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ABSTRACT 

There were two bouts of diatomaceous sedimentation 
in S ic i ly during the Miocene: the f i r s t in the Aq[uitanian/ 
Burdigalian and the second during the Messinian. 

The Lower Miocene deposits are found in only a few 
widely distributed outcrops and their stratigraphic context i s 
uncertain. They occur as thinly bedded cherts and porcelanites 
which consist of either opal CT or quartz. Although diagenesis 
has destroyed much of their original texture, a diatomaceous 
origin for the s i l i c a can'be inferred from the presence of many 
corroded diatom frustules. Kineralogical diagenetic changes 
appear to be related to burial associated with early to middle 
Miocene tectonisra while textural variations probably ref lect 
compositional differences in the original sediment. 

The Messinian diatomites are moderately well exposed 
in central and southwestern S ic i ly and underlie the Mediterranean 
Evaporites. They belong to the Tripol i Formation which consists 
of alternating diatomite and claystone horizons with each of the 
la t t er comprising a grey dolomitic marl overlain by a brown 
terrigenous, shale. Diatomite deposition took place under normal 
marine conditions in response to the upwelling of deep nutrient-
r ich waters while isotopic evidence suggests that the claystones, 
usually devoid of biogenic remains, were deposited in stagnant, 
highly evaporated waters. The cycl ic nature of Tripol i sedimentation 
i s thought to be due to a combination of sea level fluctuations 
controlled by Antartic glacial act ivi ty and the existence of a 
shallow s i l l separating the Mediterranean from the Atlantic . 
Restricted conditions developed during low sea-level .stands while 
the diatomites were deposited as sea levels v̂ ere r i s ing . The 
waters of the Mediterranean became increasingly saline and restricted 
during the Messinian until diatomaceous sedimentation ceased. 
Eventually communication betvi-een the Atlantic and the Mediterranean 
was severed and the liessinian Salinity Cr i s i s followed. 



THE SEDniENTOLOGT, 

DIAGENESIS AND PALABO-OCEANOGEAPHY 

OF DIATOMITES FRCII THE 

MIOCENE OP SICILY. 

A Thesis 
submitted in accordance with 

the requiranents of the University 
of Durham for the degree of 

Doctor of Philosophy 
by 

GRAH/IE BEt^l^ET 

S E C T I O N 

_ifL>rary 

SEPTHvIBEE 1980 DEPARBilMT OF 

GEOLOGICAL SCIEK^CES 

The copyright of this thesis rests with the author. 

No quotation from it should be published without 

his prior written consent and information derived 

from it should be acknowledged. 



FRONTISPIECE 

A. pelagic f i s h of the Scombrid family from 
the diatomites of the Tr ipol i Fm., 
Capodarso, S i c i l y , 



ACKl̂ OWLEDGaiENTS 

I would l i k e to thank my supervisor Dr. E.C.Jenkyns for 
his guidance and constant encouragement throxighout the duration 
of this work. 

Special thanks are also due to Dr. J.McKenzie for carrying 

i out the stable isotope analyses and for her many helpful sviggestions 

j and discussions re^rding the significiance of the results , 

I . I also wish to thank Mr. R.Eardy for his assistance with 

! XRF and XRD analyses, Professor R.E.Garrison and Dr. K.Pisciotto 

for showing me the Monterey .Formation and for their hospitality 

during my stay in Cal i fornia, Drs. M.Hart and D.G.Jenkins for 

dating some samples from Antinello and Dittaino, Br. R.Gersonde 

for helpful discussions and Mrs. L.Graham and Jane Valentine for 

typing this thesis. 

I wish to acknowledge the financial support of a K . E . R . C . 

Research Studentship and to thank Professors G.M.Brown and M.H.P. 

Bott for making available the f a c i l i t i e s of the Department of 

Geological Sciences, Durham, 



a) Physiography, 

b) Pre-Messinian Deposits, 

15 

15 

19 

CONTEtJTS 

Page 

Introduction. 1 
Cliapter 1 THE TECTOIIIC EVOLUTION OP THE TOSTEKI 

LIEDITEREAl̂ EAN REGION DURING THE OLIGO-
luIOCENE, 5 

Chapter 2 LOUVER laOCEITE DIATOMITES FROM SICILY, 15 

2.1 Geological Setting of the Lower Miocene 
Diaton-ites 

2.2 Quartzitic Sediments, 

1. Appearance, 

2 . Petrography. 20 

3 . Age. 22 

2.5 Opal-CT Sediments. 22 

1. Appearance. 25 
2 . Petrography, 23 
5 . Age, 

2 .4 Opal-A Sediments, 
2.5 Diagenesis, 

1, Regional Variations in Mineralogy, 27 

2 , Diagenesis within the opal-CT sediments, 29 
5 . Diagenesis within the Quartzitic 

Sediments, 52 

2.6 Lower Miocene Diatomaceous Sediments 

elsewhere in the Mediterranean Region. 55 
2.7 Sources of S i l i c a . 

2 .8 Geological History of the Lower Miocene 
Siliceous Sediments. 

Chapte? 5 UPPER MIOCENE ( M E S S K I A N ) DIATailTES FROM 
SICIL¥. 

5.1 Geological Setting. 

1. Messinian Salinity Cr i s i s , 

2 , The Central Basin of S ic i ly . 46 

26 

27 

27 

38 

40 

45 
45 

43 

46 

48 
5. The Tortonian/lvlessinian Boundary. 50 



Page 
5,2 The Tripol i Formation. 54 

1. Distribution and Thickness. 54 

2 , The Diatomite-Llarl Couplets, 55 
5 , The Diatomites, 56 
4. The Interbed l lar l s , 60. 

5 . Limestones of the Tripol i Formation, 65 

6. The Tripoli/Calcare di Base Boundary, 72 
5,5 Other Lower Messinian Sediments. 

1. The "V<Mtish Fiarls". 

2 . Clast ic Deposits. 

.5.4 The Calcar^ di Base, 

1. The Dolomite Marls, 

2 , The Breccias, 

5.5 The Age and Rates of Deposition of the 
Tripol i Sediments, 

5.6 Fauna and Flora, 
5.7 Diagenesis. 

3 .8 Stable Isotopes, 

3 .9 Messinian Diatomites elsewhere in the 

Mediterranean, 102 

3.10 Discussion,. 

1, The Diatomites, 

2 , The Inter-Diatoraite Beds, I I 5 

3 , Dolomites in the Tripoli Formation and 

Calcare di Base, 118 

4» The Calcare di Base Breccias, 126 

5 , Origin of the Tripoli Ehythms. 129 

3.11 The Pre-Salinity Cr i s i s Mediterranean 142 
Chapter 4 ST3IvIltA.Hr OF CONCLUSIONS I48 
Plates 

References 

75 
75 
78 

80 

81 

84 

85 

87 

90 

91 

105 

106 

152 

177 
2C4, 
204 

APPENDICES 

1. X-ray Fluorescence Analysis. 

2. X-ray Diffraction Analysis. 215 

3 . Local i t ies vis i ted and referred to in 

the text. 220 



LIST OP FIGURES 

Figure Page 

1.1 Structxiral elanents of the Mediterranean Region, 6 
1.2 Miocene bio stratigraphy, 10 
1,5 The evolution of the Western Iteditei-ranean 

basins, 12 
2.1 S i c i l y ; Location map and diagenetic donation 

of the Lower Miocene siliceous sediments, 16 
2.2 A hypothetical section across Sici ly in early 

Burdigalian time, 16 

2.3 Geological map of the Gangi Plateau. 18 
2.4 Petrographic sind diagenetic features of the 

quartzitic siliceous sediments. 21 
2.5 Physical and mineralogical properties and 

diagenetic characteristics of opal-CT sediments, 24 
2.6 XRP major element analysis of opal-CT sediments. 25 
2.7 D.S.D.P. s ites and occurrences of Lower Miocene 

diatomaceous deposits in the Mediterranean 
region, 28 

2.8 X-ray diffraction traces of opal-CT sediments, 55 
2.9 Structural subdivisions and occurrences of 

moronitas in southern Spain. 57 

5.1 Upper Miocene stratigraphy in Sic i ly . 44 

5.2 The distribution of the Mediterranean evaporites. 45 
5.5 A section across the Cenral Sici l ian Basin, 45 
3.4 The Central S ic i l i an Basin : Locality map and 

the distribution of Messinian evaporites. 47 
5.5 The distribution of Lower Messinian deposits in 

S i c i l y . 49 
5.6 Camastra section. 52 
3.7 Falconara section. 55 

5.8 XRF major element analysis of sediments from 
the Tripoli formation. 57 

5.9 The development of diatomites and interbeds at 
major sections in S i c i l y , 59 

3.10 Dolomite distribution in Camastra, 62 

5.11 " " at Falconara. 65 
3.12 " , f • 11 Calascibetta. 64 



^ife^e . Page 
3.15 Llontedora section. 67 
3.14 Campobello " . gg 
5.15 Favara " 
3.16 Monte Giammoia section. 

69 
70 

73 

74 

83 
32 
93 
94 
95 

3.17 Dolomite distribution at Campobello di Licata . 71 
3.18 Calascibetta section, 

3.19 Capodarso " 

5.20 The combinations of carbonate minerals found in the 
Lower Calcare di Base sediments, 

3.21 Stable isotope distribution at Camastra, 

3.22 . " " " " Falconara. 

3.23 " " " " Calascibetta. 
3.24 " " " " Capodarso. 

3.25 " " " " Campobello di Bas^, 96 
3.26 ACp^gVS, AOpjjg for Lower Messinian sediments, ' 97 

3.27 ^ Dolomite vs, A C j ^ ^ for Lower Messinian sediments. 101 
3.28 The distribution of Messinian diatomaceous deposits 

in the Mediterranean region. 103 

3.29 Circulation patterns and dissolved oxygen 

distribution in Guaymas Basin, Gulf of California, I09 
3.50 Circulation patterns and dissolved, oxygen 

distribution in the Santa Barbara Basin, 
3.31 The relationship between the glacial cycles and 

Tripoli sedimentation, I36 
3.32 The palaeo-oceanography of the Central S ic i l ian 

basin during periods of deglaciation, I37 
5.33 The palaeo-oceanography of the Central S ic i l ian 

basin d\iring intergiacial periods, I38 
3.34 The palaeo-oceanography of the Central S ic i l ian 

basin dxiring glacial periods, I39 
3.55 The palaeo-oceanography of the Central S ic i l ian 

basin during a glaciation near the end of Tripol i 
deposition. I40 

3,36 Vfeter level salinity and oxygen content in the 

Red Sea during the past 35,000 years, 145 

109 



ABSTRACT 

There were two bouts of diatomaceous sedimentation 
in S i c i l y during the Miocene: the f i r s t in the Aquitanian/ 
Burdigalian and the second during the i.lessinian. 

The Lower Miocene deposits are found in only a few 
widely distributed outcrops and their stratigraphic context i s 
uncertain. They occur as thinly bedded cherts and porcelanites, 
which consist of either opal-CT or quartz. Although diagenesis 
has destroyed much of their original texture, a diatomaceous 
origin for the s i l i c a can be inferred froni the presence of many 
corroded diatom frustules. Mineralogical diagenetic changes 
appear to be related to burial associated with early to middle 
Miocene tectonism while textural variations probably ref lect 
compositional differences in the original sediment. 

The Messinian diatomites are moderately well exposed 
in central and southwestern Sic i ly and underlie the Mediterranean 
Evaporites. They belong to the Tripol i Formation which consists 
of alternating diatomite and claystone horizons with each of the 
l a t t er comprising a grey dolomitic marl overlain by a brown 
terrigenous, shale. Diatomite deposition took place under notmal 
marine conditions in response to the upwelling of deep nutrient-
r ich waters while isotopic evidence suggests that the claystones, 
usxially devoid of biogenic remains, were deposited in stagnant, 
highly evaporated waters. The cyclic nature of Tripol i sedimentation 
i s thought to be due to a combination of sea level fluctuations 
controlled by Antarjtic glacial activity and the existence of a 
shallow s i l l separating the Mediterranean from the Atlantic. 
Restricted conditions developed during low sea-level ..stands while 
the diatoraites were deposited as sea levels were r i s ing . The 
waters of the Mediterranean became increasin^'lj'' saline and restricted 
during the Hessinian i m t i l diatomaceous sedinentation ceased. 
Eventually communication betv<een the A t l an t i c and the I.Iediterranean 
\vas severed and the Messinian Sa l in i t y Cris is fol'lowed. 
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IIITRODUCTION 

The occurrence of diatomaceous sediments of both early 

and late Miocene age in Sici ly, i s remarkable in i t s e l f , sinee^ 

such sediments are only rarely preserved in the geological 

record. However, the late Miocene (Messinian) diatomaceous 

deposits are of particular interest because they are found 

immediately underlying the Messinian evaporites not only in 

S i c i l y , but also in North Africa and other countries surrounding 

the Y/estem and Central Mediterranean. 

The discovery of these evaporites beneath the deep 
'? 

Mediterranean basins during Leg 13 of the Deep Sea Dri l l ing 

Project and the controversial theory put forward by some members 

of the cruise to account for their origin (Hsu et al.1973)" has 

provoked considerable interest not only in the evaporites, but 

also in the events which preceded and followed their deposition. 

As a result , this aspect of late Miocene geology which has 

become known as the Messinian Salinity C r i s i s , has been the 

subject of a great deal of detailed sedimentological, geochemical 

and biostratigraphical research over the las t few years. (see 

Esu, et a l . 1978 for a summary of recent work on this topic). 

As regards the diatomaceous sediments i t i s unfortunate 

that Glomar Challenger i s not equipped to d r i l l in hydrocarbon-

bearing formations and has therefore been unable to penetrate 

the pre-evaporitic sequence beneath the deep Mediterranean basins. 

Nevertheless these sediments are moderately well exposed on land 

and because of their important position with respect to the 

evaporites one would expect that they would have already been 

thoroughly investigated. In fact, l i t t l e detailed information 



has appeared on the North African diatomites since Anderson's 

work on the Beida Stage of Algeria published in 1933. Similarly 

in S i c i l y where, apart from some interest shov/n by 

biostratigraphers (Bandy 1975i D'Onofrio et a l . 1975, Catalano 

and Sprovieri 1971» Colalongo et al . l976, Womardt 1973), the 

pre-evaporitic marls and diatomites have been almost totally 

ignored by geologists since Ogniben's study of the evaporites 

and associated sediments published in 1957. The neglect of the 

S ic i l i an deposits i s perhaps the more surprising of the two in 

view of i t s easier access for European geologists. I t i s 

therefore the principal aim of this thesis to rect i fy this 

omission and thereby to further elucidate the causes and events 

which led up to the Messinian Salinity Cr i s i s . 

The Lower Miocene diatomites are less well exposed and 

have undergone considerably more diagenetic alteration than their 

Upper Miocene counterparts. However, by comparing the two 

deposits with each other and with the similar diatomaceous 

sediments of the Monterey Founation of California i t i s hoped 

that some conclusions may be drawn regarding the depositional 

environment and diagenetic history of these Lower Miocene 

diatoraites. 

Fieldwork has involved two v i s i t s to S ic i ly ; one by way 

of a reconnaissance in Septenber 1975 which was followed by a 

full f i e l d season during the summer of 1976. Comparisons between 

the S ic i l ian diatomites and those of the Monterey Poimation also 

necessitated a short v i s i t to California during July and August 

of 1977. 

In S i c i l y , the Lower Miocene diatomaceous sediments 
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occur more commonly in the north v/hile late Miocene diatomites 

are confined to central and south-western parts of the island; 

an area characterised by low undulating h i l l s in which most of 

the land i s given over to agric\iLture. Outcrop i s therefore 

largely restricted to road cuttings and quarries of which recent 

road and housing developments have fortunately ensured that 

there i s a plentiful supply. The quality of outorop i s 

variable , sirfce the friable fine grained sediments show l i t t l e 

resistance to weathering and rapidly become overgrown with even 

recent exposures usually being covered by a weathered crust a 

few centimetres thick. The lack of continuous outt^fop, which 

i s further disrupted by ubiquitous minor faulting, thus makes 

f i e l d mapping impossible and fieldwork i s restricted to measuring 

and sampling the best ejcposures and taking 'spot' samples from 

the smaller outcr'ops. Even in the best exposures weathering 

may obscure faulting and for this reason the true thicknesses of 

some sections may be regarded as suspect^especially where there are 

breaks in exposure. 

The samples thus collected have been studied 

petrographically by means of thin sections and smear slides 

(where suitable). X-ray diffraction was widely used for the 

qualitative determination of the mineralogical composition of 

the sediments and quantitative methods were also attempted but 

not found to be very successful. The chemical composition of 

certain samples from the major sections has been determined by 

"^-ray fluorescence analysis and limited use has also been made 

of scanning electron microscopy. 
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HatEKCLATURE. 

Diatomaceous sediments of early Miocene age are commonly 
found in an advanced stage of diagenesis, not only in S ic i ly but in 
the rest of the Mediterranean region and California also. In many 
of these sediments no evidence of a diatoraaceous origin for (the 
s i l i c a remains since the diagenesis invariably involves the/solution 
and reprecipitation of the s i l i c a in the diatom frustules. ' The 
s i l i c a may therefore occur in a variety of polymorphic and textural 
forms depending on several factors which wi l l be discussed la ter . 
In describing the mineralogy of these sediments the terminology 
proposed by Jones and Segnit (1971) wi l l be used. The textural 
terminology followed i s that of Bramlette (1946) who define^^ the 
three principal textural divisions of the siliceous sediments in the 
Monterey Formation as follows: Diatomite:- "The name Diatoraite i s 
used for the purer diatomaceous rocks though the tem implies no very 
definite degree of pxirity and i s often used loosely by geologists for 
any of the soft, "punky" rock in which diatoms are conspicuously 
present." 

Porcelanite:- " s i l i c a cemented rocks that are less hard, 
dense and vitreous than chert. Such rock has minute pore spaces, 
which usually give i t a dvll or matte lustre resembling that of 
unglazed porcelain". 

Chert:- "relatively pure s i l i ca rocks that consist mainly 
of opal or mainly of chalcedony and regardless of colourV 

Bramlette's definition of porcelanite i s based on that of 
Taliaferro (1934) who define^k the terra as meaning, "a rock with the 
general appearance and texture of unglazed porcelain". In neither 
Bramlette's nor Taliaferro's definition i s there any mineralogical 
connotation; the term implies nothing other than texture. I t i s 
unfortunate therefore that recently the tenn has often been used to 
denote a rock composed of opal-CT (Calvert 1971, von Had et a l 1978 
said others) "pince in both California (l.'iurata and Kakata 1974) and 
S i c i l y porcelanites exist which are not composed of opal-CT but of 
quartz. 

In this report therefore the terms 'porcelanite' and 'chert' 
are used referring only to the texture of the rock and not the 
mineralogy. 
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CHAPTER 1. 

THE TECTONIC EVOLUTION OF THE 7/ESTERN MEDITERRAl'IEAN REGION 
DURING TilE OLIGO - MIOCEITE. 

Today, the Mediterranean Sea consists of a series of 
connected basins of less than oceanic depth surrounded by more 
or less l inear mountain ranges. The region as a whole has been 
the site of tectonic act ivi ty caused by the interaction of the 
African and Etirasian Plates throughout the Mesozoic, Caenozoic and i t 
remains seismically and volcanically active.today. To the north 
the area i s dominated by the Alpine Fold Belt which, with i t s 
characteristic association of ophiolites and blueschists (Fig 1.1) 
can be traced from Turkey in the east as far west as the northern 
Apennines or even southern Spain (Bernoulli and Jenkyns 1974). 
This prominent feature i s thought to have been the res-ult of a 
sequence of compressional tectonic events which began in the late 
Cretaceous and were bro-ught about by the opening of the North 
Atlantic causing a change in the relative motion of Africa and 
Europe (Hsu and BemoTiLli 1978). These events cvilininated in a 
complete continent - continent col l is ion at the end of the Eocene, 
resulting not only in the fomation of the Alpine Fold Belt but 
also in the destruction of the Tethyan Ocean which had separated 
the two continents since the Jurassic (Dewey et a l . 1973, 
Laubscher and Bernoulli 1978), 

The Levantine and Ionian Basins of the. Eastern Mediterranean 
are now believed to be re l i c s of this former ocean while the 
basins of the Western Mediterranean (Fig 1.1) have been shown to 
be post-orogenic (Hsu 1978, Laubscher and Bernoulli 1978). 
However, the data collected during D.S.D.P. Legs 13 and 42A 
strongly suggest̂ ^ that the Western Mediterranean Basins were in 
existence by the late Miocene in which case they must have formed 
during the Oligocene and/or early Miocene (Hsii et a l . l975, 1978, 
Ryan 1976). The Oligo-Miocene of the Mediterranean therefore 
appears to have been a time of important tectonic act iv i ty , quite 
distinct from the events of the Alpine Orogeny, 

• I ] 
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The V/estexn Mediterranean i s bordered to the east, south 
and west by the Maghrebian - Apennine Fold Belt which includes 
Calabria, S i c i l y , the Betics of Spain as well as the Rif-Atlas 
mo\mtains of North Africa and the Apennines of I ta ly (Fig 1.1). 
The Maghrebian part of the fold belt appears to have been 
formed largely by the deformation of Oligo-Miocene f lysch, 
emplaced by up l i f t and gravity rather than by deformation at a 
plate margin (V/ezel 1975). The Apennines also contain 
allochthonous tmits of Oligo-Miocene flysch but unlike those of 
the Maghrebian Mountains, they also contain evidence to suggest 
that sub - or obduction has taken place (Uvarez 1975> Sestini 
1974, Boccaletti and Manetti 1978). 

Apart from the series of f lysch nappes of late Jurassic -
early Miocene age, there are two other characteristic units 
which make up this fold belt (Auzende et a l , 1975). They are; 
1) An 'external' zone belonging to the North African continental 
margin that has been subject to post - Alpine deformation. This 
deformation appears to be diachronous: having taken place in 
Algeria during the late Burdigalian but not until the early 
Langhian in S ic i ly (Wezel 1975). 2) An 'internal' zone of 
Palaeozoic and Mesozoic material that has undergone Eocene 
deformation. I t exists in fragments which now make up the 
Western Betics, the Kabylies, northeastern S ic i ly and Calabria. 

The internal zones have been interpreted as fragments of 
a continental area that existed in the Western Mediterranean 
prior to the formation of the deep basins (Auzende et a l . l975) . 
This has been referred to under a variety of names; the 
'&,rdinian Province' (Caire 1970), the 'Alboran Plate' (Andrieux 
et a l . 1971) or, more recently, the 'Protoligurian Mass i f 
(Alvarez 1976). The existence of such a continental area i s 
proposed largely on the basis of evidence provided by several 
Lower Tertiary foimations in the Maritime Alps (e.g. the Annot 
Sandstone). Palaeocurrent directions as v/ell as sediment and 
heavy mineral distributions indicate that the c last ic material 
originated to the south of the present French coast in the site 
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of the Ligurian Sea (Stanley and K u t t i I968), However, today 
the Ligurian Sea i s the site of a basin over 2^ kilometres 
deep which forais a northeastern extension of the Balearic Basin 
and, l i k e the Balearic and parts of the Tyrrhenian Basini, i s 
believed to be underlain by oceanic crust (Hsu 1978, Moullade 
1978), The source area f o r the Lower Tertiarj"- clastic 
foraiations in the Maritime Alps therefore appears to have 
either migrated la te ra l ly or to have undergone subsidence and 
'oceanisation' at some time prior to the onset of the Messinian 
Salinity Crisis . 

Caire (1970} praposed that the 'Sardinian Province' was 
an unstable continental area which supplied clastic material to i t s 
peripheral regions and which eventually collapsed to 
become the present Tyrrhenian Basin. This collapse vra.s 
accompanied by the emplacement of f lysch nappes around the margins 
of the basin, a process which the author likened to an'orogenic. 
wave" spreading radial ly outwards. Van Bemmelen (1972) supported 
and expanded this hypothesis to encompass other Western Mediterranean 
Basins. He postulated three ' focal centres of orogeny' in the 
Alboran, Balearic Ligurian.and Tyrrhenian Basins; these were a l l 
unstable crustal domes which foundered during the l a te Caenozoic, 
accompanied by intense volcanian, and became the deep Western 
Mediterranean basins of today. Stanley and Mutti (1968) on the 
other hand, accounted f o r the disappearance of the source fo r the 
Lower Tertiary elastics by siiggesting that i t had rotated 
anticlockwise and now formed Corsica and &,rdinia. Many 
subseq.uent geological and geophysical studies have supported this 
interpretation and have shov/n that Sardinia has probably rotated 
somewhat further than Corsica (Nairn and Westphal I968, 
Zidjervald et a l . 1970, Alvarez 1972 and others}. More recently, 
pala6omagnetic evidence has suggested that parts of Peninsular 
I t a ly have also underjrone anticlockwise rotation since the Eocene 
(Vandenberg et a l . 1978) and Bayer et al.(1975) even claim to have 
recognised 'Vine and Matthev;s type' sea-floor spreading lineations 
in the Ligurian Sea. Alvarez (1975) has pointed out however. 
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that with the exception of the Corso-Sardinian rotation, many of 
the features notmally associated with plate tectonic processes 
are absent in the Western Mediterranean; There are no mid-ocean 
ridges, no linear seamount chains, no trenches and no ohvious 
p r e - d r i f t reconstructions. Eevertheless there is considerahle 
evidence to suggest that the evolution of the Western 
Mediterranean Basins may he interpreted in teiras of the r i f t i n g 
and rotation of s ia l ic hlocks, the 'microplates' of Dewey et a l . 
(.197^, such as Corso-Sardinia and the ' in ternal ' zones of the 
Maghrebian-Apennine Fold Belt. 

The age of r i f t i n g in the Ligurian Sea woiiLd appear to be 
Aquitanian (Fig 1.2) although late Oligocene andesitic volcanism 
in Sardinia suggests that movement actually began somewhat 
earlier (Alvarez et a l . 1974)• Other ages have been suggested 
and these mnge from Eocene (i?yan et a l . l 9 7 1 , Stanley and Mutt i 
1968) to Burdigalian/Langhian (De Jong et a l . 1975). The 
Alboran Basin (which i s shallower than the other basins) and the 
surrounding areas now occupied by the Betic and Rif Mountains 
also appear to have been subjected to an extensional regional 
stress during the Oligo-Miocene (Loomis 1975). Gravity studies 
have led Bonini et a l . (1975) to suggest that this was due to an 
episode of crustal extension and thinning along a central zone 
in the Alboran Sea caused by the injection of mantle material. 
The age of the onset of this crustal spreading has been 
estimated as early Miocene both from radiometric dating of the 
Ronda and Beni Bouchera ultramafic massifs and from the onset 
of andesitic volcanian in the region (Loomis 1975). Other 
basins i n the Western Mediterranean are thought to have opened 
a t approximately the same time; the Valencia Basin i n either 
the Aquitanian (Alvarez et a l . 1974) or BurdigaliaTi (Hsii and Ryan 
1973) and the Balearic Basin in the latest Oligocene or 

Aquitanian (Hsu et a l . 1977» Alvarez et a l . 1974). The 
exception however, i s the Tyrrhenian Basin which is thought not 
to have been in i t i a ted u n t i l the Middle Miocene (late langhian/ 
Tortonian) (Alvarez et a l . 1974, Hsu 1978). ''̂ he s imilar i ty in 
the timing of these events together vrith the recognition of 
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easterly extension, into the Balearic Basin, of the gravity high 
that marks the Alboran spreading axis (Loomis 1975)» suggests 
that the Western Mediterranean.mas'- be largely the result of 
Oligo-Miocene r i f t i n g along an axis extending from the Alboran 
to the Ligurian Seas. (Pig l .5 R - C ) 

Bayer et al . (1973)have attempted a p re -dr i f t reconstruction 
of the Balearic and Ligurian Basins based on magnetic anomalies. 
They suggest that the ' internal zones' were at one time joined 
together, then s p l i t up and d r i f t ed apart causing the basins to 
open in their wakes. This hypothesis i s supported i n principle 
by Boccaletti and Guazzone (1974) who regard the Balearic and 
Ligurian Basins as back-arc marginal basins that opened behind 
the advancing Rif-Tell ian and Apennine arcs during the Miocene. 
A similar interpretation is also put forward by Alvarez et a l . 
(1974) and Alvarez (1976). They suggest that the ' internal 
zones' were once the westward continviation of the Alpine Fold 
Belt and have attonpted to docximent the sequence of events by 
which i t biroke up and was dispersed throughout the Western 
Mediterranean. They propose that the process began in the 
Aquitanian with the opening of the Valencia Trough and the 
rotation of Corsica-Sardinia-Calabria away from France to form 
the Ligurian Sea (Pig 1.5a). Sardinia-Calabria separated 
from Corsica i n the early Burdigalian after the l a t t e r had 
collided with the sial ic crust of the Korthem Apennines at the 
end of the Aquitanian (Fig 1.5^). During the Langhian the 
Kabylia 'microplates' collided with the Worth African continental 
margin and at the end of the Langhian Sardinia-Calabria collided 
with the Tunisian margin causing the Sici l ian part of the 
Calabrian massif to override the Numidian flysch on the North 
African continental slope (Fig 1.5b). As a result of the 
col l is ion with Tunisia, Calabria separated from Sardinia at 
some time in the Middle Miocene and continued to migrate south-
eastwards forming the Tj'-rrhenian Basin in i t s wake (Fig 1.5c). 
This southeasterly motion i s believed to be continuing today 
as the Calabrian Arc overrides the Ionian Sea (Ritsema 1969 , 
Boccaletti and Manetti 1978) and only the Tfestem part of the 
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Tyrrhenian Basin, where the Messinian evaporites can be 
recognised on seismic traces, is therefore believed to be of 
pre-Messinian age (Alvarez et a l . I 974 ) . 

The Oligo-Miocene evolution of the l^editerranean Region 
however, ronains highly controversial despite the considerable 
amount of research devoted to this complex topic over the past 
decade (see Biju-Duval et a l . l978 , Hsu 1978;. In particular, 
there i s a significant body of opinion which, l i k e Caire (l970) 
and Van Bomnelen (1972), regards 've r t i ca l ' tectonics such as 
crustal foundering as being fa r more important in the 
development of the Western Mediterranean basins than i s suggested 
above (Wezel 1977 » Laubscher and Bemotdli 1978). I t must . . 
therefore be eaphasized that the above outline of the Oligo-
Miocene developnent of the Western Mediterranean i s merely one 
possible interpretation and as Laubscher and Bernoulli (.1978) 
comment, "there i s s t i l l no single model that would not be 
seriously questioned by one part or another of the earth science 
community". 

However, irrespective of the mechanism by which these 
basins were i n i t i a l l y foimed, they appear to have undergone 
continued and rapid subsidence throughout the early and middle 
Miocene. Data collected during D.S.D.P. Leg 42A suggest^ that 
the Balearic Basin, f o r example, was at least 9OO metres deep in 
the Burdigalian, 1200 metres i n the la te Burdigalian, 1500 metres 
by the end of the Middle Miocene and at least 2500 metres pr ior 
to the onset of the Messinian Salinity Crisis (Ryan 1976, V/right 
1978). Other Mediterranean basins, with the possible exception 
of the Alboran. Basin, also appear to have subsided and a l l are 
believed to have been deep open seas throughout the early and 

middle Miocene (Wright 1978). 

Outside the Mediterranean Region however, tectonic events 
during the Miocene saw the progressive isolation of both the 
Ekstem Mediterranean and the newly foETied Western Mediterranean 
basins. The closure of the marine connection betv^een the 
Mediterranean and the Indian-Pacific Oceans began in the 
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Burdigalian and was completed i n the Serravallian (Hsu et a l . 
1977, Rogl et a l . 1978). The connection vdth Paratethys 
through the perialpine depression was teraiinated by the middle-
early Miocene events in the Helvetic Alps and the Mediterranean 
was probably to ta l ly cut o f f from Paratethys in the Serravallian 
when the l i n k through northern I t a ly and northwestern Yugoslavia 
closed (Hsu et al, 1978, Rogl et al. 1978}. The one remaining l i n k 
with the world ocean was via the Betic and Rif Straits but these 
too became increasingly restricted a f te r the end of the Middle 
Miocene (Hsu et a l . 1977» Benson 197 6, 1978, Hsu et a l . 1978). 
By the beginning of the Messinian the deep Mediterranean Basins 
had thus become v i r t ua l l y isolated and their subsequent 
desiccation inevitably led to the onset of the Messinian Salinity 
Crisis . 
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CHAPTER 2. 
LOY/ER 1.1I0CENE DIATCMITES FROM SICILY. 

2,1 Geological Setting of the Lower Miocene Biatomites. 
Fine grained siliceous sediments of lower Miocene age have 

been reported from several locali t ies- i n Sicily (Fig 2 . 1 ) , they are 
often i n an advanced stage of diagenesis and occur most commonly 
i n the northern part of the island associated with the Numidian 
Flysch. The Huraidian and Hebrodian Flysch are of Oligo-Miocene 
age and are largely composed of q,uartz-arenites derived from the 
African Craton (Wezel 1970). They are the youngest of a series of 
successive flysch sequences spanning the Lower Cretaceous-Middle 
Miocene which young to the southwest and form an imbricate zone 
underlying the crystalline massif of the Peloritani Mountains 
(Fig 2.2) (Wezel 1974). 

The siliceous sediments associated with the f lysch are 
invariably quartzitic and have been described from Finale (Broquet 
1973) and the region between Gangi and Sperlinga (Campisi l962 , 
Andreieff e t a l . 1974)' However, i n Central S ic i ly , siliceous 
sediments of comparable age have been found composed o f opal-CT 
and i n the vioini-ty of Agrigento diatomacecus sediments, closely 
resembling those of the Tr ipo l i Formation (see Chapter 5) but of 
Lower Miocene age,have been reported (Decima and Sprovieri 1975), 
I t therefore appears (Fig 2.1) as i f there may be a 'diagenetic 
gradient' extending across Sici ly with the least altered diatomites 
in the southwest and the most altered quartzitic sediments i n the 
northeast. 

2.2 Quartzitic Sediments. 

At Finale on the north coast,©f Sicily the siliceous sediments 
are associated with the Numidian sandstones and occvir approximately 
1,6 kms to the east southeast of the vi l lage. The section i s about 
10 metres thick and reveals slumps with east-west axes indicating 
displacement towards the south. They overlie 01igocene shales but 
are separated from them by a single horizon of Nmidian Flysch 
(Broquet 1975). 
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The best known occurrences, of these siliceous .sediments-and 
those f i r s t described from Sici ly occixr some 50 tons, southeast of 
Finale i n the area between the villages of Gangi and Sperlinga 
(Campisi 1962). The best exposures are in the Santa Venera Valley 
between Monte Caolina and Monte Barbagiano and on the flank of Monte 
Caolina overlooking the valley (Plate 2,1,Pig 2 . 5 ) . They are both 
10-15 metres thick and the section i n the valley i s apparently 
overturned (Andreieff et a l . 1974). Both sections are apparently 
xmder and overlain by Nimidian Flysch and although the contacts are 
never actually seen, they would appear to be very sharp since there 
i s no evidence of clastic material within the siliceous horizons. 

Small outcrops of siliceous sediments occur to the west along [ • 
the crest of Monte Caolina and a further section has been described 
from near the farm of San Giame near Gangi, This exposure i s 
6 to 10-metres thick and i t s structural position i s obscure: 
Andreieff et a l . (1974) have described i t as representing the , 
core of an anticline within an envelope of Numidian Flysch, while 
Campisi (1962) considers that there i s no overall relationship ; 
between, bedding i n the occasionally contorted snicequs :horizpns and : 
the f lysch. On Monte Barbagiano the relationship between sandstones and ; 
siliceous sediments appears to be d i f ferent again since Campisi (I962) 
reports that the siliceous sediments are seen regi^larly intercalated 
with the qmrtzarenites of the Numidian Flysch. The most easterly 
ou,tcrops of the siliceous sediments are near the vi l lage of Sperlinga 
where there are two outcrops: one adjacent to a quarry i n the Numidian 
Flysch, 1 km to the north of the vil lage and the other at the bend 
in the Fiume Sperlinga 1 km to the west. Again the stratigiaphic 
context of the siliceous horizons is obscure but the uncertain 
bedding relationships and abrupt l i thology changes suggest that their 
contact with the llumidian Plysch might not be conformable. 

I t i s impossible to be certain about the stratigraphical 
relationship between the siliceous sediments and the Nuniidian Plysch 
and while the two l i thologies have a, normal stratigraphic contact-
at Finale and Monte Barbagiano, this i s apparently not always the 
case. I t i s possible that the outcrops at Santa Venera, San Giam,e,. 
Monte Caolina and Sperlinga are o l i s to l i ths or 'pods' of siliceous 
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sediment that have become detached from their original stratigrsphic 
setting. I f so, th is would most l i k e l y have occurred during the 
tectonic upheavals of the Middle Miocene which led to the emplacement 
of the nappes in northern S ic i ly . 

