-C2 jointing below, 
Qammieh, Malte. (401808). 

b. Lower Globigerina Limestone. Infilled channels 
typical of both the Upper and Lower 
Globigerina Limestones of north- 
western Gozo, east of Zebbug, Gozo 
(317913). 

c. Upper Globigerina Limesonte. Honeycomb weathering 
in Bed C. Softer Bed B below, Qammieh, 
Malta (401808). 

d. Upper Globigerina Limestone. Alternations of well 
cemented biomicrite ribs with softer 
horizons in Bed A; beds B and C above 
and Middle Globigerina Limestone below, 
Delimara, Malta (603644). 
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PLATE 6 

Blue Clay and Greensand Formations 

a. Blue Clay. Alternating bands of pale and dark grey 
marls, Rdum Idelli, Malta (407790). 

b. Greensand. Hydrochloric acid insolubles; waterworn 
glauconite (i), oxydised pellets (now 
goethite)(ii), and detrital Ups= (iii), 
Ghar Ilma, Gozo (292893). 

co Greensand. I1 Gelmus Member (i), with Coralline Algal 
Bioherm outlier unconformably capping it 
(ii), Ghar Ilma, Gozo (292893). 

d. Ghajn Melel Member. Ghajn Znuber Beds: biosparites 
containing C1_yneaster altus (i), arti- 
culated Chlam s latissirna (ii), Ostrea 
verleti (iii) and. Cellepora sp., Il 
Minzel, Malta (409767). 

e. Greensand. Thin section of a glauconitic phosphorite 
pebble from the Ii Gelmus Beds, (i) 

glauconite, (ii) Porarinifera debris, 
(iii) gypsum clasts., Ghar Ilma, Gozo 
(292893). 
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PLATE 7 

Upper Coralline Limestone, Mtarfa Member 

a. Coralline Algal Bionorm. Spheroidal Lithophyllum 
rhodolites (i) and Calnensia im-. )ressa. 
(ii) set in a yellow micrite matrix, 
St. Caterina, Malta (444696). 

b. I1 Fawwara Fish Bed. Greensand (i), overlain by thinly 
bedded nitrites cantaining well pre- 
served fish (ii), capped by the hta. rfa 
Beds (iii), I1 Fawwara, Malta (457665). 

c. Coralline Algal Bioherm. Terobratula Bed in jrey marls 
at the base of the unit, Tal Sias, Malta 
(401724). 
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PLATE 8 

Upper Coralline Limestone, Altarfa !! ember wind Ghaýn I e1e1 :; ember 

a. . Itarfa Beds. Yellow biomicrite with aragonitic shell 
casts, San Giorgio, Malta (459665). 

b. Ghajn Znuber Beds. Reworked glauconite (i) and trans- 
ported limonitised foraminiferal frag- 
ments (ii), associated with in situ fora- 
mir_ifera (iii), in a sorted biosparite, 
Hotba el BaJda, i"ialta (411763). 

c. Ghajn Me1e1 Beds. Low-ferroan calcite rhomb develop- 
ment around limonitic nuclei in an 
original limonitic micrite, south-east 
of Victoria, Gozo (323887). 

d. Cora]. lino Algal Bioharm. Lithonhyllum destephanii 

showing oogonia and associated roof 
leasions, Tal Mas, 1 alta (401724). 
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PLATE 9 

Upper Coralline Limestone, k: tarf. a and 'Pal Pictal I". Fmbers 

a. Rdum il Beds. White chalky biomicrites, Rum il 
Thar, halta (427823). 

b. Ghadira Beds. Megaforesets of oobiosparite, I1 Ghadira, 
Malta (407805). 

c. Rabat Plateau Beds. Biosparites, partly recrystalised, 
extensively dissolved and belonging 
to the W bat Plateau Beds (i), over]ying 
raicritic Coralline Algal Bioherm (ii), 
Ghar Bittija, Malta (436680). 

d. Tal Pictal Beds. Lensoidal development of partly micri. - 
tised carbonate muunds (i), in an un:, ortec: 
biosparite matrix, Tal Pictal, iialta 
(425691). 

e. Ghadira Beds. Tangential foresets at the base of the beds, 
ic-"Cwnnij a, Malta (420306). 
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PLATE 10 

Upper Coralline Limestone, Tal Pictaal and Gebel Irrbark Members 

a. Tal Pictal Bads. Detail of a carbonate mound containin-, 
mollusc casts and coral genus A species 
b., east of Victoria, Gozo (306881). 