2 .2 .1 Appearance. 

These siliceous sediments have a similar appearance wherever 
they occur; they consist of thinly bedded sediments, l i g h t brown to 
grey in colour (Plate2,?)that are resistant to erosion and as a 
resxilt usvially form topographic highs when set i n the less resistant 
quartzarenites of the Nviraidian Flysch. 

The individual beds may be up to 10 cms thick, generally hard 
and well indurated with a porcelanitic texture although some of the 
thinner horizons may be rather f r i a b l e . Bedding i s regular except 
where the growth of nodules of brown chert causes i t to pinch and swell 
(Plate 2»3) In the Santa Venera Valley the brown cherts are more 
common in the thicker beds near the top of the section which, since the 
section i s apparently overturned and youngs to the north, must be the 
oldest beds. The younger beds are thinner, and more argillaceous; 
closely resembling the outcrops along the crest of Monte 
Caolina. . The cherts a i^ not confined to the thicker beds elsewhere 
however, and a roadcutting near the Sperlinga Quarry reveals thin 
alternations of fractured brown cherts and thin argillaceous interbeds 
(Plate 2 . 4 ) . 

The interbeds i n these siliceous sequences are hard, thin, 
dark grey-green horizons rarely more than 1cm thick, which often show 
f a i n t colour banding and contain many planktonic foraminiferal tests. 
The boundary between the siliceous and argillaceous beds i s usually 
sharp and regular although rarely the argillaceous horizons can be 
seen di f fus ing into the siliceous sediment. Very f i ne 
laminations are present in the siliceous beds and extend into the 
cherts-(Plate 2.5)> however, they are occasionally so intensely 
crenulated that the sediment commonly appears to be v i r tua l ly 
homogenous, r^ince the bedding surfaces between siliceous and 
argillaceous beds reveal no similar crenulations i t would appear 
that they are the result of diagenetic processes within the sediment 
rather than folding or slumping. 
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2.2.2 petrography. 
X-ray fluorescence analysis has shown that the s i l ica 

content of these sediments i s over 60̂ 4 i n a l l the argillaceous 
horizons, over "JQ^a i n a l l the porcelanitic horizons, over 80;3& in 
the porcelanitic sediment adjacent to chert nodules and over 90^ 
i n a l l the cherts (Pig 2 . 4 ) . X-ray d i f f rac t ion has further shown 
that a l l the s i l i ca i s present i n the form of quartz. 

The sediments are very f ine grained and consist of tests 
of planktonic foraminifera and other de t r i ta l grains set in a 
very f ine groundmass i n which f ine ly dissaninated calcite i s 
abundant and can be ident i f ied by i t s high birefringence (Plate 
2.6 ) • Opaque material i s f a i r l y common and is probably l imonit ic 

since i t , i s apparently amorphous to X-rays. 

As might be expected the de t r i ta l components are more 
common in the argillaceous horizons where planktojiic foraminiferal 

, . 

tests are common and may be either broken or whole and are often 
i n f i l l e d with microcrystalline ca lc i te . When they are 
broken the fragments tend to remain close together suggesting that 
there has been l i t t l e or no reworking of the sediment. Silt-sized 
angular or subangular grains of quartz and feldspar are evenly 
distributed throu^out the sediment and since they are less than 
50mm in diameter are probably at least par t ia l ly wind transported 

- (Rex-^d Goldberg I 9 6 2 ) . The feldspar appears to be andesine/ 
oligoclase from i t s optical properties but i t i s not present i n 
suf f ic ient quantities f o r this to be confirmed by X-ray d i f f r ac t i on . 
Small laths of muscovite are present and there is a strong optical 
orientation of mica/clays parallel to bedding, as shown by the 
sensitive t i n t , indicating the presence of many grains too f ine to 
be resolved opt ica l ly . X-ray d i f f r ac t ion however, shows that the 
clay minerals present include montmorillonite and probably i l l i t e . 

The contacts between the argillaceous and siliceous beds 
appear very sharp i n hand specimen but in fact are gradational over 
about a millimetre with pods of siliceous sediment separated by 
wisps and lenses of argillaceous material (Plate 2 .7 ) . The 
gromdraass of the more siliceous beds i s l ighter in colour and 

"A 
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apart from the f ine ly disseminated calcarous material most of the 
sediment seems to consist ^ f reprecipitated s i l ica and corroded 
diatom fragments. The remnari-ts of a f ine millimetre lamination 
i s v i s ib le i n places although the laminae have been so intensely 
distorted and broken up by diagenesis that the sediment now has 
an irregular blotchy appearance. The original laminated texture 
i s often discernible only because the outlines of the darker 
laminae are preserved by iron staining or because of their greater 
argillaceous and det r i ta l content (Plate 2 .6 ) . 

Other de t r i ta l particles found in the siliceous beds include 
rare phosphatic material pirobably due to skeletal f i s h remains and 
pieces of l i gn i t e foxmd in the sections on Monte Caolina overlooking 
the Santa Venera Valley and by the Piume Sperlinga. 

2.2 .5 Age, 

Campisi (1962) when f i r s t drawing attention to the Gangi-
Sperlinga siliceous deposits ascribed their age to the %>per 
Oligocene on the basis of a rather poor microfauna recovered from 
one of the clayey horizons. Broquet (1975) also stiiggests an Upper 
Oligocene age fo r the Finale deposits since they are closely 
associated with shales of that age. However Andreieff et a l . (1974) 
consider them sranewhat younger, being Upper Aquitanian or Lower 
Burdigalian which i s the same age that Didon et a l . (1969) have 
proposed f o r similar deposits i n Spain and Northern I t a l y . 

2,5 ppal-CT Sediments 
Siliceous sediments composed of opal-CT have not previously 

been described from Sicily, however, two local i t ies have been found 
i n the centre of the island. The f i r s t i s at Dittaino 20tans east 
of Enna along the Enna-Catania road and the other i s a t Antinello 
roughly half way between San Cataldo and Marianapoli. Ogniben 
(1957) has described cherts within the Tr ipol i Formation from this 
l oca l i t y but,although Messinian dolomitic and aragonitic sediments 
were found (see Chapter 5)» "the only siliceous sediments were of 
early Miocene age. At neither loca l i ty could anything be seen 
of their stratigraphic setting, in fac t at Antinello the siliceous 
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material was not even found i n s i tu but only as fragments in a 
ploughed f i e l d . However, the general appearance of the landscape 
a t both loca l i t i es suggests that the siliceous rocks are probably 
associated with shales and clays of the Argil le Scagiiose. Although 
several small sandstone outcrops near to Antinello suggest that the 
ridge upon which the siliceous sediments were found may be a pod of 
Numidian Flysch within the Argi l le Scagiiose. 

2.5.'^ Appearance. 

The appearance of the two sediments is quite di f ferent ; the 
Antinello samples are dark brown/grey f ine ly laminated cherts with 
a s l ight ly resinous lus t re . At Dittaino, on the other hand, the 
rock i s l i g h t brown or l i g h t grey i n colour with a l i g h t , homogenous 
porous, porcelanous texture (Plate 2,8), The l i g h t grey sediment i s 
denser, less porous and more fractured than the l i g h t brown (Fig 2.'5) 
and occurs as diffuse patches which bear no apparent relationship 
to any primary sedimentary features. Bedding i s usually d i f f i c u l t to see 
because of the homogenous nature of the sediment however thin laminae 
are sometimes vis ib le and are often distorted, possibly as a result 
of slumping. 

2.5.2 Petrography, 

The s i l ica concentration of these rocks i s more variable 
that^ the quartzitic siliceous sediments to the north (Fig 2 ,6) : 
tJie Antinello sample i s 89,2$!̂  Si02, the l i g h t grey porcelanite from 
Dittaino contains 75-85?^ while the l i g h t bixjwn porcelanite i s only 
50^ 'Si02 and has a much higher CaO content. The principal s i l ica 
mineral in a l l these sediments i s opal-CT with lesser amounts of 
quartz, 

The opal-CT chert from Antinello contains many planktonic 
foraminiferal tests usually i n f i l l e d with chalcedony or 
raicrocrystalline quartz set i n a very f ine matrix. This matrix 
contains f ine millimetre laminations, often distorted and interupted 
by patches of sediment i n which the opal-CT groundmass i s being 
replaced by microcrystalline quartz. Despite this , much 
of the original texture of the groundmass remains unaltered and can 
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Diatom 

preserva t ion : good poor poor poor poor 
Groundmass 

replacement : Qtz Stz? None None None 
I n f i l l of foram 

t e s t s . : Qtz Qtz/cte 2 tz /c te cte/none cte/none 

Sample nuinbers are the same as i n Figure 2.6 

* Dry bulk dens i t i es f o r the quartz rocks range from 2,09 gms/cc 

f o r porce lan i tes t o 2.88 gras/cc f o r the cxuar tz i t ic cher ts . 

** The large discrepancy between the XRD and XEF values i s probably due 

to er rors i n the XRD method v,hen c a l c u l a t i n g r e l a t i v e l y large 

percentages of any one minera l . The XRF values are therefore thought 

to be the more accurate i n t h i s case. 
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FIG. 2.6 MA.J':̂ Il ELEMENT ANALYSIS OP OPAL-GT SEDIiSNTS 

Sample:- 1 2 3 4 5 
c 
F % C c 

/" 

89.20 84.90 74.80 53.70 46.10 
1.30 1.49 2.36 3.58 3.63 

^^2^3 0.67 0.69 0.90 1.38 1.34 

MgO 0.40 0.33 0.48 0.87 0.94 
CaO 5.57 9.19 15.76 25.81 28.92 
NagO 0.13 0.03 0.13 0.31 0.31 

0.57 0.20 0.31 0.65 0.63 
0.10 0.11 0.13 0.16 0.15 

S - - - — 

0.10 0.12 - 0.04 0.08 

4.40 7.26 12,45 20,39 22.85 

T o t a l : - 102.44 104.89 107.32 106,89 104.94 

Sample 1 : Opal CT chert from A n t i n e l l o . 

" 2 : Dense opal CT pc rce l an i t e from D i t t a i n o , 

" 3 : Dense grey opal CT porce lan i te from D i t t a i n o located 

adjacent to sample 4. 

" 4 : Porous l i g h t bro^vn opal CT porce lan i te f rom D i t t a i n o 

located adjacent to sample 3, 

" 5 : Porous l i g h t broTm opal CT porce lan i te f rom D i t t a i n o . 

* Calculated froin MgO and CaO values assuming a l l MgO present 

as dolomite and a l l remaining CaO present as c a l c i t e . 
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be seen to consist l a rge ly of fragments of both pennate and centr ic 

diatoms and a few coccoli ths set amid what i s probably reprecipi ta ted 

s i l i c a CPlate 2 , 9 ) . . 

The mi l l ime t r e laminations are present i n places a t Di t ta ino 

and again have a crenulated appearance (Plate 2 . 1 0 ) , Although i t i s not 

so intense as to destroy the cont inu i ty of the laminae as occurs i n 

the q u a r t z i t i c sediments near Gangi and Sperlinga. The groundmass 

i s very f i n e grained but as wel l as s i l i c a contains a considerable 

amount of CaC03 evenly d i s t r i bu t ed throughout the sediment^ much 

of i t as coccoli ths and discoasters (Plate 2,11),The s i l i c a appears 

to be mainly reprecipi ta ted but corroded diatoms and opal-CT 

lepispheres are f a i r l y common (Plates 2.12 & 2.15)-. Complete planktonic 

f o r a m i n i f e r a l tests are common and occur i n varying sizes scattered 

randomly throughout the sediment. These are e i ther i i n f i l l e d or are 

f i l l e d w i t h sparry ca l c i t e i n the l i g h t brown porcelanite but i n the 

denser grey porcelanite, those that haven't already been i n f i l l e d 

by ca l c i t e contain microcrys ta l l ine quartz and chalcedony. There 

i s no perceptible boundary between the two types of porcelani te , 

the contact i s marked only by the denser appearance of the groundmass 

and the si l iceous i n f i l l i n g of fo ramin i f e ra l tests i n the l i g h t grey 

patches of sediment. 

Other grains scattered thro\ighout the sediment include 

phosphatic material ( skele ta l remains of f i s h ) and the ubiquitous 

s i l t - s i z e d d e t r i t a l quartz grains and opaques. I n a t l eas t one 

case these fonn a t h i n graded horizon indica t ing the redeposition 

of sediment. The d e t r i t a l component i s perhaps less common than i n 

the q u a r t z i t i c sediments to the nor th and although minor amounts of 

i l l i t e may be present there i s no marked mica/clay o r i en t a t i on , 

2 . 3 . 5 Age. 
Samples of "these sediments have been sent to Dr. M, Hart of 

Plymouth Polytechnic and Dr. G. Jenkins of the Open Univers i ty f o r 

possible dat ing. Their conclusions may be summarised as f o l l o w s ; -

The si l iceous sediments contain only a poor calcareous microfauna 

making accurate dating impossible, a^lthou^ they can'be dated w i t h i n 

cer ta in l i m i t s , Di t ta ino i s Lower Middle Miocene (or possibly 
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s l i g h t l y o lder) to Upper Miocene but probably Middle Miocene 
(Hart 1977 p . c ) whilie Ant ine l lo i s Lower Miocene (Jenkins 1978 p . c . ) 
(Pig 1.2 ) . The two l o c a l i t i e s are therefore of s imi l a r , though not 
i d e n t i c a l , ages. The Gangi-Sperlinga deposits are possibly the same 
age as the opal-CT chert from A n t i n e l l o . 

2.4 Opal-A Sediments. \^ 5, 

Diagenetically unaltered diatoraaceous sediments of Aquatanian-

Lower Burdigalian age and iden t i ca l to the diatomites o f ohe Hessinian 
T r i p o l i Fomation (Chapter 5) have been reported from several 
l o c a l i t i e s i n the v i c i n i t y of Agrigento i n southwest S i c i l y (Decima 
and Sprovieri 1975), I t appears that a l l of these outcrops occur 
as Lower Miocene o l i s t o l i t h s set wi th in the Middle Miocene shales of 
the A r g i l l e Scagliose (Decima 1972). 
2.5 ;Dlagenesis. 

As mentioned above, there are a number of t ex tura l and 
mineralological var ia t ions to be found wi th in the Lower Miocene 
s i l iceous sediments i n S i c i l y due to t h e i r of ten extensive diagenesis. 
The diagenesis of s i l iceous sediments has been the topic of 
considerable recent research based la rge ly on the Monterey Formation 
i n C a l i f o r n i a and on core material col lected by the Deep Sea 
D r i l l i n g Projec t (Pig 2 . 7 ) ; as a r e su l t the l i t e r a t u r e on the subject 
i s extensive but recent reviews are provided by Murata and Larson 
(1975)I Kastner et a l . (1977) and Hein et a l , (1978). 

Unfortunately work on the diagenesis of these S i c i l i a n 
sediments i s greatly hampered by t h e i r lack of exposure so that any 
conclusions are of necessity based on very l i t t l e and possibly 
non-representative data, Nevertheless despite the lack of outcrop 
a wide va r i e ty of inineralogical and textura l 'types' have been found; 
making i t possible a t l eas t to speculate on the diagenetic h i s tory of 
o f these sediments. 

2 . 5 , 1 . Regional Variations i n Mineralogy 

The t r ans i t i on of diatomaceous sediments in to opaline 

( c r i s t o b a l i t i c ) cherts and porcelanites and then in to qua r t z i t i c cherts 
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and porcelanites has been described by Bramlette (1946) from the 
Monterey Formation i n C a l i f o r n i a . The con t ro l l i ng fac to rs i n 
these diagenetic transfonaations were thought to be time and 
temperature w i t h the l a t t e r being dependant on depth o f bu r i a l 
and/or geothermal gradient (Bramlette 1946, Heath and Moberly 
1971), More recently Von Bad et al .(l978) reached the same 
conclusions from studying s i l iceous sediments recovered from the 
Eastern A t l a n t i c i n DSDP Leg 41. I t therefore seems l i k e l y that 
the t r a n s i t i o n from diatomites i n the southwest to opal-CT 
sediments and then to q u a r t z i t i c sediments i n the northeast of 
S i c i l y may be re la ted to increasing depth of bur ia l .since a l l the 
sediments are of approximately the same age (Fig 2.1), Whereas 
i n Ca l i fo rn i a the depth was at ta ined by the rapid accum\iLation of 
sediment i n subsiding basins ( Ingle 1975)» i n S i c i l y i t was most 
probably bro-ught about by bu r i a l under the p i l e of nappes of 
Lower Cretaceous-Middle Miocene f lysch^ which were emplaced during 
the tectonic events of the Middle Miocene and are now found i n the 
northern pa r t of S i c i l y . 

2 .5.2 Diagenesis w i t h i n the opal-CT Sediments, 

As wel l as time and depth of bu r i a l con t ro l l ing s i l i c a 
diagenesis i t has recently been shown that the o r ig ina l composition 
of the sediment and the s i l i c a concentrations i n the i n t e r s t i t i a l 
waters have an equally important e f f e c t (Lancelot 1975, Keene 1975, 
Kastner et al.l977) although Von Bad et.al.(1978) suggest that t h i s 
i s only because they control the rate a t which the diagenetic 
chjanges occur. However, whatever caused the tex tura l va r i a t ions i n 
the opal-CT sediments a t Di t ta ino i t can have been nei ther time nor 
depth of bxirial since the samples come from the same outcrop and 
must therefore be of the same age and have had iden t i ca l theimal 
h i s t o r i e s . The diagenetic var ia t ions i n the sediments a t Di t ta ino 
and probably Ant ine l lo are therefore thought to have been 

p r imar i l y due to differences i n the o r i g i n a l sediment. 

A summaiy of the propert ies and diagenetic character is t ics 
of the opal-CT sedojnents i s given i n Figure 2.5. The f i v e samples 
consist of a chert from Ant ine l lo (Sample 1) and four porcelanites 
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from Di t t a ino ; representing a t r a n s i t i o n from the dense grey 

porcelanites (Sample 2) to the l i g h t brown, porous porcelanites 

(Sample 5 ) vrith two intermediate samples (5 and 4)» one of e i ther 

texture , adjacent to the boundary. On appearance and texture 

alone the f i v e sediments would seem to represent a sequence of 

increasing diagenesis from the l i g h t , porous porcelanite to the 

hard, dense chert . This • assumption i s indeed bom out by some 

of the other propert ies mentioned i n Figure 2,5; namely the 

amount of s i l i c a and q\aartz i n the sediment, the increase i n 

density and evidence of replacement o f the groundmass and 

i n f i l l i n g of fo ramin i fe ra l tests by quartz. On the basis of these 

observations i t i s possible to propose a diagenetic sequence by 

which the porous porcelanite might be transformed in to a chert . 

The t r ans i t i on from porous to dense porcelanite (Sample 4 

to sample 3) i s sharp and well defined tex tu ra l ly (Plate 2 ,8) but 

i s obviously gradxial i n other respects as shown by the gradual 

increase i n s i l i c a content from the porous poroelanite through to 

the chert . The increase i n s i l i c a and density across the textural 

boundary i s not r e f l ec t ed by an increase i n quartz despite some 

fo ramin i f e r a l tests becoming i n f i l l e d w i t h chalcedony; they must 

therefore be due to the increased p rec ip i t a t i on of opal-CT i n the 

pore space of the sediment. Away from the porous porcelanites 

the s i l i c a content continues to increase but the amomt of quartz 

shows an even more marked increase (Sample 2 ) , Since there i s no 

apparent increase i n the amoimt of chalcedony i n fo r amin i f e r a l 

tests t h i s can only be due to the development of cr j rp tocrys ta l l ine -

qtiartz w i t h i n the groundmass of the sediment. The nature of the 

t r a n s i t i o n of opal-CT in to quartz i s generally thought to involve 

C so lut ion and then reprec ip i t a t ion of the s i l i c a (Carr and Pyfe 1958 

M\irata and Larson 1975» Stein and Ki rkpa t r i ck 1976) although a so l id 

state inversion has also been suggested (Ernst and Calvert I969 , 

Heath and Moberly 1973.). The f i n a l stage of the diagenetic sequence 

(Sample l ) i s when the c ryp tocrys ta l l ine qviartz i n the groundmass 

develops i n to microcrys ta l l ine quartz. Since there i s no overal l 

increase i n the s i l i c a content t h i s must imply the widespread 

replacement of opsil-CT by quartz. 
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However while t h i s f i n a l stage'outlines what i s l i k e l y to 
happen to the Di t ta ino sediments i n the f u t u r e , the Ant ine l lo chert 
c l ea r ly was never comparable wi th the Dit ta ino porcelani tes . 
Etching the chert w i th HP revealed diatom fragnents tha t had 
obviously vmdergone very l i t t l e d issolut ion (Plate 2 . 9 ) 
contrast ing w i t h the h ighly corroded appearajice of the rare diatom 
remains i n the Di t ta ino porcelanites, Kastner et a l . (1977) has 
stiggested that the preservation of diat(M remains i n d iagcnet ica l ly 
advanced sediments may be achieved by the rapid p r e c i p i t a t i o n o f 
opal-CT i n the early stages of diagenesis coating and pro tec t ing the 
s i l iceous fragnents from f u r t h e r d i s so lu t ion . This necessitates 
the i n i t i a l sediment a t Ant ine l lo being very r i c h i n opaline s i l i c a 
since the preservation of the f i n e laminae suggests tha t the 
sediment was f i n e grained as wel l as rather impenneable and would 
thus prevent the i n f l u x of s i l i c a - r i c h waters. The association of 
opal-CT chert development w i t h the very purest diatomite horizons i n 
the Monterey Fomiation i n Ca l i fo rn i a (Murata and Larson 1975) also 
STiggests that the Ant ine l lo chert was o r i g i n a l l y a veiry pure 
s i l iceous sediment. 

The calci\3m carbonate content of the Di t ta ino porcelanites 

shows that these sediments can have been nothing l i k e as pure and 

the advanced diagenetic state of some of the sediment i s probably 

due to the known a b i l i t y of CaCOj to increase the rate a t which 

s i l i c a diagenesis occurs (Lancelot 1975> Keene 1975, Kastner et a l . 

1977). Von Bad e t a l . (1978) suggest that the f i r s t stage i n the 

diagenesis of a porous c a l c i t e - r i c h si l iceous sediment i s the 

foimation of lepispheres i n voids and the patchy replacement of 

ca l c i t e matr ix by opal-CT. This i s ce r ta in ly consistent wi th the 

occxirrence of lepispheres i n the pore space of the l i g h t e r 

porcelanites (Plates 2.12 & 2.15) and, by increased or prolonged 

p rec ip i t a t i on of opal-CT,could accoxmt f o r the patchy appearance 

and lower porosi ty of the grey porcelanite as well as i t s lack of 

lepispheres. 

Murata and Larson (1975) and Von Bad et a l . (1978) have both 

emphasized that the progressive ordering of opal-CT i s a necessary 

precursor to i t s conversion i n to quartz. I n C a l i f o r n i a , t h i s i s 
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shown by the increasing sharpness o f the peaks on the X-ray d i f f r a c t i o n 

trace as depth and extent of diagenesis both increase (iTurata and Larson 

1975). A s imi la r trend may be recognised i n S i c i l y and i s 

also re la ted to the degree o f diagenetic a l t e r a t ion ( F i g 2 .8) , , However, 

the S i c i l i a n porcelanites do not support the proposed r e l a t i o n between 

decreasing opal-CT d-spacing and depth recognised i n C a l i f o r n i a by 

Murata and Kakata (1974) • I n f a c t , the S i c i l i a n porcelanites reveal 

precisely the opposite trend (Pig 2 ,5 ) and support Von Rad et a l ' s 

assert ion tha t f u r t h e r invest igat ions are necessary before the 

numerical value o f the d-spacing can be used as an index o f the 

s t ruc tura l state and diagenetic 'mat \ i r i ty ' of opal-CT, 

Von Had et a l . (1978) have i d e n t i f i e d several diagenetic 

'pathways' by which a sediment r i c h i n opaline s i l i c a may be 

t ransfomed in to a q u a r t z i t i c chert . The evidence from the opal-CT 

sediments o f S i c i l y i s consistent w i t h t h e i r conclusions and suggests 

tha t the chert from Ant ine l lo and the porcelanites from Di t t a ino 

belong to d i f f e r e n t 'pathways' p r ima r i l y because o f the d i f ferences 

i n t h e i r i n i t i a l composition. The Ant ine l lo chert was a r e l a t i v e l y 

ptire sediment , r i c h i n opalrne s i l i c a that has undergone diagenesis 

mainly by i n s i t u replacement. The Di t ta ino porcelanites, on the 

other hand,were r i c h i n calcium carbonate and t h e i r diagenesis has 

been dependent on the passage of i n t e r s t i t i a l f l u i d s causing the 

so lu t ion and r ep rec ip i t a t ion of the various s i l i c a phases, 

2 , 5 . 5 . Diagenesis w i t h i n the Quar tz i t ic Sediments. 

The q u a r t z i t i c sediments compri'se both nodular and bedded 
cherts as wel l as l i g h t brown porcelanites which, although harder and 
denser, have a s imi lar appearance to the porous opal-CT porcelanites 
a t D i t t a i n o . 

The nodular cherts are found growing wi th in po rce lan i t i c 

horizons and are p a r t i c u l a r l y wel l developed i n the th i cke r , older 

porcelani te beds i n the Santa Venera va l l ey and on Monte Caolina 

(Plate 2 . 1 4 ) . They s t a r t as small nodules i n the centres of the 

beds and gradually expand outvrards u n t i l f u r t h e r growth i s prevented 

by an argi l laceous horizon whereupon growth continues l a t e r a l l y 

u n t i l separate chert nodxiles j o i n up and a bedded chert horizon i s 

produced. Thin argil laceous wisps and laminae w i t h i n the 
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porcelanite appear to hinder the expansion of chert 

nodules perpendicular to bedding and promote the development of 
nodTiles elongate p a r a l l e l to bedding (Plate 2 . 1 5 ) , 

The mi l l ime t r e laminations seen i n the porcelanites are 
continuous in to the chert although they frequently fade out i n to 
the very cores of the cherts which also have a tendency to be 
grey rather than brown. Where the laminae are v i s i b l e they show 
l i t t l e or no deviat ion sxiggesting that the process o f c h e r t i f i c a t i o n 
involves l i t t l e or no volume change (Plate 2 . 5 ) . Thus, since 

the chert i s denser than the porcelanite (Fig 2.5) and has a 
markedly higher s i l i c a content (F ig 2 ,4) , the development of the 
chert nodiiles must involve a net i n f l u x of s i l i c a . 

The contact between chert and porcelanite may be sharp i n 
which case i t i s probably defined by an argillaceous s t r inger but 
more n o m a l l y the boundary i s gradual and i t i s o f ten d i f f i c u l t to 
define where the v i t reous chert changes in to the rougher, s l i g h t l y 
porous texture of the porcelanite (Plate 2 . 5 ) . 

The existe,nce of a s i l i c a 'gradient ' around each chert 
nodule extending i n to the surrounding porcelanite^ which might be 
expected from the gradual t r ans i t i on between chert and porcelani te , 
i s c lea r ly shown i n F i g 2.4. V̂hen the various sediments frcm. 
Santa Venera and Monte Cablina i n Figure 2.4 are l i s t e d i n 
decreasing s i l i c a content they c lear ly f a l l into fou r zones: the 
v i t reous cherts, the porcelanites w i t h i n 10 cms of a chert , other 
porcelanites and argil laceous horizons. A summary o f the 
petrographic and diagenetic features of each group i s provided i n 
Figure 2.4. The development of the cherts appears to be l a r g e l y 
cont ro l led by the a v a i l a b i l i t y of s i l i c a since there i s a marked 
s i l i c a gradient around the nodules. Purthennore t h e i r tendency 
to develop i n the centres of the th icker porcelanite beds i s 
probably due to t h i s being the optimum posi t ion to receive a good 
supply of s i l i c a from a l l sides. The argillaceous horizons 
therefore must act as barr iers to chert development because they 
r e s t r i c t the supply of s i l i c a probably both by ac t ing as a 
permeabili ty ba r r i e r and because they themselves are r e l a t i v e l y 
poor i n s i l i c a . The sovnoe o f the s i l i c a i s hard to es tabl i sh . 
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I t i s possible that the s i l i c a was supplied from outside; or , more 
l i k e l y perhaps^is that since the bedding often has an i r r e g u l a r 
undvilating appearance where chert nodules are developed, s i l i c a i s 
being supplied to the chert nodules by the solution of s i l iceous 
material i n the less indurated porcelanites and argi l laceous 
horizons. 

There; i s no trace of opal-CT i n any of these sediments 

although, as mentioned above, the appearance of the l ea s t s i l iceous 

porcelanites i s not unl ike that of the porous porcelanites a t 

D i t t a i n o . I t i s therefore impossible to do more than speculate on 

t h e i r possible diagenetic h i s t o r y . However, cer ta in observations 

may be made: I f these sediments were deposited i n the Aqui tan ian-

Lower B.urdigalian then t h e i r bu r i a l as the nappes advanced must have 

been both rap id and have occurred soon a f t e r deposition. Furthermore 

the argil laceous mater ia l associated w i t h these s i l iceous sediments 

i s known to re tard s i l i c a diagenesis j u s t as calcium carbonate i s 

known to promote i t (Lancelot 1975> Keene 19751 Kastner e t a l . 1977), 

The association of rapid b u r i a l and slow rates of diagenetic change 

may therefore be responsible f o r sediments i n a minera logical ly 

advanced stage of diagenesis r e t a in ing early diagenetic textures . 

2 .6 . Lower Miocene Siliceous Sediments elsewhere i n the 
Mediterranean Begion. 

Siliceous sediments,similar to those described above from 
S i c i l y and teuned " s i l e x i t e s " by French authors, have been reported 
from Spain, the Balearic Is lands, Horthem I t a l y , Poland 
Czechoslovakia and Romania (Pig 2 . 7 ) . 

I n Eastern Europe they occur throughout the Carpathian 

Mountains usually as diatomaceous in terca la t ions associated w i t h 

Oligo-Miocene f l y s c h derived from the Russian PlatfoBiij j u s t as the 

S i c i l i a n examples are associated wi th f l y s c h derived from the 

A f r i c a n Craton(Contescu et a l . l 9 6 6 ; . The sediments are of ten i n an 

advanced stage of diagenesis and appear as bands or lenses of 

q u a r t z i t i c chert usually centimetres or mi l l imetres th i ck but 

occasionally up to several metres t h i ck (Kotlarczyk I966 , Mahel 

e t a l . 1968). These diatoraites are usually brown-grey i n colour 
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w i t h a f r ac tu red tabular or pla1y appearance; f i n e crenulated 
laminae composed of a l t e rna t i ng opaline and argil laceous horizons 
commonly occur and the diatom f rus tu l e s themselves are found set 
i n the opaline -argi l laceous mat r ix . Siliceous sediments w i t h a 
porce lan i t i c texture do occur but are f a i r l y rare (Kotlarczyk 
1966). 

Diatomites apparently unaffected by diagenesis have been 
described from Rumania (Pil ipesco 1950); these have been termed 
'diatom earth' by the author presumably due to t h e i r very f r i a b l e 
texture . They are very r i c h i n diatom f rus t t i l e s , are of l a t e 
Oligocene or early Miocene age and are immediately over la in by 
01i6X)-Miocene Flysch, here represented by the Kliwa Sandstone, 

Similar diatomaceous sediments of approximately the same 
age are known i n southern Spain where they are temed 'moronitas'". 
These character is t ic deposits occur i n the Guadalquivir Basin 
and the Prebetic zone of the Betic Cordi l le ra (Pig 2 , 9 ) ; they 
extend in to the Balearic Islands and even into southern Prance, 
They are white-blue/grey diatomaceous marls which also contain an 
abimdant calcareous planktonic fauna and are associated w i t h 
g lobiger ina l maris and marly sandstones(Colom' 1952). Despite 
having a remarkably unifonn l i t h o l o g y a l l the deposits are not 
thought to be of the same age Colom (1952) but they are a l l 
thought to l i e w i t h i n the period Oligocene to Middle Miocene 
(Chauvfi 1968) , 

Further south i n the Subbetic and In ternal zones of the 
Betic Cordi l le ra other s i l iceous deposits are known ( F i g 2 .9) , 
I n the external (Subbetic) zone there are only a few white 
s i l iceous sediments which are associated wi th marls and d e t r i t a l 
limestones. The s i l i c a here occurs both i n the form of quartz 
and opal-CT wi th the r a t i o of opal-CT/Quartz being d i r e c t l y 
proport ional to the amount of s i l i c a deposited (Riviere and 
Covurtois 1976). I n the Median and In te rna l zones the s i l iceous 
sediments are f a i r l y widespread and,although the i r s t ra t igraphic 
re la t ions are of ten obscure^they would appear to be associated 
w i t h conglomerates, sandstones and marls i n the Median zone and 
and w i t h f l y s c h i n the In terna l , zones (Didon et a l . I 9 6 9 ) , The 
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si l iceous sediments themselves occur as brown s i l iceous .marls w i t h 
many chert beds. The dominant mineral i n these beds i s s i l i c a 
i n the fo im of quartz; c a l c i t e becomes more important towards the 
external zones and there are minor amounts of dolomite w i t h i l l i t e 
being the most important clay mineral (Riviere and Courtois 1976), 
The age of these s i l iceous deposits i s thought to be l a t e 
Aquitanian which corresponds w i t h the age of the oldest moronitas 
(Didon e t al.1969). 

I n northern I t a l y s imi la r sediments are known on the 
southern edge of the Liguro-Piedmont Basin. They consist o f t h i n , 
brown-grey beds of si l iceous material set i n marls and marly 
sandstones of an age corresponding to the Aquitanian-Burdigalian 
boundary. They are very s imi la r to the Spanish deposits but are 
associated wi th more abundant and more varied t e r r e s t r i a l d e t r i t u s 
(Didon e t al.1969). 

2.7, Sources o f S i l i c a . 

These s i l i c a - r i c h deposits (up to 95jJ i n the q u a r t z i t i c 
chert i n S i c i l y ) are a l l o f a s imi l a r age, of ten of s imi la r 
appearance and have s imi l a r sedimentary associations. Therefore 
it seems probable that i n each case, the pr inc ipa l sotirce of s i l i c a 
must also have been the same. 

Hear Agrigento (Decima and Sprovier i 1975) and a t Ant ine l lo 
the source o f the S i l i c a is c l ea r ly the skeletal debris of diatoms 
and to a lesser extent rad io lar ians . At Dit ta ino there are 
STifficient corroded remnants of diatom fragments to suggest tha t 
the source of the s i l i c a i s the same but that the f r u s t u l e s have 
undergone d issolu t ion i n the course o f diagenesis. Evidence o f 
diatom f r u s t u l e s i s much rarer i n the qua r t z i t i c deposits; however, 
corroded fragnents have been found and large whole diatom f r u s t u l e s 
have been reported from the Gangi-Sperlinga outcrops (Campisi I962). 
Diatom f r u s t u l e s have also been shown to be the main source of 
s i l i c a f o r the si l iceous deposits of Poland and, as mentioned above, 
both the 'moronitas' of Spain and the'diatora earth' of Rvmania are 
composed l a rge ly o f diatomaceous debris (Filipesco 1950, Colom 
1952, Kotlarczyk I966). I t i s therefore thought l i k e l y that a l l 
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these s i l iceous sediments were o r i g i n a l l y deposited as diatomites 
and that present var ia t ions i n t h e i r mineralogy and texture are 
p r i n c i p a l l y due to the e f f e c t s of diagenesis. 

The association of diatoraaceous sediments and volcanism 
has been recognised f o r some time; Ta l ia fe r ro (1933) docmented 
many examples from a l l over the world and proposed tha t there was 
a d i r e c t genetic re la t ionship between the two. This hypothesis 
was generally accepted u n t i l work on the recent diatomaceous 
deposits of the Gulf o f C a l i f o r n i a (Calvert I964, 1966a, 1966b) 
showed that there was s u f f i c i e n t dissolved s i l i c a i n ocean water to 
sustain the necessary high phytoplankton produc t iv i ty provided that 
a mechanism such as the upwelling of deeper waters coii ld cont inual ly 
supply s u f f i c i e n t nu t r i en t s and s i l i c a to the euphotic zone. The 
i n f l u x of terrigenous mater ia l i s very low so that f a i r l y pure 
s i l iceous sediments are able to accumulate without volcanism 
play ing any s i g n i f i c a n t r o l e . The upwelling i t s e l f i s dependent 
on coastal and seafioor topography so that the association o f 
diatoraites and volcanism i s due to the tectonic processes which 
create the suitable topography and w i t h which volcanism i s 
associated (Orr 1972). 

Volcanic mater ia l i s present i n the S i c i l i a n s i l iceous 
deposits and occurs more commonly i n the argillaceous horizons. 
Recent authors have therefore fol lowed T a l i a f e r r o ' s example i n 
favour ing a d i r e c t l i n k between these si l iceous deposits and 
volcanian (Didon e t al . l969» Broquet 1975, Riviere and Courtois 
1976, Wezel 1977). The presence of small la ths of andesine/ 
ol igoclase i s consistent w i t h the dominantly andesit ic volcanism 
•which characterised:the region a t t h i s time (wezel 1977) and the 
presence of montmoril lonite i n the argillaceous horizons may also 
be regarded as i nd i ca t ing volcanic a c t i v i t y ( G r i f f i n e t a l . I 9 6 8 ) , 
However, these components make up a very snail part o f the t o t a l 
sediment. Furthermore, Ti02/Al203 r a t i o s which have been used 
i n Spain to d i s t inguish between d e t r i t a l c las t ic and pyroc las t ic 
sediments (Riviere and Courtois 1976) are not consistent even w i t h 
a predominantly pyroclas t ic o r i g i n f o r the argil laceous horizons 
associated wi th the S i c i l i a n s i l iceous sediments (F ig 2.10) (see 
also P ig 2,4). 
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SPAIN 

(Riviere & Courtois 1976) 
SICILY 

Acid 
pyroclast ic 

0.012 -
0.016 

Argillaceous 
interbecls 

0.042 -
0.047 

Normal 
c l a s t i c 

0.050 ~ 
0.080 

Siliceous 
sediments 

0.052 ~ 
0.109 

F ig . 2.10 TiO /AI.^0 RATIOS OF SILICEOUS SSDIMEXTS I N 
" SICILY AND SPAIN. 

The volcanic contribution to the siliceous horizons wovild 
therefore appear to be f a r too small to be regarded as a significant 
source for s i l i c a . The concentration of planktonic foraminiferal 
tests as well as the lack of any obvious increase in grain size 
siuggests that the argillaceous horizons are caused by a decrease 
in diatomaceous sedimentation rather than a sudden influx of 
terrigenous or volcanic material. 

2 . 8 . Geological History of the Lower Miocene Siliceous Sediments. 

I t has been suggested above that many of the outcrops of 

siliceous sediments may be o l i s to l i ths set within the Numidian 

Flysch or Argil le Scagliose. Nevertheless, even i f this i s the 

case, the outcrops a t Finale and Monte Barbagiano clearly show 

that the siliceous material and the sandstones must have been la id 

down in veiy similar depositional environments. I t was this 

association with e last ics tlriat led Filipesco (1950) and Colora (1952) 

to propose ttiat the siliceous sediments had accumulated in shallow 

coastal waters. However, their faunal content and characteristic 
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appearance indicate that this i s highly unlikely. Planktonic 
foraminifera, radiolarians, diatoms, skeletal f i s h debris, together 
•with their f inely laminated appearance and absence of c las t i c 
material other than that small enough to have been wind transported, 
a l l suggest a pelagic origin. Purthemore, th^closely resemble 
sediments reported from the Califomian Continental Borderland 
(Snery 1960) and Gulf of California (Calvert 19^4), suggesting that 
present day conditions there may be analogous to those prevailing 
during the early Miocene in S i c i l y . 

The ILthological similarity between the S ic i l ian and other 

siliceous deposits sxiggests that they were a l l deposited in similar 

environments. In southern Spain the moronitas are strongly 

associated with the North Betic Strait within which they occ\ir 

extensively and although a l l the deposits are not coeval,they are 

a l l confined to the Aquitanian/Burdigalian (Colcan 1952). This 

Strait provided a marine connection between the Atlantic and the 

'proto' Western Mediterranean and was possibly further connected 

with the Carpathian diatomaceous deposits via the Peri-Alpine 

depression which maintained a marine connection between the two 

areas until the beginning of the Tortonian (Gignoux 1955}. 

S ic i ly must also have had a marine connection with the open ocean 

although i t was not necessarily in marine communication with the 

Spanish diatomites since i t i s possible that the S ic i l i an 

connection with the ocean -was v ia the Rif rather than Betic Stra i t s . 

The f lysch and Argil le Scagliose were accumulating i n the 

deep and narrow seaways which probably characterised the Western 

Mediterranean at this time. Within these troughs some small basins 

must have existed that were shielded from terrigenous input and in 

which diatomaceous sediments were able to accumulate. As the 

Calabrian Massif moved against the North African continental margin 

during the early-middle Miocene (Fig 2,2), some of these deposits 

would have become detached from their immediate stratigraphic 

surrcundings while the most northerly would have been buried 

beneath the pile of nappes accumulating along the Calabrian Arc 

(Alvarez et a l . l 9 7 4 » Biju-Duval et a l . l 9 7 8 ) . The siliceous 
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deposits thus often appear as o l i s to l i ths and would have undergone 
progressively deeper burial to the north, thereby explaining the 
increasingly advanced diagenesis seen from southwest to northeast 
across S i c i l y (Fig 2 . 1 ) . 

I t i s interesting to note that in the Betic Cordillera i t 
appears that the transition from the Internal zones through the 
Subbetic into the Prebetic zone i s also matched by a transition 
in the mineralogical composition of the siliceous sediments from 
quartz, throT;igh opal-CT to unaltered opal-A. This i s 
identical to the diagenetic zonation seen in S ic i ly and may well 
be due to a similar cause. Published data on the Carpathian 
examples i s more limited but their similar sedimentological and 
tectonic history suggests that they too may be diagenetically zoned. 
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C H A P T E R 3 . 

UPPER MIOCME (̂ 1ESSINIAN) DIATOIvIITES FRQlt SICILY. 

3 . 1 . Geological setting. 

3 . 1 . 1 . Messinian Sal inity C r i s i s . 

Upper Miocene diatomaceous sediments occur as a thin 
sequence of diatoraites and marls known as the Tripol i Formation. 
This i s foxmd not only in S i c i l y but in many countries surrounding 
the Western Mediterranean and i s overlain by the thick sequence of 
evaporites known as the "itediterranean Evaporite" or the "Pormazione 
Gessoso - Solfifera". These evaporites, together with the Tripoli 
Foimation, form a distinctive lithostratigraphic unit deposited 
during the interval between -the end of the Tortonian Stage and the 
beginning of the Pliocene (Figs 1.2 and 3 . 1 } S e l l i (l96i<-) has 
defined this interval as the Messinian Stage and as a resul t , the 
evaporitic 'event' that dominates Mediterranean geology during the 
la te Miocene has become known as the 'Messinian Sal inity C r i s i s ' 
(Hsu et a l . 1973). 

The Mediterranean Evaporite i s remarkable f i r s t l y , for 
i t s size (only the Tarira Basin in China contains an evaporite body 
of comparable proportions - Nesteroff 1975 ;) and secondly, because 
i t s existence was not proven unti l as recently as 1970 when Glomar 
Challenger completed Leg 13 of the Deep Sea Dri l l ing Project ( D . S . D . P ) . 

Diapiric structures seen on seismic profi les had previously 
suggested the presence of evaporites beneath the present 
Mediterranean Sea and small evaporite deposits of la te Miocene age 
had been known for some time from regions surrounding the 
Mediterranean (Hersey I 9 6 5 , Kozary et a l . I968, Ryan et a l . 1971). 
However, Leg 13 not only confirmed the presence of the evaporites, 
i t also showed that they extended under much of the present 
Mediterranean Sea and were up to 4000 metres thick in places 
(Fig 5 .2 ) (Montedert et a l . 1978). 

I t has been shown that at least some of these evaporites 
were deposited under shallow water or supratidal conditions (Schreiber 
and Friedman I 976 , Schreiber et a l , 1976) . Yet, both the Tortonian 
deposits below and the Pliocene deposits above, are represented' 
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EVAPORITES 

F i g . 3.2 The distr ibution of the Mediterranean Evaporites . 
(after Biju-Duval et a l . 1978) 
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by open marine,pelagic sediments generally thought to have been 
deposited in deep waterl (Nesteroff 1913 Cita et a l . 1978). 
This apparent contradiction naturally prompted considerable 
controversy regarding the origin of the evaporite and the nature of 
the basin in which i t was deposited. 

Reviews of the conflicting theories put forward to account 
for the deposition of this evaporite body are provided by Hsu et a l . 

. (1973) , Drooger (1973) and Sonnenfeld (1975). The model i n i t i a l l y 
proposed by Hsu et a l . in 1973 and developed by Hsu et a l . (1978) 
i s known as the "Deep Desiccated Basin Model" and has been 
summarised by Hsu et a l . (1975) as the, "Desiccation of a deep 
Mediterranean basin isolated from the Atlantic; evaporites were 
precipitated from playas or sa l t lakes whose water levels were 
dropped down to thousands of metres below the Atlantic sea level ." 
I t i s this model, i n i t i a l l y greeted with considerable scepticism, 
that has subsequently gained widespread although s t i l l not universal 
acceptance (see Fabricius et a l . 1978). 

5 . 1 . 2 . The Central Basin of S i c i l y , 
a) Plysiography. 

Some of the best exposures of both the evaporites and the 
diatomites,are to be found in the Central Sic i l ian Basin, or 
Caltanissetta Basin as i t i s also known (Decima and Wezel: 1975, 
Schreiber et a l . 1975)' This i s a fault-bounded trough, some 
140 kms long by 80 kms wide that contains a Kiddle Miocene -
Quaternary succession up to several kilometres thick in places 
(Caire 1970}. I t i s confined to the north by the Sicani, Kadonie 
and Nebrodian Mountains; to the southeast by the Ragusa Platform 
(Pig 5 .4) and may extend across the S i c i l i an Channel into eastern 
Tunisia (Caire I97O, Decima and Wezel 1975, Se l l i 1975). 

A section across the basin (Fig 5.5) shows i t to contain 
a large volume of halite and potash salts^ which, in accordance 
with the Deep , Desiccated Basin Model, are confined to the deepest 
parts of the basin (Decima and V/ezel 1975). The presence of such 
large quantities of these salts , which must have been the l a s t 
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evaporite minerals to precipitate, shows that these parts of the 
basin had no communication with s t i l l deeper basins. The Central 
S ic i l ian Basin must therefore have been one of the deepest of the 
Mediterranean Basins during the Messinian (Hsii et a l . 1978). 

The areal distribution of the halite and potash salts 
(Figs 5.4 and 5'5) shows that the deepest part of the basin was a 
narrow trough located close to i t s northern margin and known as 
the "Platani Trough" (Richter Bemburg 1975) or the "Cattolica 
Basin" (Decima and Wezel 1975). I'his deep trough i s flanked to 
the southeast by the "Raffadali - Armerian Uplift"; an area, 
conspicuous in the Central Basin for i t s lack of evaporite cover, 
where the Messiniaii i s represented solely by carbonate sediments 
(Richter Bemburg 1973). 

b) Pre-Messinian Deposits. 

Sediments of Middle Miocene - Tortonian age, 
collectively known as the "Argille Scagliose", are fotmd throughout 
the Central S ic i l ian Basin and are well exposed along the coast 
northwest of Marina di Palma (Fig 5 . 4 ) . They consist of grey/brown 
terrigenous shales composed of s i l t sized quartz and feldspar grains 
set in a f ine, iron stained, kaol init ic groundmass. The shales 
contain nodules, many localised slumps and an abundance of exotic 
material, in which blocks of a grey forarainiferal marl are 
particularly common. The amount of resedimented material in these 
shales gives them a chaotic appearance that is ccsnmon to many of 
the pre-Messinian deposits of the Central Sic i l ian Basin (Decima 
1972, Cita 1975a). 

In contrast to these chaotic shales^ a few kilomatres 
to the north,at Camastra, there are blue Tortonian marls exposed 
only a few metres below the diatomites of the Tripol i Pomation. 
These are soft, massive, blue/grey mudstones (Plate 5 .1 ) that 
have a mottled appearance suggesting extensive bioturbation, although 
the only possible evidence of burrowing organisms are occasional 
molluscan shell fragments. Planktonic foraminifera tests are 
very common and occur in a murky groundmass containing abundant 
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coccoliths, discoasters, fine terrigenous material and f inely 
disseminated opaques. Non-stoichimetric dolomite (mole ^ 
excess Ca of 5>3f» ) i s present but represents only a small 
proportion of the total sediment (see Section 3.10.5 and 
Appendices 1 - 2 ) . I t occurs as small eiohedral inhombs, 20-50^ 
in diameter, scattered randomly throughout the sediment. 

Blue/grey sandy marls and clays similar to the Tortonian 
deposits a t Camastra are also found beneath the diatonites at 
Capodarso, Falconara and Monte Giammoia (Catalano and Sprovieri 
1971, D'Onofrio et a l . 1975). 

Middle Miocene and Tortonian sediments are also known 

in many areas around the Mediterranean and have been reported from 

several D.S.D.P. holes. In the Western Mediterranean they are 

generally similar to the S ic i l i an deposits and have been interpreted 

as hemipelagic sediments characteristic of normal marine conditions 

(Hsu et a l . 1977, Cita 1975a). The abundance of resedimented 

material, marine organisms and the presence of large o l i s to l i ths 

within the S i c i l i an deposits shows that these must also have been 

deposited in a deep basin and mder normal marine conditions (Deciraa 

1972, Cita 1975a). Paunal evidence from Capodarso confirms this 

and suggests a water depth in excess of 2000 metres (Bandy 1975) . 

3 . 1 . 5 . The Tortonian/Messinian Boundary. 

According to S e l l i ' s (196O) original l i tho stratigraphic 
definition of the Messinian Stage the Tortonian/Messinian boundary 
can be placed at the contact of the blue marls and the diatomites 
of the Tripol i Formation. However, such a definition i s of 
limited value where these particular lithologies happen not to be 
developed and of no value outside the Mediterranean Region 
(D'Onofrio et a l . 1975). In order to rect i fy this situation, 
attonpts have been made to try and define both the upper and 
lower l imi t s of the Messinian Stage in terms of i t s planktonic 
foraminiferal assemblage. 

In the case of the lower bo\mdaiy, S e l l i ' s choice of 
the Capodarso-Pasquasia sections in S ic i ly as the neostratotype 
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has been shown to be particxolarly inauspicious, since 
subsequent slumping has obscured the Tortonian/Messinian contact 
as he defined i t (D'Onofrio et a l . 1975). Nevertheless, a ; 
faunal change has been recognised some time prior to the Sal inity 
C r i s i s and D'Onofrio et a l . (1975) have proposed that the 
Tortonian/Messinian bomdary should be taken as the f i r s t 

appearance of Globorotalia conomoizea. At Falconara and Monte ; 

Giammoia sections in S ic i ly this faunal boundary closely correlates 
with the appearance of the diatomites of the Tripoli Formation \ 
(Colalongo et a l . 1976, D'Ctoofrio et a l . 1975). Catalano and [ 
Sprovieri (1971) recognise the same faunal change but choose a [ 
s l i ^ t l y different horizon and relate i t to the disappearance of 
the Tortonian blue marls. In contrast to most other sections, 
the same fa\mal change at Capodarso i s recognised some distance 
below the Tripoli and within the blue marls (Womardt 1975, 
Bandy 1975, D'Onofrio et a l . 1975). 

The work i s s t i l l in progress (Colalongo et a l . 197'6) [ 
but, however the Tortonian/Messinian boundary i s defined, there [. 
seems to be general agreement that in S i c i l y i t corresponds t 
rou^ily to the f i r s t appearance of the diatomites of the Tripol i I 
Formation. 

In the f i e l d , the contact can be seen to be both gradual 
and confonnable. At Camastra (Fig 3.6) and Falconara (Fig 3.7) 
the f i r s t appearance of diatomaceous material i s marked by the 
replacement of the homogenous blue marls by friable grey shales. 
Within these shales the diatomites i n i t i a l l y appear as thin 
white partings but gradually they become thicker and more frequent 
unt i l some horizons take on a laminated appearance (Plate 5 .1) . 

This basal shale unit i s just over two metres thick at 
Camastra and the sediment i s composed largely of foraminifera 
tests and terrigenous material similar to that found in the 
underlying Tortonian. The foraminifera are often concentrated 
in partic\i lar horizons or lenses and may be so abundant in some 
places that the sediment takes on a sandy appearance. Some 
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of these horizons are regularly spaced about 1 can apart and are 
clearly graded, indicating that much of the sediment has 
probably been redeposited (Plate 5.2) . Diatom frustules are 
local ly abimdant, while s i l icof lagel lates , discoasters., radiolaria 
and coccoliths are also f a i r l y common. The terrigenous material 
includes clay, minerals (mainly kaol inite) , micas, f ine ly 
disseminated opaques and f ine, angular to subangular grains of 
qiiartz and feldspar. These never exceed a size of 50 jj and 
may therefore have been wind transported (Rex and Goldberg (1962), 
Small dolomite rhombs are also present and are randomly distributed 
throughout the sediment. 

Above the basal shale are three metres of l e s s friable 
mudstone. Unlike the shales, these appear to have been extensively 
bioturbated and in the equivalent interval at Palconara, one 
diatomaceous shale horizon contains several burrows i n f i l l e d with 
the overlying grey muds. Bituminous mudstones are found at both 
Camastra and Falconara and are similar to those described from the 
Tortonian/Tripoli boundary by S e l l i (1975). However, at Camastra 
they occur only within an intensely disturbed horizon some 20 cms 
thick which i s thought to have been caused by synsedimentary 
slumping. 

The exposures of the contact between the Tortonian marls 
and the Tripol i diatomites at Monte Giammoia and Capodarso appear 
to be similar to those at Falconara and Camastra. However, the 
thin and much faiilted section at Marina di Palma reveals a much 
sharper contact: the diatomites are here interbedded with brown 
shales identical to those of the underlying Tortonian, This 
may be due to the paucity of resedimented and calcareous material 
compared to Palconara and Camastra, although i t i s also possible 
that part of the section has been 'faulted out'. 

5,2 The Tripol i Formation. 

5.2.1. Distribution and Thickness. 

The Tripol i Formation i s characterised by diatomaceous 
sediments and i t i s these that distinguish i t from adjacent 
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formations. I t i s of early Hessinian age, a period also known 
as the Sahelian (Catalano and Sprovieri 1971)» which extended 
from the end of the Tortonian.until the beginning of evaporite 
deposition (Fig 1.2 and 3 .1) . Other early Messinian sediments 
in the Central S ic i l i an Basin include the "Whitish Marls", thought 
to be the Tripol i ' s deep water equivalent by Decima and Wezel 
(1973) and the c las t ic deposits found adjacent to the northern 
margin of the basin. The Calcare di Base, from which the Tripol i 
i s separated by an erosion surface at Monte Giammoia, i s thought 
to be more closely related to the evaporites and to belong to the 
Upper Messinian (Colalongo et a l . 1976, Cita et a l . 1978). 

The distribution of the Tripoli i s shown in Figure 5.5. 
I t i s confined to three particular zones: 

1) From Enna west-southwest to just north of Agrigento, 
broadly following the l ine of halite and potash deposits but 
apparently avoiding what would have been the deepest parts of 
the basin. 

2) From Agrigento east-southeast along the southern 
margin of the Eaffadali - Armerian Upl i f t . 

5) There are also some outcrops of Tripoli near 
Caltagirone which belong to neither of the above trends. 

The thickness of the Tripoli i s highly variable, being 
absent over much of the basin but attaining a thickness of 60 
metres near Barrafranca (Ogniben 1957). A thickness of 75 
metres i s to be found a few kilometres northwest of Calascibetta 
but this section contains large amounts of fine grained calcareous 
and argillaceous material due to i t being situated close to the 
northern margin of the basin. Hear Agrigento the Tripol i i s 
much purer and thinner with the 40 metres at Camastra being the 
maximm observed thickness, although Ogniben (1957) records a 
thickness of 50 metres near Favara. 

3.2.2. The Diatomite-t^arl Couplets. 

Above the shaley base of the Tripoli Fonnation the 
argillaceous content of the sediment rapidly decreases and i t 
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takes on a much 'cleaner' appearance. This i s clearly i l lustrated 
by comparing the chemical composition of the sediments represented 
in columns 1 - 5 i n Figure 5»8: The s i l i ca content shows a 
progressive increase from the Tortonian (sample 1), through the 
hasal diatomaceous shale (sample 2 ) , to the normal diatomites 
(samples 3,4 and 5) indicating an increase in the diatom content. 
Eowever, the AI2O5, Fe2C05, K2O and TIO2 contents, which are 
mostly due to the sediment's argillaceous component, a l l show a 
consistent decrease. 

As the sediment hecomes cleaner, i t i s seen to consist 
of successive couplets of alternating diatom-rich and diatom-poor 
horizons. Tliese couplets are one of the characteristic features 
of the Tr ipol i and are always well developed, except when masked 
by argillaceous material in the bottom few metres of the 
formation. 

On closer inspection each couplet, or rhythm, i s seen 
to consist of three components: a diatomite bed and a non-
diatomaceous interbed which i s made up of a grey marl overlain 
by a brown shale (Plate 5.5)» The contact between the diatoraite 
and the overlying grey marl i s usally sharp and may even be 
scoured (Plate 5.4) while other contacts are generally gradational. 
This brief hiatus indicates that each rhythm probably commenced 
with the deposition of a grey marl, followed by a brown shale 
and teroainated with a diatomite. 

Alterations to the rhythm are rare and usually only 
occur when one of the components i s absent. Alternatively, the 
grey marl and brown shale sometimes merge into each other to form 
a single brown marly interbed. Occasional clastic or limestone 
horizons are also found, particvilarly near the top of the 
formation, but these w i l l be discussed below, 
5.2.5. The Diatomites. 

The diatomites are the characteristic l i t h o l o f y of the 
Tr ipo l i Formation as well as the most conspicuous despite 
representing only a l i t t l e over half of the total sediment 
thickness. The average thickness of the individual diatomite 
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SAilPLES 

1 2 3 4 5 6 7 8 9 10 11 12 
% % % fc % f' % fc % 

44.90 56.70 81.00 75.20 80.20 44.40 24.40 40.20 67.20 17.10 56.70 89.90 

13.23 7.29 1.80 1.69 2.72 12.62 6.13 11.48 6.27 4.99 16.33 1.12 

3.73 2.48 1.12 0.98 1.70 6.45 2.50 5.99 3.05 1.33 9.49 0.52 

MgO 3.44 2.52 0.60 1.23 1.02 3.11 8.25 7.67 5.59 15.31 3.62 0.34 

CaO. 14.01 13.40 8.27 11.68 7.00 11.45 25.70 11.10 6.95 23.72 1.34 0.87 

Na^O 0.29 0.22 0.17 0.30 0.52 0.52 0.25 0.21 0.46 0.42 0.54 0.23 

2.76 1.38 0.26 0.29 0.44 2.45 1.34 2.10 0.93 1.16 2.83 0.17 

TiOg 0.57 0.32 0.10 0.08 0.16 0.62 0.27 0.69 0.35 0.27 0.93 0.09 

s : 0.21 0.55 - 0.01 0.55 - 0.13 - - - - -
- - 0.09 0.03 0.09 0.11 0.17 0.15 0.15 0.03 0.11 0.06 

* 14.79 17.23 7.16 10.53 6.62 12.42 29.27 17.16 11.61 35.43 5.03 1.05 

TOTAL 197.83 107.09 100.57 102.07 100.47 94.70 93.28 98.88 1012.56 100»36., 97.42 94.35 

1. Tortonian Blue Marl from Camastra , S i c i l y . 
2. Shaley Diatoniite from near the base of the T r i p o l i at Camastra. 
3. Diatomite from Montedoro , S i c i l y . 
4. " Monte Giammoia, S ic i ly , 
5. " '» Palconara . 
6. BrDim shale / grey marl interbed from Favara, ^ S i c i l y , 
7. Grey marl interbed from near Campobello, S i c i l y , 
8. Broira shale interbed from Capodarso, S i c i l y . 
9. Dolomitic diatomite from Caraastra^ . S i c i l y . 

10. Dolomitic grey ma,rl interbed from Camastra, S i c i l y , 
11. Broim shale interbed from Caraastra, S i c i l y . 
12. Commercially extracted diatomite, Lorapoc f)uarry, Cal i forn ia , 

FIG. 3.S. X.a.F. MJOR ELSLENT ANALYSIS OF SEDIM3NTS FROM 
TIE TRIPOLI FORIIATION. 
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horizons i s about 60 cms with a maximum thickness approaching 
two metres (Fig 5.9). 

They quickly become less argillaceous away from the 
base of the formation and eventually emerge as l i g h t coloured, 
laminated diatomites (Plate 5.5) although the base of each bed 
often has a brown colouration due to the influence of the 
underlying brown shales. They vaiy i n colour from l i g h t brown 
and grey to white depending on the amo\mt of argillaceous 
material in the sediment, but are invariably dark grey or black when 
recovered from boreholes due to their high organic content 
(Ogniben 1957, Roda I967). 

They are conspicuously l i g h t in weight, very fr iable, , porous 
and usTjially highly f i s s i l e with a strong tendancy to break along 
laminae parallel to bedding. The very f ine laminae are character
i s t i c of diatomites (PI.5.6 & 5.7) and consist of alternating 
white and l i g h t grey or brown horizons. Each lamina i s a fraction 
of a millimetre thick and i s due to variations in the argillaceous 
content of the sediment with the laminae being more conspicuous 
when the argillaceous content i s high and v i r tua l ly indiscemable 
when i t i s low. These laminae have been interpreted as seasonal 
varves with each couplet- ( ie one dark plus one l i g h t lamina) 
representing one years sedimentation (Ogniben 1957). 

The sediment i s almost entirely composed of whole and 
fragmented diatom frustules, with both pennate and centric fonns 
being present (Plates 3.8 and 5.9). Sil icoflagellates, 
coccoliths and discoasters are almost invariably present 
(PI 5.10 and 5.11), although the calcareous nannoplankton are 
absent i n the upper part of the Tr ipol i section at Camastra 
where micr i t i c dolomite i s the only carbonate mineral present 
i n the sediment (see below). Planktonic forarainifera and 
radiolaria are local ly common (Plates 5.12 and 5.15) with the 
l a t t e r largely confined to the lower parts of the formation. 
Benthonic foraminifera however, are apparently absent as are a l l 
macrofossils with one notable exception. These are f i s h remains, 
which are particularly well preserved and are one of the 
characteristic features of the Tr ipol i Fonnation ( s e e Arambourg 1925). 
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They include everything from individual f i s h scales to complete 
skeletons (Frontispiece), while in thin section they are seen as 
irregiiLarly shaped phosphatic fragments aligned parallel to bedding. 

The argillaceous component of the sediment i s identical 
to, though fa r less abundant tlian, that found in the basal 
diatomaceous shales. I t consists of f ine quartz grains, laths 
of mica, clay minerals, f i ne ly disseminated opaques and occasional 
exotic grains such as fragments of wood. 

The laminae are usually f l a t and regularly spaced although 
disturbed horizons may sometimes be found. These are part icularly 
common at the section near Campobello d i Licata where they tend to 
occur near the tops of diatomite beds (Plate 5.14). The inspection 
of polished sections through diatomite reveals th^t completely 
unlaminated horizons are also f a i r l y common (Plates 5.6 and 5.7). 
These are up to a few centimetres thick and often reveal convolute 
and distorted laminae at their base, suggesting that their 
homogenous appearance i s due to the reworking of the sediment as 
a result of slumping or interraittant current action. Elsewhere, 
disturbances within the laminated intervals are rarejy. seenCdue-.to the 
weathered nature.of.the"-.6utcrops. 

5.2.4. The Interbedded Marls. 

As mentioned above, the interbeds which separate the beds 
of diatomite consist of two units; a homogenous grey marl and 
overlying f r i ab le brown shale. 

Grey Marls:- In the basal 10 metres of the T r i p o l i section 
at Camastra the grey marls have a very similar appearance to the 
blue Tortonian marls. They have a uniform medim grey colour but 
are darker and softer except where exposed to the surface. The 
tests of planktonic foraminifera are common and there are even 
occasional thin walled mollusc shells. Calcareous nannoplankton 
are also common and are found, together with small dolomite rhombs, 
i n a predominantly calcareous groundmass. However, apart from 
at the very base of the formation siliceous organians are 
conspicuously absent» in sharp contrast to diatoraite beds. The 
relative abundance of CaCOj and lack of SiO? can be seen by 
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comparing the composition of the grey marls with that of other 
Tr ipol i and Tortonian sediments i n Figure 5.8. The aTnount of 
dolomite increases higher i n the formation as the atiount of 
calcite and particularly the calcareous nannoplankton decrease. 
In the sections at Camastra, Falconara and Calascibetta there 
are several horizons i n which the sediment is to ta l ly devoid of 
calcite, leaving dolomite as the only carbonate mineral (Figs 5.1'̂ -
5.12;. Elsewhere, varj^ing amounts of calcite in the form of 
nannoplankton and micri te are usually present. 

The dolomitic grey marls are ver̂ -- f ine grained, have 
a homogenous appearance and a unifom medium grey colour. They 
are composed almost entirely of anhedral grains up to 10yt across 
giving the sediment a f ine sucrosic texture. Large euhedral 
rhombs of dolomite up to 100/̂  across occur within the micrite 
and can rarely be seen to be enclosing smaller grains (Plate 5.15). 

Small grains of gLauconite and occasional f i s h remains 
are also found i n these marls, together with the ubiquitous f ine 
det r i ta l quartz grains, mica laths and opaque minerals. The 
l as t of these occasionally reveal a square outline and are often 
found i n f i l l i n g the tests of forarainifera. 

Brown Shales:- The brown shales form a th in f r i ab le j 
horizon separating-the grey marls from the overlying diatomites 
(Plate 5.5) and are usually, but not always, the thinner of the two 
'interbed' lithmlogies. They are not well developed i n the lower 
part of the formation but elsewhere , they appear as well defined 
brown shaley mudstone beds which occasionally have a s i l t y appearance 
due to the presence of abundant foraminiferal tests (Plate 5.16). 
The brown colouration i s caused by the oxidation of i ron-r ich 
opaque minerals which, as in the dolomitic marls, are often found 
i n f i l l i n g foraminiferal tests. Also fomd i n f i l l i n g foraminiferal 
tests i n one horizon at Camastra (see Fig. 5.6) are crystals of 
gypsum (Plate 5.17). 

The groundmass i s laminated and a murky green-brdwn colour. 
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Fig . 3.10 Dolomite d i s t r ibu t ion at Camastra. 
(see also f i g . 3 ,6) 
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Fig , 3,11 Dolomite d i s t r ibu t ion at Falconara, 
(see also fi;:,, 3.7) 
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Clay minerals (mainly kaolini te) make up a large part of the 
sediments and,together with small laths of mica,are strongly 
aligned parallel to bedding giving the sediment an overall length 
slow orientation as seen with a sensitive t i n t plate. Pine 
de t r i t a l grains of quartz and feldspar are l ibe ra l ly distributed 
throughout the sediment as are f i s h scales, small dolomite rhombs, 
calcareous nannoplankton and occasional grains of glauconite (see 
columns 6 & 8 Fignire 5 .8). Diatoms and radiolaria are rare except 
near the base of the formation. 

The sections at Camastra and Calascibetta contain several 
brown shale horizons which are almost entirely made up of terrigenous 
debris with l i t t l e carbonate material. The only carbonate material 
present i s usually either as whole forarainifera tests (Plate 5,16) 
or as saall dolomite rhombs. Rarely, even this may be absent and 
the shale i s to ta l ly devoid of any carbonate or biogenic matter. 

The transit ion between the grey marls and brown shales 
i s nearly always gradual although i t takes place within a centimetre. 
Occasionally there i s no discemable boundary and the two l i thologies 
appear to be mixed together forming a single interbed. The contact 
with the overlying diatomites also shows a gradual chajige beginning 
with the brown shales taking on a laminated appearance due to the 
development of white diatomaceous partings. These gradually become 
better developed u n t i l no shale material ranains. The transition 
occurs over a few centimetres and i s clearly defined by the colour 
change as brown terrigenous sedimentation gives way to the white 
diatomaceous deposits, 

5.2,5. Limestones i n the Tr ipo l i Fornation. 
The dolomite grey marls are not the only carbonate 

horizons that occur within the Tr ipol i Formation since beds of 
limestone are also to be found i n several sections. These are 
confined to the upper part of the formation and are similar i n 
appearance to both the diatomites and grey marls. However, they 
are easily distinguishable from the former by their greater 
density and lack of laminae and from the la t te r by being l ighter 
i n colour, harder and more resistant to v/eathering. 
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•riie T r ipo l i sections at luontedoro (Fig 5.13) and 
Campobello di Licata (pig 5.14) are generally richer in CaCOj than 
other sections and both contain- liinestone horizons. At I.Iontedoro 
they are highly fractured and although they appear to be slumped, 
i t i s Impossible to be certain because of the poor exposure. The 
Campobello d i Licata section hov.'ever, includes at least one graded 
limestone bed which i s notable fo r i t s abundance of planktonic 
foraa in i fera l tests (seen above the laminated diatomites i n Plate 5,5), 
The tests are v;ell sorted, about 0.5inm in diameter and set i n a 
non-dolomitic, mic r i t i c matrix which also contains many coccoliths 
and discoasters. This limestone h^s a sharp contact with the 
underlying brovm foraminiferal marl, v;hile the contact'with 
the overlying bed, also a brovm marl, i s more gi-adiial. Both of 
these brov/n marls are laminated and r ich in planktonic foraminif era 
although in the overlying bed they soon die out and the sediment 
grades into the usual f r i ab le bro\m sh^e. 

The Campobello di Licata section.contains several 
other calcareous horizons r ich in foraminiferal tests but there • 
are also at least t\TO limestone beds in which foraminif era are not 
so common. Similar horiizons are also to be found i n sections at 
Falconara, Favara (Pig 5.15) and Monte Giammoia (Fig 5.16), I n 
a l l cases they are underlain by diatomites and overlain by brown 
shales, suggesting that they have taken the place of the dolomitic 
grey marl i n the sedimentary rhythm; They are a l i g h t grey-fawn 
colour, hard with homogenous chalky textures . and a t . Falconara 
and Pavara they merge into soft and marly, but otherwise identical 
horizons beneath. Dolomite, in the form of small rhombs, i s present 
at Falconara (Fig 5.11) and Gampobello Di Licata (Pig 5.17) but 
represents less than 20/0 of the sediment, .Elsewhere^calcite i s the 
only carbonate mineral present. Although much less abundant t h ^ 
in the graded limestones, planktonic foraainifera are again 
the only large particles to be found in these horizons and are 
again set i n a verj-" f ine grained micr i t ic matrix r ich in calcareous 
naianoplaiikton. The tests are usually v/hole although some f ra^ents 



67 

CO 
CQ 

> 

TO 
U 

O 

DC 

o 
u. 

o 
a. 

-I i\y >—> /yy 

, 1 1 I I , 1,1 

- •Vy • 

o 

Q. Q. 
e E 

X 13 

• 19 

X, R. F, M A J O R ELEMEN T 

/\^ /N^ / \ , 

- Dia tomi te impure and t r i a b l e 

— Muds ts and M a r l s i n t e r c a l a t e d w i t h h a r d 

c r y s t a l l i n e d o l o m i t i c l i m e s t o n e s 

No Exposure 

— L i m e s t o n e , cream , mar ly , t h in l y bedded 

a n d s l u m p e d . 

J—^ ^ I - D ia tomi te 
- Mudst r e d / b r n 

1 : 50 

^ - Mud.st g ry b r n pass ing up i n t o 
w h i t e chalky Lst which appears 

-| to be s lumped 
- D i a t o m i t e 

'<09 

• 14 

x g 5 

• 13 

X OA 

x11 

x 0 3 

x08 

X 02 
•OA 
• 0 3 

xOI 

D i a t o m i t e s i n t e rbedded w i t h gry^ m a r l y and 

r e d / b r n , s i . shaley m u d s t s as be low. 

Muds t gry.-f m a r l y at the base b e c o m i n g r e d / b r n 

and f r iab le above. 

D ia tomi t e U . brn,^ impure ^locally s i . b r i t t l e w i t h an 
i rregular f r a c t u r e , f i s h r ema ins common , wood 
f r a g m e n t s also present. 

Mudst marly b r n / g r n over la in by Muds t r e d / b r n 
l amina ted and si . f i s s i l e 

D i a t o m i t e whi te f i s s i le , l i g h t , f i n e l y l amina ted 
f i s h remains common 

CaO 

Ver t sca le 1'. 100 

0 4 - s a m p l e no X007 /04 
0 4 - " " B 0 0 7 / 0 4 

X d i a t o m i t e s a m p l e s 

• o t h e r s a m p l e s 

A N A L Y S I S D o l o m i t e 

0 10 20 30 40 50 60 70 80 90 

f i g . 3.13 
THE MONTEDORQ'i 

SECTION 

KEY: see f i g . 3.7 

X -

\ 

/ 

X x c 
\ 

X 

X 
/ 

X 

. MgO 

X ' ' 

2 3 

J L J L 
10 12 20 40 60 

"lo Dol 



o 

o 

Q. 