b. Tal Pictal Beds. Lithophaaa bored carbonate mound (i), 

surrounded by offr;, ouud biosparites, 
Tat To; nna, Malta (417738). 

c. Tat Tomna Beds. Cross-laminated pelsparite and cosparite, 
Tat Tomna, Malta (420789). 

d. Ghar Lapsi Beds. Thinly laminated biosparites (i), over- 
lain by the Rabat Plateau Beds tii), and 
tilted by the Plaghlek Fault, In Nef'iiet, 
Malta (491644). 

e. Ghajn Abdul. Concretionary limestone directly overlying 
solution subsidence infill, Ghajn Abdul, 
Gozo (286895). 
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PLATE 11 

Upper Coralline Limestone, Tal Pictal Member 

a. Rabat Plateau Beds. Biomicrite containing micritised 
coralline algae set in a sparry 
]ow ferroan calcite matrix, Tal 
Brieghen, Gozo (348865). 

bl Ghadira Beds. Oosparite showing superficial oolith 
development on foraminifera and 
pellet nuclei, subsequently cemented 
by sparry low-ferroan. calcite, 
Ghadira, Malta (408806). 

c. Tal Pictal Beds. Outer layers of a carbonate mound 
showing encrusting foraminifera 

and coralline algae set in a micri- 
tised matrix which may originally 
have consisted of other coralline algae 
(i). Adjacent mound flank biosparites 
(ii), Ghajn. Tuffieha, halta (422757). 

d. Tal Pictal Beds. Geope, tal infill of micrite and 
blocky sparite within a lerisoidal 
carbonate mound, 11-Qaws, i"Ialta 
(425691). 
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PLATE 12 

Upper Coralline Limestone, Gebel Imbark Member 

a. Tat Torrna Beds. Oopelsparite showing ooids and pellets, 
some with sparitised centres, set in 
a non-ferroan sparry calcite matrix, 
Tat Tomna, Malta (416790). 

b. San Leonardo Beds. Trough bedded biosparite (i), over- 
lain by a1 metre marl bed (ii), and 
capped by a further thinly bedded 
biosparite contai;: ing channel devel- 
opment, San Leonardo, i-; alta (601705). 

c. San Leonardo Beds. Eroded and faulted Middle Globigerina 
Limestone (i), unconformably overlain 
by San Leonardo Beds biosparites, San 
Leonardo, Malta (600707). 

d. San Leonardo Beds. Biosparite, now extensively recrys- 
tallised but still shoring gastropod and 
lamellibranch fragments, ban Leonardo, 
Malta (601705). 
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PLATE 13 

Diagenesis 

a. Blue Clay. Octahedral pyrite growing on botryoidal 

" goethite, Tal Plata, Malta (452804). 

b. Edam il Essar Beds. Foraminifera shell cast infilled 
by rhomboidal none ßerroan calcite 
crystals, Rdurn il Mar, Malta 
(428824). 

c. Blue Clay. Goethite infilling of cellular woody 
tissues, now casts, in driftwood from 
Rdum il : 3mar, Malta. (423324). 

I 
d. Goethite pseudomornhing octohedral pyrite within an 

Muria test, north of Il-Mansab, 
Malta (407790). 
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PLATE 14 

Uranar Corallino Limestone, I1 Fawwara Fish Bed. 

a. Bree. maceros albyi, Sauvage. A typical specimen showing 
the characteristic large otolith 
and occipital spine and elongated 
pectoral fin spines. ; Malta Museum 
specimen 1N! /V1349) 

. 

b. Coprolite containing fish bones, scales and five eto- 
liths of Bregmaceros albyi. 

Co Hexagonal plates, with tubercular carinae, of S. yn: nathus sp. 

d. Bedding plane containing fossilised Fucus sp.? (i), 

encrusted by membraninoriform bryo- 
zoans (ii), and also containing 
lunulitiform bryczouns (iii), and shell 
debris. 
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PLATT. 15 

Coralline Limestone Biological Framehuilders 

a, b, Attard Member. Detail of coral genus A species a. (cast), 
Ix Xaghra tai Aiaghlek, i": a1ta (483652) . 

c. Upper Coralline Limestone. Litho harm, borin; s in coral 
genus A species b. cast), west of 
Mellieha, : ialta (417766). 

d. Tal Pictal Beds. Carbonate mound (i), outline dotted, 
showing in situ coral development (ii) 

and eroded top, Tat Tomna, Malta 
(417788). 

e. Coralline Algal Bioherm. Lithophyllum destenhanii. 
Lichen-like growthform from a basal 
horizon, Tal Lippi. ja, Malta (410768). 