CC 

^ ~ — 

' l ^ ' 1 ' i 

M I 

f\/ — A / ^ 

i/i 1/1 

X 14 

6 8 

X 13 

x12 

• IV 
• 10 

X 09 
• 16 
• 15 

x M 

• 14 

X 0 7 

• 13 
• 12 
• 11 

X 06 

X 05 

• 10 

X 04 

• 09 
• 08 

J x O l 
L • 07 

x 02_ 
06 
05 l = . 0 = : ^ 

^ ; 0 6 

• fi> — o 
1 x O l 

• • 0 2 03 
• 01 

( v e r t , seal e 
1 : 40 ) 

Dia lomi te white, hardis h and s i . b r i t t l e , faintly 

laminated 

M u d s l . g r y and marly overlain by r e d / b r n Siiale 

Diatomite wl^ite , l a m i n a t e d ^ v . f i s s i l e and rich 

in f i s h debr i s . 

Limestone merges in to ove r ly ing d i a t o m i t e 

L imes tone I t . gry. homogenous ,containing abundant 
planldonic fo ramin i fe ra 

Diatomite wh i t e , c o n s p i c u o u s l y l amina ted becomes 

red and rich in planl<tonic f c r a m s in t h e 

top 5 cms as it p a s s e s in to the 

o v e r l y i n g r e d / b r n shale. 

Mudst /Shale r e d / b r n - g r y . so t t i sh a f r i a b l e becoming more 

p i n k and laminated as it g rades in to t h e 

o v e r l y i n g d i a t o m i t e . Occ. c ross b e d d i n g . 

Diatomite white, f i s s i l e , l a m i n a t e d , f i sh r emains 

M u d s t g r y . and mar ly w i t h r a re m o l l u s c a n f ragments 

01 - sample no XOlO/ 01 
0 1 - " " B 0 1 0 / 0 1 

X.R.F. M A J O R E L E M E N T A N A L Y S I S 

X d i a t o m i t e 

o o t h e r l i t h o l o g y 

1 r 

• e 
I / • • 
1 \ 
X , 

/ : 
X X - ^ 

« 
X xc " ' 
•. 

• • 
M g O - / 

X X 
\ — A 1 2 0 3 

\ 

\ 

\ 

X 

f i g . 3.14 

THE CAMPOBELLO 
DI LICATA SECTION 

KEY: see f i g . 3.7 

:• •-

X x c c r . 

J L 
0 10 20 30 40 50 60 70 80 90 0 A 8 12 16 20 



69 

z 
o 

h -

< 
z 

O 

O 
Q. 

1 , 1 , 1 , 1 , 1 , 1 
i r I I I I r " • 04 

•05 . 

x06 

E; ^07 

x02 

• 01 

ve r t scale 1 : 50 

The sec t ion c o n t i n u e s above but Is 
inaccessi ble. 

Calca r e n i t e r e d / b r n , , coa.rse , g r a d e d . 
• Ls t • w h i t e h a r d c h a l k y 
•Mudst g r y . / g r n . calc . and s i l t y 

20 metre i n t e r v a l of i n t e n s e m i n o r f a u l t i n g 

D i a t o m i t e whi te l amina t ed 

M u d s t brown laminated f r i a b l e 

D i a t o m i t e l a m i n a t e d at t h e base but 

b e c o m i n g m o r e homogenous and l e s s 

pure above 

No exposure f o r 3 m e t r e s 

Muds t s t g r y blue m u d s t . o v e r l a i n by 

b r n . l a m i n a t e d m u d s t . 

D i a t o m i t e s i n t e r b e d d e d w i t h gry blue 
and b r n m u d s t s 

D i a t o m i t e loca l ly b i o t u r b a t e d and c r o s s bedded 

I I I 

s • 

/ 
\ 

X d i a tomi t e samples 

• o ther samples 

A I 2 O 3 '̂ 

MgO 

% DOLOMITE ', 

-• • 

f i g . 3 . 15 
THE EAVARA 

S E C T I O N 

KEY: see f i g . 3.7 

J L 
10 20 30 40 50 60 70 80 0 2 4 

X R F M A J O R E L E M E N T A N A L Y S I S 

6 8 
% 

10 12 14 16 



7 0 

o 

1 -

< 

tr 
o 
U L 

o 
Q. 

I • I ' I ' I, 
1 , 1 , 1 , 1 1 , 1 , 1 

o 
1/1 c 
0; 

c- , 
E " 
1/1 

• 9 

X R F M A J O R E L E M E N T A N A L Y S I S 
I I 

L s t . white , m a s s i v e « breccia ted 

Lst g ry . -grn . cha lky w. l enses of che r t 

Lst w h i t e - I t . g r y . chalky l a m i n a t e d h a r d 

1 I I I I 

S I 

7-7------1, 
I I i z ^ r I I I I I 

• 8 

X 7 

• 6 

X 5 

• 4 

no exposure 

Oiatomite laminated g r y , v . calc. 
Mudst . g r y . - g r n . 
Dolomite laminated s i . vuggy 

M u d s t . g r y . - g r n . h c m o g . a t t h e b a s e , 
l amina ted at t he top . . 

D ia tomi te w h i t e , impure near base 

M u d s t . b r n . - g r n . 

Oia tomi te a.a. r i c h in f i s h debr i s 

Mudst massive g ry b rn at base^ brn.e (am. 
nr. top 

Dia tomj tes i n t e r b e d d e d w i t h 

m u d s t s . as above 

X 3 

I I I , 
I I I J 

W I : J L 
I ; I ; I ; I 

• 2 

Dia tomi le impure >̂ l amina ted 

L s t . chalky g r y . 

Vert scale 1:50 10 20 30 40 50 60 70 80 90 
— ' 1 - 1 — 1 1 1 1 1 I 

SiO CaO 
2 

I I I I 

A U 0 

10 
L _ 

15 20 

% MgO a A l ^ 

• 

Mole °/6 Ca 

f i g . 3 . 16 
THE 

MONTE GIAMMOIA 
SECTION 

KEY : see f i g . 3-7 

0 20 40 60 80 100 
I I 

DOLOMITE 

51 52 53 54 55 56 

MOLE % Ca in DOLOMITE 



~ 71 -

< 

o 
u. 

o 
a. 

X 

X •• 
• • 

(see a l s o 
f i g . 3 , 1 4 ) 

d i a t o m i t e s 

i n t e r b e d s 

• X diatomite samples 

0 • in terbedded mar l sSmfr tes 

( • o A n a l y s e s by Or. J . McKenz ie ) 

V e r t i c a l s c a l e 1 ;40 

' I I I » 

20 AO 60 80 100 

°U Dot 

' I I . , 

52 53 54 5 5 56 

Mole Ca In Dol 

5 7 

F i g , 3.17 Dolomi te d i s t r i b u t i o n a t Carapobello d i L i c a t a . 



- 72 -

may "be found i n the gxoundmass which shows no sign of lamination 

tut often has a mottled appearance (plate 5 .25) . T h i s 'mottl ing' 

has the appearance of a mass of rather d i f fuse p e l l e t s and has "been 

recognised hy Ognihen (1957)» who r e f e r s to i t as "struttura- grumosa" 

and a t t r i b u t e s i t to bioturbation. The same structure has been 

recognised elsewhere, but more recent opinion considers i t more 

l i k e l y to be due to the e f f e c t s of diagenesis (Bathurst 1975 p511). 

5 .2 .6 . The T r i p o l i Formation - Calcare d i Base Botindary, 

^•Vherever the top of the T r i p o l i Formation i s exposed i t 

i s found to be over la in by the carbonate deposits of the Calcare d i 

Base (see below) and the sediments a c t m l l y in contact with the 

diatomites invar iab ly prove to be dolomitic . Even where the 

Calcare d i Base has been described as being absent (Decima and Wezel 

1975 , R ichter Eemburg 1975)» the diatomites are never found i n 

d i rec t contact v/ith the evaporites but are always separated by a 

dolomitic i n t e r v a l ( e .g . the exposures a t Calascibetta ( F i g 5 . 1 8 ) , 

Enna, Montedoro, Capodarso ( F i g 5.19) and Sutera). 

The contact between the T r i p o l i and the Calcare d i Base 

i s apparently conformable although a b r i e f hiatus has teen recognised 

a t the Monte Giammoia i n the eastern part of the basin (Colalongo 

e t a l . 1976). I t represents the t r a n s i t i o n from predominantly 

s i l i c e o u s to carbonate sedimentation and i s most c l e a r l y defined by 

the sharp decrease i n the s i l i c a content of the sediment ( F i g s 5 ,6 

and 5 . 1 8 ) . I n contrast , the bu i ld up of carbonate i n the T r i p o l i 

sediments i s much more gradual and i s caused by the i n c r e a s i n g 

abundance of m i c r i t i c dolomite. Thi s i s noticeable only i n the top 

few rhythms a t Capodarso and Monte Giammoia but a t Camastra and 

Falconara almost the ent ire upper ha l f of the formation i s dolomitic . 

The diatomaceous horizons, a s wel l a s the interbeds, a r e a f fec ted 

and near the top of the T r i p o l i the m i c r i t i c dolomite often occurs 

to the total exclusion of a l l m i c r i t i c c a l c i t e and calcareous 

nannoplankton.- However, there i s no s i g n i f i c a n t corresponding 

decrease i n the s i l i c a content of these T r i p o l i sediments(Fig 5 . 8 ) ' 

and a t Camastra, Falconara and Calasc ibe t ta the uppermost diatomite 
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cons i s t s so le ly of diatoms and s i l i c o f l a g e l l a t e s i n a raicritic 

dolomite matr ix . These do lon i t i c diatomites are laminated, 

f i s s i l e , contain f i s h debris and, apart from t h e i r s l i g h t l y 

hroTOiish colotir, are indis t inguishable from the underlying diatomites. 

The sudden disappearance of the s i l i c e o u s phytopiankton 

leaves a sediment composed e n t i r e l y of m i c r i t i c dolomite. Usual ly 

t h i s a l so marks the end of the rhythmic natxure of the sedimentation 

but i n some places (Capodarso and Cas tro f i l ippo) the m i c r i t i c 

dolomites merely replace the diatomaceous horizons and a rhythmic 

pattern i s recognisable f o r some distance into the Calcare d i Base. 

5 . 3 . Other Lower Messihian Sediments. 

5 . 5 . 1 . The "TShi t i sh K a r l s", 

'.Vhite chalky foramini fera l marls occur qui te commonly 

•within the Central S i c i l i a n Basin and include those belonging to 

the Lower Pl iocene Trubi Fomat ion a s we l l as the c h a l l ^ limestone 

horizons of the T r i p o l i F o m a t i o n . There are a l so some foramin i f e ia l 

marls which c l e a r l y belong to ne i ther of the above formations but 

are found throughout the'basin ( F i g 3 . 5 ) . These are l i t h o l o g i c a l l y 

d i s t i n c t from the Trubi marls and although they are occas iona l ly 

assoc iated with diatomites , they can be distingtiished from the 

chalky l imestones of the Tr ipp l i_ . s ince they-are •neverr p a r t of"a-.... 

.sedijaeataiy linythm. T h ^ c o n s i s t of whole and fragmented j i lanktonic 

foramini fera t e s t s set i n a f i n e , of f -white to fawn chalky matrix 

and are l i t h o l o g i c a l l y almost indis t inguishable from the T r i p o l i 

mar l s . Bedding i s extremely var iab le ; a t Palma d i Kontechiaro 

beds up to 20 cans th i ck are separated by thin muddly i n t e r v a l s 

(P late 5 . 1 8 ) , while a t Grotte some 20 metres of mass ive ly "bedded 

marls are exposed without any interbeds a t a l l . The mar ls themselves 

are u s u a l l y unlaminated and t h e i r homogenous appearance, together 

with the absence of any pre ferred crj ' s ta l lographic or ientat ion i n the 

c lay minera l s , suggests the foimer presence of a burrowing 

infauna. Bowever, f o s s i l evidence of these benthonic organisiTis i s 

l a r e i n contrast to the r e l a t i v e abundance of planktonic foramini fera . 
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The l a t t e r occur i n . v a r i o u s s i z e s and are occasionally replaced 

or i n f i l l e d by concentrations of opaque m a t e r i a l . Other opaque 

matter occurs as disseminated grains which occasional ly reveal a 

square outl ine i n d i c a t i n g a cubic symmetry (Plate 5 . 19 ) . This 

suggests tiiat much of t h i s opaque matter has probably been 

derived from the oxidation of pyr i t e i n the sediment. D e t r i t a l 

mater ia l i s ubiquitous but never very common and cons is t s of 

s i l t - s i z e d grains of quartz together with small l a t h s of mica. 

Fhosphatic mater ia l i n the form of f i s h scales and roimded gra ins 

of glauconite i s a l so to be found. 

The s t ra t igraph ic posi t ion of these foramini feral marls 

i s d i f f i c u l t to a s c e r t a i n since they are not usual ly exposed i n 

assoc iat ion with other l i t h o l o g i e s . Their appearance suggests 

that they may be i d e n t i c a l to the "Whitish Marls" described by 

Decima and Wezel (1975) a s the deep water equivalent of the T r i p o l i 

Formation. However, Decima and Wezel's description of benthonic 

and planktonic foraminif era occurring in roughly equal amounts i s 

d i f f i c u l t to reconci le with the paucity of benthonic organisms i n 

the sediments described above. Nevertheless, marly and diatomaceous 

sediments are found together i n outcrops a t Marcato Bianco (approx. 

15 kms southwest of Enna ( F i g 5 .4) and near Bcsnpensiere (4 kms 

northwest of Montedoro ( F i g 5 .4 ) ) ,suggesting that sme sort of 

re la t ionship may wel l e x i s t between than. 

At liarcato Bianco the natxire of any re lat ionship between 

the mai i s and diatomites i s obscured by the poor exposure, f a u l t i n g 

and the s i m i l a r appearance of the two l i t h o l o g i e s . However, i n a t 

l e a s t one place they can be seen to grade into each other with 

apparent sedimentary continxiity. The d iatani tes a t t h i s l o c a l i t y 

are s i m i l a r to those of the T r i p o l i but are ne i ther v i s i b l y 

laminated nor are they part of any recognisable sedimentary rhythm. 

The marls a l so d i f f e r s l i g h t l y from those found elsewhere by being 

l e s s extensively bioturbated so that the or ig inal lamination and 

some small burrows are s t i l l preserved. 

The other outcrop, a small roadcutting roughly h a l f way 
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betv;een Montedoro and Bompensiere, shows the marls to be over la in 

by diatomites but separated from them by a bro\'.Ti sandstone bed 

about one metre th ick . The sandstone i s c l ear ly graded as well 

as being general ly f r i a b l e and poorly sorted, p a r t i c u l a r l y near 

i t s base. I t s contact with the underlying marls i s scoured and 

i r r e g u l a r with occasional i so la ted pods of sandstone occurring i n 

the top few centimetres of marl . Ripped up c l a s t s of the marl are 

a l so to be found near the base of the sandstone and c l e a r l y show 

th.at the deposition of th i s horizon caused considerable disturbance 

i n the underlying sediments. A wide var ie ty of other c l a s t i c 

materia l i s a lso present and includes; quartz grains (often 

s t ra ined) , f e ldspars (usual ly a lbi te /andesine and often cloudy) , 

glauconite, tourmaline, f i s h debris , planktonic foramini fera tes t s 

inc luding occasional nuramulitids and sponge fragraents. L i t h i c 

fragnents are f a i r l y common and include diatomite, quar tz i t e , a 

m i c r i t i c limestone and a f i n e grained bas ic igneous rook. The 

groundmass cons i s t s of m i c r i t i c carbonate, mica f l a k e s , c h l o r i t e 

and opaque ma.terial v/hich give many grains a dark i r o n ( ? ) r i c h 

coating and i n f i l l s .some foramini fera l t e s t s . 

As the sandstone becomes f i n e r , sorting" Improves and i t 

becomes l e s s f r i a b l e i n places due to the development of a -sparry 

- c a l c i t e " oemmt. The v a r i e t y of c l a s t i c mater ia l a l so 

decreases and i s generally l imi t ed to rounded-subangular quartz 

fe ldspars and foramin i fera l tes ts which often reveal syntaxxal 

overgrowths of c a l c i t e . Occasional ly the foraminifera tests have 

been completely replaced by secondary c a l c i t e l eav ing only the i ron 

stained rim as a ghost within the sparry cedent (P la t e 3 . 2 0 ) . 

Event\ ial ly t h i s sandstone grades up into a sof t grey 

green mudstone i n which abundant diatoms, r a d i o l a r i a and 

s i l i c o f l a g e l l a t e s occur together with f i n e d e t r i t a l m a t e r i a l . A 

sharp colour change then marks the contact with the overly ing 

diatomites which are otherwise very s i m i l a r to the mudstone and 

probably represent a continuous sedimentary succession. The 

diatomites are s i m i l a r to those a t Marcato Bianco but are harder 
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and, i n c o n t r a s t to a l l T r i p o l i diatomites, they tend to f rac ture 

across rather t h a n ' p a r a l l e l to bedding (see Sec t ion 5.7 below). 

From the amount and var i e ty of exotic materia l contained 

i n t h i s sandstone i t c l e a r l y could no t have been generated l o c a l l y 

bu t must have been transported over a considerable d i s tance . As 

i t a l s o has a scoured base and cons i s t s of a s ingle graded u n i t , 

i t i s thought that th i s c l a s t i c horizon must have been the r e s u l t 

of some kind of sediment flow (possibly a turbidity current) that 

or ig inated i n a peripheral par t of the basin. The grey-green 

muds and r a t h e r unus-ual diatoraites above the sandstone must 

therefore represent the f i n e sediment which se t t led out of suspension 

a f t e r the flow subsided. The presence of large amounts of 

diatomaceous material i n suspension, together with the c l a s t s of 

diatomite i n the flow i t s e l f , c l e a r l y suggest that the flow passed 

over a diatomaceous substrate en route to i t s f i n a l p o s i t i o n . 

These marls must therefore have been accumulating a t the same time 

as diatomites and i n a deeper part of the basin. T h i s strongly 

suggests that despite the c o n f l i c t i n g evidence of the benthonic 

foramini fera , these marls are the same as those described as the 

deep water equivalents of the T r i p o l i Formation by Decima and Wezel 

(1975). 

5.5.2 C l a s t i c Sediments. 

The outcrop near Bompensiere, described above, i s not . 

the only place where sandstones are found to be associated with 

sediments of the T r i p o l i Formation. They also occur a t Favara , 

Ca lasc ibe t ta and a t Marianopoli , where several c l a s t i c horizons 

are found i n a dolomitic sequence immediately overly ing the 

T r i p o l i diatomites. Marianopoli i s undoubtedly the most sandstone-

r i c h of the T r i p o l i sections and since i t i s located i n the north 

of the bas in , suggests that the c l a s t i c material was derived from 

the north . 

A l l of these horizons are s i m i l a r in composition to 

the sandstone bed near Bompensiere (see above) and cons i s t primaril.y 

of qua r t z gra ins , f e ldspars and foraminifera t e s t s . The fe ldspars 
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h^ve often undergone extensive a l t e r a t i o n but occas ional ly a l b i t e 

twinning can be recognised and where an i d e n t i f i c a t i o n i s possible 

they are generally found to be e i ther a l b i t e or andesine. Quartz 

gra ins are the most abundant c l a s t i c component i n these deposits 

and normally have a subangular outl ine except a t Ca lasc ibe t ta 

where the majority of the grains are subroxmded to rounded. The 

sandstone a t Ca lasc ibe t ta a l so contains r e l a t i v e l y few planktonic 

foramini fera tes ts compared with Bompensiere and Pavara possibly 

due to them l y i n g fur ther to the south and closer to the centre 

of the bas in . Grains of glauconite, opaque minerals , f i s h 

remains and rock fragments are a l so present but, with the exception 

of the opaques, they are never very common. The groundmass i s 

very f i n e grained and cons i s t s l a r g e l y of m i c r i t i c carbonate mixed 

with f i n e terrigenous m a t e r i a l , some of which have a l t e r e d to 

c h l o r i t e , Coccol i ths are commonly v i s i b l e in the m i c r i t e and i t 

i s probably the r e c r y s t a l l i s a t i o n of th i s m i c r i t i c carbonate that 

i s responsible f o r the development of a sparry c a l c i t e cement i n 

many p laces . 

These c l a s t i c i n t e r v a l s are predominantly sandstones 

although both f i n e r and coarser material i s a lso present , p a r t i c u l a r l y 

a t Marianopoli , The indiv idual beds may be up to a metre thick 

and are often conspicuously graded with a sharply defined base. A 

v a r i e t y of bed-forms can be recognised including; convolute, f l a s e r , 

p a r a l l e l and crossbedding. These are most conspicuous in the f i n e r 

grained, upper part s of the graded \mi t s and strongly suggest that 

these sediments have been redeposited as a resu l t of current ac t ion . 

At Marianopoli the sandstone horizons are separated by th icker 

i n t e r v a l s cons i s t ing of f i n e grained, l i g h t brown carbonate sediments 

and darker f r i a b l e mudstones. These i n t e r v a l s are usua l ly homo

genous but sometimes the mudstones contain partings of the l i g h t e r 

marl g iv ing the sediment a laminated appearance. These carbonate 

r i c h i n t e r v a l s contain a v a r i e t y of carbonate minerals including 

dolomite, aragonite and c a l c i t e . S imi lar sediments are found 

elsewhere i n the northern part of the bas in , so i t appears that a t 
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idarianopoli they represent the 'background' sedimentation upon 

^7hich the c l a s t i c deposition i s superimposed. 

Conglomerates and other coarse c l a s t i c sediments of 

Messinian age have a l so been reported from the area l y i n g to the 

north of a l i n e j o i n i n g Trapani and Enna ( F i g 5 . 5 ) . Several 

de l ta fans have been i d e n t i f i e d within these deposits and ^ 

not only c o n f i m that the sediment came from the north but a lso 

show that the northern shorel ine of the basin was p a r a l l e l to the 

present north coast of S i c i l y (Richter Bemburg 1975). The most 

l i k e l y so\irce of the sandstone horizons associated with the T r i p o l i 

sediments i s therefore thought to be periodic southerly incurs ions 

made by t h i s c l a s t i c mater ia l into the bas in . F o r reasons outl ined 

above (see sect ion 5 .5 .1 ) sediment f lows may have been responsible 

f o r transporting the sediment into the bas in . However, the presence 

of so many graded u n i t s containing a v a r i e t y of bed forms suggests 

that many of these c l a s t i c i n t e r v a l s could be t u r b i d i t e s , 

5 .4 . The Calcare d i Base. 

The Calcare d i Base always over l ies the diatomites of the 

T r i p o l i Fonnation and fonns the lowest member of the E v a p o r i t i c 

S e r i e s , hence i t s name meaning "basal limestone". The thickness 

of the Calcare d i Base v a r i e s considerably within the bas in , being 

p a r t i c u l a r l y wel l developed over the Raf fada l i - Armerian U p l i f t 

and reaching a maximum thickness of 80 metres near L i c a t a (Ogniben 

1957* Richter Bemburg 1975). I t i s not well developed i n the 

whole of the bas in , however, and i s e i ther reduced to a few thin 

dolomite beds or i s absent altogether i n parts of the P l a t a n i Trough 

( F i g 5 .4) (Ogjiiben 1957, Richter Bemburg 1975). 

Wherever i t a t t a i n s any great thickness i t i s conspicuous 

f o r i t s massive, white brecciated limestone horizons which can be 

up to several metres th ick . These are well cemented, very hard 

and form many conspicuous outcrops throughout the Central B a s i n . 

The brecc ias and t h e i r marly interbeds are predominantly calcareous 

and appear to be confined to the upper part of the Calcare d i Base. 

Beneath them i s sequence of chalky marls vrhich overl ie , the T r i p o l i 
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Formation and are ident i ca l to the b r e c c i a interbeds except that 

they are dolomit ic . Th i s dolomitic lov^er part of the Calcare d i 

Base has been commented upon by Ogniben (1957) but i t r a r e l y a t t a i n s 

any great thickness where the brecciated horizons are present. 

However, i n the northern part of the bas in , adjacent to the P l a t a n i 

Trough where the brecciated beds i n t e r f i n g e r with and pass l a t e r a l l y 

into the C a t t o l i c a Gypsum (Decima and Wezel 1973)» the dolomitic 

marls may be several tens of metres th i ck . The Calcare d i Base may 

therefore be considered i n two parts; a non-dolomitic, brecciated 

upper uni t and a marly dolomitic lower uni t . 

3 .4« 1 • The Dolomitic Marl s. 

The lower part of the Calcare d i Base cons i s t s of l i g h t 

coloured chalky marls interbedded with thinner, more f i s s i l e horizons 

( p i . 3 . 2 1 ) . The chalky marls occur i n beds which can be anything 

from a few centimetres up to a metre th ick and, although they appear 

unlaminated, a c lo ser inspect ion often reveals a f a i n t lamination 

p a r a l l e l to bedding. This lamination i s usually bet ter developed 

i n the more f i s s i l e i n t e r v a l s which a l so occasionally reveal small 

synsedimentary s i m p s and thin cross-bedded horizons. The laminae 

themselves have been caused by periodic f luctuat ions i n the supply 

of f i n e terrigenous sediment. This i s c l ear ly i l l u s t r a t e d a t 

Antinel lo where the laminae i n a thin f i s s i l e horizon can be seen 

to cons is t of successive graded u n i t s , each a couple of mi l l imetres 

thick (P la te 5 . 2 2 ) . 

The sediment i s very f ine grained and apart from the f i n e 

terrigenous m a t e r i a l , i t i s composed so le ly of m i c r i t i c carbonate. 

Thi s cons i s t s of an equigranular mass of anhedral grains each a few 

microns across and may be laminated, homogenous or even have a 

mottled appearance (the "s trut tura grumosa" of Ogniben (1957) ) 

(P la te 3 . 2 5 ) . Unfortunately i t i s ijnpossible to determine i t s 

miiaeralogy by opt ica l means except a t Snna, Cas tro f i l ippo and 

I larianopol i where coccol i ths may occasionally be found. The 

outward appearance o f these sediments i s s imi lar ly unaffected by 

the i r mineral content so t h a t the only r e l i a b l e neans o f ident i fy ing 

the minerals present i s by X-ray d i f f r a c t i o n . Th is shows t h a t the 
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n i c r i t e may be composed of aragonite,dolomite, c a l c i t e or any 

combination of these minerals ( F i g 5 . 2 0 ) . 

Aragonite has been found in sediments a t Ant ine l lo , 

Aragona, Braaa and Sutera. Usual ly i t occurs i n assoc ia t ion with 

other carbonate minerals , but a t Sutera i t i s found by i t s e l f and 

forms beds up to 80 cms th ick . Electron microscopy shov.rs that 

the aragonite occurs as needle - l ike crj'-stals which conmonly form 

roset tes about 10 microns across ( p i . 5 .24) . Othenrdse the 

sediments are m i c r i t i c , homogenous or laminated, devoid of any 

biogenic mater ia l and indis t inguishable frofi other m i c r i t i c 

carbonates. 

Dolomite i s the most abundant mineral i n the lower 

part of the Calcara d i Base and commonly occurs i n beds as the 

so le carbonate mineral (P ig 5 .20 ) . Tlie pore space i n these 

m i c r i t i c dolomites i s occas ional ly found to have been f i l l e d by 

e i ther gj'psum or c e l e s t i n e . The gypsum also occxirs i n veins which 

commonly have a f r e s h appearance suggesting that they may be recently 

formed^ by gypsum r i c h ground-waters percolat ing down from the 

overlying evaporites. The ce les t ine i s l e s s widespread than the 

gj'psuDi and i s only fo\md near Enna and San Cataldo. I t does not 

form veins and i s more pervasive than the gypsum suggesting that 

i t formed during or soon a f t e r deposition ( P I . 5 . 2 5 ) . 

Thinly bedded dolomitic sediments th^t are coarser 

grained than the m i c r i t e s occur at Marina di Palma (plate 5 . 26 ) . 

They are very f r i a b l e and cons is t of a l ternat ing dense and porous 

horizons wh-ich are r a r e l y more than 1 cm thick. The denser horizons 

commonly contain v e r t i c a l f rac tures which sometimes extend into the 

more porous i n t e r v a l s and appear to be due to d i f f e r e n t i a l 

contraction between the a l t ernat ing l a y e r s . However, the i n f i l l i n g 

of some f r a c t u r e s with sediment shows that at l e a s t some of the 

contraction must have occurred p r i o r to l i t h i f i c a t i o n . Apart from 

the f r a c t u r e s , the denser horizons cons i s t of success ive , s l i g h t l y 

undulating horizontal lamellae while the porous i n t e r v a l s are 

composed lar-^ely of c i r c u l a r or elongate m i c r i t i c grains v.'hich have 

a p e l l e t a l appearance. The overlying horizon in the Marina d i Palma 
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sect ion has a disturbed appearance and contains d isor ientated 

angular fragments of a s i m i l a r laminated dolomite ( P l . 5 . 2 7 ) . 

I t has l i t t l e obvious porosity and i s remarkably s i m i l a r to 

cer ta in horizons found i n the overlying brecciated Calcare d i Base. 

Low magnesian c a l c i t e i s quite common i n the lov/er part 

of the Calcare d i Base, but i t i s usua l ly found only i n small 

amo-unts and i s r a r e l y the most abiandant carbonate mineral i n a bed. 

However, a t Cas tro f i l ippo and Grotte such beds do e x i s t and comprise 

hard, laminated m i c r i t i c limestones in which there i s l i t t l e or no 

biogenic m a t e r i a l . The source of the c a l c i t e i s often problematical 

but i s c l e a r l y of secondary or ig in s i n c e , i n some horizons, i t occurs 

as a cement and i n others as microspar (Bathurst 1975 p.566) 

growing within the dolomitic host sediment (Plate 5 . 2 8 ) , I n one 

horizon at Sutera the microspar proved to be dolomite but 

elsewhere,the c a l c i t e i s i d e n t i f i a b l e by the l a c k of rhombic 

c r y s t a l s , X-ray d i f f r a c t i o n and the reduction of intergranular 

porosity caused by i t s growth (Friedman and Sanders 1967 p , 295) . 

The continued development of e i ther t h i s microspar or a c a l c i t e 

casient eventually r e s u l t s i n the o r i g i n a l dolomitic sediment being 

t o t a l l y replaced by sparry c a l c i t e . Limestones which appear to have 

formed i n both of these ways are found in the upper part of the 

Calcare d i Base, Those which developed from liiicrospar cons is t . 

of a mosaic of equigranular anhedral c a l c i t e c r y s t a l s i n which the 

only ranaining signs of the or ig ina l texture are occasional i ron 

stained or arg i l l aceous part ings . However, in limestones which 

developed from a c a l c i t e cement the t e x t u r e of the o r i g i n a l sediment 

i s s t i l l d i scern ib le , The c a l c i t e cement therefore appears to 

have grov.n within veins and the pore space of the m i c r i t i c dolomite 

to form an anhedral mosaic which has been superimposed upon the 

o r i g i n a l t e x t u r e (Plate 5 . 29 ) . 

5 .4.2 The B r e c c i a s . 

The upper p a r t o f the Calcare d i Base cons i s t s of massive 

b r ecc i a t ed l imes tones interbedded w i t h t h inne r , l e s s deformed 

h o r i z o n s . The b r ecc i a s may be up to 5 o r 4 nietres th ick or even 

l io re i n places ( P l a t e 5 .50) w h i l e the thickness o f the i n t e r v e n i n g 

beds r a r e l y exeed 50 to 40 c en t lv i c t r e s . 
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Tlie sediments betv/een the brecciated units comprise white 

to grey, laminated or homogenous, chalky marls and l imestones. 

These include some horizons with a hard c r y s t a l l i n e saccharoidal 

texture but otherwise they resemble the dolornitic marls of the lower 

Calcare Di Base. There are also some darker, green to brown, 

laminated c l a y s vfhich are composed l a r g e l y of smectites suggesting 

that they are of vo lcanic o r i g i n . A l l of these beds have a wavy, 

i r r e g u l a r appearance i n outcrop and are often highly contorted or 

sheared ( p i . 3 .50) . 

The brecc ias are composed of rounded and an,gu].ar c l a s t s 

of both laminated and homogenous l imestones, almost a l l of which 

resenble sediments found elsewhere i n the Calcare d i Base. They 

are set i n a f i n e grained, often recrsf-stallised calcium carbonate 

matrix which, although occas ional ly ra ther sugarj-- and f r i a b l e , i s 

usual ly very hard and well cemented. There has been extensive 

solution and reprec ip i ta t ion of c a l c i t e i n these sediments; a 

p e l l e t a l limestone c l a s t found a t Camastra contained several 

solution horizons (pi .5.51) while some horizons a t Falconara 

resemble vadose c r u s t s . Vugs and c a v i t i e s are also very common 

and often have angular out l ines due to the angular nature of many 

of the c l a s t s . Some vugs have a rectangular shape and, together 

with c a l c i t e pseudomorphs of a cubic mineral (Plate 5 .32) , are 

thought to indicate the former presence of ha l i t e (Ogniben 1957). 

Other evaporite minerals are rare; gypsum i s found a t Montallegro 

where the brecciated Calcare Di Base passes l a t e r a l l y into the 

"Catto l ica Gypsum" and ce les t ine has been found in an undeformed 

horizon near San Cataldo. Native sulphur i s f a i r l y co'imon i n 

small aiaotmts and occurs throughout the basin i n t h i s i n t e r v a l . 

5.5. The Age and Rates of Deposition of the T r i p o l i Sediments. 

Most recent estimates agree that the ^'essinian Stage 

l a s t e d from 6.5 or 6 .7 Ha -until 5.0 or 5.2 Ua. and that the T r i r i o l i 

Formation represents between 0.5 and 1.0 my. of th i s period (Van 

Couvering et a l . 1 9 7 6 , Adams et a l . 1 9 7 7 , S--ith 197"?, Burclde'1978), 

However, Ogiiiben (1957) calculated that the T r i p o l i l a s t e d for only 
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120,000 years and i n doing so he assumed that the interbeds of 

grey marl ana brown shale were deposited a t the same rate as the 

diatomites. The considerable discrepancy between t h i s and 

current ly accepted values obviously throws considerable doubt on 

Ogniben's assumption that the whole of the T r i p o l i Formation was 

deposited a t a constant r a t e . 

I f , a s seems l i k e l y , the f i n e laminae can be regarded 

as seasonal varves , then the time taken to deposit the diatomites 

r e l a t i v e to the interbeds can be estimated as follows: 

Tne average thickness of each seasonal varve = 0.2 mm 

. * . 1 mm of diatomite would be deposited every 2.5 years . 

The average thickness of the diatomite horizons = 0.60 m ( F i g 5 .9) 

. * . the duration of each diatomite horizon 600 x 2.5 years 

= 1500 years . 
The maximum number of rhythms i n the T r i p o l i Formation i s 54 a t 
Camastra. 

. * . Assuming that the T r i p o l i l a s t ed for a t l e a s t 0.5 my 

each rhythm must have l a s t e d f o r a t l e a s t 500,000/54 years 

15,000 y e a r s . 
Thus, although the diatomites are the dominant l i thology 

of the T r i p o l i Fonnation and represent 65^ of the sediment thickness , 

they were being deposited f o r no more than I C ^ of i t s tota l duration. 

Another, independent method of estimating the r e l a t i v e 

duration of the diatoraites and interbeds i s provided by the data i n 

Figure 5.8: I t can be seen that the r a t i o of diatomite thickness 

to interbed thickness i s f a i r l y constant except a t C a l a s c i b e t t a . 

T h i s i s thought to be due to the added in f lux of f i n e grained 

d e t r i t a l mater ia l to the formation as a r e s u l t of C a l a s c i b e t t a ' s 

locat ion near the northern margin of the basin. 

Therefore, i f the diatomite horizons la s ted f o r T years 
and the interbeds f o r T' years: 
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Since the basinwide average diatomite thickness = 60cms, 

" " " interbed " = 56cms, 
and; the average diatoraite thickness a t 

Ca lasc ibe t ta = l62cms 
" " interbed " " = 456cms 

Then.the rate of deposition of the addi t ional d e t r i t a l 

mater ia l a t Calasc ibet ta would be ( i62-60) /T cms/year and i n the 

interbeds i t would be (456 - 5 6 ) / T ' cms/year. 

Assuming that the rate of deposition of t h i s extra d e t r i t a l 
mater ia l i s constant during both the interbeds and the diatomites 
then J 

162-60 = 456-56 
T T ' 

T ' / T = 420/102 £s:4 

By th i s method, the time taken to deposit the interbeds i s 

four times that taken f o r the diatomites and i s somewhat smaller 

than, but of the same order a s , the r a t i o of 10j l ca l cu la ted above 

The diatomaceous horizons have therefore c l e a r l y 

accum\ilated a t a subs tant ia l ly higher ra te than the interbeds and 

t h i s probably accovmts f o r Ogniben's underestimating the duration 

of the T r i p o l i Fonnation. Furthennore, although the two r a t i o s 

ca lcu la ted above are of the same order, the higher of them i s 

probably the more r e l i a b l e . This suggests that the rate of 

deposition of the addit ional d e t r i t a l material a t Ca lasc ibe t ta 

has not been constant but was greater during the times of 

diatomaceous sedimentation. 