_a =m 

=O =n 

=O =m 

=O 
= I, 

=O =v 

=O =m 

=O 
-m 

O 

E 
E 

U 
O 

B OIL 09 os O! OIE O,! z 

Q) 

o LO 

W 

0 
(0 

0 
U) 

O 

M 

=0 

0 
N 

=O 

FA* 

1. ,'sd 

ti 
Cy 

ý. 

-? may i 



PLATE 16 

Unrecorded Fossils from Nalta 

a. Blue Clay. Spine bearing, limonitised plastron of 
Schizaster eurynotus, north of I1 
Minzel, I. a]. ta (409763). 

b. Blue Clay. Detail of the spatulate distal termina- 
tions to the spines, (same loc. as 
a. ). 

c. San Leonardo Beds. A charophyte gyrogonite, San 
Leonardo, Malta (601705). 

d. San Leonardo Beds. Cast of Amnicola sp. from same 
marl bed as c. (same be, as c. ). 

e. Rabat Plateau Beds. Vertical multi-"I" branching 
ichnofossils, possibly root struc- 
tures, in oolite, Ta Zuta, Malta 
(456668). 
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PLATE 17 

Terebratula-Anhelesia Bed 

a. Adult Terebratula terebratula, (i) from areas east 
of the bioherin, (ii) from the grey marly basal unit, 
(iii) from the flanks of the Coralline Algal. Bioherin. 

b. Adult Aphelesia Bioartita from the crestal areas of 
the bioherm. 

Co Juvenile Terebratula terebratula. 

d. Juvenile Aphelesia bipartita. 

e. Alar projections (i) around the open deltidial area 
of A helesia used in distinguishing juveniles of 
Aphelesia from Terebratula. 
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PLATE 18 

TerebraCAtla-A: phelesia Bed 

a. Argyrotheca sp. young adult. 

b. Megathiris sp. young adult. 

c. Cellaria sp. A typical cellariform bryozoan internode 
growth-form from the area furthest east of the bioherm. 

d. A typical membra. nipori. form A bryozoan growth-form from 
the crest of the bioherm. 

e. A typical vinculariform bryozoan growth-form from the 
sheltered area to the east of the biohern. 

f. Ba, tipora, sp. A typical celieporiforin bryozoan growth- 
forri from the crest of the bioherm. 
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PLATE 19 

Solution subsidence infill and tectonic features 

a. Xlend. i solution subsidDnce structure. Folded : Miocene 
sediments in an elliptical faulibound subsidence 
structure. Subsidence margins dashed, east of Xlendi, 
Gozo (296i76). 

b. Xlendi solution subsidence structure. View from "X" 
plate 19a, showing the lensoidal nature to the subsi- 
dence infill. 

c. Ghajn Znuber solution subsidence structure. "Circular. 
fault" margin separating Upper Coralline Limestone (i), 
from the terra rossa infill, now calcreted, which con- 
tains anö 1ar boulders of Upper Coralline Limestone 
(ii), Ghajn Znuber., Ialta (407787). 

d. Qarmieh grault. Double fracture plane with Blue Clay (i), 

separates Lower Coral]. ine Limestone (ii), from Upper 
Coralline Limestone (iii), Qammieh, Malta (401808). 
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PLAT, 20 

Solution subsidence structures 

a. Xlendi infill. Poorly washed lithoclast biosparite 
infill showing scour and fill structures and migrat- 
ing channel developmert, east of Xlondi, Gozo (296876). 

b. Xlendi infill. Early biomicrite subsidence infill 
containing phosphorite pebbles (i), in contact with 
the Lower Coralline Limestone subsidence margin (ii), 
(sane location as a. ). 

c. Ghe. jn Abdul infill. Large molluscan biosparite 
boulder (i), set in a contorted solution subsidence 
infill of white thinly laminated biemi_crite, Ghajn 
Abdul, Gozo (287093). 

d. Qawra infill. Solution fretted, phosphatised. Globi- 
gerina Limestone boulders and brec2iw set in a poorly 
washed lithoclast bio parite infill, Qa7ra, Gozo 
(273898). 
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