5 . 6 . Faiaia and F l o r a . 

Although no attempt has been made to study the fauna and 

f l o r a of the T r i p o l i Fonnation in any detailed or systonat ic way, 

i t has nevertheless been poss ible to make certain re levant 

observations. 

One of the most remarkable features of the T r i p o l i 

sediments i s the contrast between the diatomaceous beds, composed 

almost en t i re ly of biogenic material and the marly interbeds which 
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contain only rare cocco l i ths or discoasters . The diatomaceous 

beds have a d i s t i n c t l y pelagic fauna which includes diatoms, 

s i l i c o f l a g e l l a t e s , r a d i o l a r i a n s , planktonic foramin i fera , cocco l i ths , 

d i scoas ters and f i s h ronains. 

The diatom assemblage shows that they were l a i d dovm 

under marine conditions and since var ia t ions i n the assenhlage are 

recognisable basin-wide, there must have been good surface 

coramiinication between a l l par t s of the basin (Gersonde 1977 

pers.com). Gersonde has fur ther shown that a three part d i v i s i o n 

of each diatomite horizon can be recognised and cons i s t s of: 

upper p a r t : - only strongly s i l i c i f i e d and poorly 

preserved diatoms i . e . d i s so lu t ion 

main par t s - weakly and strongly s i l i c i f i e d f r u s t u l e s 

with abundant cold water species 

basal p a r t : - only weakly s i l i c i f i e d diatoms, 

S i l i c o f l a g & L l a t e remains are to be found i n a l l diatomaceous 

horizons even though they represent only a minor p a r t of the sediment. 

Calcareous nannoplankton are present i n most of the 

diatomaceous horizons except a t the very top of the fomat ion where 

the diatomites become increas ingly doloraitic as par t of the t rans i t ion 

into the Calcare d i Base. Thi s i s p a r t i c u l a r l y not iceable a t Caraastra 

( F i g 3•10^ where of twelve samples taken from the uppermost 22 metres 

of the T r i p o l i , only one was found to contain any calcareous 

natinofossi ls . I t was a lso the only sample not to contain dolomite, 

which strongly suggests that calcareous nannoplankton and dolomite 

are mutually exclusive v/ithin the diatomaceous horizons. 

The cocco l i th Braarudosphaera sp. (Bigelowi ? ) 

was found to be very common in a 2-metre thick i n t e r v a l a t 

Ca lasc ibe t ta ( F i g 5 . 1 8 ) . I t usual ly occurs in coastal and other 

marine waters of l e s s than normal s a l i n i t y (Bukry 1974), which may 

ind icate that t h i s northern part of the basin was adjacent to a 

shorel ine and subject to 'periodic i n f l u x e s of f r e s h 7.'ater. 
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Radiolarians are commonly encountered with the diatoraaceous 
sediments near the base of the T r i p o l i but become l e s s abundant 
towards the top of the formation. Planktonic foraminifera show 
a s i m i l a r tendency but are only completely absent where the 
sediments are dolomit ic . Benthonic foraminifera on the other 
hand, have not been found i n any of the T r i p o l i sediments (Decima 
and Wezel 1975). 

F i s h ronains are common throughout the diatomaceous 

beds and are even occas ional ly found i n the grey marl and brown 

shale interbeds. Some bedding surfaces have been found to 

contain e spec ia l ly abundant or wel l preserved skeletons but the 

f i s h debris as a whole i s scattered throughout the sediment 

rather tlmn confined to particxxLar horizons. This suggests that 

the unusually abundant f i s h mater ia l i s un l ike ly to be due to 

mass ext inct ions of f i s h i n response to d inof lage l la te blooms or 

"red tides" as they are a l so known. These have been observed to 

cause the widespread mortal i ty of f i s h o f f Walvis Bay i n South 

T/est A f r i c a and have been suggested as a possible cause of the 

f i s h remains found i n Kupferschiefer (Copenhagen 1955, Brongersraa-

Sanders 1969) • A more sa t i s fac tory explanation i s thought to be 

that these f i s h remains are simply due to the existence of u n u s m l l y 

favourable conditions f o r t h e i r preservation. Furthermore, these 

conditions must have been p a r t i c u l a r l y vddespread s ince i d e n t i c a l 

f i s h faunas composed l a r g e l y of raesopelagic forms, have a l so been 

reported from the T r i p o l i of Piedmont and Algeria (Sturani •. and 

Sampo 1975). 

No macrofoss i l s other than f i s h are found within the 

T r i p o l i Formation, although th in - she l l ed molluscs occur i n the 

underlying blue Tortonian marls , there are burrows a t Falconara 

and p e l l e t s have been foimd i n the Calcare di Base a t Caraastra. 

The only other evidence of macrofoss i l s i s from outside the Central 

basin vihere molluscs and sponges have been reported from near 

Cala ta f imi (Richter Eemburg 1975). 
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5 . 7 . Diagenesis . 

I n marked contrast to diatomaceous sediments found i n 

the Miocene of C a l i f o r n i a and the Lower Miocene of S i c i l y (Chapter 

I I ) , there i s l i t t l e evidence of diagenesis in the dla.tomites of 

the T r i p o l i Poimation. The f i r s t sign of the; diagenetic a l t e r a t i o n 

of diatomaceous sediments i s usua l ly the developnent of a 

p o r c e l a n i t i c texture which i s accompanied by solution of the diatom 

f r u s t u l e s and reprec ip i ta t ion of the s i l i c a as opal-CT (Bramlette 

1946, Carr and Pyfe 1958). I t i s therefore -surprising that some 

diatomites i n the T r i p o l i Formation have assumed a s l i r h t l y 

p o r c e l a n i t i c texture and yet are devoid of opal CT. These 

sediments are better indixrated than other diatomites, t h e i r p a r a l l e l 

laminae have become f i n e l y crenulated and they have developed a 

tendency to f r a c t u r e across , rather than along the bedding. The 

most p l a u s i b l e explanation of these textural changes i s thought to 

be that some of the s i l i c a has been dissolved and then reprec ip i tated 

a s an amorphous s i l i c a cement. Corroded diatom f r u s t u l e s observed 

i n the "'porcelanitic" diatomite above the sandstone horizon near 

Bompensiere appear to oonfiira t h i s , even though the microscopic 

character of the sediment i s i d e n t i c a l to that of normal diatomites. 

The solution of diatom firustules and reprec ip i ta t ion of 

the s i l i c a a s an inorganic opal-A cement has been reported i n cores 

recovered from the Bering Sea, where i t occurs as one of the e a r l i e s t 

s igns of diagenesis a t depths of about 6OO metres (Hein et a l . l 9 7 8 ) . 

However, even though such bur ia l depths f o r the T r i p o l i diatomites 

are quite p laus ib l e i n view of the thickness of the over ly ing 

evaporites , there i s nevertheless no evidence of t h e i r having 

undergone any widespread diagenetic a l t e r a t i o n . I t therefore 

appears that depth of bur ia l has not been a contro l l ing fac tor i n 

the development of the p o r c e l a n i t i c diatomites. I n the case of 

these diatomites near Borapensiere i t i s thought that the textural 

changes are due to the diatoms having been returned to suspension 

and then resedimented. This would have the e f fect of caiising 

fur ther solution of the diatom f r u s t u l e s , thereby increas ing the 
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amount of s i l i c a in solut ion and acce lerat ing the p r e c i p i t a t i o n 
of a s i l i c a cement ( C a l v e r t 1974> Johnson 1976). 

Small , nodular quartz cherts have been found in one 

th in horizon a t the base of the Calcare d i Base a t Monte 

uiammoia ( F i g 5 . l 6 ) . The presence of such a d iagene t i ca l l y 

advanced s i l i c e o u s horizon i n sediments that o v e r l i e and are 

therefore younger than t o t a l l y -unaltered diatomites i s cur ious . 

As ne i ther age nor depth of b u r i a l can have been the c o n t r o l l i n g 

f a c t o r i n i t s diagenesis , i t seems that the l i tho logy of i t s 

host sediment must be l a r g e l y responsible (Heath and Moberly 

1971. Kastner et a l . 1977) . The rate of the diagenet ic 

react ions which l ead to the foiraation of the q u a r t z i t i c chert 

are known to be increased by the presence of CaC05 (Lance lot 

1975, Kastner and Keene 1975» Kastner et a l . 1977). The 

occurrence of t h i s cherty horizon i s therefore probably the 

r e s u l t of the CaCOj - r i c h environment i n which the s i l i c a was 

o r i g i n a l l y deposited. 

5 .8 , Stable Isotopes. 

The T r i p o l i and Calcare d i Base sections a t Capodarso, 

Camastra, Campobello d i L i c a t a , Calasc ibet ta and Palconara have 

been sampled so that the carbon and oxygen isotope compositions 

of the carbonate i n the sediment could be determined. The 

analyses were c a r r i e d out by Dr. J . McKenzie of the Geological 

I n s t i t u t e i n Zurich and her r e s u l t s are presented i n F igures 

5.21 - 5 .25 . 

As the analyses were perfonued on bulk samples, the 

r e s u l t s represent the net i sotopic composition of the carbonate 

i n the sediment and no d i f f e r e n t i a t i o n i s made between the various 
18 

carbonate minerals . Nevertheless , by plott ing A 0 t , . , , , against 
15 ' 

A C pjjg f o r a l l the samples, three d i s t i n c t groups can be 
dist inguished ( F i g 5.26) These are: 

^ ^ ^ ^ A C p D B o .oto-6 .or lo 

A 0 0.0 to + 2 . 5 fo> 
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This group comprises most of the diatomites, the blue 
Tortonian marl from Camastra, the aragonites from Sutera and the 
Campobello limestone horizons. • Four of the grey marl horizons 
a l so p lo t within th i s group but none are more than s l i g h t l y 
dolomit ic . 

Group B A C p ^ g + 0 . 5 ; ^ to - 5.0?f« 

A O I 8 
PDB + 6.q^^„ to + 9.o^,„ 

A l l the samples i n th i s group are .dolomitic and among 

than are the dolomitic diatomites from Camastra and C a l a s c i b e t t a . 

G r o u ^ AC . i ( ^ to - 22f̂ o 

A O 18 
PDB - 1.5??. to + 9j.̂ o 

This group i s found to contain dolomitic sediments and 
calcareous Calcare di Base, both of which may be regarded as a 
d i s t i n c t and separate group. Thus: 

Group C i (Dolomites) A C ^ ^ irw . 
PDB ^^"^ *° - 22^, 

^ ° P D B + 

Group C^ (Calcare d i Base l imestones) A C - 14^» to - 2Afoa 

^ 0 - l,3i^to + 1^0 

The oxygen isotope values i n Group A are c h a r a c t e r i s t i c 

of nozraal marine conditions and although the associated carbon i s 

s l i g h t l y too negative, i t i s thought that the carbonate i n these 

sediments was deposited from noniial marine v/aters (McKenzie p . c . ) . 

This i s to be expected for the diatoraites and blue Tortonian marls 
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vrhere planktonic foraminifera and. calcareous nannoplankton can 
be seen to make up v i r t u a l l y a l l of the carbonate in the sediment. 
Neither i s i t surpr i s ing for the aragonites since recent aragonit ic _ 
sediments i n the Bahamas are kno\vn to be associated with waters 
that d i f f e r only s l i g h t l y from normal marine conditions (Lowenstam 
and Epste in 1 ^ 7 ) . However, the inc lus ion within t h i s group of 
the l imestones a t Campobello and some calcareous grey marls suggests 
timt the carbonate i n these sediments had a s imi lar or ig in to that 
i n the diatomites and Tortonian mar l s . I n which case , almost a l l 
of the carbonate in the T r i p o l i Formation, including the dolomites, 
nay have o r i g i n a l l y been deposited as the regains of calcareous 
planktonic organisms. 

A l l doloraitic sediments l i e within groups B and C1; they are 

character i sed by highly v a r i a b l e negative carbon values ranging from 

+ O.Sji* to - 22 '̂o while the associated oxygen compositions are 

f a i r l y constant, varying only between + 2.5r'eand + 9'p-e>. These 

oxygen compositions are i n d i c a t i v e of deposition in e i ther highly 

evaporated or cold water (McKenzie p . c . ) and i n view of the many 

evapori t ic assoc iat ions of the T r i p o l i Formation, the former 

explanation seeais the more l i k e l y . The doloiaites of Group B would 

a c t u a l l y l i e within the i sotopic composition l i m i t s f o r evaporit ic 

dolomites as defined by K i l l i m a n (1974 p.55) l̂ t̂ for t h e i r s l i g h t l y 

too neg-ative carbon va lues . The dolomites in Group C I however, 

have extrenely negative carbon isotope compositions indica;ting that 

the carbon has probably been derived from CO2 generated by the 

oxidation of organic material (HcKenzie p . c , Spotts and Silverman 

1966). Since subsurface cores of the T r i p o l i sediments are 

commonly b i tminous (Ogniben 1957), i t i s almost cer ta in th^t these 

anomalously negative carbon values are due to the former presence 

of organic matter i n the sediment and probably indicate deposition 

under reducing condit ions. 

T h i s combination of anoxic and evaporitic conditions 

has l e d IlcKenzie et a l . (1979) to sugges t t h a t t^-e T r i p o l i dolomites 
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were deposited i n an environment comparable to that of the 

present day Dead Sea. Both gST^um and aragoni te -prec ip i tate from 

the Dead Sea but very l i t t l e gypsum i s found i n the bottom 

sediments (Keev and Qneiy 19^7). This i s thought to be due to the 

act ion of sulphate-reducing bacter ia which extract the oxygen 

required f o r t h e i r metabolism from the gypsura., u t i l i s i n g the 

organic matter i n the sediment as an energj-- source. This react ion 

i s summarised by the equation 

4C6H6 + 15CaS04 + 5H2O — > 15CaC05 + 15H2S + 9CO2 

The gypsum i s thus reduced to hydrogen siJ.phide and the oxidation 

of the organic matter re leases C''5- depleted carbon dioxide. This 

depletion of c''5 i s a l so r e f l e c t e d in the c a l c i t e p r e c i p i t a t e and 

accounts f o r the extremely negative carbon isotope compositions 

observed i n the sediments (Neev and Hnery 1967, KcKenzie et a l . l 9 7 9 ) . 

The dolomites of Group B and C i cannot be d i f f e r e n t i a t e d 

i n any way other than i so topic composition; they are l i t h o l o g i c a l l y 

s imi lar and are not confined to any p a r t i c u l a r l o c a l i t y or to any 

p a r t i c u l a r s t ra t igraph ic horizon within the formation. However, 

tlie l a c k of any strong r e l a t i o n between dolomite content and carbon 

isotope composition ( F i g 5.27) indicates that these h i g H y v a r i a b l e 

carbon values cannot be simply due to the r e l a t i v e amounts of 

dolomite and c a l c i t e i n the sediment. The most l i k e l y cause of the 

observed d i s t r i b u t i o n of carbon isotope compositions i s therefore 

thought to be l o c a l v a r i a t i o n s i n depositional environment which 

resu l ted i n the Group B dolomites being deposited i n be t t er 

oxygenated conditions than those of Group C 1. 

The f i n a l group (C2) contains only l imestones from the 

Calcare d i Base and highly negative carbon isotope values again 

suggest an organic source f o r the carbon. The o>:j'gen compositions 

on the other hand are general ly lower than those found in other 

groups and suggest deposition from non-marine waters (Milliman 

1974 P '55 ) . S imi lar oj:ygen and carbon isotope compositions 

have been shovm to be consistent with depofition from meteoric 

waters i n v.'hich the negative carbon v;as due to carbon dioxide 
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derived from decaying ore:anic soil' material (Murata et a l . I969) , 

I t therefore appears that the Calcare d i Base limestones may have 

been subject to vadose diagenesis . 

•5 ,9 Llessinian Diatomites elsewhere i n the L'ed i t e r ran ean. 

The l a t e Miocene appears to have been e s p e c i a l l y 

favourable f o r the deposition of diatomaceous sediments, not only 

i n the Mediterranean ( F i g 5 .28) but throughout the world and 

p a r t i c u l a r l y i n the c i rcum-Pac i f i c regions (Bramlette I946, Orr 

1972, Womardt I969, Garrison 1976). 

Mediterranean diatomites of Messinian age a r e found i n 

most countries bordering on the Western Mediterranean and are 

always i n the same s trat igraphic posi t ion beneath the Messinian 

evaporites . They are commonly l i g h t in both colour and weight, 

f i s s i l e , f i n e l y laminated, associated with marly or p e l i t i c 

sediments and a lso contain abundant well preserved f i s h remains. 

I t i s therefore not surpr i s ing that most authors have commented 

on t h e i r l i k e n e s s to the diatomaceous sediments of the S i c i l i a n 

T r i p o l i or C a l i f o m i a n Monterey Formations. 

The th ickes t sind most extensive developnent of 

diatomaceous sediments appears to be i n the Chel i f Bas in i n Alger ia 

where the outcrop extends f o r over 200 kms along s t r i k e on e i ther 

f l ank of the basin and i s up to 200 metres thick i n places (Anderson 

1955). These diatomites are commonly associated with continental 

deposits and are interbedded with gypsiferous horizons suggesting 

a shallow water o r i g i n . Eowever, t h e i r fauna and f l o r a reveal 

strong open marine assoc ia t ions so i t i s more l i k e l y that they were 

deposited i n a marginal environment under both marine and continental 

inf luences (.Anderson 1955» Tauecchio and Marks 1975, Baudrimont and 

Degiovanni 1974> P i e r r e 1974). 

The poorest reported development of Messinian diatomites 

i s i n Greece where diatom-rich horizons occur within a predominantly 

marly sequence below the evaporites (Braune et a l . l 9 7 5 ) . Th i s 

suggests that there may be a general re lat ionship between the 

developnent of diatomaceous sediments and proximity to the At lant ic 
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Ocean. However, i f such a re la t ionship ex is ts then Spain would "be 

expected to have th ick accunnilations of Messinian diatomites. 

Unfortunately i t i s impossible to say v^hether t h i s i s the case or 

not, s ince , in marked contrast to the Lower Miocene 'Moronitas', 

there i s r e l a t i v e l y l i t t l e published data on Spanish Messinian 

diatomites. . The ava i lab le information suggests that they are 

marine and were deposited i n e i ther a near-shore or bas inal 

environment (Uontenat 1975, Geel 1976, Addicott et a l . 1977, 

Burckle 1977). They may well be s i m i l a r to the diatomaceous 

deposits of piedmont which are better documented and are thought 

to tiave been deposited in deep, narrow, subsidiary basins along 

the edge of the Mediterranean (Sturani and Sampo 1975). These 

Piedmont diatomites contain an abundant mesopelagic f i s h fauna 

ind ica t ive of euxinic conditions and nomal s a l i n i t i e s . 

They are interbedded with p e l i t i c sediments and f i n e sands which 

are bioturbated and occas ional ly contain a r i c h benthonic fauna 

ind ica t ing well v e n t i l a t e d bottom conditions. Water depths were 

thought to have been between 200 and 500 metres (Sturani 1973, 1978), 

Messinian diatomites have a lso been described from 

C a l a b r i a ( D i Kocera et a l . 1974) and are known to ex i s t fur ther 

north i n Peninsular I t a l y ( S e l l i 1975). The Calabrian examples 

are only about 10 metres th ick and contain occasional lameLlibranchs 

suggesting somewhat bet ter vent i la ted conditions than i n S i c i l y . 

They a r e apparently not interbedded with arg i l laceous horizons as 

i s normal else7fhere but do contain black or dark grey chert nodules. 

These are associated with liie Caloare d i Base a t the top of the 

diatomaceous i n t e r v a l and may be analogous to the cherts found i n 

a s i m i l a r horizon a t Monte Giammoia i n S i c i l y . 

A l l the diatomites have many c h a r a c t e r i s t i c s i n common 

and they are widely d i s t r ibuted around the Yfestem Mediterranean. 

The conditions which l e d to t h e i r deposition are therefore thought 

to have been brought about by regional rather than l o c a l inf luences 

and i t seems l i k e l y that access to the At lant i c was e spec ia l ly 

important. The S i c i l i a n d iatoni tes appear to have been deposited 
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under l e s s wel l oxygenated conditions than other diatomites which 
suggests that the Central S i c i l i a n Basin was more r e s t r i c t e d than 
other Mediterranean Bas ins . 

5.10. Discuss ion. 

Perhaps the two most notable features of the sediments 

which make up the T r i p o l i Formation are t h e i r pelagic character 

and the rhythmic nature of the ir deposit ion. Efeich rhythm has 

been shown to cons i s t of a diatomaceous i n t e r v a l and an i n t e r v a l 

devoid of diatom renains which may be fur ther divided into a lower 

g,rey marl and an upper brown shale . These sediments were deposited 

i n the Central S i c i l i a n Basin which was probably one of the deepest 

of the interconnected pre- ' S a l i n i t y - C r i s i s ' l lediterranean 

basins ..that were l i n k e d to the A t l a n t i c v i a the B e t i c and E i f 

S t r a i t s (Hsu et a l . 1977, 1978). 

Underlying the T r i p o l i Foimation i s a thick Tortonian 

sequence of hemiplegia sediments which are thought to have been 

deposited i n deep, nomal marine waters that may have been over 

2,400 metres deep a t Capodarso (Bandy 1975, C i ta et a l . 1978), 

However, the evaporites which over l i e the T r i p o l i have been shown 

to be a t l e a s t p a r t i a l l y of shallow water origin (Schreiber et a l . 

1976). The pelagic sediments of the T r i p o l i Formation must 

therefore represent an overa l l regress ive sequence jo in ing the 

deep water Tortonian marls and the shallow water evaporites. 

Any pe lagic deposit which, l i k e the T r i p o l i Foimation 

cons i s t s l a r g e l y of biogenic materia l w i l l be a r e f l e c t i o n of the 

chenical and b io log ica l a c t i v i t y i n the overlying water column. 

I n an enclosed sea l i k e the Mediterranean, this a c t i v i t y w i l l be 

control led by water c i r c u l a t i o n patterns that are i n turn dependent 

upon climate and basin topography of which the l a t t e r i s p a r t i c u l a r l y 

important,since i t determines the nature of the connection to the 

open ocean (Lacombe and Tschemia 1972, Grasshoff 1975). Therefore, 

the sequence of events that l ed to the drast ic marine rep-ression 

betv/een the end of the Tortonian and the deposition of the Messinian 

evaporites ou£ht to be r e f l e c t e d i n the sedments of the T r i p o l i 

Fonnation. Furthemore, the converse of this argument implies that 
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the T r i p o l i ' s rhythmic sedimentation may be the r e s u l t of some 

c y c l i c events which need not have been confined to the immediate 

environment of deposition but covild have taken place anywhere. 

I n an attempt to c l a r i f y the evolution of the 

Mediterranean Region p r i o r to the onset of the S a l i n i t y C r i s i s , 

i t i s therefore necessary to consider the depositional environments 

of the sediments that make up the T r i p o l i Formation, the ocean-

ographic conditions that l e d to t h e i r deposition and the o r i g i n 

of the T r i p o l i rhythms. 

5,10 .1 . The Diatomites, 

F ine ly laminated diatomaceous sediments such as those 

found i n the T r i p o l i Fonnation are today accumulating i n waters 

with high surface product iv i ty as a r e s u l t of the upwell ing of 

deep, co ld , n u t r i e n t - r i c h waters. These conditions are generally 

confined to three parts of the world: a circum-Arctic l a t i t u d i n a l 

b e l t , a c i rcun-Antarc t i c l a t i t u d i n a l be l t and i n regions of l o c a l 

upwell ing along continental margins ( L i s i t z i n 1972, Heath 1974), 

However, s ince the l a t i t u d e of the Messinian Mediterranean was 

e s s e n t i a l l y the same as i t i s today, any modem analogue to the 

T r i p o l i Formation i s most l i k e l y to be found on a continental margin 

ra ther that i n circum-polar regions. Furthermore, i n near shore 

areas the biogenic component of the sediment i s often masked by 

c l a s t i c sediments, so that diatomaceous sediments only accumulate 

where the i n f l u x of c l a s t i c materia l i s low or absent (Heath 1974), 

These areas include: the Gulf of C a l i f o r n i a ( C a l v e r t I964 1966a), 

Saanich I n l e t , B r i t i s h Columbia (Gucluer and Gross I964), the 

southwest Afr i can continental shel f (Calver t and P r i c e 1971) and 

the C a l i f o m i a n continental borderland (Hnexy 196O). Sturani 

P978) has already drawn an analogy between the diatomaceous 

sediments of the Santa Barbara Basin on the C a l i f o m i a n continental 

borderland and those of the Messinian Piedmont Bas in . However, i n 

view of i t s locat ion within a narrow gulf adjacent to the ocean^,the 

Gviaynas Basin i n the Gulf of C a l i f o r n i a may provide an even better 

analogue f o r the Central S i c i l i a n Bas in . 
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I n both the Santa Barbara and Gxiayraas Basins the pos i t ion of the 

laminated diatomites coincides with the minimum values of dissolved 

oxygen i n the waters. The preservation of the laminae i n these 

p a r t s of the basins i s therefore due to the lack of oxygen which 

r e s u l t s i n the absence of bioturbating benthonic organisms and the 

subsequent development of H2S i n the sediment. Rhoads and Horse 

( I 9 7 I ) have shown that dissolved oxygen concentrations of l e s s than 

0.1 - 0.5 m l s / l w i l l prevent the establishment of a bioturbating 

benthonic fauna, although a small increase in the dissolved oxygen 

content may permit the introduction of s o f t bodied bioturbating 

organisms which can to lerate oxygen contents of 0.5 - 1.0 m l / l . 

The presence of thin bioturbated horizons i n laminated diatomites 

recovered i n cores from the Santa Barbara Basin (Etaery and Hulsanann 

(1962) and of homogenous sediments i n the Gxmyraas Bas in (Ca lver t I964) 

thereiore show that these basins cannot be regarded as t r u l y anoxic 

i n the same sense as the Black Sea, Cariaco Trench and some Norwegian 

F j o r d s (Richards 19^5)• Poorly oxygenated conditions w i l l develop 

whenever the ra te of consumption of oxygen exceeds or approaches 

the maximum rate a t which oxygen can be replenished by the c i r c u l a t i o n 

of the basin waters (Richards I965). Although c i r c u l a t i o n within 

the Santa Barbara Basin i s somewhat r e s t r i c t e d , ne i ther the Santa 

Barbara nor the Guaymas basins are stagnant and t h e i r low oxygen 

contents are due pr imar i ly to the inf luence of a well developed 

oxygen minimum zone i n the sea o f f southern C a l i f o r n i a and Mexico 

(Emery I96O, Bnery and Hulsemann I962, felvert I964). This i s 

p a r t i a l l y due to the metabolic uptake of oxygen i n the i ipwelling 

f e r t i l e waters associated with the C a l i f o m i a n Current , but i s 

mainly due to the inf luence of the intense oxygen minimum zone 

which ex i s t s in the eastern tropical P a c i f i c (Sverdrup et al .1942, 

\Vyrtki I962, F i s c h e r and Arthur 1977). This l a y e r of oxygen de f i c i en t 

water extends into the Gulf of C a l i f o r n i a where l o c a l upwelling causes 

f u r t her depletion of oxygen. The good c i r c j i a t i o n of waters in 

the basins vrithin the Gulf ensures that the ir deepest p a r t s , beneath 

the oxy^ ên niinimum l a y e r , are well vent i la ted and that laminated 
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sediments are confined to where the oxygen miniTnum i n t e r s e c t s the 

f l anks of the basin (Pig 5.29) (Calvert 1964,196^, Prongersma -

Sanders 1971). The Santa Barbara basin i s somewhat d i f f e r e n t 

since the bas in ' s s i l l l i e s within the oceanic oxygen minimum zone; 

thus the deeper parts of the basin can or jy be replenished with 

water that has already been depleted in dissolved oxygen ( F i g 5.50) 

(liaery and Hulsenann I962) . As i n the Gulf of C a l i f o r n i a , 

upwelling occurs i n the surface waters thereby causing the further 

consumption of oxygen both by metabolic uptake and by the oxidation 

of organic matter as i t s inks through the water colur.n. P e r i o d i c a l l y 

there may be i n s u f f i c i e n t oxygen ava i lab le and organ ic -r i ch sediments 

w i l l accumulate leading to the development of anoxic conditions 

(Baeiy and Hulsenann I962, Berger and Soutar 1970, Unery I96O). 

The diatomites thenselves are the r e s u l t of the high 

productivity of s i l i c e o u s phytoplankton i n the surface waters- \ •̂ 

of these basins which i s sustained by upwelling, deep 

nutr ient r i c h waters (Hulsemann and Etneiy I96I ' 

Calver t I964, 1966a). I n the Gialf of Cal i fo imia upwelling occiirs 

along the eastern s ide during winter and spring i n response to 

strong northwesterly vrinds while during the sximraer and autumn l e s s 

intense upwelling occurs on the western side due to southwesterly 

winds (van Andel I964 p .265). Upwelling in the Santa, Barbara 

Basin i s not only due to surface winds but also to the 

entrainment of the bas in ' s surface waters by the C a l i f o m i a n 

Current as i t passes Point Conception (Snery I96O p. 105), The 

presence of laminated diatomaceous sediments i n some of the 

basins of the C a l i f o m i a n continental borderland and the Gvlf of 

C a l i f o r n i a i s therefore due to the combination of a wel l developed 

oxj'-gen minimum zone, a l a c k of terrigenous sediment and the 

upwelling of nutr ient r i c h waters which i s i t s e l f dependent on 

favourable surface winds and suitable seafloor topography (Orr 1972), 

The d i s t r i b u t i o n of diatomaceous sediments within the 

Central S i c i l i a n Basin ( F i g 5.5) shows that they a p p ^ r to be 

confined to the slopes of the basin, being absent in the deeper 

parts of the P l a t a n i Troixgh and i n the shallov? areas associated 

vdth the Raffadali-Annenian u p l i f t . Decima and -"ezel (1975)have 
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suggested that i n the deepest parts of the basin the T r i p o l i i s 

represented by 'whi t i sh marls ' while the diatomites are confined 

to the slopes. The presence of c l a s t s of diatomite i n a c l a s t i c 

horizon overly ing white foramini fera l marls between Bompensiere 

and Montedoro shows that l o c a l l y , marls must indeed have been 

deposited i n deeper water than the diatomites, Furthemore, 

even thotigh diatomites are pelagic sediments they a r e known to be 

accumulating i n water depths of l e s s than 100 metres on the 

Southwest Afr i can continental she l f (Calvert and P r i c e 1971) and 

i n the Gulf of C a l i f o r n i a , they are f i r s t l a i d down i n r e l a t i v e l y 

shallov; areas and then dispersed towards the deeper p a r t s of the 

basin by water turbulence (van Andel I964 p.267). Thus, as Burckle 

has suggested (1976 p . c . c i t e d i n C i t a et a l . 1978) diatomites are 

not n e c e s s a r i l y ind i ca t ive of deposition in deep water. 

As wel l a s the redeposition of diatoms i n the Gulf of 

C a l i f o r n i a mentioned above, the 'ponding' of diatomaceous sediment 

i n surface hollows has been reported from the eastern P a c i f i c 

(Johnson 1976) and i t i s thought l i k e l y that a s i m i l a r ' . ,. 

r e d i s t r i b u t i o n of sediment wotild have occurred in the Central 

S i c i l i a n Bas in . Slumped carbonate material within T r i p o l i 

sect ions has been described above from Montedoro and Campobello 

d i L i c a t a and a massive resedimented diatomaceous i n t e r v a l 

o v e r l i e s the c l a s t i c horizon between Bompensiere and Montedoro. 

Within the diatomites themselves; scoured horizons, ripped-up 

c l a s t s and discordant laminae ressnbl ing cross beds suggest- the 

existence of intermittent current a c t i v i t y . Thin horizons 

containing contorted laminae, slump structures which a r e over la in 

by homogenous i n t e r v a l s are a l so suggestive of current act ion and 

may be interpreted as d i s t a l turb id i t e s . Thus, not a l l of the 

homogenous i n t e r v a l s found i n the T r i p o l i diatomites should be 

in terpreted as evidence of bioturbation. The revrerking of 

sediment by bottom currents i s a lso l i k e l y to be responsi'^le for 

the much reduced, but apparently complete, T r i p o l i sect ion a t 

Llarina d i Palma, only eight ki lometres from the much th icker 

section a t Canastra. Th i s , together with the var iab le 
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dolomit isat ion of the T r i p o l i (see below) and the v a r i a b l e carbon 

and oxygen isotope compositions suggest that the basin topography 

was highJ.y i r r e g u l a r . Several sub-basins may therefore have 

existed vdthin the main Central S i c i l i a n Basin and the d i s t r i b u t i o n 

of diatomaceous sedrnents would almost cer ta in ly have been both 

i r r e g u l a r and discontinuous. 

Despite the evidence th-at the T r i p o l i diatomites have 

been subjected to reworking and redis tr ibut ion , they are 

nevertheless s t i l l confined to the basin slopes and are more 

extensively developed on the southeastern side of the F l a t a n i Trough 

than "to the northwest. While t h i s may be due to steeper gradients 

on the northwest side being l e s s suitable for the accumtilation of 

diatomaceous sediments, i t i s thought more l i k e l y that i t i s the 

r e s u l t of upwelling occurring predominantly along the southeastern 

margin of the bas in . On the Southwest African continental shel f ; 

upwell ing produces diatomaceous sediments on the inner she l f which 

pass l a t e r a l l y into carbonate sej.iraents on the outer s h e l f , where 

surface waters are l e s s f e r t i l e (Ca lver t and P r i c e 1971), Thus 

the d i s t r i b u t i o n of diatomaceous and marly sediments i n the Central 

S i c i l i a n Basin i s a l so thought to r e f l e c t the p r o d u c t i v i t i e s of 

the over ly ing surface waters. The diatomaceous sediments are 

therefore s i tuated on the margins of the basin where upwelling occurs 

and the marls confined to the deeper parts of the bas in beneath l e s s 

f e r t i l e waters. Whether the upwelling was in response to surface 

winds as i n the Guaymas Basin or to a combination of winds and the 

entrainment of surface waters by currents a s i n the Santa Barbara 

Bas in i s impossible to say. 

Ogniben's (1957) suggestion that the laminae seen i n 

the T r i p o l i diatomites may be regarded as varves i s supported by 

C a l v e r t ' s (1966b) vrork on recent sediments i n the Gulf o f 

C a l i f o r n i a where he has shovm that the la-ninae are due to the 

seasonal i n f l u x of s i l t from r i v e r s . The preservation of these 

laminae, in addit ion to f i s h renains , wood fragments and i t s 
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organ ic - r i ch nature when recovered from boreholes, c l e a r l y indicates 

that the diatomites of the T r i p o l i Foimation were deposited i n 

poorly oxygenated conditions (Ogniben 1957, Rhoads and Morse 1971, 

Soutar 1971). However, l i k e the Santa Barbara B a s i n , bottom 

conditions cannot have been permanently anaerobic as shown by the 

many thin homogenous horizons, the majori ty of which are thought 

to be due to the former presence of bioturbating organisms. The 

ubiqtiitous opaque mater ia l found not only in the T r i p o l i diatomites 

but a lso in the interbeds was almost cer ta in ly prec ip i ta ted as p y r i t e 

s ince i t occas ional ly reveals a cubic out l ine , has a tendency to 

i n f i l l foramini fera l t e s t s and i s associated with l imonite (Deer, 

Howie and Zussman I962, Bemer I969) . P y r i t e i s a s table form 

of i ron under reducing H2S-rich conditions and i s known to form i n 

anoxic sedimentary environments (Bemer 1970). Thus, while bottom 

conditions i n the Central S i c i l i a n Basin must have o s c i l l a t e d 

between being anaerobic and dysaerobic, conditions wi th in the 

sediment were e s s e n t i a l l y anoxic . S imi lar diatomaceous sediments 

of the same age described from other parts of the Western 

Mediterranean (see Sec t ,5 .9 . ) show that poorly oxygenated conditions 

must have been p a r t i c t i l a r l y widespread a t th i s time, alfhongh the 

presence of thin she l led molluscs in the Algerian and Calabrian 

diatomites suggests that some parts must have been bet ter 

vent i l a t ed than others . Dissolved oxygen concentrations also 

appear"to have v a r i e d within the Central S i c i l i a n Bas in i t s e l f , 

s ince the marls found i n the deepest parts of the basin are often 

unlaminated. Deciraa and Wezel (1975)describe these ' w h i t i s h marls ' 

recovered from boreholes as containing a benthonic foramini fera l 

fauna of lev/ d i v e r s i t y fur ther suggesting that d isso lved oxygen 

concentrations were sometimes higher i n the bottom of the basin 

than on the f lanks .The laminated diatomites are thus confined to 

the area v/here the oxygen minimum layer impinges on the sides of 

the basin i n a manner analogous to the s i tuat ion present ly 

ex i s t ing in the Guaymas Bas in . 
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However, the existence of a wel l developed oxy^:en 

mininium zone cannot have been the only fac tor causing the widespread 

oxygen def ic iency i n the Western Mediterranean during the T.^essinian. 

Bottom conditions i n the Guaymas Basin are well ven t i l a t ed and have 

good communication with the open ocean (Ca lver t I964}. This i s 

i n marked contrast to the bottom conditions in the Centra l S i c i l i a n 

Basin as shown by the organic -r i ch nature of the 'whi t i sh m a r l s ' , 

t h e i r low fauna d i v e r s i t y and the presence of p y r i t e , a l l of which 

suggest deposition i n an oxygen depleted environment (Decima and 

Wezel 1975). Commtinication between the bottom waters of the 

Central S i c i l i a n Bas in and the open ocean must therefore have been 

r e s t r i c t e d , suggesting that there was a physical b a r r i e r between 

the two water bodies. The existence of a s i l l separating the 

Mediterranean and the A t l a n t i c has already been proposed to explain 

the absence of psychrospheric ostracodes from the Western 

l lediterranean during the Tortonian and Kess inian (Adams et al .1977, 

Benson 1978), This s i l l could have caused oxygen depletion i n the 

Mediterranean e i ther by simply r e s t r i c t i n g c i r c u l a t i o n o r , i f i t 

happened to i n t e r s e c t the oceanic oxygen minimum zone, by admitting 

only poorly oxygenated waters as happens i n the Santa Barbara Bas in . 

Despite the presence of a s i l l , access to the A t l a n t i c 

appears to have been am important fac tor i n contro l l ing the d i s t r i b 

ution of diatomites within the Mediterranean. This i s probably 

because the deep A t l a n t i c waters were the major source of the 

nutr i ent s necessary to sustain the high diatom product iv i ty . 

Sonnenfeld (1975) lias suggested that any deep A t l a n t i c waters 

f lowing into the Mediterranean must have been def lected to the 

southwest by the C o r i o l i s E f i e c t , thus the n u t r i e n t - r i c h waters 

would have come along the Northwest A f r i c a n coast where upwelling 

i s presently occurring i n assoc iat ion with the Canary Current 

Sverdrup et a l . 1942, Sonnenfeld 1974). These waters are today 

prevented from entering the Mediterranean by a'tongue* of dense 

s a l i n e water flov/ing out a t depth through the S t r a i t s of G i b r a l t a r 

(Sonnenfeld 1974), This dense, sa l ine water forms because the 
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water l o s t by evaporation i n the Mediterranean exceeds that gained 

by r i v e r discharge and p r e c i p i t a t i o n . The water d e f i c i t therefore 

lias to be made up by the i n f l u x of surface vaters from the A t l a n t i c 

through the S t r a i t s of G i b r a l t a r ; the Mediterranean thus gains 

n u t r i e n t - d e f i c i e n t surface water and l o s e s denser s a l i n e waters 

(Lacombe and Tschemia 1972). Th i s 'ant i -es tuar ine ' c i r c \ i l a t i o n 

pattern between the A t l a n t i c and the I'editerranean explains why 

present productivity i n the Mediterranean i s so very low ( C i t a 

1975b). For productivity to be increased, n u t r i e n t - r i c h deep 

A t l a n t i c water v.'ould have to be admitted to the T^editerranean and 

t h i s could probably only be achieved by reversing the present a n t i -

estuarine c i r c u l a t i o n . 

Since deep n u t r i e n t - r i c h v.-aters ex is t today o f f the 

Northwest Afr ican coast i t i s reasonable to suppose that they did 

so during the Messinian, although there i s l i t t l e d i r e c t evidence 

of t h i s . Some s i l i c e o u s organisms have been reported i n TTpper 

Miocene sediments from DSDP s i t e 569 o f f Northwest A f r i c a (Lancelot 

et a l , 1977) . However, the Upper Miocene in t h i s area i s othenvise 

represented almost exc lus ive ly by pelagic carbonate sediments (Hayes 

et al ,1972, Lancelot et al ,1977) and i f upwelling occurred i t must 

have been confined to inshore areas . The absence of evidence of 

upwell ing a t t h i s time also suggests that i t i s u n l i k e l y that an 

oxygen def ic iency could have developed i n the eastern At lant i c 

comparable to that ex i s t ing today i n the eastern t rop ica l P a c i f i c . 

For t h i s reason i t seems l i k e l y that the d i s tr ibut ion of dissolved 

oxygen concentrations within the Mediterranean during the Messinian 

was much l e s s influenced by oceanic fac tors than i s the Gulf of 

C a l i f o r n i a or the Santa Barbara Basin today. Wore s p e c i f i c a l l y 

i t i s thought u n l i k e l y that the wel l developed oxygen minimum zone 

within the Mediterranean could have been almost en t i re ly due to 

the inf luence of an oceanic oxygen deficiency in the same way as 

in the Gua;>'mas Bas in . A fur ther important contributing factor 

i n the Mediterranean was probably the ejcaggerated e f f e c t that hifih 

surface product iv i t i e s would have h-ad on the d i s t r i b u t i o n of 

d isso lved oxygen i n a basin already containing a poorly oxygenated 
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body of water because of i t s geographical i so la t ion . 

5.10.2. The Inter-Diatoraite Beds. 

The intimate assoc iat ion of the diatomites and the grey 

marl and brown shale interbeds shows that they must have a l l been 

deposited i n c lose ly re lated sedimentary enviroments. The 

abundance of dolomite i n the non-diatomaceous interbeds i s 

therefore surpr i s ing i n view of the pelagic origin of the diatom

aceous horizons. At several l o c a l i t i e s (Falconara, Carapobello 

d i L i c a t a , Monte Gianimoia and Favara) , the place of the dolomitic 

grey marl within the sedimentary rhythm i s sonetLmes taken by 

undolomitised foramini feral m a r l s . These have stable isotope 

compositions which show that they could represent a pre-dolomitic 

sediment (Section 5 . 8 ) . Furthermore, a t Camastra,the presence of 

dolomite within the diatomaceous horizons has been shown.to coincide 

with the disappearance of a l l the calcareous nannoplankton (Sect ion 

5 . 6 ) . The dolomite i n the T r i p o l i Formation i s therefore not 

thought to be a primary deposit but to have formed by the replacement 

of calcium carbonate i n the o r i g i n a l sediment. I t seems l i k e l y 

that t h i s pre-dolomitic sediment could have ressnbled the 

foraminif eral marls mentioned above, which are thaaselves ranarkably 

s i m i l a r to the foraminif era l marls thought to be the "deep water" 

eqviivalents of the T r i p o l i Formation. I f this i s indeed so and 

the pre-dolomitic grey marls are ident i ca l to the deep water marls 

then, a f t e r each i n t e r v a l of diatomaceous sedimentation, foramin

i f era l marls must have been accumulating throughout the ent ire 

Central S i c i l i a n Bas in , I t has been argued above that the l a t e r a l 

t r a n s i t i o n from diatomaceous sedimentation on the f lanks of the 

basin to carbonate sedimentation in the depths i s the r e f l e c t i o n 

of a decrease in surface product iv i ty of the overlying waters 

caused by the absence of upwelling i n the centre of the bas in . 

I t i s therefore l i k e l y that the v e r t i c a l t rans i t ion of diatomite 

over la in by grey marl i s brought about in a s imi lar way. I n which 

case, the upwelling of n u t r i e n t - r i c h waters along the margins of 

the basin i s the f-undamental d i f ference between the conditions 
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which l e d to the deposition of diatomites and those which produced 
grey mar i s . 

I n contrast to the grey maris , the bro-n shales conta.in 

l i t t l e carbonate mater ia l and sometimes none a t a l l . I n the 

absence of any evidence of the vddespread dissolut ion of calcium' 

carbonate,such as vugs or corroded foraminiferal t e s t s , i t i s 

thou^t that th i s could be brought about _ in one, 

or a combination, of two possible ways. F i r s t l y , there could have 

been a dramatic increase in the amount of f ine terrigenous material 

being supplied to the basin or secondly, the f e r t i l i t y of the 

surface waters was fur ther reduced so that they covild only sustain 

a few calcareous organisms. 

The presence of a strong c lay mineral alignment in the 

brown shales and the commonly laminated appearance of the diatomite-

brown shale t r a n s i t i o n shows that these sediments have never 

supported a bioturbating infauna. The grey marls , on the other 

hand, are never found to be laminated and even though the 

dolomitisation w i l l have destroyed many sedimentary f es-tures, i t 

i s l i k e l y that they were deposited \mder s u f f i c i e n t l y well oxygenated 

conditions to al low the colonisat ion of the sediment surface by a 

soft-bodied benthonic fauna. Indeed, p e l i t i c sediments interbedded 

with diatomites i n the Piedmont basin have been described as 

containing a r i c h benthonic fauna (Sturani 1975, 1978). The Central 

S i c i l i a n Basin therefore appears to have been l e s s wel l vent i la ted 

than other parts of the Mediterranean during the deposition of the 

grey marls , j u s t a s i t was during the deposition of the diatomites. 

Conditions on the sediment surface appear ±o 

have been better v e n t i l a t e d during the deposition of the grey marls 

than while the other T r i p o l i sediments were accumulating. Eov/ever, 

the presence of oxidised p y r i t e in both the grey marls and the brown 

shales shows that conditions within the sediment must have remained 

permanently anaerobic, j u s t as they had during the deposition of 

the diatomites. Under such conditions when a l l the ava i lab le f ree 

oxygen has been used up, the oxidation of organic matter w i l l 

usual ly continue by the reduction of siilphate ions (Goldhaber and 

Kaplan 1974). 1^ i s therefore surpr i s ing to f i n d gj'psum grovdng 
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within foramini fera l t e s t s i n one brown shale horizon a t Ganastra, 

Gypsum i s f a i r l y common in T r i p o l i sediments, both as veins and 

v o i d - f i l l s , but a t Camastra there are no iirniediately overly ing 

evaporites, Ke i ther are any foramini fera l tes ts found to be 

i n f i l l e d by gj'psum elsewherein the sect ion, although gî '-psura has been 

detected i n the sediment by X-ray d i f f r a c t i o n . I t therefore appears 

that th i s gypsum must be of e i ther primary or early diagenetic o r i g i n . 

The assoc iat ion of p y r i t e and authigenic gypsum has 

been described i n l a t e Miocene-early pl iocene sediments from the 

Southwest A f r i c a n continental she l f ( S i e s s e r and Rogers 1976), 

By analogy with s i m i l a r present-day organic -r ich sediments in the 

same region, the authors suggest that the gypsum was formed i n the 

fol lowing way: The pH in the sediment was low enough to d isso lve 

c a l c i t e so that a l l , or part of the calcareous matter reaching 

the sediment sxrrface was d isso lved, thereby providing the Ca2+ 

ions necessary f o r the gypsum. The sulphate ions were derived 

e i ther from the incomplete reduction of pre-ex i s t ing sulphate ions 

by sulphate-reducing bacter ia or by d i f f u s i o n from the over ly ing 

water; when i t s s o l u b i l i t y product was exceeded then gypsum 

prec ip i ta t ed . The assoc iat ion of p y r i t e , calcareous foramini fera l 

t e s t s and the organic nature of the T r i p o l i sediments suggests that 

such a mechanism could wel l account f o r the gypsum a t Camastra, 

however, another p o s s i b i l i t y must also be considered. A p a r a l l e l has 

already been drawn betv;een the T r i p o l i sediments accumulating i n 

the present-day Dead Sea (Sect ion 5 . 8 ) . I n the Dead Sea, gypsum 

i s p r e c i p i t a t i n g from the surface waters but i s then being consxmied 

by sulphate-reducing bacter ia before i t can be preserved i n the 

sediments. Therefore , i f such a s i tuat ion existed in the Central 

S i c i l i a n B a s i n , as the isotope data suggests, the gypsum a t 

Caraastra must be due to the supply of gypsum b r i e f l y exceeding 

the rate a t which i t could be consumed by sulphate-reducing 

b a c t e r i a . This could be brought about either by increased 

evaporation or by a decrease in the supply of organic matter 

needed by the bacter ia as an energy source. However,in view 
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of the i so la ted occurrence of the gypsum, the most l i k e l y 

explanation i s thought to be a l o c a l i s e d and temporary increase 

i n the dissolved oxygen.content of the basin waters, 

5.10,5. Dolomites i n the T r i p o l i Foimation and the Calcare d i Base. . 

Dolomite occvirs i n near ly a l l of the T r i p o l i sediments 

even though i t i s often present only in very small amounts. Tov/ards 

the top of the T r i p o l i Formation, however, the diatomites and 

e spec ia l ly the grey marls become increasingly dolomitic u n t i l they 

are eventually replaced by the dolomites of the lower, unbrecciated 

Calcare d i Base. Although there i s considerable v a r i a t i o n in the 

extent of dolomitisat ion, both between l o c a l i t i e s and vrithin 

indiv idual sect ions, the increase i n dolomite i s recognisable i n 

nearly a l l T r i p o l i sect ions . These dolomites a s s m e a p a r t i c u l a r 

s i g n i f i c a n c e , s ince, the environmental changes responsible for 

t h e i r widespread development also appear to have been responsible 

f o r the eventual termination of diatomaceous sedimentation i n the 

Central S i c i l i a n B a s i n . 

The Tortonian marls and diatomaceous shales a t the base 

of the T r i p o l i Formation contain aaal l amounts of dolomite but i t 

represents no more than 10^ and possibly as l i . t t l e as I f , of the 

to ta l sediment ( F i g 5.10 and see Appendices 1 & 2 ) . The dolomite 

occurs as i s o l a t e d , small euhedral rhombs which have apparently 

gTOwn wi th in the groundmass , whi le these may be d e t r i t a l , dolomite 

rhombs have often been found i n deep-sea calcareous oozes, p a r t i c u l a r l y 

when they are associated with reducing condition's (Bea l l and F i s c h e r 

1969, Weser 1970, Davies and Supko 1975), An.authigenic or ig in i s 

therefore thought more l i k e l y f o r the dolomite rhombs in ' the"Tripo l i 

Foimation and Calcare d i Base, However, orJy a very small part of 

the to ta l dolomite occurs as euhedral c r y s t a l s and by f a r the most 

common form i s p i i cr i t e . 

Recent dolomite has been reported from several places 

around the world; notably the Pers ian Gulf ( l l l i n g et a l .1965) , 

the Bahamas (Shinn et a l ,1965) , the West Indies (Deffeyes et a l . 

1965) and the Coorong d i s t r i c t of South Austra l ia (skinner 1965 , 
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Von der Borch 1965a, 1965b). A l l these, and other syngenetic 

dolomites, cons is t of m i c r i t e or f ine grained c r y s t a l s (Friedman 

and Sanders 1967), indeed, i t has been suggested t h a t m i c r i t i c 

dolomite i s i n d i c a t i v e of e i ther a primary or an ear ly replacement 

ori^^in (Polk 1974). However, the only reported occurrence of 

primary dolomite from the above l o c a l i t i e s comes from the Coorong 

(Skinner I965) and even t h i s has been considered doubtful (Bathurst 

1975), The l a c k of a convincing recent model f o r the primary 

deposition of dolomite i s therefore strong evidence i n favour of 

the replacement or ig in for the T r i p o l i dolomites proposed above 

(Sect ion 5 .10.2) . I t seems equally un l ike ly that any of the 

Calcare d i Base dolomites can be primary deposits , although the 

work of Folk and Land (1975) suggests that i t cannot be en t i re ly 

nxled out for those dolomites associated with aragonit ic sediments. 

The var ia t ions i n the in t ens i ty of dolomitisation i n the 

T r i p o l i Formation can be c l e a r l y i l l u s t r a t e d by comparing the 

sect ions a t Camastra, Falconara and Ca lasc ibe t ta . I n the upper 

p a r t of the Camastra sect ion ( F i g 5.10) dolomitisation has been 

espec ia l ly intensive and no calcareous material i s to be found i n 

e i t h e r the interbeds or the diatomites. This i s not the case i n 

the lower part of the sect ion a t Palconara (F ig 5.11) where a 

diatomite with many cocco l i ths and discoasters contains only 5^ 

dolomite while the overly ing interbed i s 90̂ ^ dolomite (McKenzie p . c ) . 

A l i t t l e higher i n the same section a sample from an interbed contains 

40^ dolomite while the top of the same interbed i s much r i c h e r i n 

cocco l i ths and contains only 18;̂ , dolomite. S imilar cases are to 

be found i n other sections but a t Calasc ibet ta (Pigs 5,12 and 5 ,18) 

some anomalously low dolomite contents were associated with the 

presence of the cocco l i th Braarudosphaera sp . , suggesting that i n 

t h i s case the formation of dolomite may have been hindered by the 

i n f l u x of f r e s h water (Section 5 .6 ) . I t i s unl ike ly t h a t such 

rapid f luctuat ions i n the dolomite contents o f these sediments 

could occur i f dolomitisation had taken p lace a f t e r b u r i a l . Whi le 

react ions v d t h i n t e r s t i t i a l waters could poss ib ly accovtnt f o r the 
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development o f the small euhedral rhombs, they cou ld n o t produce 

the volume o f m i c r i t i c do lomi t e found i n these sedlnients vr i thout 

some ex te rna l source o f Hg2+ ions (llanheim and Sayles 197^) . 

However, i f d o l o m i t i s a t i o n took place a t o r near the sediment, 

sur face then these l o c a l v a r i a t i o n s coid.d he conven ien t ly 

expla ined hy d i f f e r e n t i a l r a t e s o f h u r i a l . Th i s would a l so account 

f o r the c o n c e n t r a t i o n o f do lomi te i n the in te rbeds s ince i t has 

a l ready been shown t h a t t h e i r r a t e o f sedimentat ion and hence 

t h e i r r a t e o f b u r i a l i s onlj '- one f o r t i e t h the r a t e f o r the d ia tomi tes 

(Sec t ion 5 .5 ) . 

Despi te the widespread occurrence o f recen t marine 

dolomites mentioned above, nowhere are s t^bstantial amounts o f 

do lomi te known t o be accumula t ing i n open marine waters o f normal 

s a l i n i t y . Snai l amomts o f dolomite have been found i n deep-sea 

sediments bu t w i t h one apparent excep t ion , they can be shown to be 

e i t h e r d e t r i t a l (Berger and Von Rad 197?), au th igen ic (see above) 

o r to be a s soc ia ted w i t h hydrotheunal v o l c a n i c s a n a t i o n s ( B o n a t t i 

1966). The one except ion i s a l i t h i f i e d dolomite h o r i z o n descr ibed 

f rom the E q u a t o r i a l A t l a n t i c f o r which no s a t i s f a c t o r y exp lana t ion 

has y e t been f o r t h c o m i n g (Thompson et a l . I968, Chester and Aston 

1976). V i r t u a l l y a l l recen t dolomites a re assoc ia ted w i t h 

hype r sa l i ne c o n d i t i o n s and some authors v/ould even regard do lomi te 

as an e v a p o r i t i c m i n e r a l (Friedman and Sanders I967, Bemer 1971). 

While t h i s i s n o t n e c e s s a r i l y t r u e i n a l l cases (Zenger 1972, F o l k 

and Land 1975)> i t c e r t a i n l y app l i e s to most recen t marine dolomites 

(Supko et a l . 1974) and suggests t h a t an e v a p o r i t i c o r i g i n i s most 

l i k e l y f o r the do lomi tes o f the T r i p o l i Foraiation and Calcare d i 

Base. 

Since most r ecen t marine dolomites are f o m e d i n 

hype r sa l i ne envirorcaents, they are o f t e n associated w i t h a ragon i t e 

and e v a p o r i t i c m i n e r a l s o f which the most common i s gypsum ( T i l i n g 

e t a l . 1965, Deffeyes e t a l . 19^5). I n many cases, the most 

no tab le except ion be ing the Coorong (Von der Borch 1965b}, t h i s 

giy'psum p l a y s a p a r t i c u l a r l y impor tan t r o l e i n the d o l o n i t i s a t i o n 



- 121 -

process , even when i t i s no t preserved i n the sedl^ient (Shinn e t a l . 

1965). This i s because the p r e c i p i t a t i o n of both a r a g o n i t e and 

gy^svsi has the e f f e c t o f . r a i s i n g the Mg-^+/Ca2+ r a t i o o f the 

surrovmding water and i t i s t h i s parameter tha t appears t o be 

one o f the most impor t an t s i n g l e f a c t o r s i n c o n t r o l l i n g d o l o m i t -

i s a t i o n (De f f eyes e t a l .1965, Ba thu r s t 1975). The a s s o c i a t i o n 

o f do lomi te and a r a g o n i t e i s ev iden t i n the Calcare d i Ease ( s e c t i o n 

5.4 '1) and the fo rmer presence o f gypsum may also be i n f e r r e d s ince , 

i f pseudomorphs o f h a l i t e are to be found i n the Calcare d i Base 

brecc ias (Ogniben 1957), then gypsum must sure ly have a l so been 

p r e c i p i t a t e d . 

I n the Coorong, do lomi tes w i t h a s t o i c h i n e t r i c 

composi t ion have been found to o r i g i n a t e i n waters r i c h e r i n Mg2+ 

ions than those assoc ia ted w i t h the non- s to i ch i r ae t r i c do lomi tes 

(Yon der Borch 1965a). Morrow (1978) has suggested t h a t a d i r e c t 

r e l a t i o n s h i p e x i s t s and t h a t i n -general waters w i t h h i g h e r T^Ig^V 

Ca2+ r a t i o s w i l l produce more magnesium r i c h d o l o m i t e s . Marschner 

(1968) and Supko e t a l . (1974) have gone even f u r t h e r and suggested 

t h a t the Mg2+/'Ca2+ratio can a l so be r e l a t e d to s a l i n i t y , however, 

i t i s d o u b t f u l whether waters w i t h h i g h Mg2+/Ca^+ r a t i o s are 

n e c e s s a r i l y h i g h l y s a l i n e waters (Fo lk and Land 1975). 

A l l o f the do lomi t e i n the T r i p o l i Formation i s non-

s t o i c h i m e t r i c and r evea l s a f a i r l y cons tant composi t ion which 

v a r i e s between (Ca^^ Mg48)and (Ca57 I'^g43). However, i n severa l 

sec t ions ( C a l a s c i b e t t a , Camastra, Monte Giammoia, Capodarso and 

i i a r i n a . d i Palma)there i s a marked decrease i n the mole fo excess 

Ca2+ as the T r i p o l i Formation passes i n t o the Calcare d i Base 

( F i g s . 5•10* 5.12v ) . Some 'event 'must t h e r e f o r e have 

occur red a t the end o f the d e p o s i t i o n o f the T r i p o l i Format ion 

which had the e f f e c t o f i n c r e a s i n g the amount o f magnesium i n the 

d o l o m i t e . Accord ing to Morrow (1978) t h i s i m p l i e s an increase i n 

the jiig2+/Ca^'^ r a t i o o f the waters i n which the do lomi te was be ing 

depos i t ed . I n v iew o f the e v a p o r i t i c a s soc ia t ions o f the T r i p o l i 

Formation and e s p e c i a l l y the Calcare d i Base, the most l i k e l y way 
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t h a t t h i s cox3ld be b ro i igh t about i s by the e x t r a c t i o n o f Ca2+ 

i o n s as a r e s u l t o f the widespread p r e c i p i t a t i o n o f gypsiim. Ho^.vever, 

f o r t h i s to have had a r e l a t i v e l y sudden and basinv/ide i n f l u e n c e 

on do lom i t e composi t ions , extremely l a r g e q u a n t i t i e s o f gypsum 

must have been p r e c i p i t a t e d . I n the deeper pa r t s o f the bas in 

o n l y a t h i n do lomi te h o r i z o n separates the T r i p o l i Fo rma t ion ,o r 

i t s e q u i v a l e n t , f rom t h e ' C a t t o l i c a Gypsum' which passes l a t e r a l l y 

i n t o the b r e c c i a t e d Calcare d i Base (Ogniben 1957, Decima and '.Vezel 

1975). I t i s t h e r e f o r e suggested t h a t the change i n do lomi t e 

compos i t ion a t the end o f the T r i p o l i Formation represents the 

beg inn ing o f the accumulat ion o f the ' C a t t o l i c a Gypsum' i n the 

deeper p a r t s o f the b a s i n . 

Gypsvnn p r e c i p i t a t i o n probably commenced d u r i n g the 

d e p o s i t i o n o f the T r i p o l i do lomi tes a l t h o u g h , w i t h the p o s s i b l e 

excep t ion o f the gypsum f i l l e d f o r a r a i n i f e r a t e s t s a t Camastra, 

none o f i t has been preserved i n the sediments. The do lomi t e s ' 

s t a b l e i s o t o p e composi t ions ,as w e l l as the usual a s s o c i a t i o n o f 

gypsum w i t h e v a p o r i t i c do lomi te both suggest t h a t t h i s i s l i k e l y . 

However, e v a p o r i t i c m i n e r a l s such as gypsum and do lomi te a re n o t 

u s u a l l y f o i m d i n a s s o c i a t i o n w i t h pe lag ic deposi ts such as the 

T r i p o l i d i a t o m i t e s . A s i m i l a r problem was encountered by 

Peterson and Edgar (1970^ who d iscovered s e p i o l i t e and p a l y g o r s k i t e 

i n deep water sediments f rom the eas tern A t l a n t i c . They a t t r i b u t e d 

thei i t o the a l t e r a t i o n o f v o l c a n i c ash by magnesium-rich b r ines 

which were thought to have formed i n a shal low, near-shore 

environment and then to liave p e r c o l a t e d downdip v i a o l d e r , porous 

sediments. This i s s i m i l a r t o the "Seepage Re f lux" model o f 

do lomi te f o r m a t i o n proposed by Adams and Rhodes (1960) and could 

he lp e x p l a i n the o r i g i n o f the T r i p o l i ' s d o l o m i t i c sediments. The 

e v a p o r i t i c charac te r o f the T r i p o l i do lomi t e suggests t h a t i n the 

Cen t r a l S i c i l i a n Basin the most l i k e l y p lace f o r ma.c-nesium-rich 

b r i n e s to form wovtld have been i n hypersa l ine environr.ents around 

the margins o f the ba s in . IDventually the b r ines r.ust have spread 

i n t o the bas in i t s e l f and, be ing more highJ,y evaporated and t h e r e f o r e 
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denser, they would have sunk beneath the noma l bas in wa te r s . A 

' t ongue ' o f magnesium-rich b r i n e may t h e r e f o r e have developed 

vrhiich extended down towards the deeper p a r t s o f the bas in and 

caused the d o l i m i t i s a t i o n o f the T r i p o l i sediments accvmula t ing 

on the bas in f l a n k s . However, i f these dense descending b r i n e s 

were indeed the reason f o r the presence o f dolomi te i n the T r i p o l i 

Format ion , then one would expect the most d o l o m i t i c T r i p o l i s ec t ions 

to be those s i t u a t e d c lose to the bas in margins . The evidence i n 

uos.t cases con f i rms t h i s . , The T r i p o l i sediments a t Camastra and 

Falconara have c e r t a i n l y been more a f f e c t e d by d o l o r a i t i s a t i o n than 

those a t e i t h e r Montedoro o r Campobello d i l i c a t a (P igs 5.10, 

5 .11 , 5.15> 3.17). They a re a l so c lo se r to the sha l low-wate r area 

o f the R a f f a d a l i - A m e r i a n U p l i f t than Hontedoro b u t t h e l a c k o f 

d o l o m i t i s a t i o n i n the Campobello s e c t i o n , l o c a t e d between Camastra 

and Palconara, i s p r o b l e n a t i c a l , However, the paths taken by 

these dense b r ines as they sank i n t o the basin would have heen 

c o n t r o l l e d by the l o c a l topography. Surface ' h i g h s ' o r ' s h i e l d e d ' 

areas would t h e r e f o r e tend to escape d o l o m i t i s a t i o n w h i l e the 

b r i n e s would be t rapped i n su r face depressions and i t i s i n these 

depressions t h a t d o l o m i t i s a t i o n would be most i n t e n s i v e . The low 

do lomi te content o f the s ec t i on a t Carapobello i s t h e r e f o r e probably 

due to i t be ing e i t h e r l o c a t e d on a ' h i g h ' o r o therwise sh ie lded 

f rom the d o l o m i t i s i n g b r i n e s . 

The proposed e v a p o r i t i c o r i g i n f o r the d o l o m i t i s i n g 

b r i n e s i m p l i e s t h a t as w e l l as be ing denser and r i c h e r i n 

magnesium than the normal bas in waters , they must liave a l s o have 

been more s a l i n e . T h e i r cont inued i n t r o d u c t i o n i n t o the Cen t ra l 

S i c i l i a n Basin d u r i n g much o f the d e p o s i t i o n o f the T r i p o l i 

Formation would t h e r e f o r e have tended to increase the s a l i n i t y o f 

the b a s i n ' s bottom T/aters. A s i m i l a r s a l i n i t y bvdld up d u r i n g 

the T o r t o n i a n and Liess in ian bias a l so been suggested f o r the B a l e a r i c 

Basin as a r e s u l t o f s t ab le i so tope s tud ies c a r r i e d ou t by Yergnaud-

G r a z z i n i (197G). However, the presence o f diatoms and normal 

marine p l a n k t o n i c f o r a m i n i f e r a i n the T r i p o l i sediments 

( Van der Zwann 1978, personal communication quoted i n McKenzie 
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e t a l .1979) shows t h a t noraial s a l i n i t i e s p r e v a i l e d i n the su r face 

waters o f the bas in which were e v i d e n t l y i n good cormnunication 

w i t h the open ocean. Since the on ly poss ib le evidence o f f r e s h v,'ater 

e n t e r i n g the bas in i s the occurrence o f Braarudosnh^era sp. a t 

C a l a s c i b e t t a , any l o w e r i n g o f the b a s i n ' s water l e v e l due to 

evapora t ion must have been counterac ted by an i n f l o w o f marine 

r a t h e r t i i an f r e s h wate rs . The absence o f any s i g n i f i c a n t 

i n f l u x o f f r e s h water , toge ther w i t h the bas in ' s r e s t r i c t e d na tu re 

t h e r e f o r e means t h a t there was n o t h i n g t o prevent a c o n t i n u a l 

b u i l d up o f s a l i n i t y i n the bas in waters d u r i n g the d e p o s i t i o n 

o f the T r i p o l i do lomi t e s . This would n o t necessa r i ly be 

r e f l e c t e d i n the sediments as l o n g as there was a su r face l a y e r 

o f n o m a l mar ine waters i n which the p l a n k t o n i c organisms, t h a t 

make up most o f the T r i p o l i sediments, could f l o u r i s h . However, 

i f the s a l i n i t y o f the sur face waters began to increase then the 

s i l i c e o u s f l o r a , i n p a r t i c u l a r , v/ould soon become l e s s d i v e r s e 

and disappear . This would undoubtedly be r e f l e c t e d i n the 

sediments and i t i s l i k e l y t h a t the a lmost monospecif ic diatom 

assenblages, compr is ing the e u i y h a l i n e diatom Thalassionema 

n i t z s c h o i d e s , encountered near the top o f the T r i p o l i P o m a t i o n 

(Gersonde 1978) i s evidence o f j u s t such an increase . Furthermore, 

i t i s u n l i k e l y t h a t the p r e c i p i t a t i o n o f the C a t t o l i c a Gypsum 

cou ld have taken p lace so soon a f t e r the end of the T r i p o l i 

sedimenta t ion unless the bas in conta ined an al ready h i g h l y 

evaporated, s a l i n e body o f the wate r . The end o f diatomaceous 

sedimenta t ion a t the top o f the T r i p o l i Fomiat ion must t h e r e f o r e 

mark the end o f open marine i n f l u e n c e i n the Central S i c i l i a n 

Basin and probably a l so co inc ides w i t h the f i n a l s eve r ing o f 

communication w i t h the open ocean. 

I n the T r i p o l i F o m a t i o n the abundant remains o f 

calcareous p l a n k t o n i c organisms would have provided a l l the calcium 

carbonate t h a t v.'as necessarj"- f o r the T r i p o l i do lomi te . rowever, 

the source o f calcium carbonate f o r the Calcare d i T'ase dolomite 

i s u n c e r t a i n since i t i s d o u b t f u l i f s u f f i c i e n t b iogenic sources 
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c o u l d su rv ive i n a bas in f u l l o f h i g h l y evaporated wa te r s . The 

few undo lo ra i t i s ed 'ho r i zons c o n t a i n l i t t l e recognisable b iogen ic 

deb r i s and a l though occas iona l c o c c o l i t h s and p l a n k t o n i c 

f o r a m i n i f e r a a re to be found a t Enna and i . i a r i a n o p o l i , i t i s 

imposs ib le to be sure whether they are d e t r i t a l o r represent a 

p r e - d o l o m i t i c sediment. 

Chonical p r e c i p i t a t i o n o f c a l c i t e i s u n l i k e l y s ince h i g h 

raagnesiaji c a l c i t e would be expected to fo33n i n a s s o c i a t i o n v d t h 

do lomi te r a t h e r than the l o w raagnesian v a r i e t y ( F o l k and l a n d 1975). 

I n the sabkhas o f the P e r s i a n G u l f , dolomite i s r e p l a c i n g a ragon i t e 

t h a t may be o f e i t h e r chen ica l o r a l g a l o r i g i n ( l l l i n g e t a l . 19^5, 

Kendal l and S k i p w i t h 19^9) • Ti^e d i r e c t p r e c i p i t a t i o n o f a r agon i t e 

and the forcaation o f c a l c i t e by the b a c t e r i a l r e d u c t i o n o f gypsum 

have a l so bo th been r e p o r t e d f rom the Dead Sea (Keev and Emery 1967). 

However, the Calcare d i Base dolomites deposited i n the i n f e r r e d 

deeper p a r t s o f the b a s i n ( i e , Sutera , Enna and A n t i n e l l o ) shoy; no 

evidence o f subaer ia l exposure. They are a s soc ia ted w i t h a ragon i t e 

a t Sutera, Enna and A n t i n e l l o and t h e i r negat ive carbon i so tope 

va lues suggest an o rgan ic source o f carbon (see Sec t ion 5 . 8 ) . I t 

t h e r e f o r e seens l i k e l y t h a t they were formed Txnder c o n d i t i o n s s i m i l a r 

to those e x i s t i n g i n the present-day Dead Sea o r i t s P l e i s tocene 

p recursor Lake L i s a n (Neev and Baery 1967, Begin e t a l , 1974). 

The Mg2+/Ca2+ r a t i o i n the waters o f the Dead Sea i s much l o w e r 

than t l i a t no rma l ly a s soc ia ted w i t h modem marine do lomi t e f o r m a t i o n 

and probably accounts f o r the l a c k o f do lomi te I n Dead Sea sediments 

(Friedman and Sanders 1967). C l e a r l y no such c o n s t r a i n t e x i s t e d 

i n the Cent ra l S i c i l i a n Bas in however, and a t h i c k do lomi te sequence 

was ab le to accumulate. 

The v e r t i c a l f r a c t u r e s i n f i l l e d v d t h sediment i n the 

l amina ted do lomi tes a t Marina d i Palma are almost c e r t a i n l y due to 

d e s i c c a t i o n and i n d i c a t e t h i a t , u n l i k e the dolomites mentioned above, 

these sediments must have undergone per iods o f subaer ia l exposure. 

The hor i zons i n v/hich the d e s i c c a t i o n cracks occur hiave a f i n e l y 

l amina ted , u n d u l a t i n g appearance r e senb l ing f ea tu r e s descr ibed from 
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s t r o m a t o l i t e s (Kenda l l and Skipworth I968, Hofmann I969, Davies 
1970). The more p o r o u s , p e l l e t e d hor izons a t Kar ina d i Talma, a re 
s i m i l a r to sediments descr ibed f rom the Calcare d i Base o f the 
i,.eesinian i n the Nor the rn Apennines (Va i and R i c c i l u c c h i 1977). 
A p e l l e t a l o r i g i n i s d iscounted by these authors v/ho i n t e r p r e t 
the g r a i n s as raicrite coated a l g a l f i l a m e n t s . Despite the 
a s s o c i a t i o n w i t h p o s s i b l e s t r o m a t o l i t e s o f a l g a l o r i g i n i t i s 
u n l i k e l y t h a t the do lomi tes a t I l a r i n a d i Palma can be i n t e r p r e t e d 
i n the same way s ince the gTains are both shor te r and t h i c k e r than 
those descr ibed by V a i and R l c c i Lucch i ( l977) • The i r morphologj'-, as 
v,-ell as t h e i r a s s o c i a t i o n v ; i t h d e s i c c a t i o n f ea tu re s and s t romat
o l i t e s i s c o n s i s t e n t w i t h a f a e c a l o r i g i n , since f a e c a l p e l l e t s 
are commonly preserved i n low energy sub- and i n t e r t i d a l 
environments (Shinn e t a l . 1969. Evans e t a l . 1975, V a i and 
R i c c i Lucch i 1977). These sedimentary f e a t u r e s are c l e a r l y 
cons i s t en t w i t h the g e n e r a l l y accepted view tha t the Calcare d i 
Base was deposi ted i n the p h o t i c zone and underwent p e r i o d i c 
e-ergence and d e s i c c a t i o n (Becima and V/ezel 197?, Schre iber and 
Friedman 1976, C i t a e t a l . 1978) 

3,10.4. The Calcare d i Base Brecc ia s . 

The d o l o m i t i c mar l s found i n the lower p a r t o f the 

Calcare d i Base bear a s t rong resemblance' both to the mar ly 

sediments v.-hich separate the b r e c c i a t e d hor izons and to many 

o f the c l a s t s found w i t h i n the b recc ias themselves, n-̂ e h i g h l y 

vuggy appearance o f the b r e c c i a s , together v , i th the presence o f 

h a l i t e pseudomorphs (Ogniben 1957) suggests also tha t they once ' 

conta ined evapor i t e m i n e r a l s . I t t h e r e f o r e appears 

xhat the on ly f u n d ^ e n t a l d i f f e r e n c e between the 

d o l o m i t i c sediments o f the Calcare d i Base and the calcareous 

b r e c c i a t e d hor izons i s the change o f n i n e r a l o . j j associa ted w i t h the 

loa. ier presence o f evapor i tes w i t h i n the sediment. The b recc ias 

may t h e r e f o r e be i n t e r p r e t e d as s o l u t i o n co l lapse b recc ias formed 

by the l e a c h i n g o u t o f the evapor i t e m i n e r a l s and the subsequent 
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c o l l a p s e o f the p r imary sedimentary s t r u c t u r e ( C i t a e t a l . 1978) . 

The presence o f h a l i t e shows t h a t the e v a p o r i t i c hor izons must 

have formed i n the supra t i d a l environment, t h e r e f o r e , s ince the re 

are o f t e n several successive b r e c c i a t e d hor izons separated by o n l y 

s l i g h t l y deforraed i n t e rbeds the re i s c l e a r l y a c y c l i c p a t t e r n to 

the sed imenta t ion . This appears to be due to the d e p o s i t i o n a l 

environment o s c i l l a t i n g between s u p r a t i d a l and i n t e r - o r s u b t i d a l 

c o n d i t i o n s . 

The l e a c h i n g o f the evapor i t e s must have been performed 

by waters whose s a l i n i t y was l e s s than tha t o f the waters f rom 

v.Mch the s a l t s p r e c i p i t a t e d and the i s o t o p i c evidence suggests 

they were p robably o f meteor ic o r i g i n . These same waters must a l so 

have been r e spons ib l e f o r much o f the s o l u t i o n and r e p r e c i p i t a t i o n 

o f c a l c i t e t h a t has occurred i n the Calcare d i Base, the vadose 

c r u s t s a t Palconara, the s o l u t i o n hor izons i n the p e l l e t a l l i m e 

stones a t Camastra, the pseudomorphing o f h a l i t e c r y s t a l s by 

c a l c i t e and a l s o f o r the calcareous na tu re o f the sediments 

assoc ia ted w i t h the b r e c c i a s . 

The sediments i n the l ower p a r t o f the Calcare d i Base 

a re always predominant ly do lomi te whereas those assoc ia ted w i t h 

the b r e c c i a s a re predominant ly c a l c i t e evai though they a r e 

commonly p h y s i c a l l y i d e n t i c a l . This dichotomy i s so widespread 

t h a t i t cannot be due to recen t diagenesis ; the t r a n s i t i o n 

between the two u n i t s i s a gradual one and i n v o l v e s t h e 

replacement o f the m i c r i t i c do lomi te by the development o f e i t h e r 

microspar o r a c a l c i t e cement. The o r i g i n a l d o l o m i t i c sediment 

i s t h e r e f o r e be ing dedo lomi t i s ed . Dedolora i t i sa t ion i n the Calcare 

d i Ease i s u n f o r t u n a t e l y no t i l l u s t r a t e d by the c l a s s i c a l ca lcareous 

rhombic t e x t u r e s descr ibed by Shearman e t a l . ( l 9 6 l ) , Evamy (I967) and 

Scho l l e (1971) > never the less 'grumeleuse' t e x t u r e s ( s t r u t t u r a . 

grumosa) s i m i l a r to those descr ibed by Evamy (1967) have been 

recognised,as h^s the replacement o f dolomite by coarser c a l c i t e 

c r j ^ s t a l s descr ibed by Shearman e t a l . ( I 9 6 I ) . D e d o l o m i t i s a t i o n may be 

brought about by the r e a c t i o n o f waters r i c h i n Ca2+ ions r e l a t i v e 
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to Ivlg2-i- ions w i t h do lomi te i n a vadose en^droiiment (De Groot 19*̂ 7, 
S\'-aniy 1967> Eraun and Friedman 1970). I t i s t h e r e f o r e l i k e l y 
t h a t me teor ic waters p e r c o l a t e d down through the Calcare d i "^ase, 
d i s s o l v i n g the eva.porite m i n e r a l s which v;ere probably ma in ly 
gj/psum, and thereby became enr iched i n Ca^+ i o n s . These f l u i d s 
then reac ted w i t h the m i c r i t i c dolomites d e d o l o n i t i s i n g them. 
The occurrence o f c e l e s t i n e as a cement i n some n i c r i t i c dolomites 
p r o v i d e s f u r t h e r evidence i n f a v o u r o f d e d o l o r l t i s a t i o n by meteor ic 
waters s ince Shearman and Shirraohami:aadi (19^9) have n o t i c e d a 
d e p l e t i o n i n s t ron t ium accompanying d e d o l o m i t i s a t i o n i n some 
carbonates from the Ju ra . I t t h e r e f o r e appears t h a t s t ront ium 
i o n s leached f rom the do lomi tes have combined w i t h sulphate ions 
f rom £ypsum to form the c e l e s t i n e found near Enna and San Cataldo. 

Ca2+ 
S o l u t i o n o f gj-'psum — > (Kg.Ca) CO5 , >• CaCC^ 

304"̂  
do lomi te 

l:;f-2+ 

Sr2+ 

dedolomite 

304^-

SrS04 + Mg2+ 
c e l e s t i n e . 

The same waters may also be responsib le f o r the f r equen t 

development o f c a l c i t e i n a r a g o n i t i c beds even though no evidence o f 

the growth o f c a l c i t e i s v i s i b l e . Nevertheless F igu re 5.21 shovfs 

t h a t the o n l y l o c a l i t y to be completely devoid o f evidence o f 

d e d o l o m i t i s a t i o n i s a l so the o n l y l o c a l i t y to con ta in pure a ragoni te 

beds. This suggests t t i a t the Sutera sec t ion was never ejrposed to the 

d i agene t i c e f f e c t s o f vadose waters , probably as a r e s u l t 01 be ing 

depos i t ed i n the deeper p a r t o f the b a s i n . 

The s o l u t i o n o f gJT ŝum deposi ted i n the Calcare d i l a s e 

a l so accounts f o r the f r e q u e n t occurrence of sulphur d e f o s i t s i n 

the Cen t ra l S i c i l i a n Bas in . Sulphur deposi ts from the Gul f Coast 

o f the U . L . A . are thouj^ht to have for.ned due to the r e d u c t i o n 
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o f d i s so lved s\i lphate by sulphur reduc ing b a c t e r i a t o form H2S 

which was then o x i d i s e d by more sulpha.te ions to form n a t i v e 

sulphur (Feely and Kulp 1957). The f r e q u e n t sulphurous odour 

descr ibed from the Calcare d i Base (Ogniben 1957, R i c h t e r Bemburg 

1973), toge ther w i t h the mutual a s s o c i a t i o n w i t h cavernous 

l imes tones suggests t h a t a s i m i l a r o r i g i n f o r bo th depos i t s i s 

l i k e l y . 

5.10.5 O r i g i n o f the T r i p o l i Bhyth^ns. 

I t l ias been ar^jued above t h a t the d e p o s i t i o n o f the 

T r i p o l i Format ion ' s diatomaceous sediments can be r e l a t e d to 

pe r iods o f u p w e l l i n g i n the Cent ra l S i c i l i a n Bas in . Since the 

d i a t o m i t e s are c h a r a c t e r i s t i c a l l y interbedded w i t h d o l o m i t i c mar l 

ho r i zons , the u p w e l l i n g must have occurred a t f r e q u e n t i n t e r v a l s 

d u r i n g the d e p o s i t i o n o f the T r i p o l i Format ion . The r e g u l a r 

occurrence o f these bouts o f u p w e l l i n g s t r ong ly suggests t h a t 

they were n o t s imply a se r i e s o f c o i n c i d e n t a l events bu t t h a t 

they occurred i n response to some ex te rna l c o n t r o l . Lacombe 

and Tschemia (1972) have s t a t ed t h a t the phys ica l ,oceanography 

o f the Medi ter ranean i s c o n t r o l l e d by the c l ima to logy o f the r eg ion 

and Grasshoff (1975) l ias shown t h a t l o c a l topography i s a l so 

impor t an t i n d e t e r m i n i n g the c i r c v i l a t i o n p a t t e r n o f ba s in wa te r s . 

The i n t e r m i t t e n t n a t u r e o f the u p w e l l i n g and the r e g u l a r changes 

i n c i r c u l a t i o n p a t t e r n s t h a t i t i m p l i e s may t h e r e f o r e be expla ined 

by r e g u l a r changes i n e i t h e r c l ima te o r topography. However, the 

ry thmic aspect o f the changes, as r e f l e c t e d i n the T r i p o l i 

sediments, s t r o n g l y suggests t h a t a c l i m a t i c o r i g i n i s the more 

l i k e l y . 

Studies o f Quaternary sedimentation i n the Western 

Alboran Sea by Euang and Stanley (1972) have l e d them to suggest 

t h a t a fundamental change took place i n the c i r c u l a t i o n p a t t e r n 

o f Mediterranean waters approximate ly 10,000 years agx), c o i n c i d i n g 

w i t h the onset o f v.'amer c l ima tes a t the end o f the P l e i s t o c e n e . 

They propose t h a t the presen t day an t i -es t -uar ine exchange o f waters 

between the Medi ter ranean Sea and the A t l a n t i c Ocean became 
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e s t a b l i s h e d d u r i n g the e a r l y Eolocene b u t a t the v e r y end o f the 

P le i s tocene an e s tua r ine c i r c u l a t i o n p a t t e r n e x i s t e d . Other 

pe r iods o f reversed ( e s t u a r i n e ) c i r c u l a t i o n have a l so been 

proposed f o r bo th the P le i s tocene and the Pliocene (Yergnaud-

G r a z z i n i and B a r t o l i n i 1970, Huang and Stanley 1972, Sonnenfeld 

1974). The re fo re , i n o rder to assess how c l i m a t i c changes m i g h t 

have a f f e c t e d the c i r c u l a t i o n o f Medi terranean waters d u r i n g the 

L iess in ian , i t i s necessary to consider why es tuar ine c i r c u l a t i o n 

e x i s t e d d u r i n g the l a t e P le i s tocene and the e f f e c t t h a t i t had on 

sedimenta t ion . 

Htiang and Stanley have suggested t ha t the p e r i o d o f 

reversed c i r c u i l a t i o n a t the end o f the P le i s tocene co inc ided w i t h 

the onset o f more tanpora te c l i m a t i c cond i t i ons f o l l o w i n g the l a s t 

o f the ma jo r g l a c i a l advances. This c l i m a t i c a m e l i o r a t i o n would 

have r e s u l t e d i n n o t o n l y the genera t ion o f considerable q u a n t i t i e s 

o f g l a c i a l me l twa te r bu t a l so an increase i n p r e c i p i t a t i o n 

and a l o w e r i n g o f evapora t ion r a t e s (Ej'-an et a l . 1966, Huang and 

Stanley 1972). The decrease i n evapora t ion together w i t h a l a r g e 

ajid r e l a t i v e l y sudden i n f l t i x o f f r e s h water must i n e v i t a b l y have 

l e d to a r e d u c t i o n i n the dens i t y o f the Medi te r ranean ' s sur face 

waters . Consequently, as these " f r e s h " Mediterranean waters 

entered the A t l a n t i c through the S t r a i t s o f G i b r a l t e r , they would 

have f l o a t e d on top o f the denser oceanic waters , thereby 

e s t a b l i s h i n g an e s tua r ine c i r c u l a t i o n p a t t e r n between the two 

water bodies (Hviang and Stanley 1972). This episode o f e s tua r ine 

c i r c u l a t i o n t e rmina ted a t the beg inn ing o f the Holocene when 

the supply o f g l a c i a l me l twa te r had been much reduced and the 

i n f l u x o f f r e shwa te r to the l . iediterranean was no l onge r ab le to 

compensate f o r the l o s s by evapora t ion . As a r e s u l t the 

Medi terranean developed a nega t ive water balance which could on ly 

be counterac ted by an i n f l o w o f sur face water from the A t l a n t i c . 

The f l o w o f water between the A t l a n t i c and Mediterranean was 

t h e r e f o r e reversed and an a n t i - e s t u a r i n e c i r c u l a t i o n p a t t e r n 

e s t a b l i s h e d . 
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The l a t e P le i s tocene was a l so a t i n e d u r i n g which 
p o o r l y oxygenated c o n d i t i o n s e x i s t e d throughout much o f the 
Medi te r ranean and the occurrence o f sapropels i n cores recovered 
f rom the Tj-'rrhenian and Eastern Mediterranean Basins sug^rests t h a t 
c o n d i t i o n s may o c c a s i o n a l l y have been completely anoxic (H-uang 
and Stanley 1972, Ryan 1972, C i t a and Rj^an 1975). The anoxic 
c o n d i t i o n s i n the Eastern Medi ter ranean have been a t t r i b u t e d to 
the ex is tence o f a d e n s i t y s t r a t i f i e d water body which was 
e s t a b l i s h e d as a r e s u l t o f an i n f l u x o f g l a c i a l me l twa te r f rom 
the Black Sea (Olausson I 9 6 I ) . Ryan (1972) has a l so r e l a t e d the 
d e p o s i t i o n o f l a t e Quaternary sapropels to warmer c l i m a t i c 
c o n d i t i o n s and suggests t h a t they i n d i c a t e times when the 
g l a c i o e u s t a t i c r i s e i n sea l e v e l r e s u l t e d i n communication be ing 
e s t ab l i shed between the Eastern Mediterranean and the Black Sea. 

Al though the Western Mediterranean i s thought to have 

been b e t t e r v e n t i l a t e d than the Eastern Basins d u r i n g the l a t e 

P l e i s t o c e n e , the presence o f sapropels i n the Tyr rhen ian Bas in 

suggests t h a t g l a c i a l me l twa te r f rom the Black Sea must have 

p e r i o d i c a l l y s p i l l e d over i n t o the Western Mediterranean and 

e s t ab l i shed a d e n s i t y s t r a t i f i e d water bod;̂ '- t he re a l s o . I n 

o r d e r to m a i n t a i n t h i s s t r a t i f i c a t i o n and prevent v e r t i c a l m i x i n g , 

the l e s s dense sur face waters o f the Western Mediterranean must 

have f l o w e d i n t o the A t l a n t i c and been replaced by denser oceanic 

water a t depth . The exis tence o f anoxic cond i t ions i n the 

Western Medi ter ranean d u r i n g the l a t e Ple is tocene i s t h e r e f o r e 

f u l l y i n accordance w i t h Hviang and S tan ley ' s proposal t h a t a t 

t h i s t ime es tua r ine c i r c u l a t i o n e x i s t e d between the A t l a n t i c and 

the Medi te r ranean , 

The f i n d i n g s o f Legs 15 and 42A o f the D . S . B . P . , both 

o f which encountered P le i s tocene sapropels , have p rov ided more 

evidence to support the a s s o c i a t i o n o f anoxic c o n d i t i o n s w i t h 

wamer c l i m a t i c c o n d i t i o n s , g l a c i a l r e t r e a t and r i r i n g sea l e v e l s 

( C i a r a n f i and C i t a 1973? M a r c h e t t i and Accors i 197^). Furthermore, 

sapropels a re today assoc ia ted w i t h t r x i l y anoxic basins such as the 
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Black Sea and some Norwegian f j o r d s , a l l o f which are charac te r i sed 

by e s tua r ine c i r c u l a t i o n ( C a l v e r t 1976). There i s t h e r e f o r e 

cons iderab le evidence t o suggest t h a t du r ing the l a t e P le i s tocene 

a c lose r e l a t i o n s h i p e x i s t e d between the development o f anoxic 

c o n d i t i o n s and the ex is tence o f e s t imr ine c i r c u l a t i o n and t h a t 

b o t h were the d i r e c t r e s u l t o f the p o s t - g l a c i a l onset o f warsner 

c l i m a t i c c o n d i t i o n s . 

u n f o r t u n a t e l y , no such simple r e l a t i o n s h i p e x i s t s 

between c l i m a t i c t rends and p r o d u c t i v i t y . Cold c l ima tes a re 

g e n e r a l l y thought to produce carbonate maxliia by i n t e n s i f y i n g 

atiTiOspheric processes and t h e r e f o r e i n t e n s i f y i n g oceanic c i r c u 

l a t i o n . This causes increased u p w e l l i n g and hence increased 

carbonate p r o d u c t i v i t y ( A r r h e n i u s 1952). However, w h i l e a 

c o r r e l a t i o n has been recognised between carbonate minima and 

i n f e r r e d warm c l ima te s d u r i n g most o f the Pl iocene the reverse 

appears to h o l d t r u e f o r the e a r l y P l iocene and the l a t e Q.uatem3,r:y 

( C i t a and 1 '̂an 1975). C i t a (1975b) has also suggested t h ^ t 

p r o d u c t i v i t y w i l l be h i g h e r when there i s f r e e exchange between 

the A t l a n t i c and the Medi ter ranean and t h a t i t may a l so have been 

increased by the es tabl ishment o f es tuar ine c i r c u l a t i o n . Huang 

and Stanley (1972) on the o t h e r hand have no t i ced an increase i n 

p e l a g i c carbonate sedimenta t ion w i t h the onset of a n t i - e s t u a r i n e 

c i r c u l a t i o n a t the beg inn ing o f the Holocene, The P le i s tocene 

' g l a c i a l s ' were cha rac t e r i s ed by lowered sea le\'-els and the 

i n t e n s i f i e d aimospheric a c t i v i t y a t t h i s ti-ne i s Ixiovai to have 

r e s u l t e d i n an increase o f wind t r anspor t ed t e r r i genous sediment 

( F a i r b r i d g e 1972, Huang and Stanley. 1972). The apparen t ly 

anomalous l o w carbonate p r o d u c t i v i t y du r ing the l a t e 

P l e i s t o c e n e i s t h e r e f o r e thought to be due to a combinat ion o f two 

f a c t o r s : F i r s t l y , r e s t r i c t e d c i rcu3 .a t ion between the A t l a n t i c and 

the Medi ter ranean as a r e s u l t o f lov/ered sea l e v e l s and secondly, 

the masking o f carbonate sediments by an increase i n the supDlj' 

o f c l a s t i c m a t e r i a l ( C i t a aiid P^'an 1975). 
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Al though the p r o d u c t i v i t y o f carbonate p r o d u c i n g 

organisms appears to have increased d u r i n g the l a t e P l e i s tocene 

' g l a c i a l s ' , t he re was no comparable increase i n s i l i c a p r o d u c t i v i i ^ f . 

The o n l y occurrence o f l a t e P l e i s tocene diatomaceous sediments i s 

i n the Eastern Med i t e r r anean . These t h i n diatomaceous ho r i zons 

are assoc ia ted w i t h sapropels and are thought to be due to the 

i n f l v a o f s i l i c a and n u t r i e n t - r i c h f r e shwa te r f rom t h e B l a c k Sea 

d i i r i n g pe r iods o f d e g i a c i a t i o n ( Rj'an e t ?.!. 1975). 

C i t a (1975b) i ^ s suggested also t h a t the l a t e P l iocene 

sapropels d iscovered by D.S.D.P. Leg 13 are the r e s u l t o f 

g l a c i o e u s t a t i c sea l e v e l c h ^ g e s b u t t h ^ t i n t h i s case they were 

caused by g l a c i a l f l u c t u a t i o n s i n r eg ions o the r th^n the 

Medi te r ranean . The suggest ion thiat sedimentat ion w i t h i n 

the Medi te r ranean can be c o n t r o l l e d by g l a c i a l a c t i v i t y 

elsewhere i s o f p a r t i c u l a r importance w i t h r espec t t o 

Mess in ian sediments, s ince a pronounced g loba l c o o l i n g i s known 

to have taken p l a c e d u r i n g the l a t e Miocene (Kenne t t and Y e l l a • • 

1975). Th i s c o o l i n g event i s thought to have been r e l a t e d to a 

m a j o r advance i n the A n t a r c t i c Icecap which commenced i n the e a r l y 

midd le Miocene and v/as a t i t s most extensive d u r i n g the K a p i t e a n 

( e q u i v a l e n t to the l a t e Mess in ian) (ShackJLeton and K e n n e t t '^S15B. 

197513). I t r e s u l t e d n o t o n l y i n a m a j o r increase i n u p w e l l i n g a t 

t he A n t a r c t i c convergence bu t must a l so have had a wor ldwide e f f e c t 

on ocean c i r c u l a t i o n and c l ima t e s (Kennet t e t a l . 1975). T h e r e f o r e , 

s ince Medi te r ranean c l i m a t e s a re known to have become p r o g r e s s i v e l y 

c o o l e r and d r i e r between the Tor ton ian and the P l i o c e n e (Benda 1975, 

M a r c h e t t i and A c c o r s i 1978), i t i s i nconce ivab le t h a t A n t a r c t i c 

g l a c i a l a c t i v i t y d i d n o t h^ve a p r o f o u n d i n f l u e n c e on Medi te r ranean 

sedimenta t ion d u r i n g the l a t e Miocene. 

The co inc idence o f the A n t a r c t i c g l a c i a t i o n and the 

Mess in ian S a l i n i t y C r i s i s has been commented on by severa l au thors 
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i n c l u d i n g Adams e t a l , (1977) and Hsu et a l . (1978) . l ^ e s t e r o f f 

and Glacon (1975) have proposed a g l a c i a l o r i g i n f o r the 

sedimentary cyc l e s seen i n the Upper Evapori tes i n S i c i l y and a 

s i m i l a r exp lana t ion seens l i k e l y f o r the cycles observed i n the 

Calcare d i Base. These have been described above ( s e c t i o n 5.10.4) 

and shown to c o n s i s t o f a l t e r n a t i n g i n t e r - o r s u b t i d a l and 

s u p r a t i d a l d e p o s i t s . The most p l a u s i b l e explanat ion f o r such 

a l t e r n a t i o n s i s c l e a r l y o s c i l l a t i o n s i n sea l e v e l wh ich , i n v i e w 

o f the g l a c i a l a c t i v i t y i n the A n t a r c t i c , are l i k e l y t o be 

g l a c i o e u s t a t i c a l l y c o n t r o l l e d . Since the Calcare d i Base cyc l e s 

appear t o be r e l a t e d to the rhythms i n the i m d e r l y i n g T r i p o l i 

Fo ima t ion , i t i s l i k e l y t h a t they too have a g l a c i a l o r i g i n . I f 

c y c l i c f l u c t u a t i o n s i n A n t a r c t i c g l a c i a l a c t i v i t y are indeed 

re spons ib le f o r the T r i p o l i rhj'-thms, t h e i r p e r i o d i c i t y must have 

been the same as the d t i r a t i o n o f each rhythm, t h a t i s between 

15,000 and 30,000 years ( s e c t i o n 3 .5 ) . This i s r ena rkab ly s i m i l a r 

to es t imates of- the p e r i o d o f P le i s tocene g l a c i a l - i n t e r g i a c i a l 

cyc les based on p a l a e o n t o l o g i c a l and s t ab l e i so tope s tud ie s o f 

f o r a m i n i f e r a f rom Quaternary sediments i n the Red Sea (Berggren 

and Boersma 1969? Deuser and Degens 1969> Baery e t a l . I969) , 

Other est imates f o r the P le i s tocene g l a c i a l cycles-in-jthe-Pl-iocen-e" 

are somewhat l o n g e r and may be as much as 100,000 years ( P a i r b r i d g e 

1972, C i t a and Ryan 1975). T h i s i s never theless s t i l l o f the 

same orde r and the s i m i l a r i t y again argues s t r ong ly i n f a v o u r o f 

a g l a c i a l o r i g i n f o r the T r i p o l i rhythms. Al though g l a c i a l 

a c t i v i t y i n the A n t a r c t i c i s obv ious ly remote from the Medi te r ranean , 

i t would c e r t a i n l y i n f l u e n c e T r i p o l i sedimentat ion through i t s 

e f f e c t on c l i m a t i c and oceanographic processes. I t i s t h e r e f o r e 

proposed t h a t the rhythmic na tu re o f T r i p o l i sedimentat ion i s a 

r e f l e c t i o n o f c l i m a t i c and oceanographic o s c i l l a t i o n s r e l a t e d to 

g l a c i a l a c t i v i t y i n the ^ i n t a r c t i c . 

Since the T r i p o l i rhythjns a re be l i eved to be r e l a t e d to 

c l i m a t i c o s c i l l a t i o n s , t h e i r u n i f o r m appearance across the e n t i r e 

Cen t ra l S i c i l i a n Basin suggests t h a t each of the c o n s t i t u e n t 
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l i t h o l o g i e s can be re la ted to a p a r t i c u l a r part of the c l ima t i c 

cyc le . The T r i p o l i sediments most character is t ic o f a p a r t i c u l a r 

set of depositional conditions are the diatomites. I t has been 

s'Loym above thjat these required a wel l developed oxygen minimum 

zone and a good supply o f deep, nu t r i en t r i ch waters to the 

Central S i c i l i a n Basin. The a v a i l a b i l i t y of n u t r i e n t r i c h 

waters i n the world ocean would have been at a maximum dur ing 

or a t the end o f a ' g l a c i a l ' per iod since th is i s when Antarc t ic 

bottom water a c t i v i i y and other oceanographic processes would 

have been a t t he i r most intense (Arrhenius 1952, Gordon 1971» 
Kennett e t a l . 1975). Increased upwell ing and surface product

i v i t i e s a t these times would also have tended to expand any 

oceanic oxygen minimum l a y e r . However, this would have had l i t t l e 

impact on the Central S i c i l i a n Basin unless the existence o f 

estuarine c i r c u l a t i o n allowed the deep n u t r i e n t - r i c h waters to 

be admitted to the Mediterranean. The evidence from the l a t e 

Pleistocene suggests that estuarine c i r cu la t ion i s most l i k e l y 

when the supply of f r e s h water to the Mediterranean i s a t a 

maximum. At Calascibetta an increase i n the supply o f d e t r i t a l 

mater ia l has been shovm to coincide w i t h the deposi t ion o f diatomites 

and provides f u r t h e r evidence th^ t t h i s was the time o f maximum 

freshwater discharge i n t o the Central S i c i l i a n Basin. Therefore, 

since there would pro'bably have been a delay i n oceanographic 

processes responding to c l ima t i c change, the pos t -g l ac i a l periods 

o f c l ima t i c warming c l e a r l y provided the ideal condit ions f o r 

d i a toa i t e deposition ( F i g . 5.52 &. 3.35). 

A. comparable s i t u a t i o n may have existed i n the Bed 

Sea,where Goll (1969) has described a b r i e f invasion o f r a d i o l a r i a 

which he t e n t a t i v e l y dated as early Eolocene. I t i s not known 

what brought about t h i s invasion,but i t s timing wi th respect to 

g l a c i a l a c t i v i t y i s i n t e r e s t i n g i n thiat i t corresponds to an 
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intertJacial period. This is only sl ightly l a t e r i n the glacial 
cycle t h ^ the Tr ipo l i diatomites are believed to have been 
deposited and i n view of the d i f f i cv i l t i e s enccvir.tered by Goll 
(.1969)..in establishing.the_a£e_of_the invasion,_3hej|iffere^^^^ 
day well be due to dating inaccuracies. - -

The trey dolosr.itic narls and brov.Ti sh^es are less 
easj"- to assign to particular parts-of the cli t iat ic cycle since 
these l i thologies laay be deposited under a variety of conditions. 
EOY.-ever, the dolonitic marls are thought to have been deposited 
as foraminiferal-coccolith muds and therefore probahly resemble 
sedinents accumulating in parts of t h e ed i te r ran ean today 
(BS'an et al.1966). This, together with their s t r a t i ^ p h i c 
position overlying the diatonites, suggests they must represent 
sedimentation under "interg3.acial" conditions (Pig 5,51). At 
thJ.s time the oceanographic processes ^rhich produced the diatomites 
h^d waned and the existence of ventilated b o t t o Q conditions implies 
th^at an anti-estuarine circulation pattern had been est5,blished 
(pig 3.53). The broT.!! shales must therefore h^ve been deposited 
under "glacial" conditions (Figs 5.51 & 5.34) since PIeistocene 
glacial periods were characterised by an increase i n trind • 
transported terrigenous sediment due to the cold a r id clrnate and 
lowered sea levels (Fairbridge 1972, Huang and Stanley 1972), 

jilthovigh many aspects of the Tr ipol i sedimentation can 
be explained by relat ing the rhythms to climatic cycles, there 
are other problems whdch remain unsolved. Per example, the 
climatic cycles alone cannot account fo r the selective dolonit-
isat ion of the grey marls nor f o r the barren nature of the hroAvn 

shiales which were deposited when carbonate productivity should 
have been at a maximum. I t has already been suggested (Sections 
5.10.1 and 5.10.5) that sa l in i ty and the presence of a shallow s i l l 
ĥ ave played an Lrnportant r o l l i n detemining the nature of the 
T r i p o l i sediments. Kow these affected sedinentation and their 
influence on the build up t o t h e Salinity Crisis v ; i l l be discussed 
i n t h e f o l l o v . i n g section. 



142 -

5.11. Tlie Pre-Salinity Crisis Mediterranean. 

Grasshoff ^1975) i^s sho\m the sal ini ty dis t r ibut ion i n 
an enclosed sea stich as the Mediterranean w i l l "be strongly influenced 
by the nature of any s i l l connecting i t with the open ocean. The 
shallower the s i l l and the more restricted the circulation, the 
shallower y^ill be the halocline and the greater w i l l be the surface 
sal ini ty gradient away from the source of oceanic water. Glacio-
eustatic variations i n sea level during the Messinian are thought 
to have been i n the order of 50-70 metres (Adams et al.1977). 
Therefore, although such sea level changes would have been negligible 
when compared to the water depths of 2400 metres or more at 
Capodarso, they could have had a profound effect on sa l in i t ies 
within the Mediterranean had i t been separated from the Atlantic 
by a sl-iallow s i l l at this time. The existence of such a s i l l has 
been suggested above (Section 5.10.1) and need not have been a 
barrier to the in f lux of deep nutrient rich mters from the Atlantic , 
since both the Sea of Japan and Saanich In le t i n Br i t i sh Columbia 
have an adequate supply of nutrients fo r sustaining diatomaceous 
sedimentation despite having s i l l depths of only 70 and 90 metres 
respectively (Solov'ye^ 19^2, Gucluer and Gross I964, Adams et a l . 
1977^. I'to'thersnore, a close relationship between Pleistocene 
foraminiferal assemblages and giacioeustatic fluctuations i n sea 
level has been reported from the Red Sea which was also connected 
to the open ocean via a shallow s i l l at this time. I t has been 
shown that a species able to withstand cold and highly saline 
conditions was part icularly abundant during periods of lowered 
sea level while less tolerant species predominated at other times 
(Berggren and Boersnia I969). I t i s therefore proposed that 
during the lAessinian a shallow s i l l existed between the Mediterr
anean and the Atlantic and as a result, the sal ini ty of the 
Mediterranean waters was controlled primarily by the sea level 
changes associated with the cl ma t ic/glacial cycles. 

The way in which salinity, circulation patterns and 
sediiaent3.tion i n the Mediterranean are thought to have varied i n 
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re la t ion to succeeding glacial/climatic cycles can be summarised 
as follows: 

A) GLACIAL-IKTERGLACIAL (Fig 5.52): The freshwater supply to the 
Mediterranean from surface runoff and precipitation exceeded losses 
through evaporation. The surface waters were therefore less 
saline and less dense than oceanic waters and floated on top of 
thea, thereby establishdng estxaarine circulation. The Mediteirr-
anean received dense nutrient r i ch oceanic water over the s i l l and 

, a density s t r a t i f i ca t ion therefore developed. Since there 
was l i t t l e ver t ica l exchange between the various layers poorly 
ventilated or anoxic Taotton conditions eventually resulted. 
Y/here local topography sind wind directions were favourable (e.g. the 
Central S ic i l i an Basin), upwelling brought the nutrient r i ch deep 
water to the surface and h i ^ surface productivities led to 
diatomite deposition and the expansion of the oceanic oxygen 
ninimum layer. 

B) mTEHGLACIAL (Fig 5.55): Surface evaporation exceeded 
freshwater inflxix to the Mediterranean and anti-estuarine 
circulat ion was established. A surface sal ini ty gradient 
increasing away from the supply of oceanic water was also produced. 

'The denser and more saline of the surface waters sank into the 
basin, thereby raising oxygen levels but enhancing the density 
s t r a t i f i c a t i o n . However, this was par t ia l ly offset by a ' 
warmer climate making the surface waters less dense. Nevertheless, 
dense saline brines eventually accumulated below s i l l depth. 
Productivity i n the surface waters was comparable to that of 

'today, although i n the Central Sici l ian Basin i t v;as suf f ic ient 
to allow the accumulation of pelagic carbonate sediments. As 
sea-level declined, gypsum precipitated on tidal f l a t s around 
the margins of the basin and dolomitising brines were e-enerated 
which sank into the basin and produced the grey dolomitic marls. 
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C) GLACIAL (Fig 3.54): The inflTjx of freshwater to the Mediterr
anean was severely- reduced or even non-existent. The in f lux of 
surface oceanic vfaters was also much reduced due to the giacio-
eiistatic lowering of sea level , hence the surface sa l in i ty gradient 
was correspondingly greater. The colder climate also meant that 
the wanning of surface v^aters which counteracted the density 
increase due to evaporation v;as less effective. There was 
therefore a more rapid accumulation of brines that were both more 
saline and more dense than those accumulating during the Inter-
glacial period. The intensif ied atmospheric processes and the 
increased sal ini ty of t h e basin waters must together have favoured 
evaporation and t h e precipitation of gypsum around the basin 
margins. The maximum generation of dolomitising brines would 
therefore have taken place at this time. Another effect of the 
increased sal ini t ies woiild have been to severely res t r i c t the 
productivity of calcareous planktonic organisms so that the 
sediments accumulating i n the Central Sicil ian Basin were 
predominantly terrigenous mudstones. Towards the end of the 
deposition of the Tr ipol i Formation i t i s possible that a 
combination of giacioeustatically lowered sea levels and 
evaporitic drawdown could have resulted i n the Mediteri^ean 
being temporarily isolated from the Atlantic. 

D) GLACIAL-raTERGLACIAL (Fig 3.35); As in A) except that the 
deeper parts of the basin contained dense saline brines. The 
f e r t i l e ocean water entering the basin therefore floated on top 

.of this dense water and a separate convection cel l was set up 
with the surface waters. The deeper basin waters were therefore 
isolated and i n the absence of any vert ical water novenent poorly 
oxygenated bottom conditions developed. Surface productivities 
v/ere again high and diatomaceous sediments accumulated as before. 
The rise i n sea level and less restricted cornr;unication with the 
open ocean would result in an overall lowering of the sal ini ty of 
the basin waters and the dissolution of most of the evaporites 
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deposited aroumd the basin margins. As a result l i t t l e evidence 
of Tr ipo l i evaporite deposition now remains. 

Today, both the Mediterranean and the Red Seas are 
coniiected to the ocean via a s i l l and both have a negative water 
balance which results in an anti-estuarine circulation pattern. 
They are therefore both characterised by h i ^ e r sa l in i t ies than 
the open ocean (Grasshoff 1975). This i s particularly so fo r 
the Red Sea which, due to i t s particularly low freshwater input 
and h i ^ evaporation rates, has sal ini t ies ranging from just less 
tlian 3 & - / j c at the siirface to values of 40/C> to just over 40.6ji« i n 
the v i r t ua l l y isohaline deep waters (Siedler I969). Salinities 
at least as high as those in the Red Sea and probably much higher 
could therefore have been attained i n the Mediterranean during 
the deposition of the Tr ipo l i ' s doloraitic marls and terrigenous 
shales . 

As the Messinian progressed and the climate gradually 
became colder an overall giacioeustatic lowering of the sea level 
would have been superimposed upon the fluctuations associated with 
the individvial cycles. This would have led to increasingly 
restricted communications between the Mediterranean and the Atlantic 
and a corresponding increase i n the overall sal ini ty of Mediterr
anean waters. The build up of sal ini ty during the deposition of 
the Tr ipo l i sediments i s reflected i n the increasing abundance of 
dolomite towards the top of the foimation and must certainly have 
been one of the major controls on organic productivity in the 
waters of the Central Sici l ian Basin.. I t accounts not only fo r 
the scarcity of biogenic material in the brown shale horizons but 
also f o r the increasing importance of the brown'shales, in the 
upper part of the section at Caraastra and the decrease i n the 
diversity of diatom assenblages at the top of the Tr ipo l i 
Formation recognised by Gersonde (1978). 

The combination of the increasing salini ty of the basin 
waters and increasingly restricted communication with the Atlantic 
must have eventually eliminated the high surface productivities 
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F IG . 3.36 WATER L E V E L S A L I N I T Y AND OXYGEN CONTENT IN THE 

RED SEA DURING THE PAST 35,000 Y E A R S 

( after Emery a Hunt 197A ) 
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necessary fo r diatomite deposition. A marked change i n dolomite 
composition also occurred at the top of the Tr ipo l i Poimation 
which i s thought to have marked, the ending of open marine influence 
i n the Central S ic i l ian Basin (Section 5 . 1 0 . 5 ) . Paxmal 
studies by Cita et a l . (1978) have also shovm that dramatic environ
mental changes took place throu^out the whole of the Mediterranean 
prior to the deposition of the evaporite unit . I t i s therefore 
suggested that the ending of Tr ipo l i sedimentation i n the Central 
Sic i l ian Basin coincided with the temination of marine 
communication across the shallow s i l l separating the Mediterranean 
from the Atlant ic . At times during the Pleistocene the Red Sea 
i s also thought to have become completely isolated from the Indian 
Ocean (Bnery et a l . I969) . This resulted in sliarp f a l l s in sea 
level within the basin and correspondingly sharp increases in 
sa l in i ty as shown i n Fig 5 . 56 (Bnery and Kunt 1974). The effect 
that the isolation of the Messinian Mediterranean would have had 
on sea levels and sal ini t ies must have been similar to tliat 
observed i n the Red Sea during the Pleistocene. The severing 
of communication between the Mediterranean and the Atlant ic must 
therefore have been closely followed by a rapid drawdown of sea 
level within the Mediterranean, a dramatic rise i n sa l in i ty and 
the inevitable onset of the Messinian Salinity Crisis . 
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CHAPTER 4. 
SmmRT OF CONCLUSIONS. 

Diatomaceous sediments of Aquitanian/Burdigalian and Messinian 
ages are fotind i n S ic i ly . 

The Lower Miocene siliceous sediments are not well exposed 
and are often in an advanced stage of diagenesis. There i s no 
evidence to suggest a volcanic source fo r the s i l i ca in these 
deposits and a diatoraaceous origin can be inferred from the 
occasional presence of corroded diatom frustules. 

The stratigraphic setting of these diatomaceous sediments 
i s obscure since some appear to occur as o l i s to l i ths within 
the Numidian Flysch or the Argi l le Scagliose while others have 
apparently conformable contacts. I t i s suggested that they 
accumulated i n the deep narrow seaways in which the flysch and 
Argi l le Scagiiose were also accumulating. They then underwent 
rapid btirial beneath a p i l e of nappes as the Calabrian Massif 
moved against the African Foreland during the tectonic upheavals 
of the early to middle Miocene. As a res\ilt,some diatomaoeous 
accumulations apparently became • detached from their immediate 
stratigraphic surroundings. 

I t appears that a "diagenetic gradient'? exists across 
Sici ly since the deposits i n the north and northeast of the 
island are exclusively q m r t z i t i c , those in central Sici ly 
are composed of opal-CT and there i s one reported occurrence 
of an unaltered early Miocene diatomite from the south coast, 
A similar gradient also appears to exist i n southern Spain and 
i t i s suggested that this mineralogical zonation reflects the 
amomt of biir ial which the sediments have undergone. 

The opal-rCT sediments i n central Sicily occur both as 
porcelanites and cherts. However, the transition from porcelanite 
to chert i s not simply due to increasing diagenetic alteration 
since the diatom frustules in the opal-CT cherts show fa r less 
evidence of dissolution than their counterparts i n the porcelahites. 
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I t i s proposed that the cherts and porcelanites belong to di f ferent 
diagenetic "pathways" and that the textural variations are due 
primarily to compositional differences in the original sediment. 
The cherts were relat ively pure diatomites, r ich i n opaline 
s i l i ca which imderwent diagenesis mainly by i n si tu replacement. 
The porcelanites on the other hand, were r ich in calcium carbonate 
and more porous so that their diagenesis was dependent on the 
passage of i n t e r s t i t i a l f l i i i d s causing the dissolution and re-
precipitation of the various s i l ica phases. 

The quartzitic deposits also occur both as cherts and 
porcelanites. Chert development appears to be controlled primarily 
by the avai labi l i ty of s i l ica reqviired fo r the precipitation of 
cryptocrystalline quartz. Argillaceous horizons therefore 
inh ib i t chert growth since they act as permeability barriers. 

The Messinian diatomaceous horizons belong to the Tr ipo l i 
Foimation which comprises cyclic alterations of diatomites and 
claystone horizons. I t occiirs in the Central Sici l ian Basin 
overlying henipelagic Tortonian marls and is i t s e l f overlain by 
the Mediterranean Evaporites. The Tr ipol i Formation therefore 
represents a broadly regressive sedimentary sequence. 

The diatomites accumulated on the basin flanks while 
foxaminiferal marl deposition prevailed in the deepest parts of 
the basin. They were deposited under normal marine conditions 
i n response to the intermittent upwelling of deep nutr ient-r ich 
oceanic waters. Their f ine ly laminated appearance also indicates 
that they accumulated in an oxj'̂ gen deficient environment. I t i s 
suggested that the Guaymas Basin in the Gulf of California provides 
the closest modem analogy to t h e Central 

Sic i l ian Basin during the deposition of the Messinian diatomites. 
However, bottom conditions in t h e Central Sicilian Basin were 
l e s s w e l l ventilated than those existing today in t h e Guaymas 
Easin and i t i s therefore suggested that there was a physical 
barrier restr ict ing circulation between the Mediterranean and. 
the Atlantic during t h e la te Miocene. 
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The interbedded claystone horizons each comprise a-grey 
dolomitic marl overlain by a brown terrigenous shale. The 
dolomitic marls were probably deposited as foraminiferal marls,v/hich were 
similar to those accumulating in the deepest parts of the basin 
and then iinderwent dolomitisation pr ior to buria l . Productivity 
in the svirface waters of the basin were clearly lower than during 
the deposition of the diatom.ites and i t must have been very lov; 
indeed while the terrigenous shales were accumulating. Stable 
isotope studies show that the dolomitisation took place in highly 
evaporated, poorly oxygenated conditions possibly comparable to those 
existing today i n the Dead Sea, Dense,.saline, Mg - r ich brines 
are thought to have been generated round the margins of the basin 
where gypsum was probably precipitating and then to have descended 
into the basin dolomitising the sediments on the basin flanks. The 
generation of these dolomitising brines was clearly more active •. 
during the deposition of the grey marls than the diatoraites, although 
both the interbedded claystones and the diatomites become increasingly 
dolomitic towards the top of the formation. Concurrent with the 
increase i n dolomitisation the basin waters must have become increasingly 
saline. A change i n the dolomite composition also coincides with the 
tenaination of diatomite deposition and their replacement by shallow 
water , evaporitic carbonates of the Calcare d i Base. This i s thought 
to indicate the severance of communication between the Mediterranean 
and Atlantic and the beginning of widespread gjrpsum precipitation 
within the basin. 

The following model i s proposed to account fo r Tr ipol i sedimentation . 
in the Central Sici l ian Basin : The alternating diatoraite and claystone 
horizons are thought to re f lec t reversals i n the exchange of water 
between the Atlantic and the Mediterranean, Anti-estuarine circulation 
being required to bring deep nutrient-rich waters into the Mediterranean 
in order to sustain!, diatom productivity and estuarine circulation 
accounting f o r the lower productivities and better ventilated 
conditions at other times. By analogy with Pleistocene events in the 
Mediterranean, these circulation reversals are thought to have been 
brought about by glacioclimatic fluctuations related to the la te 
Miocene advance of the Antarctic Icecap. As a result of the overall 
giacioeustatic lowering of sea levels during the la te Miocene, the exchange 
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of waters over t h e shallow s i l l which s epa ra t ed t h e Mediterranean and..the 
Atlantic became increasingly restricted. Hence the basin 
waters became increasingly saline and the Tripol i sediments 
increasingly dolomitic un t i l commmication was eventually 
severed and the Messinian Salinity Crisis ensued. 



PLATE 2.1 

Monte Caolina from near Santa Venera. 
(the outcrop i s v i s i b l e on the r i g h t -
hand skyline.) 

PMTE 2.2 

g u a r t z i t i c porcelanites interbedded 
•irith t h i n argillaceous horizons, 
Monte Caolina. 
(scale: compass i s 7cms x 6cms.) 
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PLATE 2.3 

Quartz chert nodules groiving vrithin 
the q u a r t z i t i c porcelanites and causing 
the beds to pinch and swell, Monte Caolina. 

PLATE 2.4 

Thinly bedded and hig h l y fractured . 
q u a r t z i t i c cherts, Sperlinga Quarry 
road. 
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PLITE 2.5 

Q t i a r t z i t i c porcelanite sboiring c r i n k l e d 
laminae continuing i n t o a chert nodule, 
Sperlinga River. 
( scale i s i n centimetres) 

PLATE 2.6 

Photomicrograph of a q u a r t z i t i c porcelanite 
shOTTing f o r a m i n i f e r a l t e s t s ( F T ) and. d e t r i t a l 
grains (DG) set i i i a fi n e , grained, mainly 
s i l i c e o u s groundmass, Monte Caolina. 
(XP X50) 
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PLATE 2.7 

Photomicrograph of the contact between a 
f j u a r t z i t i c porcelanite (top) and an argillaceous 

•^•hor.i.zon, sfonte Caolina. 
(PP x25) 

PLATE 2.8 

Light brovn (lower l e f t ) and grey (top) 
opal-CT porcelanites, D i t t a i n o . 
(Scale i n centimetres) 
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PLATE 2.9 

Scanning electron micrograph of opal-CT 
chert shoving diatomaceous debris, 
A n t i n e l l o . 
(Etched f o r 6 0 sees, i n I I F ) 

PLATE 2.10 

Photomicrograph of opal-CT porcelanite 
shov/ing crenulated laminae, D i t t a i n o , 
(PP xS) 
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PLATE 2.11 

Scanning electron micrograph of discoasters (D) 
and coccoliths (c) i n an opal-CT porcelanite, 
D i t t a i n o . ' 

PLATE 2.12 

Scanning electron micrograph of lepispheres ( L ) 
i n opal-CT porcelanite, D i t t a i n o . 
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PL.\TE 2.13 

Scanning electron micrograph of lepispheres 
i n onal-CT porcelanite, D i t t a i n o . 

PLATE 2.14 

Nodular q u a r t z i t i c cherts grooving i n q u a r t z i t i c 
porcelanite beds, Monte Caolina. 
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PLATS 2.15 

Argillaneous partings constraining the groirth 
of chert nodules, .Monte Caolina. 
(Scale: lens cap i s 5.5 eras, i n diameter) 

PLATE 2.16 

Cracks i n a q u a r t z i t i c chert, Sperlinga River. 
(PP x8) 



159 



PLATE 3.1 

Tortonian blue marls o v e r l a i n by the f i s s i l e , 
basal T r i p o l i diatomites, Carnastra. 

PLATE 3.2 

Graded i n t e r v a l s i n a shaley diatoraite from 
near the base of the T r i p o l i Formation, Caraastra, 
(Scale i n centimetres) 
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PLATE 3.3 

A T r i p o l i rhj-thm : diatomite oyerljdng broim 
shale overlying grey dolomitic marl, Camastra. 

PLATS 3.4 

Scoured contact between diatomite and the 
overlying grey doloniitic marl, Falconara, 
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PLATE 3.5 

Conspicuously p a r a l l e l laminated diatomite 
o v e r l a i n by f o r a m i n i f e r a - r i c h limestone, 
Campobello d i Lic a t a . 

PLATE 3.6 

Diatomite showing p a r a l l e l laminated and 
homogenous horizons, Aragona, 
(Note the convoluted laminae a t the base of 
the homogenous horizon.) 
(Scale i n m i l l i m e t r e s . ) 
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PLATS 3.7 

Diatomite shoninr? p a r a l l e l laminae and homogenous 
i n t e r v a l s , Montedoro. 
(Note disturbed horizon near base) 
(Scale i n m i l l i m e t r e s ) 

PLATE 3.8 

Scanning el e c t r o n micrograph of Centric diatom 
(Coscinodiscus Sp. ? ) set i n a mass of diatom 
debris. 
( J : 1000) 
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PLATE 3.9 

Photomicrograph of diatomite. Groundmass 
consists of pennate (P) and c e n t r i c (C) diatoms 
and s i l i c o f l a g e l l a t e s (s). Bompensiere. 
(PP x200) 

PLATE 3.10 

Photomicrograph of a smear s l i d e of a diatomite 
showing pennate (P) and c e n t r i c (C) diatoms, 
s i l i c o f l a g e l l a t e s (s) and discbasters (D),' : 
Campobello d i Lic a t a . 
(PP s200) 
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PLilTE 3.11 

Photomicrograph of a smear s l i d e of a diatomite 
shov.ing a s i l i c o f l a g e l l a t e . Campobello d i Licata. 
(PP ::200) 

PLATE 3.12 

Photomicrograph of diatomite shov/ing'a r a d i o l a r i o n 
(rO , f o r a r a i n i f e r a l tests ( F T ) and diatoms ( D ) . 
Camastra. 
(PP xl25) 
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PL.1TE 3.13a 

Photomicrograph of diatomite shOTring a r a d i o l a r i a n 
( a ) , diatom remains (D) and d e t r i t a l quartz (DQ), 
Camastra, 
(PP xl25) 

PLATE 3.13b 

As above, calcareous matter i s recognisable 
by i t s high birefringence. 
(XP xl2o) 
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PLATE 3.14 

Disturbed horizon i n a diatoraite, Carapobello 
d i Licata. 

PLATE 3.15 

Photomicrograph of a large dolomitic rhomb set 
i n the m i c r i t i c groundmass of a grey dolomitic 
marl,Camastra. 
(XP x200) 



167 



PLATE 3.16 

I'hotoniicro5:raph of a f i s s i l e , broim shale 
w i t h f o r a r a i n i f e r a l tests set i n a f i n e terrigenous 
matrix, Caraastra. 
(PP X 25) 

PLATE 3.17 

Scanning electron micrograph of gypsuni(?) 
c r y s t a l s growing i v i t h i n a f o r a m i n i f e r a l t e s t , 
Camastra. 



168 



PLATE 3.18 

The "Whitish Marls" at Palma d i Montechiaro. 
(The v i l l a g e i s seen i n the background.) 

PLATE 3.19 

Photomicrograph of cubic opaque minerals (formerly 
p y r i t e ) w i t h i n f o r a m i n i f e r a l t e s t s i n a w h i t i s h 
marl, Marina d i Palma, 
(PP xoO) 
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PLilTE 3.20 

Fhotoinicroeraph of a sandstone shov/ing ghosts 
of f o r a m i n i f e r a l t e s t s t h a t have been replaced 
by a c a l c i t e cement. Other grains include 
quartz (2) and a l t e r e d feldspars ( F ) , Bonmensiere. 
(XP xoO) 

PMTE 3.21 

The dolbmitic, lovrer Calcare d i Base, Snna. 
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PL.4TS 3.22 

Graded horizons i n laminated dolomitic sediments, 
lov.er Calcare d i Base, A n t i n e l l o . 
(PP x8) 

PLATE 3,23 

Grumeleuse s t r u c t u r e i n dolornitic sediments 
of the lov.-er Calcare d i Base, Enna. 
(XP x200) 
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PLATS 3.24 

Scanning e l e c t r o n micrograph of r a d i a t i n g aragonite 
needles. Sutera. 

PLATE 3,25 

Celestine (C) i n f i l l i n g pore space i n a doloraitic 
Calcare d i Base sediment, Enna, 
(XP x50) 
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PLATE 3.26 

Thinl y bedded Calcare d i Base delorhites, 
ilarina d i Palraa. 
(Scale i n centimetres) 

PLATE 3.27 

Angular c l a s t s and vugs i n a brecciated 
Calcare d i Base dolomite, Marina d i Palma. 
(Scale i n centimetres) 





PLATE 3,28 

Photomicrograph of c a l c i t e microspar developing 
i n a m i c r i t i c d o l o s i t e , Galcare d i Base, Calascibetta, 
(XP x50) 

PLATE 3,29 

Photomicrograph of an anhedral c a l c i t e nosaic 
formed by a c a l c i t e cement i n f i l l i n g veins and 
the pore space of a raicritic dolomite, Calcare 
d i Base, Camastra, 
(XP x25) 
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PLATE 3.30 

Calcare d i Base a t Canastra'. 
(note the undulating dark bentonite bed and 
the massive nature of the Calcare d i i!ase.) 

PLATE 3.31 

Photomicrograph of s o l u t i o n horizons (S) i n 
a c l a s t of a p e l l e t y limestone i n a Calcare 
d i Base breccia, Camastra. 
(PP x8) 
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PLATE 3.32 

A pseudoraorph of a cubic mineral ( h a l i t e ) , 
Falconara. 
(Gcale i n centimetres) 
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AI'PENDIX I 

X-RAY- FLUORESCENCE ANALYSIS 

The sediments' major and minor elements ( S i , A l , 
Fe, Mg, Ca, Na, K, T i , S and P ) were determined by x-ray 
fluorescence analysis. Samples were prepared according t o 
the method described by Beddoe-Stephens (1977), A l l analyses 
were performed on a PW1212 sequential x-ray spectrometer w i t h 
a TE108 automatic sample loader using a Cr ta r g e t and an 
evacuated tube. 

I n t e r n a t i o n a l and departmental sedimentary standards 
were used to construct a c a l i b r a t i o n curve of number of counts 
against weight percent f o r each element. Where the data 
points approximated t o a s t r a i g h t l i n e (A1, Mg, Ca, Na, T i , 
S and P ) , the curve was obtained by applying a l i n e a r regression. 
For S i , Fe and K the curve was drawn by hand. The compositions 
of the 'unknown' sediments were then obtained d i r e c t l y from these 
c a l i b r a t i o n curves. The accumulation of counts f o r the unknowns 
was based on a ' f i x e d count' time f o r a monitor. This minimises 
machine d r i f t or i n s t a b i l i t y . 

No corrections were applied f o r interference e f f e c t s 
neither were any independant;analyses performed t o determine 
the amounts of HgO and COg i n the samples. However, a t h e o r e t i c a l 
estimate of the COg content could be made by assuming t h a t i t 
occurred s o l e l y i n dolomite and c a l c i t e . This was thought t o 
be a reasonable assumption since the only other common minerals 
are opal-A, quartz and clays. The percentages of c a l c i t e and 
dolomite i n the sediments were calculated assuming t h a t a l l the 
MgO was present as dolomite and a l l the CaO not incorporated i n 
the dolomite occurred as c a l c i t e . This too, was thought to be 
a reasonable assumption since c a l c i t e and dolomite comprised 
the bulk of the non-siliceous material i n the sediments. I t ' 
also provided a quick and convenient method of estimating the 
sediments' mineralogical composition. 

The summation of the percentages of c a l c i t e , dolomite, 
S i , A l , Fe, 2̂ a, K, T i , S and P should approximate to 100% and 
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therefore provides a guide to the l i k e l y accuracy of the 
analysis of each sample. I t can be seen from the r e s u l t s 
presented below th a t i n many cases the summation i s s u b s t a n t i a l l y 
less than 100%, This i s probably due to an underestimation of 
the percentage of c a l c i t e since the method of estimating dolomite 
and c a l c i t e necessitates t h a t the dolomite percentage i s a 
maximum value and the c a l c i t e percentage a minimum value. 
Summations t h a t s u b s t a n t i a l l y exceed 100% are almost c e r t a i n l y 
due to interference e f f e c t s . 
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Ĥ 
d 
E3 
O i 

d 
fcj) c 

•H 
rH 
IH 
G) 
p. 

JO 

CO 

o 

lO 
CO 

CO 

o 
p 



-. 215 .-

AJTBNDIX I I 

X-IUY DIFFRACTION ANALYSIS. 

I I . i . Q u a l i t a t i v e X.R.D. 

X-ray d i f f r a c t i o n has been used e s t e n s i v e l j ' for the 
routine i d e n t i f i c a t i o n of the minerals that make up the T r i p o l i 
sediments. A l l of these and other analyses were performed on 
a P h i l i p s PW 1130 Generator with a PW 1050 Diffractoraeter 
u t i l i z i n g Co Ko< r a d i a t i o n , 

I l . i i . Quantitative X.R.D. 

A qua n t i t a t i v e x-ray d i f f r a c t i o n a n a l y s i s vas attempted 
i n order to determine the amounts of quartz, c a l c i t e and dolomite 
i n the carbonate sediments of the T r i p o l i Formation and Calcare 
di Base. The method iras based on the -internal Standard Method 
described by fliebold et a l . (1963) i r i t h boehmite being used as 
an i n t e r n a l standard. Other modifications to the o r i g i n a l 
method vere as follov.s: 

The c a l i b r a t i o n curves for quartz, c a l c i t e and dolomite 
irere constructed using National Bureau of Standards No. 88a 
Doloraitic Limestone and euhedral c r y s t a l samples of both quartz 
and c a l c i t e . Samples were prepared by being crushed i n a Tema 
Laboratary Disc M i l l , then sieved through 122 mesh before being 
added to the i n t e r n a l standard and mixed for 20 minutes i n a 
Spex Mixer M i l l . A c a v i t y mount v,as then prepared according 
to the method described by Diebold et a l . (1963), 

The i n t e n s i t i e s of the quartz 4.26 I, c a l c i t e 3,04 A 
and dolomite 2,89 X peaks r e l a t i v e to both the boehmite 3,16 1 
and 6.11 A peaks vere c a l c u l a t e d by the peak area count method. 
These r e l a t i v e i n t e n s i t i e s were then plotted against weight 
percent and a curve drawn through the data points using a 
l i n e a r r e gression by the method of l e a s t squares. Two c a l i b r a t i o n 
curves were thus obtained for each mineral. The unknown samples 
were prepared i n the same iray and the i n t e n s i t i e s of each 
mineral peak to both boehmite peaks were determined. Tivo 
independant values for the weight percent of each mineral i n 
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the sample could therefore be obtained from the c a l i b r a t i o n curves. 
The r e s u l t s of t h i s quantitative a n a l y s i s are presented 

below. Unfortunately, the r e p r o d u c i b i l i t y of these r e s u l t s v.as 
found to be poor and to vary considerably more than 10,^ on 
occasions. There were thought to be primarily tiro reasons f o r 
t h i s : 

1) Poor c a v i t y mount preparation r e s u l t i n g i n the non-
random o r i e n t a t i o n of the c r y s t a l l i t e s . This problem vras minimised 
by the following method : A mean value for the r e l a t i v e i n t e n s i t y 
of the tiv'o boehmite peaks was established ^ihile constructing 
the c a l i b r a t i o n curves. T h i s r a t i o vvas subserxuently measured 
during each unknoivn sample run and i f i t deviated from the mean 
by more than 10%, the q u a l i t y of that sample vas considered to 
be unacceptable and a nev,̂  mount ims prepared. 

2) Sieving i r r e g u l a r i t i e s . Quartz i s harder and more 
r e s i s t a n t to crushing than e i t h e r c a l c i t e or dolomite. Sieving 
may therefore r e s u l t i n the quartz being p r e f e r e n t i a l l y r etained 
on the s i e v e screen. On the other hand, i f crushing i s too severe, 
the c a l c i t e and dolomite may become so fine grained that i t i s 
amorphous to x-rays. 

This problem would be lessened by using a l e s s severe 
method of crushing than the Tema m i l l , as recommended by Diebold 
et a l . (1963). 

The u n s a t i s f a c t o r y r e s u l t s obtained by t h i s method 
of q u a n t i t a t i v e a n a l y s i s together with i t s time consuming and 
tedious nature l e d to i t s being abandoned i n favour of x-ray 
fluorescence a n a l y s i s . However, estimates of dolomite and c a l c i t e 
contents made from t h i n sections suggest that the r e s u l t s may 
be more accurate than the X.R.F. r e s u l t s where only small amounts 
( lOfc) of the mineral are present i n the sediment. This method 
also provides a means of estimating the d e t r i t a l quartz content 
of the sediment rather than the t o t a l SiO^ content which includes 
amorphous s i l i c a i n the form of diatoni f r u s t u l e s . The difference 
i n the SiOg content of the sediment (as measured by X.R.F.) and 
the quartz content (as measured by X.Il.D.) therefore provides a 
means of estimating the diatom content of a sediment. 



Results : 
Camastra 

Sample no. Quartz $ C a l c i t e % Dolomite 
BOO6/O6 7.62 26.63 2,04 
BOO6/O8 5 , 3 5 22.60 6,45 
BOO6/09 2,20 21.63 4.80 
BO06/11 6,99 48.17 0.68 
BOO6/I4 6,43 34,19 0.46 
B006/15 11.07 3 3 , 3 7 1.14 
BOO6/I8 8.67 32,60 0.28 
BOO6/2I 17.26 15.65 1.13 
BOO6/22 4.87 25.55 0.82 
BOO6/25 8.03 32.97 2.30 
B006/2S 8.22 21.62 4.16 
BO06/31 4 , 3 4 0.00 47.16 
BOO6/33 4,06 0.00 8.39 
BOO6/03 12,48 0.00 22,15 
BOO6/01 9,75 0.00 28,75 
BO06/05 7.19 0 . 5 3 2 4 , 5 7 
BOO6/34 3.85 0,00 22,60 
BOO6/35 3 . 2 2 17,45 40.46 
BOO6/37 3.69 72,10 12,05 
BOO6/39 1.18 62.14 13.06 
BO06/40 0,00 80.28 4.90 
BOO6/41 4,07 9 9 , 8 8 0,00 
BOO6/43 0.83 114,17 0,00 

I I , i i i , Mole fo Ca i n Dolomite, 
The mole % Ca i n 'olomite was determined by an x-ray 

d i f f r a c t i o n method using quartz or cadmium fl u o r i d e as an i n t e r n a l 
standard. The d — spacing of the dolomite c r y s t a l l a t t i c e v a r i e s 
i n proportion to the amount of Ifg present, being 2.89 A i n 
s t o i c h i m e t r i c dolomite and 3.04 A i n c a l c i t e . The mole ? i Ca 
can therefore be determined by measuring the dolomite's d — 
spacing. This was done by comparing with an i n t e r n a l standard 
and averaging the r e s u l t s of two runs (one i n e i t h e r d i r e c t i o n ) . 
The r e s u l t s are presented o-v̂ er. 



Mole ++ 
Ca i n Dolomite 

Camastra: C a l a s c i b e t t a : 
Sample no. % Ca"^ Sample no. lo La 

BO06/06 55.2 BO25/17 5 4 . 3 
B006/09 55.0 BO25/25 53.3 
B006/21 54.1 BO25/32 53.3 
BO06/25 53.8 BO25/37 54.3 
XOO6/O6 54.7 BO25/39 57,3 
XOO6/07 54.7 BO25/40 55 . 7 
XO06/09 54.7 BO25/42 54.7 
XOO6/IO 54.3 BO25/45 52.0 
XOO6/II 53.0 
B006/31 52.9 Marina di Palraa: 
XOO6/12 53.3 Sample no. 
XOO6/13 52.7 B063/04 54.3 
XOO6/I4 52.7 B063/05 54.0 
BOO6/0 53.4 BO63/06 5 3 . 7 
BOO6/05 52.0 B063/07 54.3 
XOO6/15 53.7 B063/08 5 3 . 0 
XOO6/I6 5 3 . 0 BO63/09 52.0 
XO06/34 53,0 BO63/IO 52.3 
XOO6/35 52.4 
XOO6/37 53 , 7 Falconara: 
XOO6/39 50,7 Sample no. 
XOO6/4O 51,0 B065/05 54.3 

B065/06 55.0 
Campobello di L i c a t a : B065/07 54.0 
Sample no. BO65/12 52.7 

BO10/01 56.0 B065/0S 52.7 
BO10/03 54.7 
BOIO/O8 56.0 Capodarso: 
BOlO/09 53.0 Sample no. 
BOlO/12 5 4 . 7 BO68/06 56.3 
BO10/14 54.3 BOG8/04 55.7 
BOlO/15 55.0 BO68/03 55.7 
BOIO/I8 55.7 BO6S/02 53.3 

BO68/0I 54.0 
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"ole % Ca"^^ i n Dolomite. 

Monte Giamraoia: 
Sample no. % Câ "*̂  

BO74/04 5 5 . 0 

B374/06 53.3 

BO74/07 54.0 

BO74/03 53,3 

BO74/09 51,7 



- 220 -

APPENDIX I I I 

LOCALITIES V I S I T E D A N D R5FERIIED TO I N T I I S T'JXT. 

(Map references r e f e r to the 4th Edition of the 1:25,000 
map of I t a l y , s e r i e s M,891 published by the I t a l i a n M i l i t a r y 
Geographic I n s t i t u t e , 

Af.TINELLO : 
Calcare di Base dolomites. The outcrop l i e s 

approximately 100 metres along the track to Ant i n e l l o which 
leaves the San Cataldo - Mimiani/Marianopoli road about 10 kms, 
NN̂ r of San Cataldo. Opal-CT cherts were found i n a nearby ploughed 
f i e l d . 

ARAGONA : 
T r i p o l i diatomites and marls. A small roadside 

outcrop located about 6 kms. N\i' of Aragona on the road to S, 
E l i s a b e t t a , 

BOMPEl-JSIERE : 
T r i p o l i diatoraites, marls and sandstone. A 

small roadside outcrop by the road between Montedoro ajid 
Bompensiere, approximately 3 kms, from Bompensiere, 

CALASCIBETTA : 
T r i p o l i diatomites and marls, Calcare dx 

Base and gypsum deposits. An extensive outcrop located by the 
side of the road between C a l a s c i b e t t a and Alimena, approximately 
8 kms. NW of C a l a s c i b e t t a , 

CAiLlSTRA : 
Tortonian marls, T r i p o l i Formation and Calcare 

di Base, An extensive outcrop on the west side of the road 
between Palma di Montechiaro and Naro, about 7 - 8 kms, south 
of Camastra, 

CA:-.TOBELLO DI L I C A T A : 

T r i p o l i Formation and Calco.re 
di Base. An outcrop on the v.-est side of the road between C a n i c a t t i 
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and L i c a t a , about 15 kms. south of Carapobello di L i c a t a , 
CAPODARSO : 

Tortonian marls, T r i p o l i Formation and Calcare 
di Base, The outcrop i s located behind a sulphur mine (Miniera 
Giumentaro) i n the v a l l e y of the Fiume Salso, about 3 Icms. 
north of v/here i t i s crossed by the C a l t a n i s s e t t a - Eiina road, 
(Sheet : Staz. di Iraera, 268, IV, ,SE, Grid Ref: 242523) 

CASTROFILIPPO : . 
Upper T r i p o l i Formation and Calcare di 

Base, A small exposure located behind a housing development 
on the o u t s k i r t s of the v i l l a g e on the road to Favara, I t i s 
u n l i k e l y that t h i s outcrop i s s t i l l a c c e s s i b l e . 

DITTAIKO : 
Opal-CT p o r c e l a n i t e s . A poor exposure on a 

rocky k n o l l l y i n g on the north side of the road (not the 
autostrada) between Enna and Catenanuova, near the S t . di 
Dittainp approximately 21 kms, east of Enna. 

EMŝ A : 
T r i p o l i diatomites, Calcare di Base dolomites 

and gypsum. An extensive exposure on a h i l l s i d e overlooking 
and l y i n g to the M of the Erina - C a l t a n i s s e t t a road some 8 kms. 
from Enna. (Sheet : Enna, 268, I , S'.?, Grid. Ref: 351548) 

FALCONARA : 
Tortonian marls, T r i p o l i Formation and Calcare 

d i Base. An extensive outcrop on the south side of Monte 
Cantigaglione. Access i s v i a a minor road which leaves the 
L i c a t a - Gela road 6 kras. west of C a s t e l l o di Falconara. 
( Sheet : C a s t e l l o d i Falconara, 272, I I I , SYi. 37° 7' 35". N, 
1° 34' 10" E.) 

FAVARA : 
T r i p o l i diatomites and marls. A large exposure 

i n a quarry behind a housing development on the edge of the 
town on the road to Agrigento. "This outcrop may no longer be 
a c c e s s i b l e . 
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GROTTE : 
Vi'hitish ma.rls. A s n a i l roadside outcrop betv.een 

Comitini and Grotte about 2 kms. from Grotte. 
• • • 

Cclcare d i Base. A small quarry about 5 kms, 
south of Grotte on the road to Favara, 

MARCAT0 BIANCO : 
Whitish marls and T r i p o l i diatomites, 

A road c u t t i n g about 1 km, north of Mar cat o Bianco and 6 knis, 
NE of P i e t r a p e r z i a . 

MARIANOPOLI : 
Messinian e l a s t i c s and Galcare di Base. 

A roadcutting near the c r e s t of the ridge about 1 km, ea s t 
of Marianopoli on the road to San Cataldo, 

MARINA D I PALMA : 
T r i p o l i Formation and Calcare di Base, 

The f i r s t small headland along the coast west of the v i l l a g e . 
Several other small outcrops of e a r l y Messinian and Tortonian 
sediments occur f u r t h e r west along the coast, 

M0NTAU.EGR0 : 
Calcare d i Base i n t e r c a l a t e d with gypsum 

horizons. The outcrop l i e s on a h i l l s i d e overlooking the main 
Sciacca - Agrigento road near the tunnel about 5 kms, SW of 
Montallegro, 

MONTE CAOLINA : 
Q u a r t z i t i c porcelanites and cherts. An 

outcrop on the flanlc of Monte Caolina which overlooks the 
Santa Venera v a l l e y , (see Pl a t e 2,1) (Sheet ; Gangi, 260, I I , 
N̂ V. Grid, Ref: 365829) 

MONTEDORO : 
T r i p o l i Formation. A section by the side of 

the road a kilometre south of Montedoro on the road to S e r r a d i f a l c o . 
A good exposure of laminated g,>7)sum deposits occurs some 100 
metres iiearer Montedoro, 
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MONTE GIAiOilOIA : 
Tortonian me^rls, T r i p o l i Formation and 

Calcare d i Base. An extensive outcrop on the southern side of 
iionte Giammoia vliic h l i e s about 1 kn. ivest of the Niscemi -
S. i'ichele d i Ganzaria road, 5 kms. north of irhere i t i s joined 
by the road from Caltagirone, (Sheet ; Passo d i Piazza, 272, 
I , SE. 37° 14' 30" N, 1° 55« 15" E) 

PALIIA DI MONTECHIARO : 
Y/hitish marls. A fair metres along 

the road t o Marina d i Palma from i t s junction v i t h the Agrigento 
- Licata road near Palraa d i Montechiaro. 

SAN CATALDO : 
Calcare d i Base. The outcrops l i e at the top 

of the h a i r p i n bends on the road betvreen San Cataldo -
Caltanissetta, about 4 kms. from San Cataldo. 

SANTA TONERA : 
2 u a r t z i t i c porcelanites and cherts. There 

are two good exposures near the hamlet of Santa Venera. (Sheet ; 
Gangi, 260, I I , If.y. Grid. Ref: 369824) 

SPERLINGA QUARRY : 
Qua r t z i t i c cherts, A small roadside 

outcrop (see Plate 2.4) about 1̂ - Icms, NE of Sperlinga v i l l a g e , 
(Sheet : Sperlinga, 260, I I , NE. Grid. Ref: 437813) 

SPERLINGA RIVERSIDE : 
Qu a r t z i t i c cherts and por c e l a n i t e . 

An outcrop by the Fiume Sperlinga about a kilometre M of the 
v i l l a g e . (Sheet : .Sperlinga, 260, I I , NE. Grid.Ref: 421809) 

SUTERA : 
Diatomites and Calcare d i Base dolomites. Several 

outcrops l i e t o the north of the h a i r p i n bends j u s t outside 
Sutera on the road t o Carapofranco. (Sheet : l!ussomeli, 267, I , 
SVt. Grid. Ref: S75546 ) 


